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Anotace

Cilem této diplomové prace je navrhnout chladici systém trakéniho motoru/generatoru pro
elektricky bateriovy automobil typu SUV s aerodynamickymi vlastnostmi vozu Skoda Kodiaq dle
zadanych specifikaci. Sezndmit se se softwarovym prostfedim ANSYS Motor-CAD, ve kterém provést

tepelny navrh a nasledné simulace ustaleného otepleni a prechodovych jevi.
Kli¢ova slova

ANSYS Motor-CAD, tepelny navrh, ekvivalentni tepelny obvod, vodni chlazeni plaste,

synchronni reluktanéni motor s permanentnimi magnety, PMSRM
Summary

The aim of this thesis is to design a cooling system of a traction motor / generator for an electric
battery vehicle of the SUV type with aerodynamic properties of the Skoda Kodiaq car according to the
given specifications. To get acquainted with the ANSYS Motor-CAD software, in which to perform

thermal model and subsequent simulations of steady state and transients.

Index Terms

ANSYS Motor-CAD, Thermal, cooling system, lumped circuit model, housing water

jacket, permanent magnet synchronous reluctance machine, PMSRM
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Uvod

Elektrické pohony a jejich aplikace se neustale vyvijeji. Pro novou aplikaci je mozné vybrat
fadovy motor tak, aby splioval zadana kritéria nebo je mozné novy motor vyvinout. Vyvoj nového
motoru je zalezitost draha i ¢asové naro¢na a vyplati se v pfipad€, Ze se ocekava veliké mnozstvi
vyrobenych kusti nebo je aplikace natolik specificka, ze pouziti fadového motoru neni mozné. Vyvoj
motoru se sklada z elektromagnetického, tepelného a mechanického navrhu. Vsechny tii navrhy hraji
zéasadni roli ve spravné funkcnosti a garantované zivotnosti stroje. Tato prace bude zaméiena na Cast

tepelného navrhu.

Zpisoby, jakymi jsou tepelné vypocty feSeny, se Casem vyvijely. Dnes jsou velikou vyhodou
vykonné pocitace, které tyto vypocty usnadnuji, urychluji a oteviraji nové moznosti. Teoretické principy,
které jsou zaloZeny na fyzikalnich zakladech, ziistavaji stejné a pfi praci s modernimi softwary je dobré
je dostatecn¢ znat a orientovat se v nich, aby bylo mozné vysledktim diivétovat a chéapat, co znamenaji.
V prvni ¢asti této prace budou predstaveny teoretické znalosti v oblasti ztrat elektrického stroje a odvodu

ztratového tepla, moznosti tepelného vypoctu a typy chlazeni.

V praktické ¢asti bude proveden tepleny navrh trakéniho motoru pro vyuziti v bateriovém
elektromobilu, ktery byl navrzen podle danych specifikaci. Uvodem této kapitoly bude literarni reserse
techniky v oboru systému chlazeni motori této specializace, nasledovat bude seznameni s vyvojovym
prostiedim ANSYS, a pfedevsim s modulem Motor-CAD, ve kterém bude samotny névrh proveden.
Vytvoteny model bude provéfen simulacemi ustalené¢ho stavu a prechodovych jevi. Zavérem budou

vyhodnocena data ziskana pomoci simulaci.



1 Teoreticka ¢ast

Kriticka mista tepleného navrhu stroje s permanentnimi magnety jsou izolace vinuti
a permanentni magnety. Maximalni povolend teplota vinuti je dana tepelnou tfidou izolace. Pii
piekracovani dané teploty dochazi ke snizeni zivotnosti nebo v hor§im piipad€ zniCeni izolace, a tedy

celého stroje. Ttida izolace je dana pouZzitymi materialy a ma stanovenou mezni teplotu (Tab. 1.1).

Ttida izolace Y A E B F H C
Mezni teplota [°C] | 90 105 120 130 155 180 nad 180

Tab. 1.1 - Tepelné tiidy izolace

Ocekavana zivostnost stroje je zavisla na teploté vinuti [2]. Pro riizné tepelné tridy (class) je tato

zavislost zobrazena na Obr. 1.1.
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Obr. 1.1 - Vliv teploty vinuti na Zivotnost stroje [2]

U permanentnich magnett miize vlivem teploty dojit k nevratné demagnetizaci. K tomu dochazi
pii piekroCeni limitni velikosti magnetické indukce ve sméru magnetizace. Ta je dana

BH charakteristikami, které definuji vlastnosti magnetu.

1.1 Ztraty

Preména elektrické energie ulozené v baterii v mechanickou energii je doprovazena ztratami,
tedy pfeménou energie ve ztratové teplo. Pro tepelny vypocet elektrického stroje je nutné znat ztraty,

které v ném vznikaji, stroj otepluji a je nutné je za pomoci chlazeni odvést. Dulezita je jejich velikost,



kde vznikaji a na ¢em jsou zavislé. Podle zakladniho rozd¢€leni se rozeznavaji ztraty ve vinuti, v zeleze

a mechanické.

1.1.1 Ztraty ve vinuti

Jedna se o ztraty vznikajici priichodem elektrického proudu vodi¢em, nékdy se nazyvaji Joulovy
nebo ztraty v médi. Jejich velikost zavisi na druhé mocning protékajiciho proudu a odporu vinuti, ktery
je dale zavisly na teplot€ a skin efektu, ptipadné proximity efektu, tyto jevy jsou dale zahrnuty v pojmu
stiidavy odpor. Skin efekt je vytlacovani proudové hustoty k okraji vodice vlivem stfidavého proudu

a proximity efekt je vliv blizkosti, ktery se projevuje v drazkach, kdy na sebe plisobi jednotlivé vodice:

P, = Raco * I;* * Ny, (1.1)
e P; jsou Joulovy ztraty ve vinuti [W],
® Ryc. je stiidavy odpor pfepocitany na teplotu vodice [Q],
e I je efektivni hodnota proudu [A],

* Nfje pocet fazi [-].

1.1.2 Ztraty v Zeleze

Ztraty v zeleze, tedy v magnetickém obvodu statoru a rotoru, je mozné délit na hysterezni
a vitivé:
Ppe = Py + Py, (1.2)
e Ppojsou ztraty v Zeleze [W],
*  Pyy jsou hysterezni ztraty [W],
e Py jsou ztraty vitivymi proudy [W].
Hysterezni ztraty jsou umémé frekvenci a velikosti hysterezni smycky, ktera je dana

materidlovymi vlastnostmi a odpovidaji hysterezni energii akumulované v jednotce objemu

feromagnetika [1]:

Puy = why Vre f, (1.3)
*  wyy je plocha hysterezni smycky [J/m’],
o Vge je objem feromagnetika [m’],

o f je frekvence magnetické indukce [Hz].
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Ztraty vitivymi proudy jsou umérné druhé mocniné frekvence a maximalni hodnoty magnetické

indukce. Zasadni vliv na velikost téchto ztrat ma tloustka plecht a jejich odpor [1]:

_ Vpen? f2d? B}

T (1.4)

)

Py

e dje tloustka plecht [m],
e B, je maximalni hodnota magnetické indukce [T],

e pje mémy elektricky odpor plechi [Q m].

1.1.3 Mechanické ztraty

Mezi neelektrické ztraty v tocivych strojich se fadi ztraty mechanické, které je mozné rozdélit
na ztraty tfenim v loZiskach a ventilacni. Ztraty tfenim jsou zavislé na rychlosti otaceni hridele, typu
lozisek, vlastnostech maziva a zat€zi na loziscich. Velikost ztrat tfenim je mozné vypocitat analyticky

podle [1]:

Pp,bearing =050uF Dbearing, (L.5)
® P pearing Jsou tieci ztraty v loziscich [W],

e () Uhlova rychlost hiidele [rad™],

o F zat¢z lozisek [N],

®  Dpearing Vnitini primér lozisek [m].

Ventilacni ztraty jsou zpusobeny acrodynamickym odporem rotujicich ¢asti stroje a rostou s tieti
mocninou otac¢ivé rychlosti. Pfi modelovych vypoctech 1ze rotor v ¢asti vzduchové mezery uvazovat jako

rotujici valec v uzavieném prostoru a dle [1] je ztraty mozné vypocitat nasledovné:

1
Pow1 = ﬁkc,v,npmpr“lr, (1.6)

e [k je koeficient drsnosti povrchu [-],

o () empiricky koeficient, zavisly na Couette Reynoldsovo ¢isle velikosti vzduchové mezery a
vnéj§im pruméru rotoru [-],

e p hustota chladiva [kg/m?],

e ) thlova rychlost [rad™],

e D, vn&jsi primér rotoru [m],

e [, délka rotoru [m].

11



Cela vinuti rotoru zptsobuji také ztraty a je mozné je modelovat jako rotujici disk ve volném

prostoru a odpovidajici ztraty jsou potom rovné dle [1]:

1
Powz = ac,v,pm(pﬁ -D,%), (1.7)

e D, je vngjsi primér rotoru [m],

e D, je prumér hiidele [m].

Vysledné mechanické ztraty jsou dany sou¢tem rovnic (1.5), (1.6) a (1.7):

Pp = Pj pearing T Ppwl + Ppr- (1.8)

1.2 Odvod ztratového tepla

Ztraty vzniklé ve stroji je pro udrzeni dovoleného otepleni potieba ze stroje odvadét. V pripade,
ze ztratovy vykon je stejné velky jako tepelny tok odvadégjici teplo, nastava ustaleni teploty. Jestlize
chladici systém odvadi vice tepla, dochazi k ochlazovani, v opacném ptipadé, kdy ve stroji vznikaji vetsi
ztraty nez je chladici systém schopny odvést, se stroj otepluje. Existuji tii druhy odvodu tepla a to vedenti,
proudéni a salani. Pro rizné ¢asti stroje a rtizné typy chlazeni se uplatiuji rozdilné mechanismy odvodu

tepla.

1.2.1 Vedeni

Vedeni tepla se uplatiuje uvniti pevnych latek. Zasadni problém je skuteCnost, Zze dobry
elektricky vodic je i dobry tepelny vodi¢ a naopak. V technické praxi by byl vyhodny material, ktery by
byl izolant s dobrou tepelnou vodivosti. Odbornici na materialy se snazi takovy material vyvinout nebo
upravit pouzivané materialy tak, aby tepelnou vodivost méli nejlepsi. Takova uprava mize byt naptiklad
impregnace, nejlépe vakuova. Je znamo, ze vzduch je tepelny izolant, dokonce jeden z nejlepsich, a proto
je pro zvyseni tepelné vodivosti vyhodné ho v co nejvetsi mire vycCerpat, ptipadné vzduchové prostory
vyplnit vhodnym materidlem. To se taky nazyva ,,potting (z angli¢tiny: vyplilovani). To je naptiklad

mozné vyuzit v oblasti Cel vinuti. Tato oblast se vyplni vhodnym materidlem, ktery zlepsi odvod

12



ztratového tepla z této oblasti vinuti pfimo do plasté, a tedy chladiciho obvodu. Timto je mozné snizit

teplotu v daném miste dle [2] 0 6 — 8 %.

Tepelny tok pfedavany vedenim neboli kondukei 1ze vyjadtit rovnici (1.9). Je pfimo tmérny
tepelné vodivosti, ktera mtize byt anizotropni, tedy rozdilna v riznych smérech a zavisla na teploté,

velikosti plochy, kterou tepelny vykon prochazi a teplotnimu gradientu [1].

Gn = —ASVT, (1.9)

e ¢,y je tepelny tok [W],
e A tepelna vodivost [W/m K],
e S plocha, kterou tepelny vykon prochazi [m?],

e VT gradient teploty [K/m].

V ptipadé vypoctu tepelného toku v jednom smeéru je mozné na misto gradientu teploty pocitat

s derivaci v daném sméru a pro prvek s danou plochou a délkou je mozné vyjadrit:

dr AT
Gen = _Asa": _/157, (1.10)

e AT jerozdil teploty na zacatku a na konci prvku [K],
e [ délka prvku [m].
V analogii s elektrickym odporem, ktery je dan podilem rozdilu napéti a proudu, je mozné

stanovit tepelny odpor jako podil rozdilu teploty a tepelného toku [1]:

AT l

R ==
N AS

(1.11)

o R4y je tepelny odpor [K/W].

1.2.2 Proudéni

Odvod tepla proudénim neboli konvekci probiha pomoci tekutin (plyni a kapalin).
V elektrickych strojich obvykle pfestupuje teplo z teplejsiho povrchu pevného materialu do tekutého

chladiciho média s niZsi teplotou a tim probiha ochlazovani stroje.

13



Konvekei je mozné délit na volnou a nucenou. K volné konvekci dochazi pomoci vztlakové sily
pfi zméné hustoty v zavislosti na teploté. Nucend konvekce je zpisobend vnéj$imi silami naptiklad

od ventilatoru nebo pumpy. Vysledna hodnota je dana sou¢tem tfetich mocnin obou konvekei [2]:

3 _ 3 3
Aep™ = ath,volna’l + ath,nucené ’ (1-12)

Koeficient pfestupu tepla Ize popsat pomoci Ctyi bezrozmérnych parametrdi, Nusseltovym
¢islem, Reynoldsovym ¢islem, Prandtlovym cislem a Grashofovym cislem. Tato €isla jsou funkcemi
vlastnosti tekutiny, rozméri, rychlosti tekutiny u nucené konvekce, teploty a gravitace u volné

konvekce [2].

Pomoci Nusseltova Cisla lze vyjadrit koeficient piestupu tepla. Toto ¢islo vyjadiuje efektivnost

odvodu tepla proudéni v porovnani s vedenim [1].

aL
Nu=— 1.13
u=— (1.13)

e Nu je Nusseltovo ¢islo [-],
e a koeficient prestupu tepla [W/m*K],
e L charakteristicka délka povrchu [m],

e A tepelna vodivost chladiva [W/K m].

Reynoldsovo ¢islo vyjadiuje pomé&r mezi setrvaénymi a viskdéznimi silami. Podle jeho velikosti

lze stanovit, zda se jedna o laminarni nebo turbulentni proudéni [1].

vL
Re = —, (1.14)
v

e Reje Reynodsovo ¢islo [-],
e v rychlost proudéni tekutiny [m/s],
e L charakteristicka délka povrchu [m],

e v kinematick4 viskozita [m?/s].
Prandtlovo ¢islo udava vztah mezi piestupem tepla konvekci a kondukei v tekuting.

_ Sk
A )

Pr (1.15)

e Prje Prandtlovo ¢islo [-],
* ¢, mérna tepelna kapacita [J/kg K],
e u dynamicka viskozita [kg/s m],

e A tepelna vodivost chladiva [W/K m].

14



Grashofovo ¢islo udava pomér mezi vztlakovou a viskozni silou, které piisobi na tekutinu.

0p2L3
Gr = Bgu—’;, (1.16)
e Gr je Grashofovo ¢islo [-],
e [ koeficient kubické expanze [1/K],
e g tihové zrychleni [m/s?],
e 0 teplota mezi povrchem a chladivem [K],

e p hustota chladiva [kg/m?],

Z koeficientu prestupu tepla se vypocita mérny tepelny tok a podobné jako u vedeni tepelny

odpor reprezentujici prestup tepla konvekei.

Gth = % = ayAT, (1.17)
Ry, = ar_ 1 (1.18)
t Gth AnS '

1.2.3 Salani

Salani (radiace) je pfenos tepla pomoci elektromagnetickych vin. Teplejsi téleso vyzatuje energii
do svého okoli, ve kterém tuto energii absorbuji chladné;jsi télesa. Na rozdil od vedeni a proudéni miize
probihat ve vakuu, takZe neni potieba Zadné médium. Je zavislé na rozdilu teplot, barvé povrchu, a tedy
na jeho vlastnostech urcujici rozdéleni absorbované, odrazené a propusténé energie a velikosti plochy
vyzatujiciho télesa. Koeficient prestupu tepla salanim je mozné vyjadiit ze Stefan-Boltzmannova zédkona

rovnici [2]:

_ E0sB Fy_ (T# = T5)

h
K T, — T,

(1.19)

e  hjp je koeficient pfestupu tepla salanim [W/m? K],
e ¢ emisivita povrchu [-],

e ogp Stefan-Boltzmanova konstanta [W/m?*/K*],
e F,_, faktor zobrazeni [-],

e T, termodynamicka teplota vyzatujiciho povrchu [K],
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e T, termodynamicka teplota absorbujiciho povrchu [K].
Tepelny odpor respektujici prestup tepla salanim je dan vztahem:

1
Rth = m (1 20)

1.3 Tepelny vypocet

Tepelny vypofet mize byt proveden dvéma zpusoby. Prvni zptusob je metoda CFD
(Computational Fluid Dynamics; vypocetni dynamika tekutin), ktera aplikuje metodu kone¢nych prvkt
(FEM). Druha je metoda ekvivalentniho tepelného obvodu. Metodou CFD lze dosahnout veliké
piesnosti, ale vyzaduje veliké zkuSenosti v této oblasti pfi zadavani parametrti tekutiny, okrajovych
podminek simulace a vytvafeni vypocetni sité. Také je znacné vypocletné narocna. Metoda
ekvivalentniho tepeln¢ho obvodu dava méné presné vysledky, ale je vice intuitivni. Jelikoz se jedna

o analytickou metodu, vypocet trva fadove kratsi dobu.

1.3.1 CFD

Tato metoda se vyuziva k numerickému feSeni problému, které obsahuji proudéni tekutin
(kapaliny, plyny). Vypoctem se provadi simulace volného proudéni tekutiny a jeji interakce s povrchy.
S dostateCnym vykonem pocitace je mozné fesit slozité problémy napiiklad v oblasti aerodynamiky,

letecké analyzy, simulace pocasi a pfenosu tepla, coz je prave oblast, kterou se tato prace zabyva.

V [3] je pomoci softwaru ANSYS Fluent simulovano proudéni vzduchu a rozloZeni teplot
v synchronnim generatoru s permanentnimi magnety pro vétrnou elektrarnu. Jsou porovnany tii razné
rychlosti obtékani a vliv na maximalni teplotu jednotlivych ¢asti, rozlozeni teplot a rozdil mezi
nejteplej$im a nejstudenéjSim bodem. Timto zptisobem je mozna kontrola mist s nejvyssi teplotou tzv.
hot spot bodii zejména v magnetech a izolaci vinuti. V [4] je porovnani riznych vypocetnich strategii
a jejich vliv na vysledek a vypocetni ¢as u vodniho generatoru. Metodou koneénych prvku je v [5]
vypoc¢itano rozlozeni teploty v linedrnim synchronnim stroji s permanentnimi magnety. V [6] je
provedena simulace proudéni vzduchu, ktery je urCeny pro chlazeni generatoru, navrh ventilatoru a
porovnani vypocitaného objemového pritoku, celkového tlaku a rozvrzeni rychlosti s experimentalné

naméfenymi hodnotami.
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1.3.2 Ekvivalentni tepelny obvod

Narozdil od CFD je metoda ekvivalentniho tepelného obvodu analyticka, proto je mnohem mén¢é
naro¢na na vypocetni vykon a simulace trvaji krat$i dobu. Z toho divodu je vhodna pro tepelny navrh,
u kterého je nutna kontrola riznych moznosti usporadani chladiciho okruhu, ptfipadné parametricka
analyza pro optimalizaci navrhu. Pfi vytvareni tepelného schématu je nutné provést mnoha zjednoduseni
anckteré jevy zanedbat. Na téchto zjednodusenich a na tom, jak pfesné€ jsou znamy materidlové vlastnosti

jednotlivych materialt, jejich rozméry a dal$i parametry, je zavisla pfesnost vypoctu.

Tepelné obvody vychazeji z analogie s elektrickymi obvody. Tvoii je tepelné odpory mezi
jednotlivymi ¢astmi stroje od zdroje tepla, coz jsou v tomto ptipadé elektrické ztraty, které jsou v obvodu
jako zdroje tepelného toku, az po chladici okruh a okoli. Stejné jako v elektrickém obvodu mezi dvéma
body s rozdilnym potencialem protéka elektricky proud, ktery je nepfimo imérny velikosti odporu mezi
témito body, tak v tepelném obvodu protéka tepelny tok mezi body s rozdilnou teplotou nepiimo umeérny

tepelnému odporu. V Tab. 1.2 jsou porovnany veli¢iny tepelného a elektrického obvodu véetné jejich

symboli a jednotky.
Tepelny obvod Symbol | Jednotka | Elektricky obvod Symbol | Jednotka
Teplo Qun J Elektricky naboj Q C
Tepelny tok Dy w Elektricky proud I A
Hustota tepelného toku | qm W/m? Proudova hustota J A/m?
Teplota T K Elektrické potencial | V v
Teplotni spad AT K Napéti U v
Tepelna vodivost A W/mK Elektricka vodivost | ¢ S/m=A/Vm
Tepelny odpor Rin K/'w Elektricky odpor R Q=V/A
Tepelna vodivost Gun W/K Elektricka vodivost | G S=A/V
Tepelna kapacita Cin J/K Kapacita C F=C/V

Tab. 1.2 — Analogie velicin tepelného a elektrického obvodu (pieloZeno 7 [1])

1.4 Navrh chladiciho systému

1.4.1 Objemovy prutok

U vodniho chlazeni plasté rozhoduje o velikosti odvedeného ztratového tepla objemovy priutok

chladiciho média a jeho vlastnosti. Minimalni objemovy pritok se vypocita podle [7]:
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P
Qmin =pch—lAT (1.21)
®  (Quin je minimalni objemovy prutok [I/min],

e Y P, soucet viech ztrat ve stroji [W],

e p. hustota chladiciho média [kg/m?],

* (). tepelna kapacita chladiciho média [J/kg/K],

e AT dovoleny teplotni spad [K].

1.4.2 Rozméry chladicich kanalu

Podle [8] je pfestup tepla znacné vyssi v pripade, kdyz je proudéni média v turbulentni oblasti.

To je dosazeno v piipadé, ze Reynoldsovo ¢islo je vyssi nez 4000, proto plati:

v D D
Re = JwaterZh _ QwaterDn > 4000, (1.22)
v Aductv

e Re je Reynoldosovo Cislo [-],

®  Vyater Fychlost proudéni chladiva [m/s]
e Dy hydraulicky primér [m],

e v kinematicka viskozita [m%/s],

¢  Quater Objemovy pritok chladiva [m?/s],

e  Aguct plocha kanalu kanalu [m?].

