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BACKGROUND MATERIAL )

18

* Resistor network.... I Phenomenological model -
 Itis actually an electrical equivalent circuit
y q » How can we understand the giant magnetoresistance based on what we've learnt ,_
. Lecture 1 about spin-dependent transport? 3
> Considgr hpw _electrons propagate through parallel and antiparallel alignment of
* Explanation of magnetic equivalent circuit magnetizalion in @ superiatice siructure
- Energy from electrical via magnetic to i AP
electrical, while producing torque RIS o 7 s
« Some basics about flux (or better said LA T T  spin down
equipotential contours) 0
e I o B o S o B— resistor
] _ e network
—HEHEHEH model x

» Basic resistor model tells us that there ought to be a difference in the overall
resistance of the two configurations
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PERSONAL INFO )

Family owned businessman, third generation.
Established in 1938.

MPhil and PhD in electric machine and drives group
from Sheffield, a large and highly ranked university
group on electrical drives in the world. Followed by
12.5 years in various roles at Eindhoven University of
Technology, subject more sustainable society
(includes automotive).

Owner of AE Group a number of companies related to
« Johan Paulides design and manufacturing of electrical drives. Author
) of more than 150 papers and numerous patents,

* Johannes Jacobus Hubertus Paulides organizer and invited speaker at a variety of

 Owner of the AE Group; Industrieweg conferences related to electrical machines and drives,

78: 5145PW Waalwijk; www.ae-grp.nl; from medical, robotics to automotive topics.
info@ae-grp.nl
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80+ YEARS EXPERIENGE - FIRST VEHIGLE CONVERSION (1968)
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Elektrische auto

Op dit moment is er een steeds grotere commerciéle vraag naar zuinige hybride voertuigen (b.v. Toyota Prius,
Honda Civic, etc.), maar al in de zeventiger jaren reed er in Sprang-Capelle een omgebouwde Citroen met een
48VDC motor. Hierin waren vier vrachtwagen accu’s ingebouwd welke allemaal in parallel (12VDC), serie-parallel
(24VDC) of in serie (48VDC) geschakeld konden worden d.m.v. start relais. Deze werden ingeschakeld door een
driestanden gaspedaal. Ook de versnellingsbak was nog aanwezig, daardoor er vooraf gekozen kon worden hoe
snel men wilde rijden (max 7okm/uur) al kostte dat dan wel actieradius.

Op dit moment is er een steeds grotere commerciéle vraag naar zuinige hybride voertuigen (b.v. Toyota Prius, Honda
Civic, etc.), maar al in de zeventiger jaren reed er in Sprang-Capelle een omgebouwde Citroen met een 48VDC motor.
Hierin waren vier vrachtwagen accu's ingebouwd welke allemaal in parallel (12VDC), serie-parallel (24VDC) of in serie
(48vDC) geschakeld konden worden d.m.v. start relais. Deze werden ingeschakeld door een driestanden gaspedaal. Ook
de versnellingsbak was nog aanwezig, daardoor er vooraf gekozen kon worden hoe snel men wilde rijden (max 7okm/uur)
al kostte dat dan wel actieradius.

AE Design your conversion partner
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Electric Drives
From deep-sea
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USED MATERIAL

Various slides: Yang Tang, Helm Jansen, and others

All from Eindhoven University of Technology

®  Third Edition

ELECTRIC
MACHINES

Heﬂmmecnaﬂlﬁﬂl
SVSIems an ne\ﬂﬂﬂs

Ashfaq Husain
Haroon Ashfaq

Sergey E. Lyshevski
@) RS Press.

ISBN 9781420069723
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DHANPAT RAI & Co.

