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Course Overview --- Day 2
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Magnetics and energyv conversion

- Comments on superconductors; basic ransformers: analvsis,

- Per-unit svstem
- Begin electromechanical conversion; begin forces and torques

- Review of Maxwell s equations; demo; concepts of magnetic fields;
Ampere’s, Faradav's and Gauss’ magnetic laws; Lorentz force law;
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- Softmagnetic materials (steel); hvsteresis and core losses. ... ...
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Overview of Magnetics
* Review of Maxwell’'s equations
« Ampere’s law, Gauss’ law, Faraday’s law
e Magnetic circuits
e Flux, flux linkage, inductance and energy

Electromechanics Magnetics and Energy Conversion
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Review of Maxwell’'s Equations

* First published by James Clerk Maxwell in
1864

 Maxwell’'s equations couple electric fields
to magnetic fields, and describe:
— Magnetic fields
— Electric fields
— Wave propagation (through the wave

equation)

 There are 4 Maxwell’s equations, but In
magnetics we generally only need 3:
— Ampere’s Law
— Faraday’s Law
— Gauss’ Magnetic Law

James Clerk Maxwell

Electromechanics Magnetics and Energy Conversion
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Review of Maxwell’'s Equations

we’ll review Maxwell’s equations in words, followed by a
little bit of mathematics and some computer simulations
showing the magnetic fields

Electromechanics Magnetics and Energy Conversion
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Ampere’s Law
* Flowing current creates a magnetic

field =

e In magnetic systems, generally there
IS high current and low voltage (and
hence low electric field) and we can
approximate for low d/dt:

§H.drzjj.dA
C S

* In words: the magnetic flux density
Integrated around any closed contour
equals the net current flowing through
the surface bounded by the contour André-Marie Ampere

Electromechanics Magnetics and Energy Conversion
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Finite-Element Analysis (FEA)

« Very useful tool for visualizing and solving shapes and
magnitudes of magnetic fields

 FEAIs often used to simulate and predict the performance
of motors, etc.

* Following we’ll see some 2-dimensional (2D) FEA results to
help explain Maxwell’'s equations

Electromechanics Magnetics and Energy Conversion
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Field From Current Loop, NI = 500 A-turns

e Colil radius R = 17; plot from 2D finite-element analysis

7.810e-002 : »8.221e-002
7.399e-002 : 7.810e-002
6.988e-002 : 7.399e-002
6.577e-002 : 6.988e-002
6.166e-002 : 6.577e-002
5.755e-002 : 6.166e-002
5.343e-002 : 5.755e-002
4.932e-002 : 5.343e-002
4.521e-002 - 4.932e-002
[ |4.110e-002 : 4.521e-002
| 3.699e-002 : 4.110e-002
|| 3.288e-002 : 3.699%e-002
2.877e-002 : 3.288e-002
2.466e-002 : 2.877e-002
2.055e-002 : 2.466e-002
1.644e-002 - 2 055e-002
1.233e-002 : 1.644e-002
8.2212-003 : 1.233e-002
4.110e-003 : 8.221e-003
=0.000e+000 : 4.110e-003

Density Plot: |B|, Tesla
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Faraday’s Law

A changing magnetic flux impinging on
a conductor creates an electric field
and hence a current (eddy current)

Lo d s -
iE-dI:—alB-dA

The electric field integrated around a
closed contour equals the net time-
varying magnetic flux density flowing
through the surface bound by the
contour

In a conductor, this electric field creates

a current by: j’ . GE

Induction motors, brakes, etc.

Electromechanics Magnetics and Energy Conversion
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Circular Coil Above Conducting Aluminum Plate
* Flux density plots at DC and 60 Hz
« At 60 Hz, currents induced in plate via magnetic induction
create lift force
DC 60 Hz

Electromechanics Magnetics and Energy Conversion
2-10



Demonstration of Faraday’s Law: Electrodynamic
Drag (NdFeB Magnet-in-Tube)

e Process:

— Moving magnet creates changing magnetic field in
copper tube

— Changing magnetic field creates induced voltage
— Induced voltage creates current

— By Lorentz force law, induced current and applied
magnetic field create drag force

Electromechanics Magnetics and Energy Conversion
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Gauss’ Magnetic Law
o Gauss' magnetic law says that the

/
integral of the magnetic flux density over Y

B, B, A,

/?

any closed surface Is zero, or:

!

By A

§BdA=o
S

« This law implies that magnetic fields are B;A, = B/A + B, A,
due to electric currents and that
magnetic charges (“monopoles”) do not
exist.

* Note: similar form to KCL in circuits.
(We’'ll use this analogy later...)

Carl Friedrich Gauss

Electromechanics Magnetics and Energy Conversion
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Gauss’ Law --- Continuity of Flux Lines

—
- —_———

—» A - ~ Ao <—
1 // \\ 2
/ Y
-—f——) 94 ¢, <€—p—
N 93 va
> N 1» i -
~N— o -1

Figure 3-13 Continuity of flux.

)+, +¢,=0

Reference: N. Mohan, et. al., Power Electronics Converters, Applications and Design, Wiley, 2003, pp. 48

Electromechanics Magnetics and Energy Conversion
2-13



Lorentz Force Law

e Experimentally derived rule:

F:ijde

 For a wire of length | carrying current | perpendicular to
a magnetic flux density B, this reduces to:

F = 1Bl

Electromechanics Magnetics and Energy Conversion
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Lorentz Force Law and the Right Hand Rule
F = [JxBdv

e

Reference: http://www.physics.brocku.ca/faculty/sternin/120/slides/rh-rule.html

Electromechanics Magnetics and Energy Conversion
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Intuitive Thinking about Magnetics

« By Ampere’s Law, the current J and the magnetic field H
are generally at right angles to one another

By Gauss’ law, magnetic field lines loop around on
themselves
— No magnetic monopole

* You can think of high- u magnetic materials such as steel
as an easy conduit for magnetic flux.... I.e. the flux easily
flows thru the high- u material

Electromechanics Magnetics and Energy Conversion
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Magnetic Field (H) and Magnetic Flux Density (B)

 His the magnetic field (A/m in Sl units) and B is the
magnetic flux density (Weber/m?, or Tesla, in Sl units)

« B and H are related by the magnetic permeability u by B =
uH

 Magnetic permeability u has units of Henry/meter

* You can think of high- u magnetic materials such as steel
as an easy conduit for magnetic flux.... I.e. the flux easily
flows thru the high- u material

 In free space p, = 4nx10" H/m

 Note that B and H are vectors; they have both a magnitude
and a direction

Electromechanics Magnetics and Energy Conversion
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Right Hand Rule and Direction of Magnetic Field

E-field curves

e B

.
] ) A i A fffh
{bmnmiimﬂmﬂm -n‘.‘,‘,:u_fﬁ. /
,f’ 7
i

.. . . R
; (“_'"'%..:::-_
= —e=b 1

Reference: http://sol.sci.uop.edu/~jfalward/magneticforcesfields/magneticforcesfields.html
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Forces Between Current Loops

Current loops Current loops
attract repel
. 2 A > S N N S
/ [ I 7
Both currents are in same direction Currents are opposite

Reference: http://sol.sci.uop.edu/~jfalward/magneticforcesfields/magneticforcesfields.html

Electromechanics Magnetics and Energy Conversion
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Inductor Without Airgap

« Magnetic flux is constrained to flow within steel

¢~ Magnetic= ==~ 7\
, | ) | Mean core
i | _flux lines | letigth I
q | :
|
A | 1 limzd
¢ T -~ | |-~t+— Cross-sectional
O ' : area A,
' I
\ ) :
Winding, | ~TT---T7—~ —<€——— (EEs— Magnetic core
N turns permeability 1

Constitutive relationships
In free space:

B=uH

Magnetic permeability of free space p, = 41x10"" Henry/meter.