Z (1.22) Ize stanovit kritérium pro vysku a $itku kanalu:

Qwat,
Wwater,ch + hwater,ch < 2(;\8106:/ (1-23)

®  Wyaterch J€ Sitka vodniho kanalu [m],

®  Ayaterch j€ V¥Ska vodniho kanélu [m].
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2 Literarni reSersSe v oblasti techniky chlazeni

Chladici systémy v soucasnych elektromobilech plni vice Ucelt. Slouzi k chlazeni motoru,
vykonové elektroniky, baterii a ztratové teplo mize byt vyuZito na zahfivani osobnimu prostoru vozidla
nebo predehfivani akumulatord na optimalni teplotu. K tomu je zapotiebi propracovany systém
s tepelnymi vyméniky, odparniky, kondenzatory apod. Z diivodu stabilniho odvodu tepla ze zahtivanych

Casti a kompaktnosti se prevazné vyuziva vodni chlazeni.

Detailni informace o aktudlnich feSenich této problematiky jsou t€zko dostupné a vyrobci je
vét§inou uchovavaji v tajnosti pro zachovani vlastniho know how. Casteéné je mozné ziskat informace
z technickych webti, které se na tuto problematiku zameétuji. Védecké ¢lanky prinaseji nova technicka
feSeni, ktera mohou vést ke zvyseni efektivnosti chlazeni nebo zlepseni jinych vlastnosti. Takové metody
mohou byt provéreny teoreticky i prakticky, ale stale jsou dost vzdalené naptiklad od fadového vyuziti

v dostupnych bateriovych vozidlech.

V [9] je porovnani novych ptistupli k chlazeni, které vyuzivaji Tesla Model 3 a BMW i3.
V BMW i3 ma trakéni motor dvoudilny plast, ktery umoziuje chlazeni velkymi kanaly plast, ktery
nasledné ochlazuje statorové plechy a cely motor. Tesla Model 3 ma motor chlazeny olejem, ktery
protéka drazkami a kanaly pfimo ve svazku statorovych plechill. Proto musi mit na svém plasti umistén
vymeénik a tim se eliminuji také ztraty zpisobené prestupem tepla mezi obéma kapalinami. U konstrukce
Tesla Model 3 je vyhodou piimé chlazeni statorovych plechtl, ale vyZzaduje tepelny vyménik a olejové

Cerpadlo.

BMW i3 Tesla Model 3

Obr. 2.1 - Porovnani chladiciho systému BMW i3 a Tesla Model 3 [9]
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Nové pristupy chlazeni hybridnich elektrickych vozidel (HEV) a bateriovych elektrickych
vozidel (BEV) jsou zaznamenany v [10]. Pro chlazeni statoru vyuzivaji virové trubice (z angl., vortex
tube) a porovnavaji vysledky s vodnim chlazenim pfi otaCkach 3000 a 8000 ot/min. Vypocty jsou
provadény numerickymi metodami v sw ANYS Fluent. Vysledkem studie je, Ze virové trubice mohou
byt levnou a efektivni cestou chlazeni stroja. Pii nizkych rychlostech je rozlozeni teploty ve vinuti stejné,

ale teplota statoru mtize byt az o 60 % nizs8i nez u vodniho chlazeni [10].

Srovnavaci studii modernich principd trakénich pohonti v elektrickych vozidlech se zabyvali
v Oak Ridge National Laboratory [11] a na University of Sheffield [12]. Cilem bylo navrhnout trakéni
stroj s co nejvetsi ucinnosti, bez vyuzivani vzacnych zemin s ohledem na pofizovaci naklady a vahu

stroje.
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3 ANSYS

Vyvojové prostiedi ANSYS je mnohoucelovy software urceny pro inZenyrské simulace napfic
obory. Do této skupiny patii desitky sw produktt srozdilnou specializaci a moznosti vzajemného
propojeni. Jednim z nich je ANSYS Elektronics, ktery je vhodny na navrh a simulaci elektrickych,
elektronickych a elektromagnetickych soucastek, zafizeni a systémi. Pod tento software spadaji moduly

RMxprt, Maxwell 2D a 3D, Icepak a dalsi.

RMxprt (Rotational Machines expert) umoziuje provést analyticky navrh zakladnich tocivych
elektrickych stroji na zékladé zadani geometrie stroje, materialovych vlastnosti aktivnich materiald,
pohybového stavu a parametrdi mechanické soustavy. Vysledkem navrhu jsou krom¢ tabelarné
uvedenych parametrd rovnéz zakladni grafické charakteristiky a 2D resp. 3D modely pro MKP simulace

napf. v modulech Maxwell a Icepack.

3.1 ANSYS Motor-CAD

Nové spolecnost Ansys zakoupila rovnéz sw modul Motor-CAD, ktery je urcen kromé
elektromagnetického a mechanického néavrhu také na tepelny néavrh elektrického motoru, resp.
generatoru. Jedna se o komplexni nastroj, ktery byl navrZzen pifednimi odborniky v oboru chlazeni a je
uzivan fadou renomovanych firem. Program je zaloZzen na analytické metodé nahradniho tepelného
schématu a jeho hlavni pfednosti jsou nizké naroky na vypocetni Cas a kapacitu paméti. Jednou
z nejvétsSich komplikaci metody nahradniho tepelného schématu je nutnost znalosti potfebnych
koeficientii. Velikou vyhodou tohoto softwaru je, Ze se v ném tyto koeficienty pfevazné pocitaji

automaticky.

3.1.1 Vypocetni model

Motor-CAD obsahuje ¢tyti vypocetni modely: E-Magnetic, Thermal, Lab a Mechanical (Obr.
3.1). Tyto modely jsou vzajemné propojeny a nastavené vlastnosti navrhovaného stroje jsou mezi sebou
pievadény. Tak je mozné operativné prechazet na jednotlivé modely, provadét navrh a ovéfovat stroj ve

vSech ¢tyfech oblastech viz Obr. 3.1.
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% AMNSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)
File Edit Model MotorType Options Defaults Editor

Q D E-Magnetic Ctrl+M %3|CU|BﬁUI'I ] &
0 Radial Thermal Ctri+T
Slot Type: jor LJ-5h
"e Lab CtrlsB e
Stator Duct; ne
" | Mechanical Ctrl+L L
Stator L = lsions | Value
Slot Number 36 Pole Mumber 4
Stator Lam Dia 220 Notch Depth 0

Obr. 3.1 - Vybér vypocletniho modelu

E-magnetic slouZzi k vypoctu elektromagnetickych vlastnosti stroje pomoci metody koneénych
prvkd (FEM) a analytické metody. Je zde provadén navrh geometrie statoru a rotoru, navrh vinuti,

nastaveni pouZzitych materiald a dalsich vlastnosti.

Thermal vyuziva 3-dimenzionalni tepelny obvod se soustfedénymi prvky k vypoctim ustaleného

stavu a prechodovych jevi.

Lab je kombinaci E-magnetic a Thermal umoznuje provadét dalsi vypocty, které usnadfiuji navrh

a optimalizaci stroje.

Mechanical umoziuje stanovit namahani rotoru metodou kone¢nych prvkl odstiedivymi silami.

3.1.2 Typy motoru

Sw prostiedi Motor-CAD podporuje navrh 10 typd motoru (Obr. 3.2):

e BPM (brushless permanent magnet motors) — navrh bezkarticového motoru
s permanentnimi magnety s vnitinim i vnéjSim rotorem,

e IM (induction machines) — navrh asynchronniho stroje,

e SRM (switched reluctance motors) — navrh spinaného reluktan¢niho motoru s vnitinim
rotorem,

e BPMOR (outer rotor brushless permanent magnet motors) — tepelny navrh
bezkartacového motoru s permanentnimi magnety s vnéjSim rotorem,

e PMDC (permanent magnet dc commutator motors) — navrh stejnosmérného motoru
s permanentnimi magnety,

e SYNC (synchronous machines) — navrh synchronniho stroje,

e CLAW (claw pole machines) — tepelny navrh,

e [MI1PH (single-phase induction machines) — navrh jednofazového asynchronniho stroje,

e  WFC (wound field commutator machines),

22



e SYNCREL (synchronous reluctance motors) — navrh synchronniho reluktancniho

motoru s vnitfnim rotorem.

% AMNSYS Motor-CAD v13.1.2 (Kodiag_syncrel_rot_18_£
File Edit Model Motor Type Options Defaults

() Geomety |Ldw v BPM lf Calculat
O Radal | Ada M
Siot Type: | Parallel SRM Interior U
Stator Ducts: | Nane BERIGR ghlone
: PMDC [
: Stator Dimensions SYNC nensions
| Slot Mumber CLAW r
EStator Lam Dia IMIPH
| Stator Bore irs
| Tooth Width Vie
| Slot Depth SYMCREL lickness

Slot Comer Radius [ 07 T[CTWeb Thickness
I -

= = A Hivea o a0 ;s .

Obr. 3.2 - Vybér typu motoru

3.1.3 Typy chlazeni

V sw prostfedi Motor-CAD existuje veliké mnozstvi riznych typti chlazeni. Je mozné je délit

podle:

e chladiciho média,

e zpusobu jak je k chlazené ¢asti médium piivadéno,

e  (asti stroje, ktera je chlazena,

e toho, jestli jsou chlazeny pfimo mista, kde ztraty vznikaji nebo je teplo odvadéno

do plaste.

V piipadé vyuziti vzduchu jako chladiva se d€li chlazeni na vlastni a nucené, jak je popsano
v kapitole 1.2.2. U nuceného chlazeni je pomoci ventilatoru mozné pfivadét vzduch na plast
nebo prohanét skrz stroj. V ptipadé€ chlazeni plasté vzduchem jsou soucasti plasté zebra, ktera umoziuji
odvést vétsi mnozstvi ztratového tepla konvekci. Pocet Zeber, jejich rozméry, nasmérovani v axialni nebo
v radialnim sméru je vhodné pomoci analytickych i numerickych metod optimalizovat pro maximalizaci

odvedeného tepla. Ventilator miize byt montovan na hiideli stroje nebo mit vlastni pohon.

Pro vnitini chlazeni stroje se bézn¢ vyuziva vzduch, ale je mozné pouzit jiné tekutiny. Médium
je mozné vhanét dovniti nebo vnitini prostor vyCerpavat. Vyhoda druhé moznosti je rovnoméernéjsi
proudéni média uvniti stroje a mensi moznost zanaseni slepych ¢asti piipadnymi necistotami. Chladivo

prochazi chladicimi kanaly ve statoru a rotoru a vzduchovou mezerou.

23



Vyrazné lepsi vlastnosti pro odvod tepla maji kapaliny. Napiiklad se Casto pouziva voda
v kombinaci s glykolem nebo vhodné oleje. Vodni chlazeni je realizovano prostfednictvim kanal, které
mohou byt rozvedeny v plasti stroje, ale také pfimo v drazkach statoru piipadné rotoru, hiideli

nebo v magnetickém obvodu stroje.
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4 Prakticka cast

4.1 Zadani

Tepelny navrh bude proveden na elektrickém motoru/generatoru urceném pro aplikaci
v elektrickém vozidle typu SUV s aerodynamickymi vlastnostmi odpovidajici vozidlu Skoda Kodiaq
(Tab. 4.1). Pohanéna je zadni osa s jednostupiiovou pievodovkou, hmotnost vozidla je 2000 kg.
Pozadovana je maximalni rychlost 180 km/h a zrychleni z0 na 100 km/h za 8,1 s. Typ motoru je
synchronni s permanentnimi magnety o rozmérech: prumér 270 mm x délka 220 mm vcetné chlazeni

a obalky. Napéti soustavy je stanoveno na 400 V.

Hmotnost [kg] 2000
Koeficient valivého odporu [-] 0,015
Celni plocha [m?] 2,76
Koeficient aerodynamického odporu [-] 0,33
Polomér kola [m] 0,3
Soucinitel vlivu rota¢nich ¢asti [-] 1,1

Tab. 4.1 — Aerodynamické vlastnosti vozidla

4.2 Elektromagneticky navrh

Névrhu systému chlazeni stroje nutné pfedchazi navrh elektromagneticky. V daném piipadé bylo
na zaklad¢ pozadovanych jizdnich vlastnosti zadaného vozidla nejprve provedeno stanoveni jmenovitého
a $pic¢kového vykonu. Jmenovity vykon byl vypocitan podle pozadavku na maximalni rychlost vozidla
a vykon $pic¢kovy podle stanoveného zrychleni z 0 na 100 km/h. Z ptevodového poméru jednostupiiové

pievodovky a poloméru kola byly uréeny maximalni a jmenovité otacky stroje.

Pumax— $pickovy vykon [kW] 163
P, — jmenovity vykon [kW] 102

i — pfevodovy pomeér 8:1
Nmax — Maximalni otacky [km/h] 12000
n, — jmenovité otacky [km/h] 4000
m¢— pocet fazi 3

Tab. 4.2 - Parametry pro elektromagneticky ndavrh
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Prvotni elektromagneticky navrh byl proveden dle [1], kde byly stanoveny hlavni rozméry stroje,
navrzeno statorové vinuti, rozméery zubd, jha a statorovych drazek a geometrie rotoru. Na Obr. 4.1 je
zobrazena vysledna geometrie stroje vCetné plasté a v Tab. 4.3 jsou uvedeny zakladni parametry

a rozméry aktivnich casti v radiadlnim fezu.

Obr. 4.1 — Geometrie stroje v radidalnim iezu

Vnéjsi prumér statoru [mm] 220

Vnitini pramér statoru [mm] 141,6

Vnéjsi primér rotoru [mm] 140

Primér hridele [mm] 50

Siika vzduchové mezery [mm] 1,6

Pocet drazek 36

Pocet pola 4

Typ rotoru Interior U-Shape (Vnitini tvaru U)

Tab. 4.3 - Zakladni rozméry stroje v radidlnim Fezu

Geometrie stroje v axialnim fezu je na Obr. 4.2 a zakladni rozméry v Tab. 4.4. Délka statorového

a rotorového paketu je stejna, prave tak celkova délka magnetd, které jsou rozdéleny do 15 segmentil.
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Obr. 4.2 - Geometrie stroje v axidlnim Fezu
Délka statorového paketu [mm] 220
Délka rotorového paketu [mm] 220
Délka hiidele [mm] 300
Pocet segmentli magnetu 15

Tab. 4.4 - Zakladni rozméry stroje v axidalnim rezu
Dalsi moznosti je zobrazeni modelovaného stroje ve 3D (Obr. 4.3). 3D model 1ze ve vyvojovém

prostiedi natacet ve vSech smérech a stanovit, které ¢asti budou viditelné. Na Obr. 4.3 lze vidét hiidel

vcetné lozisek, ¢ela vinuti, magnety v drazkach statoru a kanaly vodniho chlazeni.

Obr. 4.3 - Geometrie stroje ve 3D zobrazeni
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4.2.1 Vinuti

Rozlozeni a pocet vodict v draZce, jejich izolace a izolace drazky maji vliv na odvod tepla z této
¢asti a na bod s maximalni teplotou. Vinuti stroje je jedno z kritickych mist tepelného navrhu. V Motor-

CADu je editor vinuti, kde je moZzné provést podrobné nastaveni a ovéfit Cinitel plnéni
drazky apod. (Obr. 4.4).

£ ANSYS Motor-CAD v13.1.2 (Kodiaq_syncrel_rot_16_5.mot)*
File Edit Model MotorType Options Defaults Editors View Results Tools Licence Print Help
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Obr. 4.4 - Rozhrani Motor-CAD pro ndvrh vinuti statoru (Ciselné udaje viz Piiloha B Thermal — 3)

4.2.2 Materialy

Knihovny Motor-CAD obsahuji rozsahlé mnozstvi materiali pouzitelnych v navrhu elektrického
stroje s definovanymi elektromagnetickymi i tepelnymi vlastnostmi. V daném pfipad¢ za materialy byly
zvoleny: elektrovodna méd’ pro vinuti, pro magneticky obvod neorientované plechy typového oznaceni

JFE_35JNE230 a hlinik pro plast’. Tepelné vlastnosti jsou zobrazeny na Obr. 4.5, mezi které patfi mérna

tepelna vodivost, mérné teplo, hustota a vaha.
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34 ANSVS Motor-CAD v13.1.2 (Kediag_syncrel_rot.mot)* = X
File Edit Model MotorType Options Defaults Editors View Results Tools Licence Print Help

@ Geomety | [Jwindng [ input Data | fiff Calcviation | JF Temperatires
8 Cooling | 3 Losses | gy Materials |I\r|lerfaces | 459 Radiation | 7t Neturel Convection | 58 Housing Water Jacket | % End Space | € Setiings | 4% Matenal database:

2] Output Data | £3 Sensttiviy | € Scrpting | 23 Fow |

Component Material from Database | Themmal | Specific | Density | Weight | Weight | Weight | Weight Notes ~
Conductivity|  Heat Intemal | Muiliplier | Addition | Total
Unts Wm/C | Jka/C | ka/m? ka kg ka
Housing [Active] Aluminium (Aloy 195 Cast) [v]| 168 83 | 270 | 6969 1 ] 6969 ||
Housing [Front] Aluminium (Aloy 195 Cast) [v 168 83 | o0 | e 1 0 1182
Housing [Rear] Auminium (Alloy 195 Cast) [+ 168 333 2730 1,162 1 0 1,182
Housing [Total] 929 9,292
Endoap [Front] Aluminium (Aloy 195 Cast) [v| 168 83 | 2790 | 1057 1 0 1057
Endoap [Rea] Aluminium (Mloy 195 Cast) | 168 833 | a7 | 1057 1 0 1,057
Stator Lam (Back Iror)) JFEBINEZZ | 30 450 | 7650 | 1348 1 0 1348
nter Lam (Back kon) v 002723 1007 | 1127 |6143E05] 1 0 |5.143E05
Stator Lam (Tooth) JFESINEZR) v A 450 | 7650 | 5313 1 0 5313
Inter Lam (Toath) (ol oo 1007 | 1127 |2421E08] 1 0 [2421E05
Stator Lamination [Total] 188 18.8
Amature Winding [Active] Copper(Pure) v 4M1 35 | 893 | 3066 1 [ 3066
Amature EWdg [Front] Copper(Pure)  [v]|  4m1 35 | 8933 | 23m 1 0 2302
Amature EWdg [Rear] Copper(Fure) [~ 401 385 | 8933 | 230 1 0 2302
Amature Winding [Total] 7671 7671
Wire Ins. [Active] o oz 1000 | 1400 | 0066 1 0 0,086
Wiire Ins. [Front End-Wdg] o oz 1000 | 1400 | 004956 | 1 0 | 004956
Wire ins. [Rear End-Wdg] L oz 1000 | 1400 | 0.04956 | 1 0| 00495
Wire Ins. [Totel] 0.1651 0.1651
Impreg. [Aciive] M 02 1700 | 1400 | 03857 1 0 03397
Impreg. [Front End-Wdg.] o 02 1700 | 1400 | 003209 [ 1 0 [ opa209
Impreq. [Rear End-Wdg.1 M 02 1700 | 1400 | 003209 [ 1 0 | noaz09
Impreg. [Totall 04038 04038
Potting [Frant Endcan] LORD CoolThem EP-3500 v 35 783 | 270 | 09985 1 [ 09985
Poting [Rear Endcap] LORD CoolThem EP-3500 [v| 35 733 | 2720 | 09985 1 0 0,9385
Siot Wedge v 02 1200 | 1000 | oo3ass [ 1 0 | ooases J
Update materials from the Database ~ Material Help
Housing [Active] 176uben 2020 www molor-design com

Obr. 4.5 - PouZité materidly ve stroji (Ciselné udaje viz Piiloha B Thermal — 8 — 10)

Velikost ztrat v magnetickém obvodu se vypocita z charakteristik uvedenych vyrobcem, kde pro

frekvence od 50 Hz do 10 kHz jsou vyneseny zavislosti mérnych ztrat na magnetické indukci (Obr. 4.6).

Physical | Steel BH Steel Losses | Magnets| Electrical
Steel Properties  Losses !
Add a new data point:

Add Data Point

Loss Density vs Flux Density for JFE_35JNE230

Pemanently delete the selected points

¥ @ 50Hz- Datashest/ Test
Delete Data Point:
it ¥ @ 60 Hz- Datashest/ Test
Insert loss data from clipboard: [V @ 100 Hz - Datasheet Test
I 7 ¥ @ 200 Hz- Datasheet/ Test
Insert Data Paint:
kit ¥ B 400 Hz- Datashest/ Test
¥ # 1000 Hz - Datasheet / Test
Loss ~
L LEE Y Dot D:',L:ﬂy [V @8 2000 Hz- Datashest/ Test
He KWka Tesla 2 ¥ @ 5000 Hz - Datasheet/ Test
50 0 0 z [¥ @8 10000 Hz - Datasheet  Test
= ¥ & B0Hz- Current Model (Bertotti)
50 0,0003 0.5 2
b ﬁDD34 P 55 g ¥ A 80Hz- Current Model (Bertotti)
: : 2 [V & 100Hz - Current Model (Bertotti}
20 0.0004 0% § [V & 200Hz- Current Model (Bertotti}
50 000045 | 085 ¥ A 400Hz- Current Model (Bertotti)
50 0,00051 07 [V 1000 Hz - Current Model (Bertotti)
50 000058 0.75 [ 4 2000 Hz - Current Model (Bertotti)
50 0.00065 0.8 ¥ & 5000Hz - Current Model (Bertotti)
50 0.00072 085 ¥ & 10000 Hz - Current Model (Bertotti)
50 0.0008 0.5 [¥ # 50 Hz- Current Model (Steinmetz)
50 0.00088 0.95 ¥ ¥ @ 80 Hz- Current Model (Steinmetz)
[ Update Graph | ¥ # 100 Hz- Current Model (Steinmetz)
¥ ® 200 Hz- Current Model (Steinmetz)
| Find Coefficierts | [V & 400 Hz- Current Model {Steinmetz)
|pdate Database Values Flux Density [Tesla] [V #1000 Hz- CurrentModel (Steinmetz)

Steinmetz Iron Loss method

18 kvéten 2020 ww . motor-design.com

Obr. 4.6 - Vlastnosti pouZitych plechit magnetického obvodu

Pro permanentni magnety byly zvoleny NdFeB magnety typového oznac¢eni Vacodym 974 AP,

jejichz vlastnosti jsou charakterizovany pomoci BH ktivek (Obr. 4.7).
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Obr. 4.7 - Vlastnosti pouZitych magnetii

Pro vysledny tepelny odpor nejsou diilezité jen tepelné odpory jednotlivych materiald, ale také
dokonalost provedeni styénych ploch, resp. technologickych mezer mezi nimi. Cim dokonalejsi rozhran,
tim bude mensi tepelny odpor. Software ma piednastavené velikosti mezer zalozené na zkuSenostech
vyvojari, takze neni potfeba nastavovat kazdy detail. Velikost jednotlivych mezer a vliv na tepelny

odpor, respektive vodivosti, pii teplot€¢ 100 °C je zobrazena na Obr. 4.8.