ISBN 9788177001662

ISBN 0122699513 |1,

NED MOHAN

ELECTRIG

SECOND EDITION

lon Boldea

S. A. Nasar

ELECTRIC MACHINES
AND DRIVES

A FIRST COURSE

ISBN 9781118074817

European School of Magnetism

ISBN 0849342201



NOT NEW - 1907 — EV MARKET SHARE 30% )
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ELECTRIC MOBILITY IS NOW ALL AROUND (LONGEST RANGE VEHICLES)

e

-
\‘
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BATTERIES ARE TO DATE [THE] KEY FOR ALL ELECTRIC MOBILITY )

T . Model 3 @3
! 2170 Cell 3
0 70 grams J 7
rﬁrsn ‘ | mm 3.78°Acl:lbic mm "‘.;
‘ 17.3 Wh [V
v R 247 WhiKg K
What to expect 2022 to 2023 - - arwnia

* Especially for small mass and
volume critical vehicles

* 250 Wh/kg to 400 Wh/kg

* 5x more capacity per cell

* 6X more power output from
4680 cell (diameter 46 mm,
length 80 mm instead of 2170
cell, 21 mm diameter, length
70 mm)

e Costs per kWh "tank content”
reduced with 50%
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BATTERIES ARE TO DATE (THE) KEY FOR ALL ELECTRIC MOBILITY
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BATTERIES ARE TO DATE (THE) KEY FOR ALL ELECTRIC MOBILITY )
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FUTURE CHARGING INFRASTRUCTURE ... IS THIS THE FUTURE...
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ON ROAD CHARGING... LIKE TRAINS Z

14 1-10-2020 Confidential. For internal use only European School of Magnetism



CHARGING WILL BE KEY FOR FUTURE CITIES
t‘_ u ; . | 4
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ELECTRIC POWERTRAIN WITH MAGNETIC COMPONENTS )

( Power electronics
Transmission J

Confidential. For internal use only European School of Magnetism
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ELECTRIC DRIVE (POWERTRAIN) WITH MAGNETIC COMPONENT

Electronic chassis platform (ECP)

Power electronics

Integrated brake control system (iBRS) electric motor rear right

Front power electronics.

Audi e-tron S Sportback

Twin-Motor
(T];«;gomotor Leistungselektronik links
Power electronics left

Leistungselektronik rechts
Power electronics right

Cetriebe links
Gearbox left

Wheel speed sensor

Drive control unit (DCU)I Flexray connection Power electronics
electric motor rear left

Stator

Stat ’
o Rotor Lagerschlld

Rotor Bearing plate

Getriebe rechts
Gearbox right

E-Maschinengehduse links
Electric motor housing left

Rotorinnenkihlung
Rotor internal cooling

Kahlmittelsammler
Coolant collector

E-Maschinengehause rechts
Electric motor housing right
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ELECTRIC DRIVE (POWERTRAIN) WITH MAGNETIC COMPONENTS

v" High torque
v Wide speed range
v’ Light, robust, cheap

Option D2 (high speed)

150 MAX phase max Idc
current (P const.)
i3 voltage limit(s)
_ ] o
100 — 1a DC (620Vdc) F N 4)) : s iy, ¥
NN T : , R XN
:, DN i e ¢ D S
= —— ¢ DC (495Vdc) A | 7 O
acc. limit 1a T-n (620Vdc) 2 J 2
50 ————F———F————1—X¢C1—"0 | e 1b T-n (580Vdc) C’
= = =1cT-n (495Vdc) N ) I||| s
I . 25 d I load AN) ) v
ncreasing grade speed limit QLY 7 | | QLS
0 . ___"a",l-" 4 &) o
0 5000 10000 15000 20000 25000 e N4
Speed (rpm)

Figure 1: expected motor behavior




ELECTROMAGNETISM IN ROTATING EQUIPMENT Z

Powertrain (e.g. vehicle, robot, ship, conveyor, etc)

ELECT
ELECTRIC
DRIVE

ELECTRIC
DRIVE

Crane
ulic
ne

CRANE UNIT

Die_sel ELECTRIC
Englne DRIVE

PM generator

Battery

| 1
converter : | DRIVE UNIT
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ADJUSTABLE/VARIABLE SPEED DRIVES )

System (e.g. vehicle, robot, ship, conveyor, etc)

ELECTRIC DRIVE

control unit

communication
(CAN,LIN,Flexray)

control signals /
vehicle functions

Energy storage

DC current,
voltage

6ATO01
Batteries

- PPU ? *
DC=>DC 12V-Battery 12V-Powernet

1
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?

3-PHASE AC GURRENT AND SINGLE PHASE EQUIVALENT

Conditions:
* Balanced set of source voltages,

* Equal impedances in each of the phases.