In magnetic material, magnetic permeability is higher than p,:
B=uH

Electromechanics Magnetics and Energy Conversion
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Example: Flux in Inductor with Airgap

f— ikprae e \1 Mean core
; flux lines
o | { length [,
e Tk [
A ‘—'r‘¢: Air gap XL 1L Air gap,
B : %: length g ; permeability i,
: I / | Area A,
o :
Winding, - —<€ ——— | —<— Magnetic core
N turns permeability wu,
Ampere's law: Area A,

§H-dl=[J-dA=H I +H, g =NI
S

Let's use constitutive relationships:
B B
C g .
— ] +—g=NI
K Ko

Electromechanics Magnetics and Energy Conversion
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Example: Flux in IndBugt@r with Airgap
A

_ f—gdjf?:;____*_\l Mean core B _ ()
—I—o_£> = i length [, g — K
| ¢ |
A p : /: Air gap i : 7 Alr gap, . P : : .
17 S . permeability o, PUL thiS INtO previous expression:
- 1%, ghs . Area A, |
| |
Winding, e —~—--'| <— Magnetic core NIl =] ¢ + g
N turns permeability ju,
Area A, 'UAC 'qug
Solve for flux:
NI
D =
. .9
MR, o A
If g/uoAg >> Ie/pAc,
NI
b =
9
Ho A
Electromechanics Magnetics and Energy Conversion
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Magnetic Circuits
 Use Ohm’s law analogy to model magnetic circuits

V< NI
| <O
R&R

« Use magnetic “reluctance” instead of resistance

R:LQSR:I—
oA LA

 This is a very powerful method to get approximate
answers in magnetic circuits

Electromechanics Magnetics and Energy Conversion
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Magnetic-Electric Circuit Analogy

* In an electric circuit, voltage V forces current | to flow

through resistances R
* In a magnetic circuit, MMF NI forces flux ® to flow through

reluctances ‘R

._I.. L

RI ﬁ"..'
i I
O 40,

R, R,

= y . = = i :

(R, + Ry (R + Ry
Electromechanics Magnetics and Energy Conversion
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C-Core with Gap --- Using Magnetic Circuits

* Flux in the core is easily found by:

oo N

NI

R

core

+R o |

9

N
H A A

* Now, note what happens if g/u, >>
l,/ue: The fluxin the core is now
approximately independent of the

core permeability, as: NI NI

b =~ ~

ERgap L

Ho A
2 2

e Inductance: L= ALV SV

I SRgap L
Ho A

Electromechanics

Magnetics and Energy Conversion
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cross-sectional area A
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VU

Q Airgap, g
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Fringing Fields in Airgap
« Iffringing Is negligible, A, = A,

Flux lines
Fringing
\ \ fields
+ J Air gap

WA

Electromechanics Magnetics and Energy Conversion
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Example: C-Core with Airgap

« Fitzgerald, Example 1.1; with B, = 1.0T, find reluctances,
flux and coll current

A=A =% cm?
If— Magn.etic T _\, Mean core
+O_i> i;:{lmes E length [, g_=[:][:|5 C1T
A T2 hirwp 1L e, = 30 cm
— : ?: length g f i ii;?i‘:lhty Ko L-"‘
{ | I =500
Winding, | ———-—————— —<——— | =<— Magnetic core
N turns ermeability g, _
t pAreaAC o LLK_?D’DDD
{ (.3 A -t
R, = — = - —=38x10° 27
A g (70,0000(4mx10739x 107
5%107 A-i
#,=—> = _ _=d4x10® S
Ap, (Arx107 )@ %107
Mote that B == B
Electromechanics Magnetics and Energy Conversion
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Example: C-Core with Airgap

= f = ——— — —
|’ Magn.etlc : Mean core ,Rd
_i)‘ | /flux lines | length
1 [+
+o o i
] .
A | p Air gap ¥ i} 7 Alr gap‘t’)'l't 3. x> _,R
T b - permeability g,
- length
o—— ] lengthg g ! Area A, N P % )
i | | @ 4,4 x [o°
Winding, | ————————— —< ——— | —<— Magnetic core
N turns permeability u,

Fluz:

=5 A4 =(1.09x107") =9=x107"
o1l current:

NI =D(®,+%,)

— DR, + R, ) _ [9?{1&4}[4.46;{105]
N 500

Magnetics and Energy Conversion

= [ =084
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Example: C-Core with Alrgap FEA
* NI =400 A-turns '

Electromechanics Magnetics and Energy Conversion
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Example: C-Core with Airgap --- FEA

* NI =400 A-turns, close up near the core

mloppert

whigh mu steel

aCopper-

Electromechanics

Magnetics and Energy Conversion

2-31



Example: C-Core with Airgap --- FEA Result

* Flux density in the core is approximately 1 Tesla

[ 1 5008+000 : »2.000s+000
1.8002-+000 - 1.900e+000
1.700e-+000 - 1.800e+000
16002000 - 1.700e+000
1.500e-+000 : 1.6002+000
1.400e-+000 - 1.5008+000
1.300e-+000 : 1.4002+000
1.2008-+000 - 1.3008+000
1.1002-+000 : 1.200e+000
1.0002-+000 - 1.100e+000
5.0006-001 : 1.000s+000
5.000s-001 : 9.000s-001
7.000e-001 : 8.000s-001
£.000s-001 : 7.000s-001
5.000s-001 : 6.000s-001
4.000s-001 : 5000-001
3.000-001 : 4.000-001
2.000s-001 : 3.000s-001
1.0008-001 : 2.000e-001
<0 000e-4000 - 1.000e-001

ensity Plat: [B], Tesla

)

Electromechanics Magnetics and Energy Conversion
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Example: C-Core with Airgap --- Gap Detall

[ 1 5900e+000 : »2.000e+000
1.500e-+000 : 1.900e-+000
1.700e-+000 : 1.500e-+000
1.600e-+000 : 1.700e+000
1.500e-+000 : 1.500e-+000
1.400e-+000 : 1.5002-+000
1.300e-+000 : 1.400e-+000
1.200e-+000 : 1.300e-+000
1.100-+000 : 1.2002-+000
1.000-+000 : 1.1002-+000
9.000e-001 : 1.000e-+000
8.000e-001 : 9.000e-001
7.000e-001 : 8.000e-001
6.000e-001 : 7.000e-001
£.000e-001 : 5.000e-001
4.000e-001 : £.000e-001
3.000e-001 : 4.000e-001
2.000e-001 : 3.000e-001
1.000e-001 : 2.000e-001
<0.000e+000 : 1.000e-001

Density Plat: |Bl, Tesla
T -

Electromechanics Magnetics and Energy Conversion
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Example: Simple Synchronous Machine

e Fitzgerald, Example 1.2
* Assuming pu—>oo, find airgap flux @ and flux density B,
Assume | = 10A, N = 1000 turns, g =1 cm and A, = 2000

cm?

Stator
u—> 00

Air gap length g

Air gap
N turns permeability
Mo

* Magnetic flux
lines

Electromechanics Magnetics and Energy Conversion
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Aside: What Does Infinite Core p Imply?

I,

=

In core: . "
®C — BCAC

In airgap:
©, =ByA,

In core, B¢ is finite; this means that if u-> o, then H;, = 0 for finite
Bc. Also, infinite p implies zero reluctance

Electromechanics Magnetics and Energy Conversion
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Example: Simple Synchronous Machine

« Some Initial thoughts, Stator A
. _} )
before doing any o —> 00 ir gap length g
equations:

— By symmetry, airgap
flux and flux density
are the same in both
gaps

— Since permeabillity is
Infinite, H inside steel
IS zero

Air gap
permeability

* Magnetic flux
lines

Electromechanics Magnetics and Energy Conversion
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Example: Simple Synchronous Machine

— Reluctances:
; £, R, =N, = g _ _7(0.01) 39789 A—turns
I - HoA,  (4zx107)(2000)(0.01%) Wb
1?3 a

Flux:

D — NI _ (1000)(10) _ 0.126 Wb
R, +R,, (2)(39789)

Magnetic flux density:

= o = 0'126Wb2 :0.63W—?=0.63T
A, (2000)(0.01%) m
Electromechanics Magnetics and Energy Conversion
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Flux Linkage, Voltage and Inductance

By Faraday’s law, changing magnetic flux density creates
an electric field (and a voltage)

L
§E dl_——jB dA _
* Induced voltage: — &
s o3P _di e

dt dt
A = "flux linkage" = N®

Inductance relates flux linkage to current

=%

Electromechanics Magnetics and Energy Conversion
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Finding Inductance Using Magnetic Circuits

e Let’s at first assume infinite core permeability; this means
that the reluctance of the core is zero
* Note that inductance always scales as N? (why is that?)