@Geometry I D‘Mnding Bﬁ Input Data “m Calculation I F Temperatures l ==| Output Data | E: Sensitivity I °Scripting lx Flow l
ﬁ:‘f‘éﬂooﬁng l * Lnsges I & Materials I Interfaces l'ﬁ'ﬁ@ Radiation l ITIT Natural Convection l E Housing Water Jacket l Q) End Space l °Seﬂings l o Material database

Component Gap Intesf: M: | Th | Details Resi Cond
Conductivity @T=100.0C | @T=100.0C
Units mm W/m/ T m2.CAW Wim2/C
Stator Lam - Housing 0,01 Air (Motor-CAD model} 003171 Lamination-Metal - Good suface Contact 0,0003153 72
Housing - OHang [F] 1] Air (Motor-CAD model) 0.03171 Mo Gap - Perfect surface Contact 1E09
Housing - OHang [R] 1] Air {Motor-CAD model) 0,03171 Mo Gap - Perfect suface Contact 1ED9
Housing - Endcap [F] 0,005 Air (Motor-CAD model) 0,03171 Metal-Metal - Average suface Contact 6341
Housing - Endcap [R] 0,005 Air (Motor-CAD model) 0,03171 Metal-Metal - Average suface Contact 6341
Magnet - Rotor Lam 0,005 Air (Motor-CAD model) 0.03171 Metal-Metal - Average suface Contact 6341
Magret - Magnet 0,005 Air {(Motor-CAD model) 0.03171 Metal-Metal - Average suface Contact 6341
Rotor Lam - Shaft 0,005 Air (Motor-CAD model) 003171 Metal-Metal - Average suface Contact 6341
Bearing Effective Gap [F] D4 Air (Motor-CAD model) 0,03171 High Hfective Gap [Torino Testing] 753
Bearing Effective Gap [R] 0.4 Air (Motor-CAD model) 0.03171 High Hfective Gap [Torino Testing] 753
Bearing - Endcap [F] 0.0073 Air {Motor-CAD model) 0.03171 Stainless-Aluminium - Medium surface Contact 4344
Bearing - Endcap [R] 0,0073 Air (Motor-CAD model) 0,03171 Stainless-Aluminium - Medium suface Contact 4344
Bearing - Shaft [F] 0.0112 Air (Motor-CAD model) 0,03171 Stainless-Stainless - Medium surface Contact 2831
Bearing - Shaft [R] 0.0112 Air (Motor-CAD model) 0.03171 Stainless-Stainless - Medium suface Contact 2831
Potting-Housing [F] 0 Air {Motor-CAD model) 0.03171 Mo Gap - Perfect surface Contact 1E09
Potting-Endcap [F] 1] Air (Motor-CAD model) 0.03171 Mo Gap - Perfect suface Contact 1E09
Potting-Housing [R] 1] Air (Motor-CAD model) 0,03171 Mo Gap - Perfect surface Contact 1E09
Potting-Endcap [R] 1] Air (Motor-CAD model) 0.03171 Mo Gap - Perfect surface Contact 1E09

Obr. 4.8 - Nastaveni rozhrani mezi jednotlivymi Cdstmi stroje
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4.2.3 Ztraty

Vysledkem elektromagnetického navrhu jsou rovnéz velikosti ztrat v jednotlivych astech
aktivniho obvodu stroje a pro definované statické zatizeni, resp. v daném pracovnim bod¢ (Obr. 4.9).

Tyto ztraty je mozné prevést do tepelného vypoctu, kde slouzi jako vstupni hodnoty.

OGeometry ] D‘.‘\l‘inding ] L]ﬂlnput Data ] HHCaIcuIation ] @ E Magnetics gGmphs E:Sensﬂivﬂy ] eScripting 1
My Drive ] @ E-Magnetics ] £ Phasor Diagram ] w Equivalent Circuit ] @ Flux Denstties i Losses ]DWind\ng ] A Wiscellaneous ] ]

Variable Value Urits 5
Amature DC Copper Loss (on load) 4,007 kW
:AC Copper Loss (Hybrid){Total) 0,1136 | kW
| Statoriran Loss otallstatic on load) 0,465 ' kw
.Windage Loss {user input) 1] | kW
| Friction Loss {calculated) 0.02513 kW
| Total Losses (or load) 4552 ' kw
:Stator back iron Loss [hysteresis] (static on load) 10,2439 | kW
| Stator back on Loss feddy] (satic:on load) 0,04033 | KW
Stator back iron Loss [excess] (static on load) 1] kW
| Stator back iron Loss Rotal] (static on load) 0.2842 ' kW
| Stator tooth Loss [hysterssis] (static on load) 01048 | KW
| Stator tocth Loss [eddy] {static on load) 0.01756 kW
.Statortooth Loss [excess] fstatic on load) i} kW
| Statortooth Loss frotal] (static on load) 01224 | KW
Statoriron Loss fotal]{static on load) 0.4066 kW

Obr. 4.9 - Vypoctené hodnoty ztdt stroje

4.2.3.1 AC loss

Metody, jakymi se pocitaji ztraty ve vinuti, jsou tfi. Nejméné pfesnd a vypocetné narocna je
metoda DC, kdy se ztraty pocitaji pouze ze stejnosmérného proudu a je Uplné¢ zanedban vliv proudu
stiidavého. Nejpresnéjsi je vypocet metodou koneénych prvkid, kde se v kazdé interakci vypocita
proudova hustota v jednotlivych vodicich, ktera vlivem vifivych proudt a vlivu blizkosti neni
rovnomérna (Obr. 4.10). JelikoZ je tato metoda vypocetné naro¢na, tak je k dispozici kombinovana
metoda, ta spoCiva ve vypoc¢tu na zakladé koeficientu, ktery se ziska jako pomér ztrat stejnosmérnym
proudem a stfidavym proudem (FEM). Kombinovand metoda dosahuje dostate¢né piesnych vysledkt

a za kratky vypocetni ¢as.
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Obr. 4.10 - Ztraty vifivpmi proudy ve vinuti statoru

Veskeré zadané vstupni hodnoty do sw Motor-CAD v E-magnetic modulu jsou v piiloze A.

4.3 Navrh chladiciho systému

4.3.1 Objemovy pritok

Prvnim krokem pro navrh chladiciho systému je ur¢eni objemového priutoku chladiva pomoci
rovnice (1.21). Odhadovany jmenovity ztratovy vykon stroje se v daném ptfipad¢ uréil z potfebného
vykonu pro maximalni rychlost vozidla 180 km/h tj. 105 kW a G¢innosti pfi otackach odpovidajicich
max. rychlosti tj. 95 %. V daném pfipadé celkové ztraty Cini 5,1 kW, které je nutné prostfednictvim

chladiciho systému ze stroje odvést.

Jako chladici médium byla zvolena kapalina, typové oznaceni EGW 50/50, smés etylenglykolu
a vody béZn¢ vyuzivana jako chladici kapalina automobill. Vlastnosti této kapaliny jsou uvedeny v Tab.
4.5. Vtéto casti navrhu je dulezita hustota a tepelnd kapacita. Detailni vlastnosti kapaliny

viz ptiloha B — 35 — 38)

Teplotni rozdil chladiva na vstupu a vystupu systému byl stanoven na 9 °C. Z rovnice (1.21) je

vypocitan objemovy pritok 9,2 I/min.
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Huid Properties:

EGW 5050 b
Themal Conductivity:
Density:
Kinematic Viscosity:
Dynamic Viscosity:
Pr - Prandtl Number:

Tab. 4.5 Vlastnosti kapaliny EGW 50/50

4.3.2 Rozméry chladicich kanali

Dalsim dulezitym krokem navrhu chladiciho systému je urceni rozméra chladicich kanalt. Na
téchto rozmérech zavisi, jakého typu bude proudéni chladiva. V kapitole 1.4.2 bylo uvedeno, Ze je
vhodné, aby proudéni bylo v turbulentni oblasti. Sitka plasté je 25 mm a vy3ka chladiciho kanalu byla
zvolena na 8 mm. V sw Ansys Motor-CAD je ze zadanych parametri vypocitano Reynoldsovo Cislo
a dale ur¢eno, zdali se jedna o laminarni (0 < Re < 4000), pfechodné (4000 < Re < 5000) a turbulentni
(Re > 5000). Proto je do rovnice (1.23) zadan pozadavek na Reynoldsovo ¢islo Re = 5000, poté Sitka
kanalti vychazi 41 mm. Na Obr. 4.11 jsou uvedeny vypoétené parametry proudéni vodniho chlazeni a je
ovéieno, Ze se jedna o turbulentni proudéni. Dale jsou zde uvedeny veli¢iny jako rychlost chladiva,
tlakovy rozdil, objemovy pritok, délka potrubi a koeficienty pottebné pro dalsi vypocty. Na Obr. 4.12
jsou uvedeny veliciny tykajici se odvodu tepla vodnim chlazenim, mezi které patii Reynoldsovo ¢islo,

aktivni plocha kanald, koeficient pfestupu tepla, nahradni tepleny odpor a dalsi.

Component e s o r".e' e M=o Leng
Area Area Area
Calculated | Adjustment
LUnits mm?* mm? mm* mm mm mm kg/m’ 1/min Pa m/s
Housing [Active] Turbulent 245 0 246 224614 0 224614 8181 | 7.106E10 92 1677 0.6246
Obr. 4.11 - Parametry proudéni vodniho chlazeni
h? or Velocity Huid Number Area
hladjust] | Multiplier | Velocity
Units W/m T pu m/s % mm? W/ma T TN
Housing [Active] [1 | Channel Comelation [Turbulent] ] 1 0,6246 5010 2178 2111E05 1891 0,002505

Obr. 4.12 - Parametry odvodu tepla vodniho chlazeni

Vysledna geometrie véetné plaste je zobrazena na Obr. 4.13. Veskeré zadané vstupni hodnoty

do sw Motor-CAD v Thermal modulu jsou v pfiloze B.
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Obr. 4.13 - Geometrie stroje v axidlnim Fezu vcetné plasté

4.4 Simulace

Po ukonceni elektromagnetického navrhu a navrhu chladiciho systému stroje je mozné v sw
prostiedi Motor-CAD vygenerovat 3D resp. 2D geometrické modely a provést simulace chovani stroje

jak ve stacionarnich tak prechodnych rezimech.

4.4.1 Momentova a vykonova krivka

Zasadni vyznam pro posouzeni vlastnosti trakéniho pohonu maji momentové a vykonové
charakteristiky. To jsou zavislosti danych veli¢in na otackach stroje. Motor-CAD umoziuje vypocitat
tyto kiivky s nastavenou maximalni teplotou na kritickych mistech, jez jsou izolace vinuti a permanentni
magnety. Na Obr. 4.14 je zobrazeno nastaveni tohoto vypoctu s uvedenymi maximalnimi, minimalnimi

otaCkami a krokem, maximdlni moZzné teploty magnetl a nejteplejSiho mista ve vinuti
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(tzv. hotspot bodu). Na téchto kiivkach a v oblasti pod nimi je mozné vybrat pracovni bod, ve kterém

muze stroj bézet v trvalém chodu a nemélo by dojit k prekroc¢eni dovolené teploty.

My Model Buid | $l¥ Caleulation

Calculation:
Themal Map Type:
(®) Envelope

(O Full Map

Themal Calculation:

(®) Steady State

() Transient

Themal Limit:

() Stator Winding Only

(®) Stator Winding = Magnet
Maximum Winding Mode:
() Average

(®) Hotspot

Speed:
Maximum: |1.2E4

Step: | 1000

Il

Minimurm:

Maximum Temperatures:

Stator Winding: |[180

Magnet:

i

Max. Current:
[ Limit on Max. Currert

B0

Electromagnetic F Thermal llE Duty Cycle l =Z| Operating Point ] (@ Calibration :I ﬁ Settings ]

Calculation Status:

Calculate Thermal Performance

Cancel Caleulation

Load Results \igwer

Initial Cument Estimate:
Stator Cument (Peak): |310

Stator Cument (RMS): |219.2

E
o

Obr. 4.14 - Nastaveni tepelného vypoctu vykonové a momentové kiivky

Vysledkem této simulace je kiivka momentu (Obr. 4.15), kde je zfejmé, Ze omezeny moment
teplotou pii nulovych otackach je prevysSujici hodnotu 220 Nm. Do rychlosti 4700 ot/min je moment

konstantni a pii maximalnich ota¢kach odpovidajici rychlosti vozidla 180 km/h je moment 89 Nm.

240

220
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180

160
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100

Shaft Torque (Nm)
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¥ &8 8 3

0 2000 4000 6000 8000 10000 12000
Speed (rpm}

Obr. 4.15 - Kiivka momentu omezend teplotou vinuti a magnetii
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Na Obr. 4.16 je kiivka vykonu, ktera dosahuje maximalni hodnoty 124 kW pii 7000 ot/min a pfi
maximalnich otac¢kach je vykon 111 kW. Timto bylo ovéfeno, Ze chladici systém je navrzen tak, ze je
mozné provozovat vozidlo v pozadované maximalni rychlosti, aby za danych podminek nedoslo

k prehfati motoru.

L ) ! ) ! !
| ISPUNUNUVI.  SUPTIN. SONE ...  — CC VO, )
1 I i R A s (S sttt |
s
o 1 . S - J
&
H
ﬁ 60 3
F—
o
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20 _
o 1 I 1 ! 1
0 2000 4000 G000 BOOO 10000 12000

Speed (rpm)
Obr. 4.16 - K¥ivka vykonu omezend teplotou vinuti a magnetii

Mozné¢ je zobrazit teplotu vybrané Casti stroje v pracovnich bodech pod teplotn¢ omezenymi
kiivkami momentu a vykonu. Na Obr. 4.17 a Obr. 4.18 jsou zobrazeny mapy primeérné teploty vinuti,
kde je mozné odhadnout velikost ustilené teploty v pfipadé provozu stroje s danymi otaCkami

a momentem, resp. vykonem.

200 - : B ..................... ..................... 160

148
150 [ PO e : : ..................... ..................... 136

124

Shaft Torque (Nm)
=]
1
>
Stator Winding Temp Average (<C)

|
6000 8OO0 10000 12000
Speed (rpm)

1 I
0 2000 4000

Obr. 4.17 - Mapa priimérné teploty statorového vinuti v pracovnich bodech momentové kiivky
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Obr. 4.18 - Mapa priumérné teploty statorového vinuti v pracovnich bodech vykonové kiivky

4.4.2 Ustaleny stav

V charakteristikach uvedenych v kapitole 4.4.1 je mozné vybrat pracovni rezim, pro ktery bude
vypocitano rozlozeni teploty ve stroji. Tento bod je dan ota¢kami, které byly zvoleny na 4700 ot/min
a maximalnimi teplotami, které zdstaly nezménény. Na Obr. 4.19 je dokumentovan numericky vypocet
pro dany rezim, kde jsou uvedeny veli¢iny potiebné pro posouzeni spravnosti navrhu, zejména ztraty
a dosazené teploty. Celkové ztraty odpovidaji pfiblizné velikosti odvadénych ztrat vodnim chlazenim,

coz potvrzuje spravnost prvotniho odhadu v kapitole 4.3.

A\ Model Bt | 1} Calculation | 2 Biectromagnete | E Themal | 15 Duty Cycle | ZE] Operating Paint. | & Calibration | € Settngs |
Calculation:

Input Linkage Optiana:
Definiton Speed: [0 | Lab ~ Thermal Coupling Calculate Operating Point
O Torque (O No coupling (default}

() Maximum Cument
(@) Maximum Temperature

Maximum Cumrents:
620

Torque:

148,

Mazimum Temperatures:
Stator Winding: [180

Change Theml Setings

(®) Losses — Themal
lterate ta Converged Soltion
Lab «+ E-Magnetic Coupling
@ No coupling (defauit)
() Operating Point — E-Magnetic

Cancel Calculation

Variable | Value Units Variable Value Units:
Shaft Speed 4700 m Total Loss 5571 kW
Shaft Toraue 2171 N Stator Capper Loss 5135 kW
Shaft Power 1068 KW DC Stator Copper Loss 5,087 kw
Efficiency 95.04 AC Stator Capper Losa 01275 kw
Stator Phase Currert {peak) 3817 Amps Iron Loss 03755 kw
Stator Line Curent (peak) 7 Amps Magnet Loss 0001082 kw
DC Teminal Curent 281 Amps Mecharical Loss [ kw
Phase Vottage (peak) 216 Volts ==
Line Votage (peak) 742 Vol Hectromagnetic Pawer 072 kW
Phase Advance 4745 EDeg Blectromagneic Torque 21738 Nm
=z Magnet Torque 98,98 Nm
Fiux Linkage D 51.21 mvs Reluctance Torque 1188 Nm
Fiux Linkage G 2021 mis Terminal Power 1124 kw
Magnet Fux Linkage 1278 mVs Power Factor 0.5088
D ais Inductance 0.2369 mH s
Q ais Inductance 07828 mH Statar Winding Temperature (average) 1623 ©
Stator Winding Temperature {max) 179.9 %
Magnet Temperature 1335 T

. votorAD Mode Loaded Successiuly

Obr. 4.19 — Ilustrace vypocet pro pracovniho bodu 4700 ot/min, 217 Nm (¢iselné udaje viz piiloha C — §)

37




Vypoctené hodnoty pracovniho rezimu se prenesou do termalniho modulu, kde 1ze vygenerovat
nahradni tepelné schéma (Obr. 4.20), na principu popsaném Vv kapitole 1.3.2. Jsou zde tepelné odpory
a kapacity, zdroje tepla a nahradni odpory pfestupu tepla. Barevné jsou oddéleny jednotlivé Casti stroje.
Tmaveé modfe jsou zobrazeny casti plasté a vodniho chlazeni, Cervené jha statoru, zluté vinuti, svétle
modie jho rotoru, zelené magnety a Sed¢ htidel. Jednotlivé uzly maji u sebe naspanou odpovidajici

teplotu, teplota okoli je 40 °C.
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Obr. 4.20 - Nahradni tepelné schéma (Ciselné udaje viz Piiloha B Thermal — 39)

S

Nahradni tepelné schéma je zaklad pro zobrazeni rozloZeni teploty v piicném (Obr. 4.21)
a podélném (Obr. 4.22) fezu. V tomto pracovnim bod¢ je ziejmé, ze limitni je teplota vinuti, ktera

dosahuje 179,9 °C v Cele vinuti. Teplota magneti je 133,8 °C.
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Obr. 4.21 - RozloZeni teploty v piicném iezu
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Obr. 4.22 - RozloZeni teploty v podélném iezu
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4.4.2.1 Metoda konecnych prvki (MKP resp. FEA)

Motor-CAD obsahuje modul pro analyzy metodou konec¢nych prvki, kterda z dosavadnich
vysledkll vytvoii rychlym zplisobem mapu teploty vybrané ¢asti. Na Obr. 4.23 je zobrazena statorova
drazka, kde je mozné provést kontrolu, zdali nedochazi v n¢jakém bodé k presahnuti povolené teploty.
V tomto piipadé je maximalni teplota 165,9 °C uprostfed drazky, coz spliuje pozadavky na teplotu
izolace teplotni tfidy H.

Obr. 4.23 - RozloZeni teploty ve statorové drdZce

Teplota rotoru se zvysuje smérem ke vzduchové mezeie (Obr. 4.24). Teplota hiidele je 132,6 °C
a rozloZeni teploty zavisi na bariérach a v nich vloZzenych magnetech. Méné tepelné namahané jsou
magnety blize k ose stroje, ale rozdil mezi magnety se pohybuje fadoveé v desetinach °C. Obr. 4.25

potvrzuje predpoklad, Ze nejvyssi teplota je v Celech vinuti.
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Obr. 4.25 - RozloZeni teploty v podélném iezu
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4.4.3 Transientni simulace

Motor-CAD umoziiuje pro transientni simulace vyuzit pieddefinované jizdni cykly, mezi které
patii celosvétoveé harmonizovany jizdni cyklus WLTP nebo ho miiZze definovat uzivatel. Jizdni cyklus je
v jednotlivych bodech dan otackami a momentem, které si v piipadé preddefinovaného cyklu vypodita
software sam z modelu vozidla (Obr. 4.26). V daném pfipadé byla zvolena metoda ,,Coupled Transient
Solution®, pfi které je v kazdém kroku vypocten tepelny model, a vysledné teploty jsou pouZzity pro

vypocet tepelne zavislych veli¢in.