U S
“1Z,0 " 12,
Von U, 2m

b:__

VA
1z, 12,1773
A A

I = Z
© ozl 1z, 3

I_n = (I_a + I_a + I_c) = 0= i, (0) = [ig®) + ) +i (D] =0

I—

d

d

V @ Equivalent
-T schematic
(Hypothetical) N
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Result:
Source neutral "n" and load neutral

"N" are at the same potential.
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ADJUSTABLE/VARIABLE SPEED DRIVES )

e S| Units 1. Know sinusoidal waveformes.

* Lower case v and i for instantaneous quantities 2. AC circuit analysis deals with phasors and
impedances

3. Do you know CIVIL ?

4. Instantaneous Power

e Upper case V and | for average and rms
* Voltage and current subscripts

* Voltage polarities and current directions

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK ELEMENTS

v -

>
I Resistor
| (t) Resistance

— YYY

Inductor
Inductance

Capacitor
Capacitance

— ——

Switch

23 | 1-10-2020

Time

v(t) =R - i(t)

di(t)
dt
dv(t)
dt

v(t) =1L -
i(t) =0C -
v(t) {v?t)

10 {i&)

Phasors
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Network characteristics

V=0

JE

P+0
P=0
P=0
P=0
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ELECTRICAL NETWORK ELEMENTS

Power semiconductor devices {mm==) Power switches

ISW
E l

<«<— ON or OFF

Current

t o Vew T
=0 o

gy = O )

E— e =

I =]

— = S

I:)Ioss Vsw X lsw 0 o—
t Vew ~ Inductive
Losses ideally ZERO | turn-off
5kHz 30kHz
D C' 2 == Switching Loss
K Q K T iD llc 07 —-l Conduction Loss L :
- - |_ l + + + + 06
s Reduction
G G ~ 05
Vak Vak A G l_: VDS VCE V1 ‘ V2 § 04 = |
i Fa— S a—
+ - - - -
i T * QT i, L ~ 02— - = |
? A A s 0.1 F—— — S S— - -
. . E High frequency : :

Diode Thyristor MOSFET IGBT transformer IGBT Module SiC Module IGBT Module ~ SiC Module

*Loss simulation results during PWM inverter drive.
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )
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2D cross-section with “Flux lines”
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

Magnetic field, H, produced by current carrying conductor

— —

/ \ / N
/ \ I \
SOSO @ |
Ampere’s Law N K . //'
jﬁ Hdf = z i (5-1) AOEEEEN
dl 7 \
closedpath o~ )
. , ;O A iy ‘
Scalar H is the component of the vector in the J i) /'
direction of the length dl along the closed path. I’ 2 /
A o
H has the units of [E‘ Magnetic field and Ampere's law
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

* Energy an Important Unit:
» Theoretically energy can be converted from electrical form to magnetic form and
vice versa with 100% efficiency
* The electrical energy supplied to a lossless coil as the current increases must be
equal to the energy stored in the magnetic field of the ferromagnetic core

N d
X (l_) X (tm) X (Am) X (N) mPT
te
N2 l V. ...................................................................................
HmAm
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

Isomorphism between electric and magnetic circuits

Electric circuits Magnetic circuits
Current | Magnetic flux Pm
Voltage \% MMF F
Resistance  Rg Reluctance R,
‘ H2I2 -
i C R -|
© R
:> S\ ® Hii ® INtuns H,l;
Y. jjj SEE— N g0 R » Y
R _ O : ......................................................................................... : H4|4

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

1. Magnetic equivalent circuits (MEC) are sometimes used to model devices
composed from highly permeable materials, e.g., ferromagnetic core

2. Magnetic flux is confined to the highly permeable material = flux paths (tubes)
can be “easily” identified

3. Air gap flux paths have to be approximated, i.e., the fringing effect has to be
considered

4. Leakage paths have to be approximated

5. A-priori knowledge (“expert” understanding) of the magnetic flux distribution is
necessary in order to define any Magnetic Equivalent Circuit !!!