— P ——— — —— —
: |( Magn_etlc \1 Mean core N I
. i I flux lines { length . (D ~ g
| f |
=" S| T 9
— A D - | permeability p
T b - .
S N | /’ length g § |l PN 0 /Llo Ag
g
| |
o \ )
Winding, e S —<——— | —<— Magnetic core N 2 I
N turns permeability u, /Llo
Area A, ﬂ/ ~ N (D —
r'—-%

B—j A AN
vT (- s | g

Electromechanics Magnetics and Energy Conversion
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Magnetic Circuit with Two Airgaps

= &3
_ l¢51 l¢2
L;... Area
i 2 P A,
C Area A, ¥ +
) Gap 1 Ig'/' Tgﬁ Ni R, R,
Gap 2 —
— o—
A
N turns
NI (a) (b)
Total flux: @& =
R, R,

Reluctances: R, = J1 and R, = 9

/uo Al /uo AZ
Inductance:
|_:£:N_(D: NZ[MJZNON 2(ﬂ+ij
I I SR lm 2 g 1 g 2
Electromechanics Magnetics and Energy Conversion
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Magnetic Circuit with Two Aq}irgaps (cont.)
[ a -l¢l ltﬁﬁg
—> Area
’ Cl__hb A Area A, i +
* g Ig'/’ T N () R, R,
T Gap 2 =
Py
N turns
(a) b)
Fluxin leg#l: ©, = NI _ Ho AN
R G
Flux in leg#2: @, = NI _ 2 ANI
R, 9,
Flux density in leg#l: B, = (Zl = ”;NI
1
Flux density in leg#2: B, = qp)\z = '”;NI
2 2

Electromechanics

Magnetics and Energy Conversion
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Inductance vs. Relative Permeability

« What happens if we assume finite core permeability?
* Reluctance of the core is now finite as well

|
Reluctances: R, =—— and R, -9
Ho A
. {'yag?etic____‘*_—\l Wlssiasie Le'[’S assume that Ac - Ag - A
.- | AR : length I,
+o : b i N
I : . ¥ I e Air gap,
: b f;:?;lp —- permeability fi, FIUX (D =
- '/’ SHh.g : Area A, iRc"'iRg
1 I
Winding, e —~---'. Magnetic core N 2 I
Nums permetiiy s Flux linkage: 4 = N® =
R, +R,
1Ca A N2 N2 ~ NZu,A

Inductance: N = T = TR = I — I
¢ Ty (C]—'_(QJ g+((:lLlo]
R HA )\ A H

Inductance is independent of core permeability if:

<
H
o
~PA
2

/ g 5> 1ot
Y7,

Electromechanics Magnetics and Energy Conversion
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Inductance vs. Relative Permeabillity

0.7 T | I | | i |
Mean core
length [,
0.6 =
~— Air gap,

¢~ Magnetic=— =~ "

’ I . I

i ; _flux lines I

+o— : :

| I

A T Air gap i :

— : / length g § I

: I

1 |

sy \ )

Winding, | ————————— s
N turns

permeability fi,

Area A,
©oosE /0 .

— Magnetic core

Electromechanics

permeability u,
Area A, 0.4

0.3 =]

Inductance

0.2 =

Core relative permeability x 10%

Magnetics and Energy Conversion
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Example: Effects of Finite Permeabillity
e Fitzgerald, problem 1.5

Cross-sectional area A, = 1.8 x 1073 m?

Mean core length /. = 0.6 m
Gap length g =23 x 1077 m

N = 83 turns
T SRR Core:
AN . / mean length I,
N el e
q s permeahility p
d_ T Nims |
o I ' oL A
o P S Alrgap
pin 2
e F

L5 The magnetic circuit of Problem 1.1 has a nonlinear core material whose
permeability as a function of By, is given by

Electromechanics

3499
Bo= g { 1
( V1+ 0.04?(Bm)7-3)

where B, is the material flux density.

k.

Using MATLAB, plot a dc magnetization curve for this material (B, vs.
Hy)overthe range 0 < B, < 2.2 T.

Find the current required to achieve a flux density of 2.2 T in the core.
Again, using MATLARB, plot the coil flux linkages as a function of coil
current as the current is varied from 0 to the vale found in part (b).

Magnetics and Energy Conversion
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Example: Effects of Finite Permeabillity

Relative u vs. B
Relative mu vs. B, problem 1.5

3500 |

3000 -

2500

=
£
2 2000 -
'm
i :
L T -
1000 [=--mrmrmsemmemm e AN -
500 | |
0 0.5 1 1.5 2 2.5
Bm, Tesia :
Magnetics and Energy Conversion
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Example: Effects of Finite Permeabillity
 B/H curve

2.5 [

Bm vs. Hm, problem 1.5

1.5 e R oo

B[T]

| A N

| |
0 500 1000 1500 2000 2500
H [A/m]

Electromechanics Magnetics and Energy Conversion
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Example: Effects of Finite Permeabillity

e Current calculation

Cross-sectional arca A. = 1.8 x 1073 m? From Ampere’s law:

Mean core length [, = 0.0 m

Gaplength g =23 x 107 m H.I +H_,g=NI
N = B3 tarns g
""", Core: In core:
- EE | meanlength I, B
Q——-—-:, ares Ag, H =—¢
t:__‘__ permeability po c
{__-:,_':;Ntun‘ﬁ . ’Ll
1 | . |- Air gap let’ _ _
o A In gap (let's assume B; = B4 = B)
H =—
g
Ho

Put this back into Ampere’s law:
Bl . BO _
I 7A

.( B j(' +gj:65.8A
H N\ e,

Electromechanics Magnetics and Energy Conversion
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Example: Effects of Finite Permeabillity

« Coll flux linkage A as a function of colil current

* Note that at low current, A-l curve is linear, indicating
constant inductance

Coil flux linkage as a function of |, problem 1.5
0.35

0.3 _.........----........%_____________________

0.25 e

0.2

Flux linkage [Wh]

R L

___________________________________________

005 ..-% .....................................

70
IA]

Electromechanics Magnetics and Energy Conversion
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= % Fi 1d, Il .
Example: b Fitsgerald, problem 1.5

munot=4*pi*le-7;

MATLAB Script = .- -

Sa=0:0.01:2.2;
mu=munot* {1+3499./ (sgrt (1+0.047*Bm."7.8)))
plot {Bm, mu/munot, 'k"')
xlabel ("Bm, Tesla')
ylabel{'Relative mu'}
grid
title('Relative mu vs. B, problem 1.5'}
mu_rel=mu{length (mu) ) /munoct

figure

Hm=Bm. /mu;

plot (Hm,Bm, 'k')

xlabel ("H {(A/m] '}

vlabel (*B [T]')

grid;

title('Bm vs. Hm, problem 1.5')

% Part b

B=2.2;

N=83;

lc=0.6;

g=2.3e-3;

I=(B/ {munot*N))* (lc/mu_rel + g)

% part c
Ac=1.8e-3;
figure
. T=(Bn/ (munot*N) ) . * {1c./ (mu/munot) +g) ;
ux_linkage=N*Bm*Ac;
splot (T, flux_linkage) ;
xlabel ('TI {A]l")
vlabel ('Flux linkage [Wb]')
title('Coil flux linkage as a function of I, problem 1.5')
grid

Electromechanics Magnetics and Energy Conversion
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Inductance and Energy
 Magnetic stored energy (in Joules) is:

W:ELI2
2

e This is a good thing to remember

Electromechanics Magnetics and Energy Conversion
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Magnetic Circuit with Two Windings

* Note that flux is the sum of flux due to I, and that due to I,

(- Air gap
A ~ i e y
i : { L7
_}.— ..*—
+ O — —| | T O +
r e 4
% | I 2 | %3
1 turns turns i
|
—o—J B
I I
s I <— Magnetic core
permeability .,
mean core length [,
cross-sectional area A,
Electromechanics Magnetics and Energy Conversion
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Magnetic Circuit with Two Windings

* Note that by the right-hand rule the flux due to i, and I, are
additive given the current directions shown

~ Alr gap 'ﬁ _{e
‘ [ A d ¥
-I ! -]
= [ v I "'_J—a. 4
L . E

::-'_|_"_'| s £ N L

i T a My g
o— 'y —

| .

Electromechanics Magnetics and Energy Conversion
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Magnetic Circuit with Two Windings

» Note that by the right-hand rule the flux due to i; and I,
are additive given the current directions shown

5]

_.Lq-. I 1 S——
1 | | P o
f = N Ny o AL
8 s wrns T -

i 11
.:b_l i .i _:_:.

|

L T

Electromechanics

: : A
Flux: @ = (N,i, + Nzlz)(hj
9

Flux linkage for colil #1.

: A : A
A, =N,® = Nf,{MJjL NlNZIZ(Mj
9 9

We can write this as:
/11 - L11i1 + L12i2

Lq1 IS “self inductance” of coil #1
L1- IS “mutual inductance” between coils #1 and
#2

Magnetics and Energy Conversion
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Magnetic Circuit with Two Windings
Flux linkage for coll #2:

'*H*’_E;%\"*.-*\ R ﬂz:qu):NlNzil[ﬂOAC)_l'sziz(M]
oG hums wmsgp 2 0 9

L T

e
|

Or rewriting:
ﬂdz — L21i1 + I-22i2

Or, In matrix form:
{ﬁl} {Ln L, }H
/12 L21 L22 i2

Electromechanics Magnetics and Energy Conversion
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“Soft” Magnetic Materials
Materials with a small B/H curve, such as steels, etc.
Much of the previous analysis assumed that steel had
Infinite permeability (u =2 o) or that permeability was
constant and large.
However, soft magnetic materials exhibit both saturation

and losses

Electromechanics Magnetics and Energy Conversion
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B-H Curve and Saturation
 Definition of magnetic permeability: slope of B-H curve

> H

<— | inear region ——>l
Hs

Figure 3-12 Relation between B- and H-fields.