Duty Cycle:
Dty Cycle Type: Themal Transient Coupling: Duty Cycle Data:
() Custom Duty Cycle (2) No coupling {default) Mumber of Cycles: -H}—l
®) Automotive Drive Cycle () Losses — Themal ——
®© ! ) ) Transient Period: |'|_.EE4 |
Automative Drive Cycle: (®) Coupled Transient Solution e —
: Number of Foirts: [18E4 |

WLTP Class 3 ~
RMS Torque: (46,83 |
RMS Targue [pu]: [0.1334

Average Speed: | 3252

Vehicle Model:
Mass: | 2000 Frortal Area im3: |2.76 ‘Wheel Radius (m): |E3_
Rolling Resistance Coefficient: IE‘ Drag Coefficient: F Mass Comection Factor: III
Air Density: @ Final Drive Ratio: ’B—I Matoring Torgue Ratio: D
Generating Torque Ratio: D Max. Torque: [ | 500 Max. Speed: [] 2E4

Obr. 4.26 - Nastaveni transientniho vypoctu

4.4.3.1 Jizdni cyklus WLTP

Cyklus WLTP je celosvétovym standardem pro testovani malych a uzitkovych vozi, ktery
poskytuje tdaje o spotfebé paliva, mnozstvi zneistujicich latek a emisi CO2. V tomto piipadé¢ bude
vyuzit cyklus WLTP class 3 pro tepelnou analyzu elektrického stroje. Jeden cyklus trva 30 minut, pribéh

momentu na hfideli je zobrazen na Obr. 4.27 a prub¢h vykonu na Obr. 4.28.
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Obr. 4.27 - Pritbéh momentu na hiideli jednoho WLTP cyklu
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Obr. 4.28 - Pribéh vykonu na hiideli jednoho WLTP cyklu

V daném ptipadé bylo simulovano 10 cykll. Vysledkem simulace je zji$téni, ze po 6 cyklech se
teploty vSech pozorovanych ¢asti ustali a periodicky se opakuji (Obr. 4.29). Maximalni teploty dosahuje
vinuti 79 °C v oblasti vysokych rychlosti a v oblasti nizkych rychlosti klesa na 68 °C. Teplota magneti
se po ustaleni pohybuje mezi 69 a 70 °C, teplota plasté 65 a 68 °C.
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Obr. 4.29 - Prubéh teploty plasté (modra), magnetii (zelend) a maximadlni teploty vinuti (Zluta) pro 6 WLTP
cykli

Vyse popsana simulace potvrzuje, Ze v tomto jizdnim cyklu nedochézi k prehiati motoru, coz lze
rovnéz oveiit na rozmisténi pracovnich bodii (Obr. 4.30). Vsechny body se pohybuji pod teplotné

omezenou kiivkou vykonu, a to znamena, ze v zadném okamziku nedochazi k pretézovani stroje.
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Obr. 4.30 - Pracovni body WLTP cyklu a kiivka momentu omezend teplotou

Podobné to lze zobrazit i v porovnani s vykonovou kiivkou (Obr. 4.31). Stejné jako
u momentové charakteristiky zde nedochdzi k vyskytu pracovnich bodd WLTP cyklu nad kiivkou
vykonu, kterd je omezena maximalnimi teplotami. V ¢asti s vysSimi otdckami méa motor/generator
v chodu v tomto rezimu cyklus priblizn€¢ 100% rezervu. V piipad¢, ze by vozidlo bylo provozovano
pouze ve vyse definovaném WLTP cyklu, byl by motor/generator nékolikanasobné predimenzovan, coz

by byla chyba navrhu, ktera by zapfi¢inila nadbytecnou hmotnost i cenu stroje.
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Obr. 4.31 - Pracovni body WLTP cyklu a kiivka vykonu omezend teplotou

4.4.3.2 Zrychleni z 0 na 100 km/h

Dalsi provedenou simulaci je opakované zrychleni vozidla na rychlost 100 km/h a nasledné
brzdéni na 0 km/h. Cyklus trva 35 s, z ¢ehoz 8,1 s probiha rozbéh, nasleduje 10 s provoz na otackach
odpovidajici rychlosti 100 km/h. Dale probiha brzdéni 6,9 s a setrvani vozidla v klidu 10 s (Obr. 4.32).
Jelikoz pro dosazeni pozadovaného zrychleni je nutny vykon vétsi nez jmenovity, ocekava se, ze vodni
chlazeni nebude schopné odvést vSechno vznikajici teplo a po urcitém poctu opakovani mize dojit
k prehtati stroje.
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Obr. 4.32 - Prubéh rychlosti hiidele jednoho cyklu zrychleni a brzdéni 0 — 100 — 0 km/hod
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Potfebny moment pro dany rozb¢h je 356 Nm a stejnym momentem opacného sméru probiha
brzdéni. Pfi rychlosti 100 km/h je zatézny moment 37 Nm, ktery musi motor vytvaiet pro udrzeni této

rychlosti (Obr. 4.33).
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Obr. 4.33 - Pritbéh momentu na hiideli jednoho cyklu zrychleni a brzdéni 0 — 100 — 0 km/hod

Prubéh vykonu na hiideli jednoho cyklu je na Obr. 4.34. Maximalni vykon je okolo 180 kW pfi
rozbéhu a - 200 kW pii brzdéni. Potfebny vykon pro udrzeni rychlosti 100 km/h je 25 kW.

Jelikoz se jednd o Coupled Transient Solution metodu, celkové ztraty se v pribéhu vypoctu
zvySuji (Obr. 4.35). Nartst ztrat odpovida nariistu teploty na vinuti stroje, z divodu tepelné zavislosti
elektrického odporu na teploté. Pfi teploté vinuti 70 °C dosahuje Spickova hodnota celkovych ztrat
12 kW a pfi zahtati vinuti na maximalni povolenou teplotu 180 °C jsou celkové ztraty ve Spickové

hodnoté 14 kW.
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Obr. 4.34 - Priubéh vykonu na hiideli jednoho cyklu zrychleni a brzdéni 0 — 100 — 0 km/hod
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Obr. 4.35 - Prubéh celkovych ztrdt stroje dvaceti cykli zrychleni a brzdéni 0 — 100 — 0 km/hod

Pii prudkém zrychlovani a brzdéni vznikaji nejvetsi ztraty ve vinuti, to odpovida rychlému
naristu teploty v této Casti, viz Obr. 4.36. Pfi udrzovani konstantnich ota¢ek 0 a 100 km/h dochazi
ke snizovani teploty, protoze jsou ztraty mensi nez teplo odvadéné chladicim systémem. Teplota vinuti
se ustaluje piiblizn€ po 16 cyklech mezi teplotami 186 a 194 °C, coz je teplota pfesahujici stanoveny
limit. Do dosaZeni teploty 180 °C nejteplejSiho bodu vinuti z po¢ateéni teploty 70 °C je mozné cyklus
zopakovat 8 x. V pripad¢ nasledného provozovani tohoto cyklu by doslo k pfehfati a moznému
poskozeni izolace vinuti. Dale by bylo nutné snizit vykon, kterym se motor rozbiha a generator brzdni,

¢imz by doslo k prodlouzeni dob rozb&hu a brzdéni nebo zvysit prodlevy mezi akceleracemi.
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Obr. 4.36 - Priubéh teploty plasté (modra), magnetii (zelend) a maximadlni teploty vinuti (Zluta) pro
dvacet cyklit zrychleni a brzdéni 0 — 100 — 0 km/hod
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Z.avér

V této praci jsem uvedl teoretické zaklady v oboru vzniku a odvodu ztratového tepla, metody
vypoctu otepleni, vypocet objemového pritoku a rozmeért chladicich kanali vodniho chlazeni plasté

trak¢éniho pohonu elektromobilu.

Dale jsem dokumentoval seznameni s vyvojovym prostiedim ANSYS a jeho moduly. Jako
nejvhodnéjsi software z nabidky ANSYS pro tepelny navrh elektrického stroje jsem zvolil sw Motor-

CAD. Uvedl jsem zékladni moznosti tohoto programu a popsal jeho uZzivatelské rozhrani.

Navrh chladiciho systému jsem provedl pro synchronni reluktan¢ni motor s permanentnimi
magnety PMSRM, ktery byl navrzen jako trakéni pohon vozidla typu SUV s aerodynamickymi
vlastnostmi vozu Skoda Kodiaq tak, aby spliioval pozadavky na maximalni rychlost, dobu zrychleni

z 0 na 100 km/h a m¢l maximalni rozméry dle zadani v kapitole 4.

Z uvedenych typl chlazeni znabidky sw Motor-Cad jsem na zakladé provedené analyzy
aktualniho stavu techniky v oboru chlazeni trak¢nich pohoni lehkych elektrickych bateriovych vozidel
vybral vodni chlazeni plaste. Jako chladici médium jsem zvolil smés vody a etylenglykolu EGW 50/50
a vypocital jsem potfebny objemovy prutok 9,2 1/min. Rozméry chladicich kanali jsem zvolil tak, aby

umoznily intenzivni pfestup tepla, resp. vznik turbulentniho proudéni chladiva.

Stanovené parametry chladiciho systému jsem zavedl do sw Motor-CAD a nasledné jsem ovéiil
splnéni kritéria pro vznik turbulence (Reynoldsovo ¢islo) a dalsi parametry vodniho chlazeni, jako je

aktivni plocha kanali, koeficienty pfestupu tepla, nahradni tepelné odpory apod.

Posuzovany stroj v€etné chlazeni jsem provétil simulacemi jak v ustalenych, tak pfechodnych
stavech. Pomoci Motor-CAD Lab jsem vypocital teplotné omezené kiivky momentu a vykonu
v zavislosti na otackach v oblasti od 0 do 12000 ot/min. Teplotni limity byly dany teplotou statorového
vinuti a permanentnich magneti. U vinuti jsem stanovil maximalni teplotu dle tfidy izolace H na 180 °C

a u magneti dle charakteristik uvedenych vyrobcem na 150 °C.

RozlozZeni teploty jsem provéril jak v pricném, tak v podélném fezu pii otackach 4700 ot/min.
P1i téchto otackach je maximalni trvaly vykon, pii kterém nedojde k pfesazeni limitnich teplot, 107 kW
a moment 217 Nm. Z rozloZeni teploty v jednotlivych fezech je patrné, Ze ve stanoveném pracovnim
bod¢ je limitujici teplota vinuti, ktera dosahuje v oblasti cel 179,9 °C. Teplota permanentnich magneti

dosahuje 133,5 °C, coz jeste nezpisobuje ohroZzeni v podob¢ demagnetizace.

Pomoci analyzy metodou konecnych prvku, ktera je soucasti sw Motor-CAD, jsem dale
vygeneroval mapy rozlozeni teploty v prostoru drazky a v fezu rotoru a statoru. Vizualni kontrolou mist

s nejvyssi teplotou byla zjisténa dostate¢na shoda s analytickym vypocétem.
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Simulace chovani navrzené chladici soustavy v prechodnych rezimech jsem provadél
na standardizovaném cyklu WLTP class 3, ktery obsahuje oblasti nizsich, stfednich a vysSich rychlosti
a je dlouhy 30 minut. Bylo zjisténo, Ze z pocatecni teploty vSech ¢asti, ktera byla 65 °C, se teploty ustali
po 6 cyklech, po kterych se pribéh teploty periodicky opakuje. Vinuti dosahuje maximalné 79 °C
a magnety 68 °C pfi teploté okoli 40 °C. Skutecnost, Zze v zadném bod¢ cyklu nedochazi k pretézovani
stroje, jsem dokumentoval formou rozmisténi pracovnich bod pod teplotné omezenou kiivkou momentu

a vykonu.

Dale jsem simuloval zatéZovani stroje opakovanym maximalnim zrychlenim z 0 na 100 km/h
a naslednym maximalnim brzdénim rekuperaci do zastaveni. Zjistil jsem, ze pii splnéni pozadavku
na zrychleni v daném ¢ase dochazi k pietéZovani stroje a je ho mozné opakovang zatéZovat timto cyklem
jen omezenou dobu. Pti pocatecni teploté stroje 70 °C a teploté okoli 40 °C dojde k dosazeni maximalni
povolené teploty vinuti 180 °C po osmi opakovanych cyklech. Aby nedoslo k tepelnému pietézovani
izolace vinuti, které vede ke sniZeni Zivotnosti nebo v horSim ptipade¢ ke zniCeni, se musi v tomto ptipade

omezit vykon, a tedy doba zrychleni a brzdéni vozidla, nebo zvysit prodlevy mezi akceleracemi.
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(7) Do net Show Leakage (C) Do Mot Scale Stator ratation: ® None (defauit)

Show Leak default Scale (default
o e i) e Retorrotation: [0 | O Single defintion for
Th | Graph Colours:

errnta : i Comer Rounding (Magnets):
() Individual

(®) None (default)

(®) Component {default)

() Single definttion for sl

Check Data

E-magnetic -2
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry | DWinding Bﬂ Input Data |HT+CaquIation I & E-Magnetics | EEJ Output Data I &Grﬂphs l E:Sensﬂi\r'rty l °Scripting I
& Materials € Settings | A Material database l
@Geame’[r_‘,r @ E-Magnetics |HT+CaIculation I £ Graphs I ¥ Losses i ,F‘references l [?p Motes l

Magnetics settings:
Manufactunng Factors: End Winding Inductance Calculation: Sine Drive Modulation:
Amnature EWdg length mutipler: (®) Rosa and Grover (default) (®) Circle tracking {defautt}
< ") Hanselman O SixStep 180
EVWdg Inductance multiplier: () Hexagon tracking - piecewise lingar
( Non Magnetic Magnet Br multiplier: 8;‘“390:;“”9 “aocar
nstep
Lamination Stacking Factor [Rator]: () Maximum linear range of sine/triangle
Length Adjustment Factaors: ; : F TR
Stator Iron; (7 Sinetriangle with 3rd hamonic injection
i Stator saturation muttiplier: |1
® Lar!1|nated flefmd) P Circuit at input of machine:
O Selid Rotor saturation multiplisr: Circuit:
Mon Magnetic
O L Magnetic axial length multiplier: ® Nene (defauit)
Lamination Stacking Factor [Stator]: O LC Sine Fitter
) ) Eccentricity:
Stacking factor calculation: Eccentricity Type: Shaft Centre Offset: 1 0
() Ignore Stacking Factor (® MNone (default) Digtance: |0
() Stacking Factor {axial length) () Static =
(®) Stacking Factor {saturation)idefault) () Dynamic el 2

() Static + Dynamic ~ Rotor Centre Offset:

A
a- Y

ny
ANgie u

E-magnetic -3
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File Edit Model

Maotor Type

&Materials ¥ Settings |;‘_.Maten'al database |
& Geometry I % E-Magnetics  {{}{ Calculation |ﬁGmphs I ¥ Losses i,Preferences IE.‘:;Notes l

Calculation options:
Mesh Control:

Airgap intemal poirts:
Airgap surface points:
Stator Lam mesh length:
Stator Slot mesh length:
Rotor Lam mesh length:
Shaft mesh length:
Magnet mesh length:
Min Point Separation:

Shaft Mesh:
Calculation Method:

() Exclude shaft
(®) Include shaft (default)

Housing:
Include in Model:
(® Automatic (default)

(O Include housing

Dverhang factor |1

Mode| Size:
Symmetry:
(®) lse symmetry {default)
() Full machine
() User Specified symmetry
() Full Non-Symmetry

"

UHNNENL

Torque Calculation:

Points per cycle: E
Number of cycles:

Open Circuit Calculation:
(®) 0 axis cument only (defautt)
() No cumrent
Threading Options
Multiple threads:
(®) Use Single Thread (defautt)

() Use Multiple Threads

Automatic Thread Number:

ads 8

Lab Threading Enabled:
Clear Thread Cache:
(@) Manual {default)
() Automatic

Clear Thread Cache

Stator/Rotor Ducts:
Include in FEA:

Include Ducts (defauit)

Exclude Ducts

Options  Defaults Editors View Results Tools  Licence Print
@Geometry IDWinding Bﬂlnput Data |HT+CalcuIation |@E—Magne¢ics |

Back EMF Calculation:

Poirts per cycle: E
MNumber of cycles:

Magnetic Salver:

(@) Transient (default)
() Multi-static

() Reduced mutti-static

Help
==| Dutput Data I gﬁraphs ECSensﬁithy l °Scripting I

Cogging Torgque Calculation:

Points per cycle:

Niirber o sk
Short Gircut Calculation:

Poirts:

Duration:

load inettia:[0 |

Inductance Calculation:

Points per cycle:
Number of cycles:

Caleulation Method:
(®) DC (defautt)

() Small Signal

Small Signal Inductance Saolver:
Full

Half Cycle {default)

Sixth Cycle

Forces Calculation:

MNodes pertooth:
Points per node:

MNumber of points:

Force Node Averaging:
(®) Paint Averaging {defautt)
() Al Force Poirts

E-magnetic -4
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_S.mot)™

File Edit Model Maotor Type

@Geometry IDWinding Mlnput Data IHHC&]culation I@E—Magnetics ’

Defaults  Editors  View Results

==| Output Data I &Grﬂphs i EﬂSensﬂi\rity ] °Scn'|:tting I

&Materials ¥ Settings !)‘_.Material database i
@Geome’[ry i @ E-Magnetics i HHCaImIa‘tion igﬁra}hs |* Losses j,F‘references ”_-}No{es l

Graph Settings:
Torgue Graph:
Graph Plots:

Virtual Work

[] Maxwell Stress

[ MsVw Average
[oa

[] Alignment Tarque
Reluctance Torgue
[[]Coaging Torgue

Cogging Torque Graph:
Graph Plots:
Wirtual Work (Vi)

[ Co Eneragy (CE)

Blectromagnetic Force Graph:
Location:

(®) Stator (default)
() Ratar

Graph Plots:
Radial Forces
Tangential Forces
[]# Forces
[ Forces

Torgue Hamonics Graph Base:
(®) Blectrical {default)

(") Mechanical

Back EMF Graph:
Graph Values:
(") Phase
(@) Line to Line (defaulty
(") Phase and Line to Line

Current Graph:
Graph Values:
(®) Phase (default)

() Line
(_) Phase and Line

Teminal Yoltage Graph:
Graph Values:
() Phase

{®) Line to Line {default)
(CJ Phase and Line to Line

Cogging Hamonics Graph:
Base Frequency:
(0 Cogging
(@) Flectrical
(") Mechanical {default}

Torque Graph Scale:
(®) Scale from Zero (defautt)

() Min / Max scale

Tools  Licence Print  Help

Graph Drawing Options:
Graph Drawing:
(®) Curve Fit {default)
() Data poirts and lines
(7) Curve Fit and Data Points

Hamonics Graph:

Maximum Crder: {200

Amplitude Values:

(®) Magnitudes (default)
() Nomalised

) Logarithmic

Winding Hammonics Graph:

Maximum Order:

Amplitude Values:
(®) Magnitudes ({default)

() Nomalized

Inductance Graph:
Small Signal Method Options:
Plat All Phase Inductances

Plot Bias Cuments

Torque/Speed Graph:

Calculated points:
Upper Phase Adv:

Lower Phase Adv:

Draw Poirts
Graph Values:
(®) Full details {defautt)
() Envelope anly
(") Phase Advances only

Short Circuit Graph:
Graph Values:
(") Torgue vs Time {default)
() Speed va Time
(®) DO axis cuments vs Time
(") Phase Advance vs Time
() Line Cument vs Time

Demagnetization Graph:

No. of temperatures:

Select temperatures

Farce Animation:

Number Hamonics: | &

Force Animation Caption:
(®) Caption (default)
() Mo Caption

E-magnetic -5
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)™
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry IDWinding lElnput Data “m Calculation I & E-Magnetics | EEJ COutput Data | &Grﬁphs | EQSensﬁivity l °Scn'pting I
&Materials ¥ Settings |f_.-MateriaI database |
@Geome’[ry I @ E-Magnetics i HHCaImIa‘tion I £ Graphs M Losses |,F‘references “_-gp Notes l
* &8 Bearings | ‘ﬁC Winding I
General Loss Settings:
\Windage Losses: Converter Losses:

Source method: Converter Losses: I:I

(®) Direct user input {default)
() Automatic caleulation

atior multiplier | 1

Iron Losses:
Laminated Core Iron Loss Calculation:

(C) Bertotti

(®) Steinmetz {default)
Build Factor Definition:
(@) Stator / Rotor {default)
() Hysteresis / Eddy

Iron Loss Build Factors:

Stator |'| | Rotor: |'| |

Loss Build Factors:

Magnet Loss Build Factor:

Shaft Loss Build Factor: [1 |

E-magnetic -6
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File Edit Model Motor Type Options Defaults Editors  View Results

Teols  Licence  Print Help

@Geometry |D Winding M}nput Data IH.H Calculation | @ E-Magnetics | EE] Output Data | gGmphs E:Sensﬂ.iuﬁty | °Scripting |

&Materials OSeiﬂngs |{_..Materialdatabase|

@ Geometry I @» E-Magnetics | {i Calculation I £%Graphs | W Losses |I Preferences

8 Genersl € Bearrgs | 1 AC Winding |
Bearing Losses:
Location:
(®) Spit between inner and outer race (default)

{_) Bearing central node

Source method:
() Direct user input {default) Calculation speed:
(® Automatic caleulation Loss Multiplier:
Speed Temp: Losses "
pm e W
i} 20 0
0 40 0
1] 80 0
1] 140 0
0 200 0
1000 20 08
1000 AD 05
1000 a0 05
1000 140 04
1000 200 03
5000 20 10
5000 40 65
5000 80 4
5000 140 3
5000 200 25 i
Add a new data point: Delete the selected poirt:
| Add Data Paint || DeleteDataPort |

Laosses [kw]

40 4

38
36

34 -

32
30
28
26
24

22 4

20

18 -

16
14

12 -

10

[ T S R S« T«

“_-g'pl\lotes I

Bearing Losses

20 40 &0 80 100 120 140 ie0 180 200
Temperature [°C]

|
i}
X

Ve 0[rpm]

[ - 1000 [rpm]

¥ % 5000 [rpm]

W + 10000 [rpm]

v & 12000 [rpm] (Calc)

E-magnetic -7
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)™

File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print  Help

@ Geomety | [ Winding [ inout Dt | }ff Calcuiation | 2 E-Magnetics | 22| Output Data | |22 Graphs | 52 Sensitiviy | € Scipting |
&Materials ﬁ:gdﬁngs |f_.-MateriaIdatabase|
@Geome’[ry I @ E-Magnetics i HHCaIcuIation I £% Graphs W Losses |,Preferences “_—R'pNo‘tes I

4 General | &5 Bearings I AC Winding ]
AC Winding Losses:

AC Winding Losses: Cuboid Sizes:
AC Winding Loss Model: Cuboid Size:
() None {defaul) () Automatic {old method)
] i () Custom {user values)
O () Automatic {defautt)
() Full FEA (@) Skewed distrbution