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

O R R
f de — z l (5‘1) B Pm Y A== ¢€
2
X L N J

closedpath m ="
ﬂmnl}lm
EHklk:z?k — fH'dl:Hlll‘l‘Hzlz+H3l3+H4l4:N]_Il:T]_
k k C
H,l, |
@ ‘ ) »
@ X
@ Hili ® INturns H,l;
® Y
‘I/© ® [ v
+———H,|,
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )
(&)

For a given H-field, the density of flux lines, called the i =
flux density B, depends on the permeability u of the | bl

material on which this H-field is acting. " y by

X (Am) X (N) T
O™ A== ¢

Wb
m2

Weber

Units of flux density B:
meter?

] or Tesla |T]

henries H
ir: B = H = 41 X 10_7 [_] 5-3
In air U, Uo [ [ — ]01‘ - (5-3)

where u, isthe permeability of air or free space.

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

High magnetic permeability B, = u,H, = u-u,H,

Required B can be achieved with much lower values of H field than in the air =>
lower ampere-turns required

Multi valued nonlinear behavior

B} B ) Hm = Ho

.. Bgat _—

Joining the peaks
% of hysteresis loops pon 1o
- > _ - - o

//ﬂ/ o - Hr

B, ~18-22T
Drop of the permeability

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

Magnetic flux lines form closed paths.
Area Am in a plane perpendicular to
the direction of the flux lines.

Uniform H,_, hence uniform B, over A, ;
Ni

B = U H =Uu

m m-'m m'gm (5_5)
Om = Bndm (5-6)

4 ( N i) Ni F
Pm = Um5— | = o (5-7)
HmAm

Reluct R fm [ A ] (5-8)

eluctance: = -

m .umAm Wb 174 Fig. 5.4 Toroid with flux

MMF: F = Ni emm=) Ohm'slaw:] = o

e

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

lw) xom

X (Am)

Flux linkage

If all turns N of a coil are linked with the same

flux @, ,
then the coil has a flux linkage 4,,, where

Am = Nopy, (5-9)

Fig. 5.4 Toroid with flux @,
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

®2

H, |, ———
‘ 22
@ % F 7y R2 ¢3
d. B 1 (P
@ Hili ® INturns Hly = Rs
;9 %| R,
“® «—H,, Y 1] Re o4
2. timln = 0, Fn= ), ®nm = ) P
m m m m
P1 =@ =P3 =Py =@ conservation of magnetic flux
Fy

R :T = =

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

P2
‘ H, |, ——» g
R
® ® + 2 3
@ ®.| Fe),
@ Hili ® INturns Hly = Rs
© R | Ry
I/@ ®' T
F1

R, =F; = ¢ =

dl —
Ry = % >R, = if A, constant
UmAm

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

The flux linkage 4, of the coil is related to the i ) < xaw <y -4
current by a parameter defined as the inductance L,, LT i T BT o AT €

L |
—en

A =L, (5-19
A, (N N2 N2
HmAm
For linear magnetic conditions the inductance is constant Figure 5-6 Coil inductance

and depends only on the magnetic circuit.

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

Energy in an inductor is stored in its magnetic field. (5-21)
1
Win = ELmlz[]]
Assuming a structure without air gap (Fig. 5-6a) (5-22a)
1 NZ2 1(H,Ll,)* 1BA
Win =5 (Hmlm/N)zz_( mim) =-— Aply U]
HmAm HmAm volume
The energy density in the core is W, 1B [ ] ] (5-22b)
Wm = Jolume 2 Uy L3
1 B2
The energy density in any medium is w = [ 3] (5-23)
m

Confidential. For internal use only European School of Magnetism

38  1-10-2020




39

ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

dA do (E) xe XG0 x(
* Induced voltage e=——=—N— | m— [, —p —
dt dt l 2
X Ly =—
 Current direction is into positive polarity HmAm
voltage — flux direction Pm

* LenZz's law: Polarity of induced voltage

U U U VU

When current and flux directions are consistent: A current as indicated would create
a flux as indicated => voltage should be labeled positive where the current enters

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

The relationships between the electrical quantity ¢ and i do®) _
the magnetic quantities ~, B, A and are valid under dc dt
(static) conditions, as well as at any instant when these i(t) !
quantities are varying with time. —

+ ¢ 4

D
Faraday's law: e(t) N S
A coil of N turns linked by a changing magnetic = D
flux @ has a voltage e induced behind the d
terminals of that coil with a magnitude: e = %A(t) = Nacp(t) (5-24)
Figure 5-8
~

( The voltage einduced in a coil by a changing flux is of such polarity that if a current
could flow as a result of that induced voltage, the flux established by that current would
_ Oppose the causing or original flux change (LenZ's rule).