Reference: N. Mohan, et. al., Power Electronics Converters, Applications and Design, Wiley, 2003, pp. 48
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BH Curve for M-5 Steel

* Note horizontal scale is logarithmic
2.4

2.2

2.0 mt

1.8 ___,..-i-"""

1.6 -

L 1.4 /
§ 1.2 P
< /
0.8
0.6 /
0.4

0.2 /
0 ="
1 10 100 1000 10,000 100,000

H, A » turns/m
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Hysteresis Loop

* Real-world magnetic materials have a “hysteresis loop”

* Hysteresis loss Is proportional to shaded area
AB

Bmax T

_Hmax Hmax

Y

Electromechanics Magnetics and Energy Conversion
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B-H Loop for M-5 Grain-Oriented Steel
e Only the top half of the loops shown for steel 0.012” thick

1.8

1.6

Scale change

—10 0 10 20 30 40 50 70 90 110 130 150 170
H, A »turns/m
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BH Curves for Various Soft Maanetic Materials

I ll.lllil.l 14 llllllll 3 I_lillII[ 1 | LR L

1.6

Deltamax

1.2

B (T)

Permalioy sheet

0.4

Soft ferrile

J

0 { Lor s el S e B R RN 1.1 1t teaal N |

1.0 10 50 100 1000 10000
H (A/m)

FIGURE 1.27 The B-H curves of various soft magnetic materials.

Reference: E. Furlani, Permanent Magnet and Electromechanical Devices, Academic Press, 2001, pp. 41

Electromechanics Magnetics and Energy Conversion
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Relationship Between Voltage, Flux and Current

—_— g ———— +— —_
: f Magn.etlc Y Mean core
i i _flux lines I W—
+ O — 1 / : | e‘na ¢
| |
[ p |
)" ,11—-———‘;
: /: .~ _1|~=1t— Cross-sectional
—e ' f : area A,
! |
) ;
Winding, e —<——— | =— Magnetic core
N turns permeability g
“\
: (a) , (b)
Electromechanics Magnetics and Energy Conversion
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Exciting RMS VA per kg at 60 Hz

22

2.0
1.8 _,..-l"""'-—-‘-_
1.6 ~

1.4 /

1'2 .......

0.8 /
Vi
0.6 v

B, .x» Wb/m?

0.2

0.001 0.01 0.1 1 10 T 100
P,, rms VA/kg
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Hysteresis Loop Size Increases with Frequency
« Hysteresis loss increases as frequency increases

Fig. 2.3
Hysteresis loops at different frequencies

Reference: Siemens, Soft Magnetic Materials (Vacuumschmelze Handbook), pp. 30

Electromechanics Magnetics and Energy Conversion
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Total Core Loss

e Total core loss Is the sum of:
— Hysteresis loss
— Eddy current losses

e Eddy current losses are due to induced currents (via
Faraday’s law)

« Eddy current losses are minimized by laminating magnetic
cores

Electromechanics Magnetics and Energy Conversion
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Laminated Core

. Cores made from conductive magnetic materials must be
made of many thin laminations. Lamination thickness < skin

depth.
/ 051
7
t (typically
0.3 mm)
/ Insulator
Magnetic steel
lamination
Electromechanics Magnetics and Energy Conversion
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Eddy Current Loss in Lamination
/4 "

B sin( ot)

%

Eddy current flow path

Electromechanics Magnetics and Energy Conversion
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Total Core Loss
e M-5 steel at 60 Hz

Zi2

2.0

1.8
1.6
1.4

1.2

1.0

B ax>» Wb/m?

0.8

0.6

0.4

0.2 "

"
0

0.0001 0.001 0.01 0.1
P,, Wikg
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Total Core Loss vs. Frequency and B, _,
e Core loss depends on peak flux density and excitation
frequency
e This is the curve for a high frequency core material

10JNHF600 JNHF C(

1l]dH'
: 50Hz | 200 ;"U’“z 1Hz | BkHz |SkHz 10kHz Jgi5
=t I ]
- E
= i - i T 50KHZ
I:I:I -~ - e -u"f = 1 = IR
4;_\-.\.‘ = T ] ___.-"'-. =i n "
E .-"'- o .-"-- L~ __-"-.-_-"'-
. LT L et T AT LT e LT LT
g 0.1 ;fgﬂé = '----- z"-.-- = = e =T —HikH
§ -~ L~ i i = i
= 7 = S =
E T LT il - LA+
i _a At = 1 1
= T LTI A T~ L
E 0] —= —= = aémf:;m F —
= ] n
—T .
1 - -~
T | LT
aXeley =]
007 0.1 1 10 100 1000

Core loss WM k)

Reference: http://www.jfe-steel.co.jp/en/products/electrical/jnhf/02.html
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Process to Find Core Loss

Iﬂ 8 in >
/// \
= A
2 1in
i Y
+ o——= 7
)
<.. _/ 10 in
. (_______/) 2in_
) < >
I —
N = 200 turns Y
P
P

Electromechanics Magnetics and Energy Conversion

Find maximum B
From this B and
switching frequency,
find core loss per kg
Total loss is power
density x mass of
core
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Example: C-Core with Airgap --- Current

« Fitzgerald, Example 1.7; find the current necessary to
produce B, = 1T

A=A =%cm
¢~ Magnetic———— >
: ﬂuxglines : Mean core
length / —
+o P : i g=005%cm
| /’ . ¥ ! =— Air gap,
1 4 Airgap Y - bilit
T 3 — permeability 10,
s length ] —_
; e ¥ | Arad, l.=30cm
' I
Winding, e —~——-"| <4— Magnetic core
N turns permeability , ]_"-.-_l- = 5[:][]
Area A,
24
22 Ky = 70,000
2.0
1.8
1.6
o 14
E
§ 1.2
< 10
0.8
0.6
0.4
0.2
0
1 10 100 1000 10,000 100,000
H, A = turns/m

Electromechanics
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Example: C-Core with Airgap --- Solution

The value of H; needed for B. = 1 Tesla is read from the
chaurt;

H. =11 A—turns/meter

The MMF drop in the core is:
H.l. =(11)(0.3) =33 A—turns

The MMF drop in the airgap is:
By, (1.0)5x10™)

H =396 A—turns
9 U, A x107"
The winding current is:
MMF
|:Z 334396 _ o,

N 500

Electromechanics Magnetics and Energy Conversion
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Example: Inductor
 Fitzgerald, Example 1.8 Material: M-5 steel

, . f =60 Hz
Jp—— N=200
= T ?g B, = 1.5 sinot Tesla
ote el Steel is 94% of cross
= GEENEE section
‘ EH— -4l Density of steel = 7.65
: i{:lih 3
e = IRz
N =200 s |+ - =R
- W5 Find:
Figure 1.15 Laminated stesl core with winding for (a) App|led V0|tage
memee s (b) Peak current
(c) RMS current
(d) Core loss
Electromechanics Magnetics and Energy Conversion
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Example: EXxcitation Voltage
From Faraday’s law:

o= Y _NIP_np B
dt it dt

A = 2inx 2inx0.94 = 3.76in2 = 2.4x103 m?2

dB

dtC = (1.5w) cos(wt) = 565 cos(wt)

e = (200)(2.4x107°)(565cos(wt)) = 274 cos(wt)

Electromechanics Magnetics and Energy Conversion
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Example: Peak Current in Winding
. £, = avermge path fength ;ir .II- 1 ':I.'I!.: T I |I‘...1--"! _[=,_‘.
YR a2 R

IR | ] !
= i3 " - . |
| ! | !

- it Loofit — i
‘::' ) !I t—ts i illi '-F{'II]:L-. ..... ||Nl M .
21, 1 N AR |

I [T 'J@ muhm:m BOy00N 1ELKR

Figars 1.10 O magneiieation curss for M-8 grain-crisnied slecrioal siesl 0012 n Tk
Ao i |

From Figure 1.10, B = 1.5T requires H =
36 A-turns/m

From Ampere’s law, HI, = NI
lc=2x(8"+6") = 28" = 0.71m

HI,  (36)(0.71)
N 200

| = = 0.13A

Electromechanics Magnetics and Energy Conversion
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Example: RMS Winding Current

18 me- e +

!
[
:
|

|

|
1l
05 A L

" d‘/ ]

~

T

[l -1
0.001 0.01 0.1

1 10 100
P rets VA/ky 1.5

Figure 1.12 Exciting rms voltamperes per kilogram at 60 Hz for M-5 grain-oriented electrical
steel 0.012 in thick. (Armco Inc.)

Electromechanics

From Figure 1.12, at Bnax = 1.5T, P, = 1.5
VA/Kg

Core volume:
V. = (4in?)(0.94)(28in) =105.5in® =1.7x10°m?