Bundle Dimensions: Mumber of Cuboids: I:I

Include Bundle Efect

Bundle Aspect ratio:

Hybrid Maodel:

Adjustment Factor;

E-magnetic -8



Priloha A

ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_S.mot)™
File Edit Model MotorType Options Defaults Editors View Results Tools Licence Print  Help
@Gemﬂetry IDWinding Ilwlnpm Data IHHCalmlation I@*E—Magnetics i Ou[put[]ata-igtiraphs |E§Sen5ﬂivity |°Scn'pting I
My Drive I & E-Magnetics I 25 Phasor Diagram |aEqu'walent Circuit | m Flux Denstties * Losses IDWmﬁng IA Mizcellaneous | A Waterials If[x]Custom |

Variable Value Units Variable
Armature DT Copper Loss (on load) 4,007 kw
AC Copper Loss {Hybrid){Total) ' 01138 ' KW
Stator iron Loss frotal}istatic on load) ' 0,4068 ' KW
Windage Loss (user input) . [i] - kW
Ficion Loss (eaiculated) ' 002513 ' kW
Total Losses {oniload) ' 4552 ' KW
St bk o Loss nsasssHa s onioad) ' 0.2439 ' kW
Stator baciime ] oss Teddy] (et e o) ' 004033 ' KW
Stator back iron Loss [excess] (static on load) . 0 - kW
Stator bati ron Loss flotal] (static on load) ' 02842 ' KW
Stator tooth Loss [hysteresis] {static on load) ' 01048 ' kW
Stator tooth Loss [eddy] (static on load) ' 0.01756 ' KW
Stator tooﬁ Loss [excess] (static on Ioa;d] . 0 . kW
Stator tooth Loss fotal] (static on load) ' 01224 ' KW
Stater iron Loss fretal}istatic on load) ' 0,4066 ' kW

The total machine losses [Loss_Total

E-magnetic -9
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ﬁ ANSYS Motor-CAD v13.1.2 (Kodiag_syncrel_rot_18 5.mot)*
Options  Defaults  Editors  View Results

File Edit Model

@Geometry ]DWinding ]Bﬁlnput Data ] ﬂHCalculation ] F Temperatures

Maotor Type

@ Radal | F Al |we3D |

Teols

Licence

Housing: Water Jacket(Spin ~ | Mounting: Mot Mounted e

Slot Type: | Parallel Tooth ~  Rotor Type: | Intenor U-Shape

Stator Ducts: | None ~ | Rotor Ducts: | Mone ~

Stator Dimensions Value Rotor Dimensions Rotor Dimensions Walue

Slot Number 36 Fole Number L2 Inner Mag Clearance [ 0

| Housing Dia 270 Notch Depth L2 Inner Mag Clearance | 0

| Stator Lam Dia 220 Magnet Layers L2 Inner Post 0

Stator Bore 1416 | |L1 Diameter L2 Centre Post 0

Tooth Width 5 L1 Bridge Thickness L3 Diameter 114

| Slot Depth 20 L1 Web Thickness L3 Bridge Thickness 1

| Slot Comer Radius 0 L1 Quter Angle Offset L3 Web Thickness 50

Tooth Tip Depth 2 L1 Quter Thickness L3 Outer Angle Offset 0

Slot Opening 2 L1 Outer Mag Length || L3 Outer Thickness kY]

| Toath Tip Angle 30 L1 Quter Mag Segmerts || | 3 Outer Mag Length 1]

iSIee\re Thickness 0 L1 Outer Mag Offset L3 Outer Mag Segments | 1

WJ Channel-Lam 8 L1 Quter Mag Clearance || |3 Outer Mag Offset 0

WJ Channel Height & L1 Quter Mag Clearance || | 3 Outer Mag Clearance| 0
L1 Outer Post L3 Outer Mag Clearance| 0
L1 Inner Thickness L3 Outer Post 0
L1 Inner Mag Length L3 Inner Thickness 4
L1 Inner Mag Segments || |3 Inner Mag Length 19
L1 Inner Mag Offset L3 Inner Mag Segments | 1
L1 Inner Mag Clearance | | 3 Inner Mag Offset 1]
L1 Inner Mag Clearance | 13 Inner Mag Clearance | 0
L1 Inner Post L3 Inner Mag Clearance | 0
L1 Centre Post L3 Inner Post 0
L2 Diameter L3 Centre Post 0
L2 Bridge Thickness Airgap 16
L2 Web Thickness Banding Thickness 0
L2 Outer Angle Offset Shaft Dia 50
L2 Quter Thickness Shaft Hole Diameter 0

Air or Fluid

12

Print

Help
Output Data EGSens'rti\tity ] O Scripting ] 2;" Flow ]

Thermal - 1

Length

{-213,10.-126.40)

mim
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File Edit Model

Mator Type

@radal F Al |we30 |

Options  Defaults

Editors

View Results

'@Geometry |DWinding |@Input Data Hm Calculation | F Temperatures I

Tools  Licence Print Help

22| Dutput Data ECSens'rtiv'rty | °Sc:'ipting I x Flow |

B e L e e L

Redraw

Housing: |Water Jacket ( « l Mounting: | Not Mounted |
EWdg Caviy: | Potted + | Feedback: NotFited
Cowling: [NotFited | Shaft Type: | Solid v
Fan: | Mo Fan w Radial Ducts: iNnne V.
Radial Dimensions | Value | ™ Axial Dimensions Value |~
Housing Dia 270 Stator Axial Offset 0
Housing Add [Inner F] 0 Magnet Axial Offset 0
Housing Add [Inner R] 0 Rotor A«al Offset 0
Stator Lam Dia 220 EWdg Owverhang [F] 25
Stator Bore 1416 EWdg Overhang [R] 25
Airgap 16 Wdg Extension [F] 11
Banding Thickness 0 Wdg Extension [R] 11
Sleeve Thickness 0 Endcap Length [F] 10
Wafter Number [F] 0 Endcap Length [R] 10
Wafter Number [R] 0 Endcap Thickness [F] 5
Shaft Dia 50 Endcap Thickness [R]| &
Shaft Dia [F] 25 Shaft Extension [F] 30
Shaft Dia [R] 25 Shaft Edension [F] 0
Shaft Hole Diameter 0 Bearing Width [F] T2
WWidg Add [Outer F] 15 Bearing Width [F] 12
Widg Add [Outer R] 15 Bearing Offset [F] ]
Widg Add [inner Fj 1] Bearing Cifset [R] 0
Wdg Add [lnner R) 0 Stator Plate Thick [F] L]
EWdg Insulation [F} 0 Stator Plate Thick [R] 0
EWdag Insulation [R] 0 Rotor Plate Thickness 0
Bearng Dia [F] 5 Rotor Plate Thickness 0
Bearing Dia [R] 50 WJ Channel Width 41
W Channel-Lam 8 WJ Chaninel Spacing 15
W. Channel Height & Potting-Endcap [F] 0
Potting-Housing [F] 0 Potting-Endcap [R] 0
Potting-Housing [R] 0 ¥ et
‘W Channel Width 4
Air or Fuid W.J Channgl Spacing 15
Potting-Endcap [F] 0
Potting-Endcap [R] 0

Thermal - 2

Length

(316.30.72.03)

mm
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File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

(3 Geometry [ ] Winding |%Input Data | $il Calculation | E Temperatures | ==| Dutput Data _E:Sens'rtiv'rty IOSG"DT-IHQ |x:F|ow |
DDeﬁrﬁh’on |b Positions l

Col Style:  [Stianded * Mat [Liner-Lam}; | Impregnation |
Divider Type: |Overlapping | EWdg Defintion: EWldg MLT

Wadg Definitior::| Wire Size v]Wedge Model: | 'Wedge V|
Wire Selection
Wire Type: | Metric Table v
Wire Gauge: | Diameters - {1,813mm, 1,700mm] v
[ Input Parameter Value Input Parameter Value
Wire Slot Fill 05628 | | Conductors/Slot 28
|| EWdg Fill 0,5743 | |EWdg MLT 450,60
Liner Thickness 0.25 Ing Tooth Side Thickness [0
j Inz Slot Base Thickness |0 Imp Goodness [Active] 0.8
Liner - Lam Gap 0 Imp Goodness [Liner-Lam] | 0.8
Copper Depth [%] 100 Imp Goodness [EWdg] 08
Conductor Separation 002 Potting Goodness [EWdg] | 1

Output Parameter | Value Output Parameter | Value
Wire Slot Fill (Wdg Area) |0.5628 | | Slot Area 1455
Wire Slot Fill (Slot Area) | 0,457 Winding Area (+Liner) 135

|| Copper Slat Fill {Slot Arza) | 0.4365 | | Winding Area 1284
' Heavy Build Slot Fill 07185 | |Covered Wire Area 72,28
Winding Depth 16,323 | |Copper Area 63,55
Conductors/Slot Drawn | 28 Impreg Area 56,16
Wedge Area 6425

| Winding View:

Cuboids

Redraw e

one

Thermal - 3

Length

(15,75.90.66)
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Motor Type Options  Defaults  Editors  View Results Tools  Licence Print  Help

File Edit Model
@Geornetry D"Mndm |% Input Data | HHCalculation | F Temperatures | ==| Output Data _E:Sensitiv'rty I °Scrjp1‘.ing | x: Flow |
D_ Difinition n Positions |

Conductor positions: Conductor placement:

Left Columns

Right Columns

Top Left Conductor Position: Top Right Conductor Position:

3642 3.642 :
8955 | = y Co 8955 | -
Fine Position Right Side
Step Distance: 1
Posttion
Posttioning Type Mouse Mode
Placement
Colurmn Missing Colurmn Miszsing | Number
Conductor | <o e Conductor | Conductor
1 o 8 1 o 8
2 1| 8 | 2 1 | 8

Lenath (14.41.84 87)

Thermal - 4
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File Edit Model Maotor Type Options Defaults Editors Yiew Results Tools

@Geometry IDWinding wlnput Data IHHCalculation | F Temperatures |

Help
==| Output Data ] §§Sen5iti\rity | °Scripting | xt Flow |

% Cooling | ¥ Losses i & Materials 1 Z Interfaces ] i) Radiation i ITI'[ Natural Convection l E Housing Water Jacket ] @ End Space i ¥ Settings i 8 Watenal database

Cooling Options:
Housing Outer Cocling:
(®) Natural Convection

() Blown Over

Motor Orientation:
(®) Horizontal

() Vertical [Shaft Lip]
(O) Vertical [Shaft Down]

Miscellaneous Data:

Cooling Systems:

[ Through Ventilated
[ Seff Vertilated
Housing Water Jacket
[] Shaft Spiral Groave
[]Wet Rotor

] Spray Cacling

[ Rotor Water Jacket
] Slot Water Jacket
] Submersible

[] Aooded

[]Heat Exchanger

Lamination Stacking Factor [Stator]:

Lamination Stacking Factor [Retor}; |0,97

Ambient Temperature:

Altitude [m]: I:I

Radiation Emissivity:

Fixed Temperatures:
Fixed Plate Temperature

Fixed Base Temperature

[ Fixed Shaft{F] Temperature
[] Fixed Shaft[R] Temperature

[ Fixed Endecap[F] Temp.
[] Fixed Endecap[R] Temp.

Cooling Options Notes:

Type in user Cooling notes here

Check Data

Thermal - 5
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File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry |DWinding wlnpu‘c Data |HT+Caqulation | F Temperatures | =2 Output Data |Ec5ens'rti\r'rty |°Sq1pt|ng IthIow I

%% Cooling 3K Losses | gy Matenials | J” Interfaces | (49 Radiation | 11y Natural Convection | &8 Housing Water Jacket | &% End Space | € Settings | #8 Matenial database
M Loss Models ||“| Loss Distribution I

Loss Variation with Speed: Copper Loss Vanation with Temperature:
Shatt Speed coef[A] Speed Dependent Losses Cgpper Losses Vary wi‘th_ Temperature
Plspeed] = Plinput] x [m :I Shaft Speed [pm] 4700 Winding Temperature at which Stator Copper Losses Input:
[ Single value of Speed[REF] fpm] 4000
Component Plinput] | Speed[REF] | coef]A] Wikg Plspeed] _—
Type in user Losses notes here

Units kW pm Wika kW
Loss [Amature Copper] 5.067 3000 0 6606 5067
Loss [Armature Copper Freq Com| 01275 4700 2 16,63 0,1275
Loss [Stator Back Iron] 0.2476 4700 15 18.36 0.2476
Loss [Stator Tooth] 01214 4700 15 2285 01214
Lozs [Magnet] 0,001082 4700 0 0,3051 0,001082
Loss [Embedded Magnet Paole] 0,006544 4700 0 1.089 0,006544
Loss [Rotor Back Iron] 0 4700 0 1] 0
Loss [Friction - F Bearing] 0 4700 1 1] 0
Lozs [Friction - R Bearing] 0 4700 1 0 0
Loss [Windage] 0 4700 3 0 0
Loss [Windage] (Ed Fan) 0 3000 3 0 0

Check Data

Thermal - 6
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File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry |DWinding wlnpm Data |HT+Caqulation | F Temperatures | ==/ Output Data |E:Sens'rti\rity |°Sc:1pt|ng |$Flow I

4% Codling | M Losses |ﬁMaten-a|s | T interfaces | (4 Radiation | I}y Natural Convection | &8 Housing Water Jacket | &% End Space | € Settings | 48 Material database |
* Loss Models “II Loss Distrbution |

Slet Loss Area: Winding Distribution: Stall Copper Loss Distribution:
g Lul:fSlS:l:t T — EI @ Fqualfla=lb=Ic) O Sinela/2=1b=lc)
alf Slot O6stepla=b.lc=0 () Custom
Nomal Operation Copper Loss Distribution: Transient Fault Copper Loss Distribution: Stall Operation Copper Loss Distribution:
[ Nomalise . ' Even | Use in FEA ._Nm'ma_llgg : |_ Even: | [ Use in FEA Homatlise Evan [JUsein FEA
Fuil Slot Loss Proportion Full Slot Loss Proportion
3 0 5 3 0333333993353
2 0,333333333333333 2 0,333333333333333
3 0,333333333333333 3 0,333333333333333
Total 1 Total 1

Check Data

Thermal - 7
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File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help
@Geometry IDWinding Mlnput Data |m+ Calculation | F Temperatures | 22| Output Data |Ec5ens'rtiv'rty |°Smpt|ng Iﬁxﬂow I
3% Cooling | # Losses ﬁMafeﬁals |I Interfaces | {5 Radiation I ITI1 Natural Convection | E Housing Water Jacket | Q) End Space I o€ Settings I A Natenal database

Component Material from Database | Themmal | Specific | Density | Weight | Weight | Weight | Weight
Conductivity| Heat Internal | Multiplier| Addition | Total
Units Wem/ T Jikag/C ka/m? ka ka ka
Housing [Active] Auminium (Aloy 195 Cast} [w | 168 833 2790 6,655 1 0 6,655
Housing [Front} Aluminium (Aloy 195 Cast) [ v 168 833 2790 1.109 1 [i] 1,109
Housing [Rear] Aluminium (Alloy 195 Cast) || 163 833 2790 1.109 1 [i] 1,109
Housing [Totall 8.874 8874
Endcap [Front] Auminium (Aloy 195 Cast} [w| 168 833 2790 1.057 1 0 1,057
Endcap [Rear] Aluminium (Aloy 195 Cast) [ v 168 833 2790 1.057 1 [i] 1,057
Stator Lam (Back Iron) JFE_35JNE230 [ne] 30 450 7650 1348 1 [i] 1348
Inter Lam (Back Iron) v 002723 1007 1,127 | 6.143E-05 1 0 |6143E05
Stator Lam (Tooth) JFE_35INE230 [ 3 450 7650 5313 1 [i] 5313
Inter Lam (Tooth) [ 002723 1007 1127 | 2421E-05 1 0 |2421E05
Stator Lamination [Total] 188 188
Amature Winding [Active] Copper (Pure) |V| 401 385 8533 3,066 1 0 3,066
Amature EWdg [Front] Copper {Fure} [l 401 385 8933 2.302 1 0 2302
Amature EWdg [Rear] Copper (Pure) [w] 401 385 8933 2,302 1 0 2302
Amature Winding [Total] 7671 7671
Wire Ins. [Active] &l  omx 1000 1400 0,066 1 [ 0,066
Wire Ins. [Front End-Wdg] [ 0,21 1000 1400 | 0,04356 1 0 0.04956
Wire Ins, [Rear End-Wda] [ 0,21 1000 1400 | 0.04956 1 1] 0,04356
Wire Ins. [Total] 01651 0,1651
Impreg. [Active] = 0.2 1700 1400 | 03397 1 [i 03397
Impreg. [Front End-Wdg ] [ 02 1700 1400 | 0,03209 1 0 0.03209
Impreq. [Rear End-Wdg ] [w] 0.2 1700 1400 | 0.03200 1 1] 0.03209
Impreg. [Totall 0,4038 04038
Potting [Front Endeap] LORD CoolThemm EP-3500 |« 35 733 2720 | 03935 1 [i] 05985
Potting [Rear Endeap] LORD CoolTherm EP-3500 [ 35 733 2720 | 09935 1 0 0,3985
Slat Wedge [« 0.2 1200 1000 | 0.03469 1 1] 0,03469

Update materials from the Database

Units used in Materals & Weights Input Editor
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File Edit Model Motor Type Options Defaults Editors Yiew Results Tools Licence Print Help

@Gemﬂetry I DWinding wlnput Data |HT+Calculation | F Temperatures I ==| Output Data | EﬂSens'rLi\r'rty | °Scn'pting I x: Flow I
3% Cooling | ¥ Losses ﬁMa’(en‘als |Z Interfaces l (40 Radiation | ITIT Natural Convection I E Housing Water Jacket l @ End Space | o€ Settings | A Natenal database

Component Material from Database | Thermal | Specific | Density | Weight | Weight | Weight | Weight
Conductivity| Heat intenal | Multiplier| Addition | Total
Units Wim/ T Jkg/ T ka/m? ka ka ka
Wire Ins. [Rear End-Wdg] [v] 0,21 1000 1400 | 0,04956 1 0 0,04956
Wire Ins. [Total} 0,1651 0,1657
Impreg. [Active] ' 02 1700 1400 | 03397 1 [i] 03397
Impreg. [Front End-Wdg ] 0.2 1700 1400 | 003209 1 [} 0,03209
Impreg. [Rear End-Wdg ] [ 02 1700 1400 | 0,03209 1 0 0,03209
Impreg. [Total] 04038 04038
Potting [Front Endcap] LORD CoolTherm EP-3500 || 15 713 2720 | 05985 1 0 0.3985
Potting [Rear Endcap] LORD CoolThemm EP-3500 [+ 15 733 2720 | 09985 1 [} 0.9985
Slot Wedgs o 02 1200 1000 | 003469 1 i 0,03469
Slot Liner ] 021 1000 F 0.04002 1 i 0.04002
Housing WJ Duct Wall o] 0.2 1700 1400 0 1 0 0
Rotor Lam {Back Iron) JFE_35INE230  [» 30 450 7650 | 10,1881 1 [} 01881
Rotor Lam (IPM Magnet Polg) JFE_35JNEZ30 [+] 30 450 7650 5,954 3 0 5,954
Rotor Lam (Inter Magnet Gap) JFE_ 35INE2ID v 30 450 7650 2,462 1 0 2462
Rotor Inter Lam {Back Iron} o] 1007 1127 | 8.569E-D7 1 0 |B569E07
Rotor Lamination [Total] 8.604 8.604
Magnet VACODYM 974 AP 10 450 7600 3543 1 [i] 3,548
Rotor Pocket Air {Motor-CAD model) 003171 1011 | 03461 | 0,0003 1 i} 0,0003
Shaft [Active] 52 460 7800 2,297 1 [} 2297
Shaft [Frort] 52 460 7800 | 0.2489 1 i} 02489
Shaft [Rear] 52 460 7800 0,134 1 [i] 0,134
Shaft [Tatal] 263 268
Bearing [Frort] [] 30 460 7800 | 01378 1 i} 0.1378
Bearing [Rear] ] 10 460 7300 | 01378 1 0 0.1378
Motor Weight [Total] 5b.2 552  |Weight [Total]
Update materials from the Database
Shaft [Rear]
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)*

File Edit Model

Mator Type
@Geometry IDWinding Mlnput Data |m+ Calculation | F Temperatures I

Options

Defaults  Editors

Wiew Results Tools

Licence

Print

Help

22| Output Data | ECSens'rtiv'rty | °Sc:'ipting I x Flow |

3% Cooling | # Losses I ﬁ Materials i Z Interfaces .lﬁ!"i’n Radiation i ITI1 Matural Convection | E Housing Water Jacket | Q) End Space I € Settings I A Matenal database

Component Gap Interface Maternial Themal Details Resistance | Conductance
Conductivity @T=100.0°C | @T=100.0"C
Units mm Wim/C m2.CAN Wim2/C
Stator Lam - Housing 0,01 Air (Motor-CAD model) 003171 Lamination-Metal - Good suface Contact 0,0003153 N7z
Housing - OHang [F] 0 Air {(Moter-CAD model) 0.03171 Mo Gap - Pedect suface Contact 0 1E09
Housing - OHang [R] 0 Air (Motar-ZAD model) 003171 Mo Gap - Pedect suface Contact 0 1E09
Housing - Endcap [F] 0.005 Air (Motor-ZAD model) 0.03171 Metal-Metal - Average suface Contact 0.0001577 6341
Housing - Endeap [R] 0,005 Air {Motor-ZAD model) 003171 Metal-Metal - Average surface Contact 0,0001577 6341
Magnet - Rotor Lam 0,005 Air {(Moter-CAD model) 0.03171 Metal-Metal - Average suface Contact 00001577 6341
Magnet - Magnet 0,005 Air (Motar-ZAD model) 003171 Metal-Metal - Average suface Contact 0.0001577 6341
Rotor Lam - Shaft 0.005 Air (Motor-CAD model) 003171 Metal-Metal - Average suface Contact 0,0001577 6341
Bearing Efective Gap [F] 04 Air {Motor-ZAD model) 003171 High Effective Gap [Torno Testing] 0.01261 793
Bearing Effective Gap [R] 04 Air (Motor-CAD model) 003171 High Effective Gap [Torino Testing] 0.01261 793
Bearing - Endcap [F] 0,0073 Air (Motar-ZAD model) 003171 Stainless-Auminium - Medium suface Contact 0.0002302 4344
Beanng - Endcap [R] 0,0073 Air (Motor-CAD model) 003171 Stainless-Aluminium - Medium surface Contact 0,0002302 4344
Bearing - Shaft [F] 00112 Air {Motor-CAD model) 003171 Stainless-Stainless - Medium surface Contact 0,00023532 28N
Bearing - Shaft [R] 00112 Air (Motor-CAD model) 003171 Stainless-Stainless - Medium suface Contact 0,0003532 2831
Potting-Housing [F1 0 Air (Motar-ZAD model) 003171 Mo Gap - Pedfect suface Contact 0 1E09
Potting-Endcap [F] 0 Air {(Motor-ZAD model) 0,03171 Mo Gap - Perdect suface Contact 0 1EQ9
Potting-Housing [R] 0 Air {Motor-CAD model) [ 003171 Mo Gap - Pedect suface Contact 0 TEDG
Potting-Endcap [R] 0 Air (Motor-ZAD model) '-_f 0.03171 Mo Gap - Pedect suface Contact 0 1E09