J

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

Relating e (t), @ (t) and /(t): coil in sinusoidal steady state
@ (t)

o(t) = ¢ sin(wt) W> w| |
N

d e(®)"$—F
e(t) =Nd—<f=N<ﬁa) cos wt - g
A N Figure 5-10 Voltage, current, and flux
Relating e(t),¢(6), and i(t) = L === T‘P g tag t
_ N
= i(t) = 7o)
do(t) di(t)
ke(t)=N——-) =>e(t) =1L (5-28)
(t) 7 () -

41 = 1-10-2020
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

Objective: establish B in £ by controlling i
Hptm + Hyty = Ni (5-10) | <pm=<pg=<pj
By = tmHp , By = toH, (5-11) - e,
(
B B N ¢y
Ll +—284 = Ni (5-12) < W
Hm Ho v
— — 5-13
¢m szm ;;19 Bg ( ) Figure 5-5 Magnetic structure
with air gap
B = "p —ImM 5-14
™A YT A (514
Ag=w+ 1L )d+4,) (5-15) account for fringing
- 4y R=R, + R, (5-17)
Om( + ) = Ni (5-16)
Ay Aglo _F
42 | 1-10-2020 Confidential. For internal use only




43

ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

Negligible leakage current: 0. . = 102006air

Not-negligible leakage flux:  Umagn.mat. = 10*

Approximations
The total flux ¢ is divided in two parts:

The magnetic flux ¢, , completely confined
to the core and linking all N turns;

The leakage flux @,, partially in the air and
also linking all N turns.

Q= Pm T Py (5-29)

1-10-2020 Confidential. For internal use only
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

P =Pm T Pg (5-29) M \Q\\
A=Np =Ng,, + Np, (5-30) ' < //
—— —— e
Am e (/ W M
A An A ~
— _I_ (5‘31) Ny J/
A A - /)]
Loetr = L + Ly (5-32) o
Pm
(5-33) B
A = Lgoipi = Liyi + Lyi i, // A
F X
Total inductance or self-inductance L,y is sum of © J .
magnetizing inductance L,,, due to ¢, , and leakage | Q v
inductance L, due to ¢@,.
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

From Faraday's law:
di di di

CTIm g T g T Em TR (5-34)
ém ey

The voltage drop due to the leakage flux can be shown separately, so that the
voltage induced in the coil is solely due to the magnetizing flux.

i(t) e (t) Pm —

— T~ Lo 4 )
+ L + T/V\/m + ¢

e(t) e v(E) e() en(t) S

- \_ %

Figure 5-12 (a) Circuit representation; (b) leakage inductance separated from the core

Confidential. For internal use only European School of Magnetism
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

* Most magnetic circuits consist of multiple coils.

* In such circuits, the flux established by the current in one
coil partially links the other coil or coils. Concentrated  Distributed

* This phenomenon can mathematically be described by
means of mutual inductances.

What you need to know is Synchronous inductance:

46  1-10-2020
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )

=
= -662.306E3
<

pi=

v

@& Flux

v CRORST
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC) )
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»

ELECTRICAL MAGHINE EXAMPLE WITHOUT PERMANENT MAGNETS >>
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ELECTRICAL NETWORK: MAGNETIC EQUIVALENT CIRCUIT (MEC)
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»

ELECTROMAGNETIC ACTIVE SUSPENSION >>
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WHAT DOES AE SUSPENSION OFFER
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WHAT DOES AE SUSPENSION OFFER

Active suspension strut
Electric actuator
Drive (controller and inverter)

Test rig
Dedicated high bandwidth Quarter Car test system

Concept Demonstration Vehicle
Retrofit of existing vehicle with full active suspension
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>> Motion By Innovation




Thank You, Danke, Bedankt, Merci