Core mass:

M =V._p. = (1.7x107>m*)(7650 k—g3) =13.2 kg
m

Core Volt-
VA
Amperes: P, =1.5 k—><13.2 kg =19.8VA
g
VA 19.7

Current: | s = =——=0.10A

-

Magnetics and Energy Conversion
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Example: Core Loss

T
l
{
I
[
l
|
|

f
i
0.8 4 '
|
!
|
|

02— gt -
I

0 : . :
0.0001 0.001 0.01 0.1 1 1l
P., Wikg

Figure 1.14 Core loss at 60 Hz in walts per kilogram for M-5 grain-oriented electrical stael
0.012 in thick. (Armeo Inc.)

From Figure 1.14, core loss density = 1.5
W/kg at Bmax = 1.5 Tesla. Total core loss is:

1

P =M x1.5kﬂ = (13.2)(1.5) = 20W
g

Electromechanics Magnetics and Energy Conversion
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Permanent Magnets

« “Soft” magnetic materials such as magnetic steel can

behave as very weak permanent magnets
 Permanent magnets, or “hard” magnetic materials, have a

high coercive force H, and can produce significant flux in
an airgap; they also have a “wide” hysteresis loop

Hard magnetic B_ .
material oA

-

»
.

Soft magnetic
material

C

zy

" EmesammbEm
-
LI R —

L
-
*
~§

FIGURE 1.25 The B-H loops for soft and hard magnetic materials.

Reference: E. Furlani, Permanent Magnet and Electromechanical Devices, Academic Press, 2001, pp. 39
Magnetics and Energy Conversion
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Brief History of Permanent Magnets

e . 1000 BC: Chinese compasses using lodestone
— Later used to cross the Gobi desert

W - =] s
ra P i
I !
e
= — s
ok 15
=(.
=3 i

Fig. 3 Chinese spoon compass
Fig. 2 Man-shaped compass mounted on a chariot, after Kartsev [2]

Reference: K. Overshott, “Magnetism: it is permanent,” IEE Proceedings-A, vol. 138, no. 1, Jan. 1991, pp. 22-31

Electromechanics Magnetics and Energy Conversion
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Brief History of Permanent Magnets

.Nﬂ!;llil.

i

==

=
WGP

T | |
3 | {1 ‘ > ,
e ﬁ’: k. -

i

' %

‘1 A
[N s TR ..~ B
e .

Figure 1.1 Magnetic needles for compasses are being made by craftsmen in this print of
1637. Good steel was manufactured in China from 500 A.D, onwards.,

Reference: R. Parker, Advances in Permanent Magnetism, John Wiley, 1990, pp. 3

Electromechanics Magnetics and Energy Conversion
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Brief History of Permanent Magnets (cont.)

c. 200 BC: Lodestone (magnetite) known to the Greeks
— Touching iron needles to magnetite magnetized them
1200 AD: French troubadour de Provins describes use of a
primitive compass to magnetize needles
1600: William Gilbert publishes first journal article on
permanent magnets
1819: Oersted reports that an electric current moves compass
needle

References:

1. K. Overshott, “Magnetism: it is permanent,” IEE Proceedings-A, vol. 138, no. 1, Jan. 1991, pp. 22-31

2. R. Petrie, “Permanent Magnet Material from Loadstone to Rare Earth Cobalt,” Proc. 1995 Electronics Insulation and
Electrical Manufacturing and Coil Winding Contf., pp. 63-64

3. Rollin Parker, Advances in Permanent Magnetism, John Wiley, 1990

4. E. Hoppe, “Geshichte des Physik,” Vieweg, Braunshweig, 1926, pp. 339

5. W. Gilbert, “De Magnete 1600,” translation by S. P. Thompson, 1900, republished by Basic Books, Inc., New York,
1958
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Brief History of Permanent Magnets (cont.)

e C.1825: Sturgeon invents r
the electromagnet, |
resulting in a way to |
artificially magnetize el
materials b ‘

e /-ounce magnet was able
to lift 9 pounds

References:

e
1. W. Sturgeon, Mem. Manchester Lit. Phil. Soc., 1846, vol. 7, pp. 625
2.  Britannica Online

Electromechanics Magnetics and Energy Conversion
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Brief History of Permanent Magnets (cont.)

e ¢.1830: Joseph Henry
(U.S.) constructs
electromagnets

Joseph Henry

Photo reference: Smithsonian Institute archives

Electromechanics Magnetics and Energy Conversion
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Brief History of Permanent Magnets (cont.)

« 1917: Cobalt magnet steels developed by Honda and
Takagi in Japan

e 1940: Alnico --- first “modern” material still in common use
— Good for high temperatures

¢ 1960: SmCo (samarium cobalt) rare earth magnets
— Good thermal stability

e 1983: GE and Sumitomo develop neodymium iron boron
(NdFeB) rare earth magnet
— Highest energy product, but limited temperature range

References:

1. K. Overshott, “Magnetism: it is permanent,” IEE Proceedings-A, vol. 138, no. 1, Jan. 1991, pp. 22-31

2. R. Petrie, “Permanent Magnet Material from Loadstone to Rare Earth Cobalt,” Proc. 1995 Electronics Insulation and
Electrical Manufacturing and Coil Winding Conf., pp. 63-64
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Magnetizing Permanent Magnets

e Material is placed inside magnetizing fixture
« Magnetizing coll is energized with a current producing
sufficient field to magnetize the PM material

Magnet
/ Magnet
Solenoid —

FIGURE 1.33 Magnetization of a bar magnet using a solenoid. FIGURE 1.3¢ Conventional magnetizing fixture.

Reference: E. Furlani, Permanent Magnet and Electromechanical Devices, Academic Press, 2001, pp. 57

Electromechanics Magnetics and Energy Conversion
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Pictorial View of Magnetization Process

ke

B

AL LA\ A X'
A.
DEMAGNETIZED

B.
PARTIAL MAGNETIZATION
A L T T
x'}‘f:* ’y;ﬁ’i\'fr\é‘f
iz, \f)’y'ﬂ ,r\,"“:" y
& c

SUDDEN REVERSALS COMPLETE
{KNEE OF MAGNETIZANON CURVE)

—

D.
SATURATED, DOMAINS ROTATED IN
HIGH FIELD ,

Figure 3.6 Pictorial explanation of magnetization curve In a ferromagnetic bar.

Reference: R. Parker, Advances in Permanent Magnetism, John Wiley, 1990, pp. 49

Electromechanics Magnetics and Energy Conversion

2-85



Permanent Magnets

o External effects of permanent magnets can be modeled as
surface current

EEEEEE : .

EEERER : -

REEERE ° a

EEEEEE . :
(@) (b)

Figure 1.4. Uniformly magneti'zcd magnet (a), which may be modeled by a current
density over its boundary (b).

Electromechanics Magnetics and Energy Conversion
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Permanent Magnets
« After magnetization, M has values of either +Msat or -Msat

M
4
e il 1—‘—#— +M-W
L Y +Hd
“H
‘ A
- M, I iy -
-2K, +2K,
p’oMm p'oMm

Figure 1.10. Intrinsic magnetization characteristic for an elemental volume of a
magnet.

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 14-15

Electromechanics Magnetics and Energy Conversion
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Permanent Magnets

« By a constitutive relationship, B = p (H+M)
e Since M has values of either +Msat or -Msat, it follows that
the slope of the BH curve for the permanent magnet is p,

| B

ﬁ -
/ Lo Mset P / |
Bt | Br [ -H'LHF/

/ /

Figure 1.11. B versus H characteristic for a magnet. (w»t‘
H ¢t ? Mgat J Figure 1.17. B versus H characteristic for a magnet with |H | <M,,,.

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 15, 23

Electromechanics Magnetics and Energy Conversion
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Demagnetization Curves of Ceramic 8
« Typical sintered ceramic magnet

—B/uH 1.0
0.75 ~
~N

o-.sg _[__, __l__ i ISy

0.25_
Lt 1 1 1t U

480 440 400 360 320 280 240 200 160 120 80 40 0
—H (kA/m) '

Figure 3.3. Demagnetization curves of Ceramic 8 at various temperatures.

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 62

Electromechanics Magnetics and Energy Conversion
2-89



Demagnetization Curves for NdFeB

e Strong neodymium-iron-boron
B (T)

1.0

| l I I

el eocc!l 100! 140°c
| | |
|

0.8

!
[
L
|
!
l

600 1200 800 400 0
~H (kA/m)

Figure 3.14. Demagnetization curves of (Nd, Dy)-Fe-B at various temperatures.

|
|
| l
|
1

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 74
Electromechanics Magnetics and Energy Conversion

2-90



Permanent Magnets vs. Steel
« Note that PM has much higher coercive force

Permanent magnet: Alnico 5
9 M-5 steel
E huct, kJ/m’* R
LMErEY product, KT
mt AB,T 1.3
Point of B
I'I1EI"'LIIIIILII11 Hr
energy product
- 1.0
= 1A]
—0.5
5
H - .
" i B H,.
H.kAfm =50 —40 =30 —20 —10 0 = [ —
H, Adm =0 -1 il
(a)
Electromechanics Magnetics and Energy Conversion
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Lines of Force
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Cast Alnico

Figure 43 Typical cast Alnico magnet configurations.