Check Data

Press F1for Help
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry I DWinding M Input Data |m+ Calculation | F Temperatures | =] Output Data | ECSens'rLiv'rty | °Sq1'pting I x Flow I
3% Coaling | ¥ Losses I ﬁ Materials i I Interfaces '3'9[’3 Radiation |ITI1 Natural Convection | E Housing Water Jacket | @ End Space i o€ Settings i 8 Natenal database

Include Radiation in Lump Circuit Madel dT used in table below - Extemal Radiation [degCl:
[ Include Intemal Radiation in Lump Circuit Mode! dT used in table below - Intemal Radiation [degCl: 10
] Single Emissivity value:
Component Emissivity | View Factor | hr @dT=100.0"C Area Rt @dT=100.0"C
Units Wema T mm? TN
Housing [Front] 0.3 5 9.961 2.12ED4 474
Housing [Active] 03 1 9,961 1.272E05 0,7851
Housing [Rear] 09 5 9.961 2.12ED4 474
Endcap [Frort] - Radial Area 03 1 9.961 8482 11,84
Endcap [Front] - Axial Area 09 5 9.961 5.676ED4 1,769
Endcap [Rear] - Radial Area 0.9 1 9.961 8482 1184
Endcap [Rear] - fAxial Area 09 5 9.967 bh.726ED4 1,753
Check Data

Check Radiation Input Data
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)*
File Edit Model Maotor Type Defaults Help
@Geometry I DWinding M Input Data |m+ Calculation | F Temperatures | =] Output Data | ECSens'rLiv'rty | °Sq1'pting I x Flow I
3% Coaling | ¥ Losses I ﬁ Materials i I Interfaces | {5 Radiation ITI'[ Matural Convection ig Housing Water Jacket | @ End Space i o€ Settings i 8 Natenal database

Options Editors  View Results Tools Licence Print

Motor Orientation = Horizontal
dT used in table below [TC]:

Component Input h? Convection Correlation hiinput ] hnc & Area Rt &
or dT=100.0°C dT=100.0°C
hladjust]

Units Wim¥C W/m¥C mm? TW

Housing [Active] E‘ Horizontal Cylinder 1 541 1.272ED5 1,393
Housing [Frant] J Haorizontal Cylinder 1 5641 2,12E04 8,359
Housing [Rear] O Harizontal Cylinder 1 5641 2,12E04 8,355
Endcap [Front] - Radial Area ] Horizontal Cylinder 1 5641 8482 209
Endcap [Front] - Asial Area O Vertical Flat Plate 1 634 5.676E04 2778
Endcap [Rear] - Radial Area J Harizontal Cylinder 1 5641 8482 205
Endcap [Rear] - Axial Area O Wertical Flat Flate 1 634 5.726E04 2,755

Check Data
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help
@Geometry ] DWinding Qﬁ Input Data IHHCaquIation ] F Temperatures l == Output Data l EﬂSens'rti\rity ] eScn'pting l xtFIow ]
3% Coaling 1 W Losses ] & Materials ] I Interfaces 1 () Radiation 1 ITI1 Natural Convection E Housing Water Jacket ]@ End Space ] ¥ Settings ] 8 Wateral database

Fow Options ] Fluid Flow] Heat Transfer]
Flow Definition:
Fan Defintion:
(®) Constant Aow Rate
{7) Constant Flow Rate from Fan Characteristic
() Flow Rate Proportional to Speed
() User Specified Fow Rate Yariation with Speed

FULU

Fluid Volume Flow Rate: |9.2

Check Data
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help
@Geometry ] DWinding Qﬁ Input Data IHHCaquIation ] F Temperatures l ==/ Output Data l E:Sens'rti\rity ] eScn'pting l xtFIow ]
3% Coaling 1 W Losses ] & Materials ] I Interfaces 1 () Radiation 1 ITI1 Natural Convection E Housing Water Jacket ]@ End Space ] ¥ Settings ] 8 Watenal database

Fow Options ] Fluid Flow] Heat Transfer]
Flow Definition:
Fan Defintion:
(®) Constant Aow Rate
{7) Constant Flow Rate from Fan Characteristic
() Flow Rate Proportional to Speed
() User Specified Fow Rate Yariation with Speed

FULU

Fluid Volume Flow Rate: |9.2

Check Data
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File Edit Model Maotor Type Options Defaults Editors View Results Tools Licence Print Help

@ Geometry | D Winding

(4 neut Date...

HHCaquIation | F Temperatures | ==/ Output D

ata I EﬂSeﬂs'rLi\rity | °Scn'pting | xt Flow I

3% Coaling l W Losses i ﬁ Materials i I Interfaces I () Radiation I ITI1 Natural Convection :g Housing Water Jacket |¢) End Space I ¥ Settings I A Watenal database l
Flow Dptionsl Fluid Flow Heat Transfer |

RAuid Data:

Auid Properties:

Fluid Volume Flow Rate: EGW 50/50

Inlet Temperature:

Themal Conductivity:

Density:

Cp:

Kinematic Miscosity:
Dynamic Viscosity:
Pr - Prandtl Number:

Cooling Options:

0.411
1051

0001372

_rén E
&
E

7

Housing Water Jacket Type = Spiral Groove
Active Cooling Cnly MNon Spiral ducts

Endcap Cocling

(®) No Endcap Cooling {defautt)

(") Separate Endcap Cooling circuits

(") Endeap Cooling in Series

Flow Direction:

() Rear - Front

(®) Front -> Rear

Caleulate or Input Mumber Fow Channels:

(®) Calculate

Channel Data:

Cutout Width {Average):

Duct Wall Thickness

]

Cutout Height {(Average): D

Flow Area (per channel):

Flow Area {total):

Channel Width (Average):
Channel Height (Average): ICI

() Input
Parallel Flow Paths:
MNumber Flaw Channels 2546
Component Input | Convection Comelation hfinput] Local Local Re ““LRelcrit) | Surface h Rt
h? or Velocity Huid Number Area
hladjust] | Multiplier | Velocity
Units Wi/m3C pu mis 74 mm? Wim3"C T
Housing [Active] [] | Channel Comelation [Turbulent] 1 1 0.6246 5010 21738 2111ED5 1891 0,002505

Check Data
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_S.mot)™
File Edit Model Motor Type Options Defaults Editors Yiew Results Tools Licence Print Help
@Gemﬂetry IDWinding ;&ﬁlnput[]ata HHCalculation | F Temperatures I == Output Data |Ec5ens'rtiv'rty |°Smpt|ng Iﬂ Flow |
3% Coaling | ¥ Losses I & Materials I Z Interfaces l () Radiation | ITIT Natural Convection | E Housing Water Jacket @End Space |°Seﬂings | A atenial database |
Front End Space: Rear End Spacs:

End Space Velocity Multiplier [Front]: IMcrmn- vJ' 0.5 End Space Velocity Multiplier [Rear]: 'Nom—aiﬁc_nor ~ | \LI Shaft Speed fpml:

End Space Reference Velocity [Front]: End Space Reference Velocity [Rear]:

End winding roughness [Front}: End winding roughness [Rear]:

Endcap Ventilation [Front]: Endcap Ventilation [Rear]:
(@) Closed () Vented () Fully Open (®) Closed () Verted () Fully Open
Internal Surface ki k2 k3 Air Velocity | Air Velocity h Area Area Rt
Muiltiplier Muiltiplier
Units pu mss Wom3C pl mm? T

Endcap [Front] 15 04 05 0.7 11.92 70,82 1 1.378E04 1.024
Endcap [Rear] 15 04 0.5 0.7 11.92 70,82 1 1,378E04 1.024
Bearing [Front] 15 04 05 1 17.03 91,95 1 1473 7.385
Bearing [Fear] 15 04 039 1 17.03 91,95 1 1473 7.385
Shaft [Front] 15 04 05 1 6.152 4578 1 1806 1209
Shaft [Rear] 15 0.4 0.5 1 6,152 4578 1 1806 1209
Rator [Front] 15 04 039 1 2318 1166 1 1.144E04 0,7458
Rotor [Rear] 15 04 059 1 23,18 1166 1 1.144E04 0.7453
Magnet [Front] 15 04 059 1 2318 116.6 1 112 2,756
Magnet [Rear] 15 0.4 0.5 1 23,18 1166 1 3112 2,756
EWdg Inner [Front] 15 o4 05 1 17.03 91,95 1 1, 166E04 09327
EWdg Inner [Rear] 15 04 05 1 17.03 91,95 1 1.166E04 0.89327
Shaft Extension {Outer) [Front] 15 04 09 1 6,152 4578 1 2356 827
Shaft Extension {End) [Front] 1] 0.4 0.5 1 3.076 0 1 4509 1E09 default = shaft end not exposed 1 = 0)
Shaft Extension {End) [Rear] 15 o4 05 1 3.076 35 1 4909 64,68

Check Data
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry I DWinding aﬂ Input Data |m+ Calculation I F Temperatures | =] Output Data ] ECSens'rtiv'rty I °Scnpting | x Flow |
3% Coaling ] ¥ Losses I & Materials i I Interfaces ] {5/ Radiation I ITI1 Natural Convection l E Housing Water Jacket 1 @ End Space €Y Seftings l)‘. Matenal database |

ﬂ Modelz |@Geom&try l DWinding l %Coollng ] * Losses l,PrEferences i @End Space I 4. Convergence l £ Transient l‘_l‘u‘lisceﬂaneous l [?}Nutes l
Model settings:

Airgap Model: Puial Slices: Magnet Model: FEA Model:
() Conduction Only ® 1 Slice (®) Nomal {default) Slot Fixed Temperature:
(®) Conduction & Convection (23 Slices (O Distributed Loss g :DUS!I'IQ el S ewnoE i)
ousing
O 5 Siices . e (") Stator Surface
Include Rt{Endcap) Radial O 7 Slices Igt)egcfr .U—Flhtor Themal Circuit: & None
: : rigina
Include Rt{Endcap) Axial (09 Slices 7
) Improved {Experimental) Pale Fixed Temperaturs:
Include Fin Efficiency (®) Shaft and Rotor Suface {default)
() Shaft
() Rotor Surface
(Z) None
Radial # Axial Node Sizing
Node Radius: |D.2
Model settings
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File Edit Model Motor Type Options Defaults Editors Yiew Results Tools Licence Print Help
@Geometry IDWinding
3% Cooling ] ¥ Losses i & Materials 1 Z Interfaces ] (i) Radiation 1 ITIT Natural Convection l E Housing Water Jacket ] @ End Space €Y Settings l)‘. Matenal database i

ﬁ Models @Geometry |DWinding I#E';Cooling ] * Loszes i , Preferences I@ End Space I <. Convergence 1 £ Transient l A Mizcellaneous l[“c'} Motes |
Geometry editor settings:

: InputData HHCalcuIation | F Temperatures | ==| Output Data ]EﬂSensiti\rity |°Scripting |$Flow |

Endcap Specification: Fin Input Options: Flow Amows: OpenGL 30 Settings:
() Endeap - Winding Spacing (®) Fin Pitch/Thickness Head width: 8 30 Curve Precision
(®) Endcap Thickness (defautt) () Fin Number & Spacing Tail width: 2 ' 2
End Winding Specification: Airgap Definition: Sealing: :
Low High
() Winding Gaps (®) Gap (default} Min. Length: IEI
(®) Winding Expansion (Default) (") Rotor Diameter Spacing Factor: Mo. Radial Duct 3D Amows : _
Blown Over Fow Amows: Flow Amouws: Rladial cross section drawing: Comer Rounding (Rotor Lamination):
() Do net Show Leakage (C) Do Mot Scale Stator rotation: EI @® MNone (defauit)
Show Leak defautt Scale (default
(it bt e Rotorrotation: [0 | O Single definiion for a
Th | Graph Colours:
errnta : i Comer Rounding (Magnets):
() Individual
(®) None (default)
(® Component {default)
() Single definition for al

Check Data
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)*

File Edit Model Maotor Type Options

@Geometry |DWinding wlnpm Data |HT+CaquIation I F Temperatures |

Defaults

Editors

View PResults Tools Licence Print

Help

==/ Output Data EﬂSeﬂs'rLi\rity | °Scripting | 2’; Flow |

3% Coaling l W Losses i & Materials i I Interfaces I () Radiation I ITI‘] Natural Convection I % Housing Water Jacket l @ End Space € Seftings l 8 Watenial database l
n Models l @Geom&try D'Winding |’5$Coollng i * Losses I , Preferences ! @ End Space I <. Convergence l £ Transient l A Miscelaneous | [:} Notes l

Winding Settings:

Wedge Model: Liner: - Winding Termination:
; Liner Layers:
gCondudwe (default) ,Sjpgle La:,rer e [ Temination [F]
Non conductive Liner Data
S Temination Wires [F]: k!
Active-End winding thermal resistance multipliers: =
Temination Wire Diameter [F]: 2
Rt]Active- Front EWWdg] Multiplier: 1
Rt[Active- Rear EWdg] Multipler: 1 Temingtion Wire Length [F]: | 200

[ Termination [R]
Temination Wires [R]: k!

(3]

Temination Wire Diameter [R]:

Termination Wire Length [R]; 200

Winding Model: Cuboid Sizes:
Cuboidal Model k Value Definition: Cuboid Size:
(®) Automatic (default) () Automatic (old method)
(7 User Defined () Custom {user values)
: - - () Automatic {defautt)
Active Winding:
if Yo (®) Skewed distribution

Hifective Radial k Value:

Effective Tangential k Value:
Effective Axial k Value:
Front End Winding:

Number of Cubeids:

Hfective Radial k Value:
Effective Tangential k Value:
Hffective Axial k Value:

Rear End Winding:
Effective Radial k Value:

Effective Tangential k Value:

Effective Axial k Value: [318.3

Themal Conductivity Model:

(@) Conductor, Insulation, Impreg (default)

(") Conductor only

Winding Editor View:
Show Conductors

Automatic Separation
Automatic Placement Settings:

Bitmap Size Factor:

Position Checking: ' 5 |

Conductor Positions:

[ Save Conductar Postions Data In mat File
Extemal Conductor Positions Data:
Fle:| Mo Datafile selected

Load DOatg Save Datg

Form Wound conductor placement:
() Even spacing
(@) Custom Separation (default)

Insulation Lifetime Calculation:

Method:

(® None (default)

() Montsinger (prefemed)

(") Dakin

(") Dakin and Mortsinger
Lifetime Points:
Ref Temp: 180
Ref Temp1 Lifetime hours): 2E4
Ref Temp2: 150

Thermal - 19
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_S.mot)™

File Edit Model Motor Type Options

@Geometry IDWinding wlnput Data IHHCalculation I F Temperatures |

Defaults  Editors  View Results Tools Licence

==/ Output Data ECSens'rtiv'rty I °Scripting | x Flow |

Print Help

3% Coaling l ¥ Losses i ﬂ Materials i Z Interfaces l () Radiation i ITIT Natural Convection I E Housing Water Jacket I @ End Space €¥ Seftings l A Watenial database l
n Models l @Geometr_v I DWinding iL)&"*;II:n::::Iing |* Losses l , Preferences ! @ End Space I 4. Convergence l £ Transient l ‘ Miscellaneous l [:} MNotes l

Cooling settings:

Cooling Cincutt Connections:

L
u.a

TWent airgap-inlet I Slot W inlet

nER

TWent outlet - Housing W inlet

Shaft Spiral Groove Outlet -» Rotor W inlet

Rotor W\ Outlet -> Spray Cooling Inlet
Slot W Outlet —» Housing W Inlet
Houging W Outlet —= Slot W Inlet

Through Yertilation Model:

Rotor Duct heat transfer calculation:

(®) Rotating Channel Comelation - Momis {default)
() Rotating Channel Comelation - Moms Woods

() Channel Comelation

Duct flow condtion:
(@) Developing flow (default)

() Fully developed flow

TWent Shaft cooling:
(®) Shaft Overhang node (default)

() Shaft node next to bearings

Airgap Laminar Flow with Vortices Comelation:
(®) Tachibana and Fukui {default)

() Simmers and Coney

Airgap Turbulert Flow Comelation:
(®) Kuzay and Scott {default)

() Childs and Tumer

Airgap Turbulent Flow with Vortices Comelation:
(@) Gazley {defautt)

() Kostern and Finatev

Ambient Temperature:

(®) Single Ambient (default}

() Separate Ambient for convection and radiation

Transition limit for Laminar to Turbulent flow:

Transition limit for Non-Vortex to Yortex flow:
Transition Lower Limit:

() Taylor number
(®) Taylor and Reynolds numbers (default)

Transition upper fimit rnultiplier

Wet Rotor Fluid properties:
(®) Based on average fluid temperature {defauft)

(") Based on fluid inlet temperature

Transition upper limit:

TVent Fuid properties in airgap:
() Based on average airgap temperaturs
(@) Based on fluid inlet temperature {default)

Lamination-Housing duct cocling nodes:
{®) Housing and Lamination {defautt)

() Housing only

Bidirectional Flow Layout:
(®) Simple (Defautt)

O Ful

Flow Resistance Tolerance:

Tolerance Value:

Spray cooling comelation:
(7) Submerged Jet
(®) Free-Surface Jet (defautt)

How the transition limit for non-vertex to vortex airgap flow is calculated [Vortex Transition]
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File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry I DWinding i HHCalcuIation | F Temperatures I ==| Output Data §:Sensitiv'rty | °5c:'ipting I x: Flow I
3% Coaling l ¥ Losses i & Materials I I Interfaces l {5 Radiation i ITI'[ Matural Convection l E Housing Water Jacket l @ End Space € Seftings | A Watenal database |
n Models I @Geom&tr_v I DWinding I %Cﬂoliﬂg * Lozses |/ Preferences I @ End Space I 4 : Convergence i £ Transient l A Miscelaneous | |_—<3 MNotes l

*«Genera[ l & Bearings | ‘.PC Winding I
General Loss Settings:

et Deta.