Reference: R. Parker',‘ Advances in Permanent Maqnetiém, John Wiley, 1990, pp. 65

Electromechanics Magnetics and Energy Conversion
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Example: PM in Magnetic Circuits
e Fitzgerald, Example 1.9

p ~ g=0.2cm
= o8 lm =1.0 cm
e N
Area — — 2
A Magnetic Am = Ag =4 CM
m
terial . .
f e Find flux in airgap By
- Air gap, —- {8 for magnetic
Y permeability materials
[Lo, Area Ay
L ) (a) Alnico 5
\_ b —> 00 Y, (b) M-5 steel

Electromechanics Magnetics and Energy Conversion
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Example: Solution with Alnico PM

NI = 0, so by Ampere’s law:
s N

YU —> 00 H.l,+H,g=0
A g k I
rea . _ T
Magnetic Solve for Hy: H =-H
Ap . g
_— material
T Continuity of flux (Gauss’ law):
lm Air gap, —> :: 8
ermeabilit B B A,
2 P y AB, =A,l, =B, = Bm(A—J
Jbo, Area A, g
N ) Next, solve for B,, as a function of Hy:

NI L g N

LY A, y
=B, =u|-H, 2 |-—2|=-6.28x10°H,
g \A,

Plot this load line on Alnico BH curve

Electromechanics Magnetics and Energy Conversion
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Example: Solution with Alnico
* Result: B;=0.3 Tesla

/ U — 00 \ Energy product, kJ/m?®
\ B, T
- N
Area )
A Magnetic

T L — material

L Air gap, — _fg

12 permeability o

Jo, Area Ag
\- 4
=
magnet operaling point B, /
slope = -pi‘—f-'—' ‘h‘-‘ T - loadlinefor— — — T ong-
"l ~~ . Example 1.9
.‘-"“
‘ﬁ..‘“
Hc r\ .‘.-"-.
> | 1 I S
H.kAm =50 —40 —30\ -20 -—10 0 .
ki @ S‘fpye = (28 x/0  wih
A

Figure 4.5. Demagnetization curve and load line for a magnet.

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 89
Electromechanics Magnetics and Energy Conversion
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Example: Load Line Solution with M-5 Steel

with Alnico)

[ — 00

4 N
Magnetic
|, — material

~

Air gap, —

permeability

[ho, Area Ag

Electromechanics

Magnetics and Energy Conversion

-
M. A'm

”ﬁ

Note: Earth’s magnetic field ~ 0.5 Gauss

“  Load line for
1""-,& Example 1.9

%,
B,
*,
b,.'
,
L .
LY
Sl = %,
GIR = 107° M
Wh'A+=m

hY

*

,

Use same load line; B, = 0.38 Gauss (much lower than

ABT

4 = 107

-
L [ ]

B
il
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Some Common Permanent Magnet Materials

e QOther tradeoffs not shown here include: mechanical

strength, temperature effects, etc.

neodymium-iron
ceeeseesee= Alnico 5
samarium-cobalt
———= Alnico 8

—— == Ceramic 7

-boron

—1000 —900 —800 —700

Electromechanics

—600 —500 —400 —300
H, kA/m

Magnetics and Energy Conversion

1.5
1.4

1.3
+1.2

1.1
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Typical NdFeB B-H Curve

Neodymium-iron-boron (NdFeB) is the highest strength
permanent magnet material in common use today

Good material for applications with temperature less than
approximately 80 - 150C

Cost per pound has reduced greatly in the past few years
B/H curve below for “grade 35" or 35 MGOe material

B, Iesla

B

r

—1.2

(BH)

max

— 0.6

Hm’ kKA/m<= |
-915 -457.5

Electromechanics Magnetics and Energy Conversion
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NdFeB B-H Curves for Different Grades

Nd-Fe-B Second Quadrant Demagnetization Curves

MO
L
[ (Vs
MO
N0
WO

[
:

WD42

kDa -35.0

=30.0 -25.0

-20.0 15.0

kAMm

2500

2000

-1500 1000

Reference: Dexter Magnetics, Inc. http://www.dextermag.com

Electromechanics

Magnetics and Energy Conversion
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Maximum Energy Product
 BH has units of Joules per unit volume

Energy product, kl/m®

Point of
MEX I
energy product

= L3

i Load line for
T 4 (5 = _:
..___l-'.llmph. 1.9

H. ~
-4 . HHJ | | | 1 - T
H. kA/m —50 —a b =30 =20 — b i

N

Electromechanics Magnetics and Energy Conversion
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Maximum Energy
Product

y

Area

[ — 00

e

&

Magnetic

L — material

Air gap,

permeability

[ho, Area Ag

~

—

U —> 00

Electromechanics

Why is maximum energy product important?

Am
1 By = B,
g
H |
2) —mm -1
2) TP

Let’s find By

) s

Vol

Solve for magnet volume Volnag

Vol
vol,,, = Bj[—_ . gli:’ J

To use minimum volume of magnet for a
given By, operate magnet at (BH)max point

Magnetics and Energy Conversion
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Progress in PM Specs
* One figure of merit is (BH), .. product

8

Nd,Fe,.8 — :
~ | E
Sm{Co,CuFe,Zr),, $-300 '1‘.2
HE
’ 3
SmCos +200 §
\ : a
L H =
-~ >
ainico 8,9 ; §
W,C steel L b & | rare—oartlh ? 100 E
NN ' intermetallics| | E
N N ° h =
N :
~ I~ S X X\ SN S o io
1800 ~ ‘1920 / 1940 \ 1980\ 1980
(FeColFe,0,  Ba-ferrite Ba-ferrite Sr-ferrite VITCNE), ¥(CH,Cl,)

{iso.} (anis.) {anis)

Reference: J. Evetts, Concise Encyclopedia of Magnetic and Superconducting Materials, Pergamon Press, Oxford, 1992
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Progress in PM Specs

'I'E-I:l'!}g -
500 F
r--iE 200
= 100
= B
0 F
= E
il
E 20t
-
T
P E -~
Sr f.--"
- E
] P S
.1
'1 4 —— i Y —— i i
1880 1900 1920 15940 1560 1880 2000
q mr
F:] v
1
Y k._J E] E D 8 = =3
1 ) 3 L 5 E T AH = 12

b
Fig. 7 Development of permaneni moagnets

d Histoey of (BH)_ . values achieved since [REQD
b Schematie represeniation of change in magnet wze required lor o specihic appls-
cation

Reference: K. Overshott, “Magnetism: it is permanent,” IEE Proceedings-A, vol. 138, no. 1, Jan. 1991, pp. 22-31
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Applications for Permanent Magnets

e Disk drives
 Speakers
e Motors
— Rotary motors (Toyota Prius)
— Linear motors (Maglev, people moving)
« Refrigerator magnets
* Proximity sensors and switches
« Compasses
 Magnetic bearings and magnetic suspensions (Maglev)
o Water filtration
e Plasma fusion research, NMR
e Eddy current brakes (ECBs)
e Etc.

References:
1. R. Parker, Advances in Permanent Magnetism, John Wiley, 1990
2. P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994
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Example: Maximum Energy Product

e Fitzgerald, Example 1.10: Find magnet dimensions for
desired airgap flux density B, = 0.8 Tesla

V- At maximum (BH), B,=1.0 T and H, =-40 KA/m

L —> 00

B 0.8

Atea A, =A== = (Zcmz)(—j =1.6cm’

m 4 Alnico 5 Bm 1.0

1 12

Iy g=02cm H B 08

i1 & | =-g|—2% |=-g| —— |=(-0.2cm) — =3.18cm
H u.H (47 x107")(—40000)

Air gap, permeability i, m 0
Area A, =2 cm?

m

So, magnet is 3.18 cm long and 1.6 cm? in area

| | | | L
H, kA/m —50 —al —30 =20 —10 0

(a)
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Open-Circuited Permanent Magnet

R

open-circuit

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 89
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Open Circuited Permanent Magnet --- FEA

1

Electromechanics Magnetics and Energy Conversion




Short-Circuited Permanent Magnet

 Find B inside core, ignoring any leakage and assuming
Infinite permeabillity in core

Electromechanics Magnetics and Energy Conversion
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Short Circuited Permanent Magnet
« For infinite permeabillity, load line is vertical
 Intersection of load lines occurs at B = B,

> N short-circuit

(,.__Z:.ﬂ 1
. Lo
A '

E

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 89
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Short Circuited Permanent Maanet --- FEA

2514001
2 1 EFRa0
o] Ok 4000 B 30002
Diensdly Plat: B, Tesla
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Circuit Modeling of | swe mauers (re wsres)

H Np
Permanent Magnets Jﬁﬁﬁﬁ; N

%

.

b Bm = gn*ﬂm”m
and
‘:") Mm = Br

c

f)u,ﬁ Bx .