Windage Losses: Transient Loss Calculation:
Source method: Loss Calculation Method:
(®) Direct user input {default) (®) Lab Mode! frecommended)
() Automatic calculation () Loss Vanation With Temperature and Load Maodel
slculation muttiplier |1

Loss Variation with Temperature & Load:
Stator Copper Losses:

Copper Losses Split Between Active and Endwindings: s i e
(®) Automatic split {defautt)

() User specified split

=1

Endwinding Losses Split Between Front and Rear: Resistivity:

Stator copper temperature coefficient of resistivity: | 0,00333
Stator copper {Freq Comp) temperature coefficient of resistivity: [0.00233

i
I
-}
T
5]

=]
in

=
T

.25 Stray Load Temperature Coefficients of Resistivity:

n

Stator Copper Loss Temperature Varnation:
(®) Based on average winding temperature {default) Rotor lron coefficient; |0

(0) Based on local winding temperatures

Rotor Cage Losses: Retor Copper eosfficient
Loss Split Between Bars and Endrings:
Automatic split (default)

User specified split
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File Edit Model Motor Type Options Defaults Editors

@Geornetry I DWincﬂng M

Tools  Licence

Help

HHCalculation | F Temperatures | ==| Output Data |_E§Sensiti\r'rty I °Scrjpting | :':;Flow |
3% Cooling | ¥ Losses I & Materials | Z Interfaces l li5#) Radiation I "IT.I'[ Natural Convection I E Housing Water Jacket | @ End Space |

t. Matenal database |

n Models I@Geom&t_ry I D"Mndhg I%Coolirjg _ *Lnssea |I Preferences I@_End Space I £, : Convergence l £ Transient l M Miscellaneous “}'}Na’[es |
¥ General | @) Bearngs | 1B AC Windng |

Bearing Losses:
Location:
Source method:
Speed Temperature Losses

pm = KW

0 20 0

0 40 0

b 80 0

1] 140 ]

0 200 0

20 0.8

40 0.6

0 05

140 04

200 0.3

20 10

40 6.5

80 4

AN
40
W Wil 7

Add a new data point:

Delete the selected poirt:

Losses [kiy]

BearingLosses

Temperature [°C]
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File Edit Model Motor Type Options Defaults Editors Yiew PResults Tools Licence Print Help

@Gemﬂetry IDWinding wlnput Data |ﬂT+Calculation | F Temperatures I ==| Output Data |E§Sen5'rti\rity |°Sc:1pt|ng |$Flow I
% Cooling | 3 Losses | gha Matenals | I Interfaces | 4 Radiation | Ji¥ Natural Convection | &5 Housing Water Jacket | %) End Space € Settings |f_-|'dateﬂa|database |
n Models I@Geom&try l D‘N‘lndhg Iﬁa‘:CnoIirjg * Losses |I Preferences I @ End Space I <. Convergence l £ Transient I‘_ Mizcellaneous I D} MNotes |

* General | & Bearings 'PC Wlndjng |
AC Winding Losses:

AC Winding Losses: AC Winding Losses:
AC Winding Loss Model:
Cuboid No. AC Loss
() None {defautt) P Hion
@ Hybrid FEA 1 0,309069
() Full FEA 2 0243284
Bundle Dimensions: t 0. 173531
4 0274115

Include Bundle Efect

Bundle Aspect ratio:

Hybrid Maodel:
Adjustment Factor;

Varigtion with temperature:

Temperature Exponent:
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File Edit Model Motor Type Options Defaults Editors Yiew Results Tools Licence Print Help

@Geometry IDWinding [ﬁ Input Data |ﬂT+Calculation | F Temperatures | ==| Output Data EﬂSeﬂsiLi\rity | °Scnptir1g | 2’; Flow |
3% Cooling l ¥ Losses i & Materials I Z Interfaces l () Radiation I ITIT Natural Conwvection l E Housing Water Jacket l @ End Space €Y Settings |f. Matenal database |

n Models I@Geom&tr_v I DWinding I%Cnoling I * Loszes ,F‘references |@ End Space I <. Convergence l £+ Transient IAMLsceHaneous l D'} MNotes l
User preferences:

] Mllow editing of radiation view factor
[ Automatic File Backup

[] Display Verbose FEA Output

[] Display Verbose Messages

Show Watermark

Save File with Forwards Compatibility:
() Disabled

(®) Enabled
Hint Cptions:

Hint display time:
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ﬁ AMNSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)*

File Edit Model Motor Type Options Defaults Editors Yiew PResults Tools Licence Print Help

@Geometry IDWinding [ﬁlnput Data IﬂHCalculation | F Temperatures | ==| Output Data !EﬂSensﬂ.i\rity |°Scnpting |$Flow |
% Cooling | 3 Losses | gha Matenals | I Interfaces | 4 Radiation | Ji¥ Natural Convection | &8 Housing Water Jacket | %) End Space € Settings lf_.-MateriaI database |
n Models I@Geom&try I DWinding I%Cnoling i * Loszes i, Preferences Q.:' End S-pace l'.'. Convergence l £ Transient I‘_ Mizcellaneous l D'} MNotes l

End Space Settings:
End Space Convection Comrelation
h=klx[1+k2wvel " k3]
Default Comelation )
Comelation: | Schubert [EW] (defaut) =

Cwerwnte k1, k2, k3 in End Space sheet
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File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

@Geometry |DWinding [aﬁlnput Data |HT+CaquIation I F Temperatures | ==/ Output Data ECSens'rti\rity |°Scnpting |$Flow |

3% Coaling ] W Losses I & Materials i I Interfaces ] () Radiation I ITI1 Natural Convection I E Housing Water Jacket ] @ End Space € Settings li. Matenal database |

n Models l @Geom&try l DWinding l %Coollng ] * Losses l, Preferences i Q.:' End Space %, Convergence I#Transient l A Mizcellaneous l [‘4'} Motes l
Convergence settings:

Steady State Convergence: Transient Convergence: End Space Fuid Flow: Temperature Integration Varation:
(® dT [Percent] Absolute E Manimum change rate: Seftings:
O dT [Value] Relative Emor: O Disabled
; () Enabled
Steady State Max terations: 1000 Minimum Tolerance: Fluid Paths convergence: (®) Automatic (Defautt)
Fluid Compensation Factor: e
! : Allowed Variat
Steady State Min kerations: Transient kerations: @® Enabled (defaul) O Hlowed Variation
s g o o8 Transient Max ferations: |5E4 () Disabled Miowed Time Variatiar 0.7

Cancel Trangient at Max terations limit

S 100 Max compensation factor: Mlzwed Temperature Varistion |01
Scale factor: -
Steady State terations befare averaging: El
1

Show results during solving:

[] Show updated resutts during solving
Steady State cycles at each average: 0

Averaging Method:

(®) Automatic (Defautt)

() Forced

() Disabled

Steady State Power Flow:
[ nclude Power Fow Emor

Check Data
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File Edit Model Motor Type Options Defaults Editors Wiew Results Tools Licence Print  Help
@Geometry IDWinding i HHCalcuIation | F Temperatures | ==| Output Data §:Sen5itiv'rty I eScdpting | x: Flow |
3% Cooling ] ¥ Losses I & Materials I Z Interfaces ] {59 Radiation i ITI'[ Natural Convection l E Housing Water Jacket 1 @ End Space € Seftings li. Matenal database |
n Models l @Geom&tr_v l DWinding l %Cﬂoliﬂg ] * Loszes i, Preferences I @ End Space I 4 > Convergence _.J..¥Transient IA Miscelaneous | [‘4'} Motes l
Transient settings:
Transient Fluid Nodes: Transient Results File Analysis: Data Logging:
() Include Capacitance

A input Date..

[] &nalysis Enabled [] Data Logging Enabled
(®) Neglect Capacitance {Default)
Fie
Transient Graph Update:
Select Fle

[] Dynamic update enabled
Periods per update: E Celected Pedod: |1

Transient Running Conditions:
[ Housing W.J Flow Removed

Capacitance Adjustment
DAE Minimum Capacitance:
(@) Calculated Values (default)

() Limit Minimum Yalues

Check Data

Model settings
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File Edit Model Motor Type Options Defaults Editors Yiew Results Tools Licence Print Help

@Geometry I DWinding HHCalculation | F Temperatures | ==| Output Data ] EﬂSeﬂs'rti\rity | °Scnpting | x: Flow |
3% Cooling ] ¥ Losses i & Materials I Z Interfaces ] {49 Radiation I ITIT Natural Convection I E Housing Water Jacket ] @ End Space €Y Seftings |)‘- Matenal database |

n Models I@Geom&try l DWinding I%Cnoling ] * Loszes i, Preferences i @ End Space l <. Convergence I £ Transient A Miscellaneous |[‘.<'} MNotes l
Miscellaneous:

Airgap Convection Multiplier:
Encoder - EncCase Conductivity Muttiplier:
Awial Fin Horiz Mourt Side/Base Weighting:

Rt [Shaft - Amb {Frort}:

Rt [Shaft - Amb (Rearl: |1E9

Magret Temperature Exported To E-Magnetic:
() Central slice temperature

(®) Average of all slices (default)

() Maximum of all slices

Check Data
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File Edit Model Motor Type Options Defaults Editors Yiew Results Tools Licence Print Help
@Gemﬂetry I DWinding ﬁ ﬂHCalculation | F Temperatures I ==| Output Data | EﬂSens'rLi\rity | °Scn'pting | 2’; Flow I
3% Coaling | ¥ Losses I & Materials I Z Interfaces l () Radiation I ITIT Natural Convection | E Housing Water Jacket | @ End Space i € Settings | 4 Matenal database
Ar | Solids | Fuids |
Air Property Data:

Altitude [US Standard Amosphere]: Ambient Temperature: Air Property Temperature:

Alttud Ambient [C] |15 : .
wefrl [0 Janbentrc]  [15 ] Conductiviy [W/m/T] 002723 | [Conductivity (W/m/Cl 0.03171

Pressure [Pa]  |1,013E5 | Density [ka/m] Density kg/m7 1127 Density ka/m7] 0,9451

Specific Heat [J/kg/"C] 1007 Specific Heat [J/kg/"C] 1011
Cynamic Miscosity kg/m/z] 1.904E-05 Dynamic Yiscosty kg/m/ss] | 2175605
Kinematic Viscosity Im2/s] 1,685E-05 Kinematic Viscosity [m2/s] 2.298E-05
Prandtl Number {Pr) 07039 Prandt! Mumber {Pr) 0,6933
Pressure [Pa] 1.013ED5 Preszure [Pa] 1.013ED5

eyt Data

Check Data
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_128_5.mot)®
Motor Type

{5 Geometry I [ winding TM

File Edit Model

Options

Defaults
HHCaqulation I F Temperatures | EEJOUI'WI Data _ECStznsiﬂv'rty |°Scnptmg |$Flow |

Editors

View Results Tools

Licence Print

Help

| # Cooling | 3 Losses | iy Materials | T Interfaces | () Radiation | I Netural Convection | 58 Housing Water Jacket | & End Space | € Settings | 4% Materal database

Ar | Solids | Fuids |
Properties of Solids

Solids Database: H‘IJ'BTCBT | Electn'ca]l
|c:\ANSYS_Motor-CAD\13_1_2\Motor-CAD Data'\materials'si = = =
Material Name Themal Specific Density Motes ~
| Select Database Create Datab | Fondcrivibyl et
[ Units WimS T Jikg/ T kg/m?
Permanently add, remove and edit solids: J0DH .'N 460 7@50
| Add | | Delete | e | Aluminium (Alloy 195 Cast) 168 833 2790
! ! Aluminium (Cast} 180 363 2550
| coy || || Bpot | | |Amon7325%%i 30 450 7650
e N Brass (70% Cu, 30% Zn) 111 185 8522
Carbon Fibre 0.59 1000 1500
| Select Material 1 | | || || et 401 185 3933
T - Copper (Pure) 401 385 8333
| Select Mateial 2 | | i Bectrographitic EG362 200 700 1600
Con Moleia Epaxy 0.2 1500 1200
FBaxX 4 700 4300
Hiperco 50 {0.15mm) 798 450 8110
| |Hs 50 47 420 3150
Inconel 718 114 435 7800
Iron (Cast) 52 420 7272
Iron {Pure) 80 447 7870
' |iron (Silicon 1%} 42 460 7769
Iron {Siicon 2% 28 460 7600
Iron (Siicon 5%) 13 460 7
JFE_10JMEXS00 30 450 7450
. JFE_20JNEH1200 30 450 7650 Autogenerated 26/03/2020 from F:\Dolumenty Motor-CadDiplomk a'Kodiag_new.mot
JFE_35JMNE230 30 450 7650 Autogenerated 16/04/2020 from F:\Dokumenty\Motor-Cad'\Diplomka“\Kodiag_16_4.mot
LORD Cool Them EP-2000 15 733 720
LORD CoalThemm EP-3500 35 733 2720 Autogenerated 16/04/2020. Solid database entry from mot file F:\Dokumenty\Motor-Cad’\Diplomka*Kodiaq_16_4.mat. Solid
|| 1000854 30 460 7650
(IM1924Gauge Steel | 28 460 7800 hd
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)™
File Edit Model Motor Type Options
@Geornetry IDWindmg M}nput Data |HT+Calculation | F Temperatures |
4% Cooling | M Losses | gy Matenals | I interfaces | (40 Radiation | Tl Natural Convection | 88 Housing Water Jacket | &% End Space | € Settings | 48 Matenal database

Ar | Solids | Fuids |
Properties of Sclids
Solids Database:

|c:\ANSYS_Motor-CAD'13_1_2\Motor-CAD Data'materials s

I Select Database | | Create Database

Pemanently add. remove and edit solids:

e

T om || v

Compare Materials

i Select Material 1 |

| Select Materal 2 | |

Compare Matenals

Editors  View Results Tools Licence

22| Output Data | £3 Sensitivity | € Scripting | 24 Flow |

Physical | Hectrical|

Material Name Density MNotes

Units ka/m?
M235-35A an 7650
M250-35A Ell 7650
M350-50A 0 7650
M400-50A 0 7650
M43 28 7800
M470-50A Ell 7650
ME3ID-65A n 7650
Ma00-50A 0 7650
Mild Steel 25 7800
MGP-10-8. 5HD-20180 2 6000 Catalogue data {www magnequench.com)
MQP-11-8-20222 2 6000 Catalogue data (www magnequench.com}
MQP-12-8HD-20175 2 6000 Catalogue data fwww magnequench.com)
MQP-13-5-20063 2 6000 Catalogue data fwww magnequench .com)
MGP-13-3HD-20175 2 6000 Catalogue data {www magnequench.com)
MGP-14-12-20000 prd 6000 Catalogue data (www magnequench.com}
MQP-15-7-20065 2 6000 Catalogue data {fwww magnequench com)
MQP-15-5HD-20178 2 6000 Catalogue data faww magnequench .com)
MGP-B+10118 2 6000 Catalogue data {www magnequench.com)
MGP-B+20056 prd 6000 Catalogue data (www magnequench.com}
MQP-B-20172 2 6000 Catalogue data {www magnequench com)
MQP-B-20172 2 6000 Catalogue data fwww magnequench.com)
N10 0.1 strip 27 7650
W20 0.2 strip 27 7650
MN30DEH 76 7500 Catalogue data {www amoldmagnetics com)
MN30UH 76 7500
MN3sUH 76 7500

Thermal - 31



Priloha B
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@Geornetry IDWLr‘rdmg l:wmmﬂata |HT+Calcdation | F Temperatures |§§]Outpm Data I_EﬂSensiti\r'rty |°Scnptmg |$Flow |
4 Cooling | M Losses | gy Matenals | I interfaces | {50 Radiation | Tl Natural Convection | 88 Housing Water Jacket | % End Space | € Settings | 48 Matenal database
Ar | Solids | Fuids |
Properties of Sclids

Solids Database: Physical I Electricall
|c:\ANSYS_Motor-CAD\13_1_2\Motor-CAD Data'materials s = = =
; Material Name Themal Specific Density
| Select Database | | Create Database | Conducitivity Heat
2 | Units Wim»C Jdkg! T ka/m?
Pemanently add. remove and edit solids: N385H 54 460 TR50
| Add | | Delete | | T | N3BUH 75 460 7500
; ! ; N425H 76 460 7500
| Copy (| mpot || Bwpot ||| |N42uH 76 460 7500
: N4BH_AM 64 460 TE50
Compare Materials
: Nomex 410 0.14 1300 1400
| Select Materal 1 | | | || [Nton 0.24 1600 1100
I 1 Pemendur 24 47 295 7950
| Selct Maleral 2| | | Pemendur 43 % 420 8150
Catpare Mt Plastic (ABS) 0.25 1260 1014
Polycarbonate (PC) 0.29 1250 1200
| POLYCOR0.3% Si M 460 7650
Polyethylene (PE} 033 2200 940
Polyimide (PI} 0,35 1130 1430
Polypropylens (PP) 0.17 1900 905
' | Polystyrene (PS) 0.1 1350 1040
Polyvirylehloride (PVC) 0,16 1200 1600
PTFE (Teflon) 0,25 1050 2200
Recoma 28 10 350 8300
| | Recoma 32 10 350 3300
Rotelloy 3 25 420 8150
Ratelloy 5 25 420 8150
Rubber {Hard) 0.6 2010 1130
| Rubber {Soft) 0,13 2010 1100
Stahl 37 25 450 7800
| Stainless Steel 302 181 430 8055

Enter material properties
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@Geometry |Dthmg _;ﬁﬂh’mutData' |'I'“+Ca4culation | F Temperatures |§§JOL.rtputData _|_E:Sensiﬁ\r'rty |°Smptmg |$Flow |

| %= Cooling | 3 Losses | g Matenials | 7 nterfaces | (40 Radiation | 1} Natural Convection | B8 Housing Water Jacket | %2 End Space | € Settings | 4% Matenal database

Ar | Solids | Fids |

Properties of Solids
Solids Database: Physical I Electn'call
[c:\ANSYS_Motor-CADNI3_1_2\Wlotor-CAD Data\materials\s| = = =
Material Name Themal Specific Density Notes ~
| Select Database | | Create Database | EekicEvy, Heal
Units Wim/“C Jikg/ T kg/m?
Pemanently add. remove and edt zolids: | Palystyrene (P5) 0.1 1350 1040
| Add | | Delete | | IR | | | Polyvinylchlonide (PVC) 0,16 1200 1600
! ; | PTFE (Teflon) 0.25 1050 2200
| Ccopy | mpot ||  Bpot | | |Recoma28 10 350 8300
> | | Recoma 32 10 350 8300
Compare Materials
Rotelloy 3 25 4720 8150
| Select Materal 1 | | | || [Rotetoy 5 2 420 8150
vei| Rubber (Hard) 0,16 2010 1130
| et Ml | | | : Rubber {Soft) 0.13 2010 1100
Compa Msian | [5tahi 37 25 450 7300
| | Stainless Steel 302 151 450 3065
Stainless Steel 304 145 477 7300
|| Stairless Stesl 316 134 468 8238
Stainless Steel 347 142 430 7978
|| Stairless Steel 410 5 460 7770
| | Teflon 022 1040 2200
| | Vacodym 247AP 10 450 7700 Autogenerated 26/03/2020 from F:Dokumenty \Motor-Cad*Diplomka*Kodiag_new.mot
| | VACODYM 776 AP 10 450 7600 Autogenerated 02/04/2020 from F:\Dokumenty\Motor-Cad \Diplomka*Kodiag_2_4 mot N
| | VACODYM 574 AP 10 450 7600 Autogenerated T'EIALrtogenerated 16/04/2020 from F\Dokumenty\Motor-Cad\Diplomka\Kediag_16_4.mot
| | MACOFLUX 50 0.20 strip 30 460 8120
| | VACOFLUX 50 0.35 strip an 460 4120
Vinyl Femite 4 700 4800
a2 4 700 4800
| [yas 4 700 4300
| | dinc {Pure} 116 Elix] 7140
v
Enter material properties 4 leden 2021 www motor-design.com
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@Gemﬂetry I DWinding wlnput Data |ﬂT+Calculation | F Temperatures I ==| Output Data | EﬂSens'rLi\r'rty | °Scn'pting | 2’; Flow I

3% Cooling | ¥ Losses I & Materials | Z Interfaces l () Radiation | ITIT Natural Convection | E Housing Water Jacket | @ End Space I € Settings | 4 Matenal database

Ar | Solids | Fuids |
Properties of Sclids
Solids Database: Physical Electrical I
|c:\ANSYS_Motor-CAD\13_1_2\Motor-CAD Data'materials\s| | Blectrical propeties:

| Aluminium (Alloy 195 Cast) (General)

Resistivity at 20°C; |2.82E-8
Temperature coefficient of resistivity; [0.00375

I Copy [ Import | Expol Electrical properties:
L Saie—— e atavie i (Pure) )

Mo Resistivity at 20°C: |1.724E-3
SDDH : e Temperature coefficient of resistivity:
Aluminium (Alloy 195 Cast)
Aluminium {Cast)
Amon 7 3.25% 5i JFE_35JNE230 (Steel)

Brass (70°% Cu, 30% Zn) Resistivity at 20°C: |5.5E-7

Carbon Fibre
Copper {Annealed) Temperature coefficient of resistivity: l:l
Copper {Pure)
Blectrographitic EG362
Epoxy

FBIX

Hiperco 50 (0. 15mm)
HS 50

Inconel 718

Iron {Cast)

lron (Pure)

Iran (Silicon 17%)

Iron (Silicen 2%5)

Iron (Silicon 5%)

| Select Database [ | . Create Database

Pemanently add. remove and edit solids:
| Add | | Delete I | Rename |
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@Geornetry IDth’mg Qﬁlﬂpu‘t Data |ﬂT+CaJmlation | F Temperatures |§§JOL.rtpul Data _E:Sensiﬁ\r'rty |°Smptmg |$Flow |
4 Cooling | 3 Losses | il Materials | T interfaces | (5 Raciation | Tl Natural Convection | 8 Housing Water Jacket | &%) End Space | € Seftings | & Matenal database |
Ar | Soids | Fuids |
Properties of Huids

Flids Database: ‘Conductivy | Speofic Heat | Densty | Kinematic Viscosty | Volmetric Expansion Cosficie
[e:\ANSYS_Motor-CADV3_1_2\MotorCAD Data\materials ficids mdb | A dan s
| Select Databass | | Add Conductivity Data Poit | Thermal Conductivity for EGW 5080
i Create new Database | 042
Permanently Delete the selected point:
Create, copy and delete fluids: 0,415
| T || | Deete Conductivty Data Paint | "
| Copy Fluid | Temperature Themmal 0,405 -
Conductivity
| Delete Fluid | 5 Wim/'T 04~
-25 0,35
FAuid Name Notes " 0 037 g e
25 0.33 £ o3
Air at sea level Holman data 50 0,405 %
ATF134 fluid Heat Transfer Fiuid 75 0415 £ 0385
Brayco Micronic 756 Aviation Hydraulic Fuid - meets MIL-H-5606G 100 042 % 0,38
[ynalene HF-LO Heat Transfer Fluid &
EGW 50/50 o Ethylene-Glycol Water - ECooling Feb0S : 0.375
EGW 60/40 Ethylene-Glycol /Water - E Cooling Feb(3 037
Engine Cil (Unused) Haolman data
Mobsil Jet Gil |1 Gas Tubine Lubricant - mests MIL-PRF-2369% 0365
Paratherm LR Low Range Heat Transfer Fluid 035
PGW 50/50 Propylene-Glycol Water - E.Cocling FebD9
PGW 60/40 Propylene-Glycol Water - E.Cacling Feb09 0,388
Skydrol 500 B4 Aviation Hydraulic Fluid 035
Skydrol LD-4 Aviation Hydraulic Fluid 20 0 20 40 80 30 100
LUICON HTF500 Heat Transfer Fluid Temperature [*C]
Water Pure Water o i |