Reference: E. P. Furlani, Permanent Magnet and Electromechanical Devices, Academic Press, 2001

T
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Circuit Modeling of Permanent Magnets

Electromechanics

LET's USE THis v A

MAGNETIC CIRCUIT WIiTH

AIREAP:

]

e, 7 '\'@

]

/

J

A i3

s

AMPERE'S LAW

@ Hul, +Hyq =0

Magnetics and Energy Conversion
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Circuit Modeling of Permanent Magnets
PuT @ ?q{Ta

Go He)lm + By =2
¥

© g ¢ I do = Heho
M&’-‘-f-a’"fm U X,

Mo
Tbraw. FLUX =

= R A= KA,

s0, (& Repvces To

P(R, +H.) = Hela
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Circuit Modelina of Permanent Magnets
WE cAV MODEL THIS A<

FotL owg

G,
L /ﬁﬂ-

FM MoOEL -

1,
He Lo
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Example: Circuit Modeling of Permanent
Magnets

. é)xamﬁ@,'-
Grade 37 WIFR 8
H. = 950 oc0 P:/m
HMm= 1018 fhe

Electromechanics Magnetics and Energy Conversion
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Example: Circuit Modeling  ¢g4a:

of Permanent Magnets 11, = (ooec)fo0d) = 1m0
_ L. _ o0z
PL@ K pah (048)Gams) (2 x5")
T . = 4.07)(/06’
(o7x o 7.
r _ g b ]
/9 %0 (%) J 3.2x/0 ¢ ﬁ}- ity (e es i)
. | ':-3,21.(!'!.’3'Is
B ﬁM- < 20840 Vi
This exawpk 15 pacbisdardy =TTy
Sinple because Ay, =4 § 2.0%kf0 7
f } B - = Y
¥ ﬁ‘; 28410
" B? e 0092 'W%i- ‘;
o-§2 T(J{n.
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Example: Circuit Modeling of Permanent

Magnets---FEA

o

_‘\
ik T
L1
Poink: x=12.3, y=-0.5
A& =-0.0105981 Whim
= [E| =0.51282 T
Ex = 1,02856e-007 T
,/ By =-0.51282T
|H| = 408089 Afm
Hx =0.0818344 Afm
_— % Hy = -408089 Afm
mu_x= 1 (rel)
mu_w =1 {rel)
E = 104638 m™3
1 =0MAIm™2

l

[ =.444e+000
3.263e+000 ;
2.081e+000 :
2.900e-+000 :
2,719e+000 ;
2.538e+000 :
2.356e+000 ;
2,175e+000 ;
1.994e-+000 :
1.813e+000 ;
1.631e+000 ;
1.450e-+000
1.260e-+000 :
1.088+000
9.0632-001 :
7.2502-001
5.4382-001
3.6252-001 :
1.8132-001 :
<2,103-006 : 1.813e-001

=3.625e+000
3.444e+000
3.263e+000
3.0831e+000
2.900e+000
2.719e+000
2.533=+000
2,356e+000
2.175e+000
1.994e+000
1.813e+000
1.631e+000
1.450e+000
1.26%e+000
1.088e+000
9.063e-001
7.230e-001
5.438e-001
3.625e-001

Density Plot: |B], Tesla
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Example: Magnetic Circuit With Steel

 Estimate airgap field B, assuming grade 37 NdFeB
 Airgap g, magnet thickness t,,
_ - o

STEEL _////M—-»o /S //;"-*

tm] | ,(/ IT_S
g T
xm{ | -‘5 ["’

7 77 vl / /
Assume WMo Saturyh gm “,sbaf_ |

Electromechanics Magnetics and Energy Conversion
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Example: Magnetic Circuit With Steel

* This analysis also ignores leakage

s 7IITAme T IIE . D2k, +Hy g = 0
lémr I 4/' S ( A'MP'C re's )au)
J T ‘ Hg g% _ % |
i (ﬁangh}uﬂﬁ’ vela ,m)
/// // /// 7 7 _
Assume Vo Satuwrgh @ M | Sbae . le(m 7f,,,, - K/m 3 = 9
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Example:
Magnetic Circuit
With Steel ---
Operating Point
vs. Magnet
Thicknesst, ¢

L 1
=/ Doo, 004 ~750,000 -808,060 = 280, ove ”7'510”

- 7.0
0.35

46,65
Jog

I
y
{
{

3
1
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Example: FEA with Magnet Thickness t = g/2
—\—\

W NI SN
T —i
IS L1772
L AN A

) o
W« o [6,] [
| 1 | |
w
3
—
'3
o
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Example:

FEA with Magnet Thicknesst. =g

Magnetics and Energy Conversion
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Example: FEA with Magnet Thickness t = 29

00000000
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Example: Comparison of Different Magnet
Thicknesses

Bpk, 2D analytic Bpk, 2D FEA
tm=g/2 0.65T 0.58T
tm=g 0.85T 0.73T
tm=2g 1.05T 0.82T

1.00E+00

8.00E-01 _—

6.00E-01 /\
4.00e-01 //\\

2.00E-01 /// \\\

0.00E+00 T . T T T . T T 1
0.00E+00 1 00E+0Q JO0E+00 3 00E+00 4 00E+00Q 5.00E+00 6.00E+0 7 00E+Q0 8 00E+00Q 9 O0E+00

-2 00E-01 // \\

-4.00E-01 _// \\

-6.00E-01 -/ \

-8.00E-01 =

-1.00E+00
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PM and a Winding

 Many motors have permanent magnets, steel and windings

< I . .
Cein S G2 Analysis of PM in closed core,
[ A with excitation:
—
T Permanent < ») —
I magnetic . )Nturns H mlm = NI
v material 0 NI
H, = —
b J Im
A 4
Electromechanics Magnetics and Energy Conversion
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PM and a Winding --- Load Line

* Note that demagnetization can occur if current is
sufficiently high

B

4 N A

Core, © >

i h | ~ OPERATING "

l PaoimT
R
—0
T Permanent ») N
I magnetic 9 turns
v material ——0

A _4

<. J
H 1) L
NI
: l*n
Electromechanics Magnetics and Energy Conversion
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Another Example --- Excitation and Airgap

_ B? (1) Ampere’s law:
3] < H.l,+H,9=NI
Y =
2 1 T | g N (2) Constitutive law: B, =u,H,
- (3) Gauss’ law: B A, =B A,
Solve for B,-H, load line:

Rt

Electromechanics Magnetics and Energy Conversion
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Another Example --- Excitation and Airgap ---

Bq
3
Y

,Q,.,,,Y 7!

Electromechanics

Load Line
B
A
SvorE =
& A A
m
N Ho poa
D N ;
OPERATING
PoinT
H, < -
W e
NI,
"Qﬂh
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Interesting Calculation Tool

Total Magnetic Solutions™

Magnet Design | Info Request | PDF Catalogs

Calculate the Flux

W} oF 4 Density of a Plain
aensn : Rectanqular Magnet
 width 27

Uze to calculate the flux

I:_ Thickness | E0R denszity at a distance ¥ above

the surface and on the

{ Distance X | 0100 center-line of a reckangular

shaped magnet,

ICeramin: 1 _j ¢ 200
Enter the Length, Width, and
Gauss at X RP7 Thickneszs of the magnet,
o distance ¥ from the zurface,
f Calculate 3 zelect the rmaterial from the

pull down menu, and pressz

the Calculate buttan far the
result, Distance units can be
in any swstam,

Reference: www.magnetsales.com
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What Can You
Buy?