4leden 2021 www.motor-design.com
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Eile Edit Model Motor Type Options Defaults  Editors View Results  Teols  Licence  Print Help
@Geometry | DWind’mg uﬁ Input Data “m Calculation | F Temperatures | Z=| Output Data |_EcSensiti\r'rty I °Script'rng | ,’:‘v;" Flow |
48 Cooling | 3 Losses | g Materials | I Interfaces | () Radiation | 1t Natural Convection | 3 Housing Water Jacket | %2 End Space | € Settings | @ Material database |
A | Solids | Fiuids |
Properties of Fuids
Flids Database: Conductivity | Speciic Heat | Densty| Kinematic Viscosty| Volumetric Expansion Cosfficient
[c\ANSYS_Motor-CAD\13_1_2\MotorCAD Data'materials fuids mdb Il e
Add a new data point:
| A EEEETR ! | Add Speciic Heat Deta Port | Specific Heat Capacity for EGW 50/50
i Create new Databaze | 3700
Permanently Delete the selected point
Create, copy and delete fluids: 3850
| e | | Delete Specic Heat Data Point | St
| Copy Fuid | Temperature Specific Heat 5 550 -
| Delete Auid | T 17kgrC 3500
-25 3000
Auid Name Notes ~ 100 3700 g EL
: £ 3400
Air at zea level Holman data =
ATF134 fluid Heat Transfer Fluid 2 3380
Brayco Micronic 756 Awviation Hydraulic Fluid - meets MIL-H-5606G %J 3300
Dynalene HF-LO Heat Transfer Fluid &
EGW 50/50 Ettylene-Glycol Water - E Cooling Feb09 3250
EGW 60/40 Ethylene<Glycol W ater - E Cooling Feb0% 3200
Engine Gil (Unused) Holman data
Mokl Jet Cil Il Gas Tubine Lubricant - meets MIL-PRF-23659 150
Paratherm LR Low Range Heat Transfer Fluid 3400
PGW 50/50 Propylene-Glycol Water - E.Cocling FebD9
PGW 60/40 Propylene-Glycal Water - E Cooling Feb03 AP0
Skydrol 500 B-4 Awiation Hydraulic Fluid 3000
Shydrol LD-4 Awiation Hydraulic Fluid 20 o 40 &0 30 100
UCON HTF500 Heat Transfer Fluid Temperature [*C]
Wiater Pure Water i |
4 leden 2021 www motor-design.com
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ﬁ AMNSYS Motor-CAD v13.1.2 (Kodiag_syncrel_rot_18_5.mot)* == k4
File Edit Model Motor Type Options Defaults Editors View Results Tools  Licence Print Help
@Gaornetry | Dthmg M Input Data “m Caleulation | E Temperatures l =] Output Data .ECSEnaiﬁ\r'rty I osmpt'mg l gFIow l
4 Cooling | 3 Losses | gy Materials | T Interfaces | (39 Radiation | Tl Natural Convection | 58 Housing Water Jacket | & End Space | € Settings | @8 Material database |
Ar | Soids Fluids |
Properties of Huids
Fluids Database: Condudi\ﬁwl Specific Heat Be"ﬁ)' l Knnernabc ‘uf‘ls_ccs'p_ll V:_)I_L_:rl_'leh_'_i_c Ex_pansiqn Cogﬁ“»c::ﬂl
|c:\ANSYS_Motor—CAD\13_1 _2'\Motor-CAD Data‘materialsfluids mdb
| Add a new data point:
Select Database ; :
| Add Denstty Diata Poirt | Density for EGW BIWED
| Create new Database 1100
Pemanently Delete the selected point
Create, copy and delete fluids: 1085~
| Ferr | Delete Densiy Data Point | oo
| Copy Fuid Temperature Density 1085
| Delete Fluid = ka/m? 1080
-20 1100
FAuid Name Notes 0 1088 1075
20 1076 E
Air at sea level Holman data 100 1032 2 L ]
ATF134 fluid Heat Transfer Fluid Z 1088
Brayco Micronic 756 Aviation Hydraulic Fluid - meets MIL-H-5606G E
Dynalene HF-LD Heat Transfer Fluid 1080
EGW 50/50 Ethylene-Glycol/Water - ECooling Feb03 1085
EGW 6040 Ethylene-Glycal W ater - E Cooling Febl9
Engine Ol {Unused) Holman data 108
Mobil Jet Cil 11 Gas Tubine Lubricart - meets MIL-PRF-23633 1045
Paratherm LR Low Range Heat Transfer Fluid
PGW 50/50 Propylene-Glycol Water - E.Cooling Feb03 il ote
PGW 60/40 Propylene-Glycol Water - E.Cooling Feb03 1035
Skydrol 500 B4 Awiation Hydraulic Puid
Skydrol LD-4 Aviation Hydraulic Fluid 20 o 20 40 &0 0 100
UCON HTF500 Heat Transfer Fluid Temperature ["C]
Water Pure Water
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2% ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)* b *
File Edit Model Motor Type Options Defaults Editors View Results Tools  Licence Print Help
@Gaornetry | Dthmg M Input Data “m Caleulation | E Temperatures l =] Output Data .E:Smsﬂjvﬂy I osmpt'mg l gFIow l
3% Cooling l 3 Losses I iy Materials | I Interfaces l {90 Radiation IITI‘] Natural Convection I &8 Housing Water Jacket | @ End Space | Q Settings | 4% Material database |
Ar | Soids Fluids |
Properties of Huids
Fluids Database: Condudi\ﬁwl Specific Heatl Density Kinematic "ﬁms@ | ‘u"qI_L_m_'leh_'_i_c Ex_pansiqn Cogﬁ“lc::etﬂl
[s:\ANSS_Motor-CAD\13_1_2\Motor-CAD Data'materials'fiuids mdb |
Add a new data point:
| Select Database | | Add Viscosity Data Poirt | Kinematic Viscosity for EGW 50/50
| Create new Database | 0,00002 -
Pemanently Delete the selected point 0000019
Create, copy and delete fluids: 2
| Ferr | | Delete Viscosty Data Point. | 000003
0,000017 -
| Copy Ruid | Temperature Kinematic 0,000015 -
Viscosity
0,000015 -
| Delete Fluid | c s ———
= 2E3 o 0ocres
Fuid Name Notes - 0 7R1EE g% :
20 37266 z 00000127
Air at sea level Holman data 40 22566 § 0,000011
ATF134 fluid Heat Transfer Fuid 60 14766 2 0,00001 -
Brayco Micronic 756 Avigtion Hydraulic Fluid - meets MIL-H-5606G 80 96E-T E 0000009
Dynalene HF-LO Heat Transfer Fluid 100 7.75E7 g o 3
EGW 50/50 o EtyleneGlycol Water - ECocling Feb08 : = ﬂ' 7
EGW 6040 Ethylene-Glycal W ater - E Cooling Febl9 y
Engine Ol (Unused) Holman data SO
Mol Jet Oil I Gas Tubine Lubricant - meets MIL-PRF-23659 Ly
Paratherm LR Low Range Heat Transfer Fluid 0,000004
PGW 50/50 Propylene-Glycol Water - E.Cooling FebD5 0,000003
PGW 60/40 Propylene-Glycol Water - E.Cooling Feb03 0,000002 -
Skydrol 500 B-4 Aviation Hydraulic Fluid 0,000001
Skydrol LD-4 Aviation Hydraulic Fuid 40 100
UCON HTF500 Heat Transfer Fluid Temperature ['C]
Water Pure Water i |
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File

% AMNSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_5.mot)® = x
Edit Model Motor Type Options Defaults  Editors  View Results Tools  Licence Print Help

G)Geometry I DWinding ] Dﬂ Input Data ] HH Calculation F Temperatures | Z2) Output Data ] E:Sensﬂi\r'rty ] @ Scripting ] ﬂ Flow l
%l Schematic | @ Radial | & Adal | G FEA | 4\ Valdation |

aOveNiew l.ﬁ:l Detail ]

Steady-StaIe Housing[Fl-Amb Housing[Fl-Amb H-Amb H-Amb Housing[R}-Amb
Housing[R]-Amb
Puila] 744°C WA
[l Endcap[Rl-Amb

Endcap[Fl-Amb
102,6°C

Housing-Ecap Housing[Fy2
+Fran

Pecap[Fl+PbroglFl/2

Endcap[Fl-Amb

e ~ Potting
ECap-ES +Potting-Housing =
Fotting +

Potting-Ecap 168,3°C

HIF)/2 + H-Hoh[F]

Tooth + ¥oke[Tth] 108,4°C

127,0°C
1351°C Liner + Liner-Lam

Wdg-EW

“Yoke[Outer] + Lam-H
L +Housing[radial]

Stator “oke[Back Iron}+
|| Liner + Liner-Lam

92,5°C
HIRYZ + H-Hoh[R]

Pfe(St yoke)

Housing[R}2 Housing-Ecap
+Ecap
Potting
+Potting-Housing ECap-ES

102,6°C

Potling +
Potting-Ecap

Peca pRIPbrg[P.L"Z

Endcap[R}-4mb

T

| S
Pwi? Pend/Pact/Pend Wilg-EVW
135,2°C s EWi(lnner)
164,2°C Ecap + Brg-Ecap i
Plot Options: Pwi2 Pcu(EVW} +Bra/? [ ]
: - S =+ bl
Resistance: 162,3°C Peu (Active)
(®) Label
() Resistance P(mag pole)
8 Power Rlam  Inter-Mag Mag-£3
dT 2 + Mag- i
Mag-ES Embeds’;+ Mag-Rotor 1-r1agn_etf2_zz>
Mode: Pmagnet
(O Label 131,8°C
@ Temperature Rotor-Es == Magnet2 + Mag-Rotor + Rutur(Outer}- ,
(_)Capacitance .
OdT Pfe(yoke)  Rotor-ES
—— 133,1°C . ;
_] Rotor{lnner} + Rotor-Shaft + Shaftfradial] psﬂ[R]_i_pbrg[R]q)za o
. . 132,6°C * - =
Shaft{Fl-Amb + Shaft{Ext) Shafffyz  126.5°C ShafifFy2 40,°C ShaftfRy2 130,6°C ShaftfRl2 Shaft{RI-Amb + Shaf{Ext)
4 leden 2021 www.motor-design.com
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)™

File

Edit Model Motor Type

Options

Defaults

Editors  View Results

Tonols

Licence

Print

Help

P\ Model Buid | {1} Calcuiation | @ Bectromagnetic | & Themal | I Duty Cycle | 2] Operating Point. | @ Calibration | €3 Settings |

| 3 Loss Model |

Saturation Medel:
Meodel Type:
(") Fixed Inductance Model

(C) Saturation Maodsl {Single Step)
(®) Saturation Model {Full Cycle)

Model Resolution:
(") Coarse {15 points}
(®) Fine (30 points)

Loss Model:
Model Type:
() Neglect
(@) FEA Map {recommended)

() Custom

Machine Parameters:

Pale Number:

Slot Number;

Winding Connection:
Star Connection (default)

Dielta Connection

Short-Circuit Current {lsc):

Saturation Model:

Saturation Model Goodness (%)

il

Model Status:
Model Build Date Method Max Cumrent
A [peak)
Saturation 16-04-20 18:08 30 points ful 620
cycle

Iron Loss 16-04-20 18:08 FEA Map 620

AC Loss 16-04-20 18:08 FEA Map 620
Magnet Loss 16-04-20 18:08 FEA Map 620
Model Build:

Parameters: Build:

Maximum speed: Saturation Mode!

Max stator cument (Peak):

Max stator curent (RMS):

mert- |12

Loss Model

Build Model

Cancel Model Build

N, wotor-CAD Hode! Loaded Successfuly
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ﬁ ANSYS Motor-CAD v13.1.2 (Kodiag_syncrel_rot_12_3.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print  Help

P\ Model Buid |11} Calcuiation | @ Bectromagnetic | & Themal | 1E Duty Cycle | ] Operating Pairt | @ Cabration | €Y Settings |

@ Model Options. | Model Status:
Stator Copper Loss: Magnet Loss: Model Build Date Methed Max Cument

Caleulation Type: Caleulation Type:

DC Only Neglect A peak)

OC + AL {lUser) User Defined Saturation 16-04-20 18:08 30 Toints full 620

cle
DC + AC (FEA single paint) 0C + 5C {FEA) —— 1 20 18.08 ?Eﬂ M 620
DC + AC {FEA Map) FEA Map ron Loss 6-04- : ap
User-Defined Model: AC Loss 16-04-20 18:08 FEA Map 620
DC Resistance / Phase: |0.02352 ) =
On Load Lo o :
AC Loss Modsl: o = Magnet Loss 16-04-20 18:08 FEA Map 620
3000 - |0
L=l Wac 2 near]
Frequency Scaling:
Model Build:
Parameters: Build:
Iron Loss: Sleeve Loss: Maximum speed:; |1.2E4 [ Saturation Model

Caleulation Type: Calculation Type:

Negiect Neglect Max stator cument (Peak): o ade:

OC + 8C {User) FEA Map .

OC + 5C (FEA) Max stator curent (RMS):

FEA Map Mo st ct= 132
0OC + 5C Model: Calculation Type:

Meglect
Hysteresis: ih: (0 Bh- D
FEA Map Build

Eddy: fe: |0 Be: |D Model

Cancel Model Build

N, wotor-CAD Model Loaded Successfuly
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ﬁ ANSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_S.mot)™

File Edit Model Motor Type Options Defaults

Editors  View BResults Tools

Licence

Print Help

P\ Model Buid  {|l{ Caloutation | @ Bectromagnetic | & Themal | IE Duty Cycle | 22 Operating Point | @ Calibration | 3 Settings |

[jﬂ General I* Custom Losses |
Drive:
DC Bus Voltage:

Maximum Modulation Index:

Operating Mode:

() Motor

(_) Generator

(®) Motor / Generator

Contraol Strategy:

(@) Maximum Torque/Amp

() Maximum Efficiency

() Constant Phase Advanece = 0

(") User Defined
Speed Phase Advance
1000 15
2000 a0
DC Cumert Limit:
(@ Mone
() Current Limit
a n DC Cure a0

Losses:
Irom Loss Build Factors:
Stator |'| | Rotor: |'| |
H 1 o
Magnet Loss Build Factor:
Mechanical Loss:
Calculation Type:
(") User Defined
F L 0,15
F 1
Expon 12
ice Speed: |1.2E4

Sealing:
Tums / Coil:

Model build refersnce:
Resistance reference:
Calculation:

Stator Winding Temperature:
Reference temperature:
Calculation temperature;
Temp. Coeff. Resistivity:

AC Loss Temperature Scaling:

Reference temperature;
Temperature Exponent:

Magnet Temperature:

Reference temperature:
Calculation temperature:
Magnet Fux Coefficient: |-0,1011

. wotor-CAD ode! Loaded Successfuly

Lab -3



Priloha C

ﬁ AMNSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_53.mot)*
File Edit Model Motor Type Options Defaults Editors Wiew Results Tools Licence Print  Help
P\ Model Buid | !} Calculation | @ Bectromagnetic | § Themal | 1E Duty Cycle | 2/ Operating Point | @ Calibration | € Settings |
Calculation:

Calculation Status:
Caleulation Type: Speed:

(®) Maximum Torque/Speed Curve: Mo [NoeEd

() Efficiency Map

) Torque Grid Step:

Options: Minimum; El

Smoocth Map
_ Cument: Calculate Emagnetic Perfformance
Power Limit

Maximum {Peak):
Masimum (RMS):

Mo, of Increments 24

Cancel Calculation

? n
Feak u

Load Fesuks Viewsr

(=1

I, wotor-CAD Model Loaded Successfuly
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_53.mot)*

File

Edit Model Motor Type

Options

Defaults  Editors  View Results

Tools

Licence

Print  Help

P\ Model Buld | !} Calculation | @ Bectromagnetic | & Themal | 1E Duty Cycle | 2/ Operating Poirt | @ Calibration | € Settings |

Calculation:
Themal Map Type:
(®) Envelope

() Full Map

Themal Calculation:

() Transient

Themal Limit:

() Stator Winding Only

(®) Stator Winding + Magnet
Maximum Winding Mode:
() Average

(®) Hotspot

Initial Currert Estimate:

Stator Cument ({Peak):
Stator Curent (RMS): |213.2

o

Speed:
M aximum:
s
Minimum: D

Maximum Temperatures:

Stator Winding: |180

Magnet: 150

Max. Cument:
[ Limit on Max. Cumrent

620

P
=]

3

M

Calculation Status:

Calculate Thermal Performance

Cancel Calculation

Load Fesults Viewsr

T, wotor-CAD Model Loaded Successfuly
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

il

1= Duty Cycle Definttion |

Duty Cycle: Calculation Status:
Dty Cycle Type: Themal Transient Coupling: Dty Cycle Data:
(C) Custom Duty Cycle () No coupling {default) Number of Cycles- |10
Automotive Drive Cycle (®) Losses — Themmal
i Yd 2 - Transient Perod:
Automative Drive Cycle: () Coupled Transient Solution
i ? Number of Points:

:WLTP v = | RMS Torque:
RMS Torque fpul: Calculate Duty Cycle Performance
Awerage Speed: -

Cancel Calculation

Mass: Wheel Radius im}: Foenot Pty Cyole o Thenmal Middl
Rolling Resistance Coefficient: ; Mass Comection Factor:
Air Density: Final Drive Ratio: Motoring Torque Ratio:

Generating Torque Ratio: Max. Torque: [] 500 Max. Speed: [ ] |2E4

Vehicle Model:

Load Results Viewer

N wotor-CAD Model Loaded Successfuly
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ﬁ ANSYS Motor-CAD v13.1.2 (Kodiag_syncrel_rot_18_5.mot)* =5 >
File Edit Model Motor Type Options Defaults Editors View BResults Tools Licence Print Help
’\; Mode! Build ! '|'”+ Calculation l & Electromagnetic ] F Themal E Diuty Cycle ’E Operating Point ] @ Calibra_tion l 0 Settings !
HH'CaIcuIation t
Duty Cycle Data:
E
el
E|
£
2
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Time [secs]
E
E
- 5000
j
2
E o
0 100 200 300 400 500 600 700 800 800 1 000 1100 1200 1 300 1400 1500 1 600 1700 1800
Time [secs]
Period | Hapsed Time Points: Tomque Speed Speed il
Time [Start] [End]
Units SECS secs [ i Nm = mn [ mpm =
1 1 1 1 0 0 0
2 2 1 1 0 1] 0
3 3 1 1 0 0 0
4 4 i 1 0 0 0
B 5 1 0 0 0 0
& & 1 1 0 0 0
T % 1 1 0 0 0
2 8 i 1 0 0 0 v
Duty Cycle Control:
Dty Cycle Definition: Duty Cycle Input Type: Extemal Duty Cycle Data:
Add Period Torque - Speed pu Value A Fie:|No File Selected
Loss - Speed DCrive During Period: DC Bus Voltage: Load Data Save Data Clear Data
Remove Period Cument - Speed Fixed Variable Fixed Variable Save Duty Cycle Data in ot fie
N, motor-cAD Mode! Loaded Successfuly
4 leden 2021 ww w.motor-design.com
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# ANSYS Motor-CAD v13.1.2 (Kodiag_syncrel_rot_18_5.mot)* == x
File Edit Model Motor Type Options Defaults Editors  Wiew BResults Teols Licence Print Help
A\ Model Buid | filf Calcuiation | @ Bectromagnetic | & Themal | 1E Duty Cycle 5= Operating Poirt | @ Caitration | € Settings |
Calculation:
Input: Linkage Options:
Definition: Speed: - Lab ++ Thermal Coupling: Calculate Operating Point
(O Torque T (0) No coupling {defautt) |
25 Max:rmum Curent rorue: 11487 (®) Losses — Themal
® Masimum Temperature lterate to Converged Solution Cancel Calculation
Maximum Currents: Maximum Temperatures: b o arehic Eount
s ++ E-Magnetic Coupling:
20 Stator Winding: | 180
B0 oG (®) No coupling {defautt)
4384 Magret: {7 Operating Point — E-Magnetic
6 Change Themmal Settings |
Variable Value Units Ll Variable Value Units )
Shaft Speed | 4700 | pm || Tetal Loss 5.609 kW
Shaﬂ Turql.lg?T | 215-!5_ | Nm | Stat_qr Coppeg_r Loss 5,1_?4_ k_W
Shaﬂ Power | 106.3 | kW DC Stator Copper_ Loss 5,1]-1?_ kW
Eﬁicienc:._l | 94 99 | | ALC Stator Copper Logs 0127 kW
Statar Phase Current (peak) | 3808 : Amps | ron Loss 0.3752 kW
Stator Line Current {peak) | 3808 | Amps Magnet Loss 0.001073 lWy
DC Terminal Cument | 2797 | Amps | Mechanical Loss 0.05875 kW
Phase Voltage (peak) | 2157 | Valts | Windage Loss 0 kW
Line Votage (peak) ! RIEA | Volts | ||Friction Loss 0.05875 w
Phase Advance | 4747 | EDeg — B o
— | | | HBlectromagnetic Power 106.7 kW
Fluee Linkage D | 60,71 | m's | Blectromagnetic Torque 216.8 Nm
Flux Linkage G { 2013 . m\s | ||Magnet Torque 98.27 Nm
Magnet Fux Linkage | 1272 | mys Reluctance Torque 118.5 Nm
D axig Inductance | 0.2371 | mH | Teminal Power 111.9 kW
Q avis Inductance | 0.7841 | mH | Power Factor 0.9082
v Stator Winding Temperature (average) 162,5 T W

teration=5/1000  Max Error=0,04437%/0,125%  Node=EWdg_End_F (C2) Temp=180,0°C

Lab -8
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ﬁ ANSYS Motor-CAD v13.1.2 (Kodiag_syncrel_rot_18_5.mot)™
File Edit Model Motor Type Options Defaults Editors  View Results Teols Licence Print Help

3y Model Buid | fjlf Calcuation | @ Bectromagretic | J Themal | I Duty Cycle | 22| Operating Point | @ Calibration |_ﬂs_etﬁngs |

Calculation: Experimental Data: Calculation Status:
Test Type: [ import Expermental Data
@ Opsn Gt Data Type:
o Short Circuit Speed pm), Power (W)
Speed: Speed (ipm), Torgue (Nm)
Maximum Speed: Speed (ipm), Power (W), Is (&) E
—_—_ Speed (ipm), Torgue {Nm), Is (A) Calculate Test Perh
Speed {pm), Power (W), Va (V)
Minimum Speed: Speed mm), Targue (Nm), Vs (V)

Cancel Calculation
File Path:

Load Resultz Viewer
Load Fis

I, operating Point Found
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ﬁ AMSYS Motor-CAD v13.1.2 (Kediag_syncrel_rot_18_3.mot)*
File Edit Model Motor Type Options Defaults Editors View Results Tools Licence Print Help

M\ Mods Build | {1} Calcuiation | 2 Bectromagnetic | [ Themal | 1 Duty Cycle | 2/ Operating Point | @ Calbration € Settings |

Input Settings: Losses:
CumentVoltage Definttion: Iron Lozss Build Factor Definition:
(®) Peak (®) Stator / Rotor {default)
(O RMS () Hysteresis / Eddy
Iron Loss Splt:
Model Settings: Loss Model Spit:
[] Mon Saliert Automatic {default)

Lise cified
Synchronous Reluctance SErspeche

=
£

Fast Rotor Skew

=
wn

| Clear Mode! Build

Adjustment Factors: AC Winding Loss Distribution:
Magnet Fux Adjustment: @ Automatic (defaut)
(") User specified from Thermal model)

Additional EWda Inductance: IEI

I, operating Pont Found
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