Reference: www.dextermag.com
Electromechanics

Part Number
PN35C12508-N
PN45C01408
PN45C01398
9456680
CM40685
PN3RCO2508
97055138
97056138
PN45C12008
PN36SHCO3308
94055360
97054460
94055628
94048228
NAGTAED
CM41085-2630
CM41026-3220
CM40713-3714
CM41087-3714
CM41028-2630
CM40824-3714
CM41029-3714
CM41090-2630
CM41091-2630
CM41092-3220
CM41093-3714

Material
N36
N5
Na5
a4ER
4014
N36
a7ck
a7Ch
N45

N385H
O4ER
a7Ce
94ER
94E4
34B
2630
3520
4014
014
2630
014
4014
2630
2630
3520
404

Diameter
0123
0.140
0.182
0.250
0.250
0.250
0.250
0.251
0.328
0.330
0.370
0.375
0.375
0.499
0.500
0.500
0.500
0.500
0.625
0.625
0.866
0.873
0.873
1.000
1.000
1.000

NdFeB Rounds

Length
0.250
0.500
0.057
0.100
0.125
0.250
2.000
0.200
1.200
0.330
0.250
0.125
2,100
0.188
0.190
0.250
0.250
0.250
0.250
0.250
0.393
0500
0500
0500
0500
0500

Orientation

- - - -  — 2 ~—~ — ~ — ~— — B2 —

= = - ~ ~~ = = ~= = =

—
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NdFeB Blocks
Part Number Material Thickness Width Length Orientation
W h a.t C a.n YO u CM41030-3714 4014 0.250 0.325 0.500

n

CM41094-2630 2630 0.250 0.500 0.500 I
B uy? CM41095-3220 3520 0.250 0.500 0.500 I

CM41096-3714 404 0.250 0.500 0.500 I
PN36HR29338 N36H 0.203 0.560 1.044 T L
PN38HRo990B N3aH 0.315 0.750 0.990 T
PN38HRO3758 N3aH 0.375 0.866 2.362 I
CM40325-3714 404 0.500 0.750 0.750 I
CM40729-3714 4014 0.500 1.000 1.000 I ] T
CM41097-2630 2630 0.500 1.000 1.000 I Y
CM41088-3220 3520 0.500 1.000 1.000 T
CM40975-3714 404 0.580 0.750 0.750 T
PN38HR01228 N3aH 1.000 2,000 2.000 T
CM41099-2630 2630 1.000 2,000 2.000 I
CM40680-3714 4014 1.000 2,000 2.000 T
PN4EROT00B N4z 1.000 2,000 2.000 T

Reference: www.dextermag.com
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What Can You
Buy?

Reference: www.magnetsales.com

Electromechanics

Rectangular Magnets - Finished Sizes sorted in
ascending order of Length, Width, and then

Thickness.

Item
*
-

3EME111111

35ME111111-
MI

30MEZ261916-
MI

3EME301412

35ME323232-
MI

3EMESO1Z212

3ENEG42424

3EMNEG46416

3EMEG46432

3EMEG46432-
MI

35MNE209620

3EMEZEB1107

3EMEZ2B812832

3EME2B12832

3EMEZ2B1Z2864

35

=0

35

35

35

35

35

35

35

35

35

25

35

35

0,175 0.175 0.175

0.175

0,400

0.475

0.500

0,790

1.000

1.000

1.000

1.000

1.500

2.000

2.000

2.000

2.000

2,

175 0,175
290 0.250
230 0.190
500 0.500
195 0.195
375 0,375
000 0.250
000 0.500
000 0.500
305 0.305
170 0.107
.000 0.500
000 0.500
ooo 1,000

Die Pressed,
Machined

Die Pressed,

Machined,
Mickel
Plated

Die Pressed,

Machined,
Mickel
Plated

Die Pressed,

Machined

Die Pressed,

Machined,
Mickel
Plated

Die Pressed,

Machined

Die Pressed,

Machined

Die Pressed,

Machined

Die Pressed,

Machined

Die Pressed,

Machined,
Mickel
Plated

Die Pressed,

Machined

Die Pressed,

Machined

Die Pressed,

Machined

Die Pressed,

Machined

Die Pressed,

Machined

Tolerances on "machined" blocks are the greater of
+1.5% of the dimension or £0.015" on cross sectional
dimensions, and +0.005" on the arientation direction.

Magnetics and Energy Conversion
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Magnetization Patterns

@ .

Diametrical Radial Parallel fo lengeth
[
Radial through Parallel to Multiple pole
arc segment thickness

Different Magnetizing Patterns Give Different Results

Except for the reqular Hexible amd Ceramic 1 materials, oll magnet materials
are “pre-oriented ” and con onfy be magnetized in a particular direction.

Standard (or “comventional”) magnetization is straight through the orientation dirsction,
and produces coe North pole and one South poe. The Rare Farth magnets are exiremely
difficult to magnetize in non-standard ways. However, the Flexible and Ceramic types
can be magnetized in many non-standard ways to give special Tesulis,

Reference: www.magnetsales.com
Electromechanics Magnetics and Energy Conversion
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COsT

Comparison $

STRENGTH

b b

Mﬂ!‘&i‘fﬂg i E 9 ;.. E 0
Color Index I ! 5 ia E
. . . RESISTANCE TO DEMAGNETIZATION

®

.

MACHINABILITY

'f

3

MAXIMUM PRACTICAL OPERATING TEMPERATURE

Reference: www.magnetsales.com
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Comparison of Maximum Operating

600
3
= 500
5
[~
5 400
5
o
= 300
£
=
§ 200
g
E 100
=
=

0

Temperatures

Alnico

EEC SmCo (1.3, 2:17)

Commercial SmCaofl:3, 2:17)

ferrite Nd;Fe B

0 10 20 30 40 30 60

Energy Product at 25 °C, (BH )y (MGOe)

Reference: http://www.electronenergy.com/media/Magnetics%202005.pdf

Electromechanics
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Comparison of Maximum Operating
Temperatures

50 (BH), .. Versus Maximum Operating Temp.
| O
45 - “\\ NdFeB
1 mj
40 4 ]
) J \
3 35- \
= O O
301 v\ L
x ] . O SmCo
f"-“-E 25 = Yy
T i ~—
— :2[] i “i_j\
15 - O
I

100 200 300 400 500 600

c . o
T Maximum Operating Temp. ((C)

Reference: http://www.electronenergy.com/media/Magnetics%202005.pdf
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Magnet Comparisons

Approx. Maximunmn Operating
Temperatures

ar aF
MdFeB 140 284
SrnZo 200 272
Fearrite 200 272
Alnico 240 1,004
Flexible 100 2172
I e N
(% / pnund] %/ BHmax]
Flexibible £1.00 $£0.60
Ceramic 3 $£2.00 $0.50
Alnica 2 $20,00 $4.30
SrncCo 20 $100.00 $6.00
MdFeB 40 $£50.00 $£1.40
Reference: www.magnetsales.com
Electromechanics Magnetics and Energy Conversion
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PM Online Resources

http://members.aol.com/marctt/
www.dextermag.com

WwWw.magnetsales.com
http://www.grouparnold.com/

Magnetic Materials Producers Association (MMPA
standard)

Electromechanics Magnetics and Energy Conversion
2-139


http://members.aol.com/marctt/
http://www.dextermag.com/
http://www.magnetsales.com/
http://www.grouparnold.com/

Some Very Brief Comments on Superconductors

« Superconductors have zero resistance if the temperature is
low enough, the field acting on the superconductor is low
enough, and the current through the superconductor is low
enough

e Superconductors are classified as “low temperature” (NbTI,
NbSn) or “high temperature” (YBCO, BSCCO)

 Low-Tc superconductors are usually chilled with liquid helium
(4.2K)

* High-Tc superconductors are usually used in the 20K-77K
range

Reference: Y. Iwasa “Case Studies in Superconducting Magnets,” Plenum Press, 1994
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Some Data on Low-Tc Material

e Shown for niobium titanium
e This type of superconductor is used in the Japanese MLX
500 km/nr Maglev

JlrIr.l’

h

/
—

Current density (ks mm=)

Electromechanics Magnetics and Energy Conversion
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Some Data on High-Tc Material

e Some superconductors are anisotropic; I.e. superconducting
tapes

Wire performance with magnetic field Wire performance with magnetic field
parallel to tape surface perpendicular to tape surface
67 T 6 [
& 20K 1 & 20K
s - 35K — = 5 - 35K
E - 50K E - 50K
a == GAK [ T 4 =4 BAK
g .\ 70K g 70K
-3 L\&ﬁ\‘ = JIEL o E | - 77K —
] : ""‘--u-—___L £
] N e "‘\\,____h_ @ 5 —]
(=] e = !
% —] ?l: .\\,‘ "_‘—-lr-_____.
“ ‘e e b o e
- b_‘_-_‘_\-““ 1

" 1] 1 2 3 i 5 (-] 7 B
0 1 FJ 3 4 5 6 7 B " :
parallel Magnetic Field (Tesla} Perpendicular Magnetic Field (Tesla)

Reference: American Superconductor, www.amsuper.com
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Quotes

It is well to observe the force and virtue and consequence of
discoveries, and these are to be seen nowhere more
conspicuously than in printing, gunpowder, and the magnet.
--- Sir Francis Bacon

The mystery of magnetism, explain that to me! No greater

mystery, except love and hate.
---John Wolfgang von Goethe

Electromechanics Magnetics and Energy Conversion
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Transformers --- Overview

» Selected history

» Types of transformers

 Voltages and currents

e Equivalent circuits

 VVoltage and current transformers
e Per-unit system

Electromechanics Magnetics and Energy Conversion
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Selected History

« 1831 --- Transformer action
demonstrated by Michael
Faraday

e 1880s: modern transformer
Invented

This Stanley transformer from the

first ac power station in Great
Barrington, Massachusetts, dates from
1885. The transformer is about a foot
long; copper windings wrapped with

cotton protrude between wood

endpleces at the left. The middle arm of

E-shaped iron laminations was slid into

Photo of Faraday’s origindl frans- the prewound coil in alternating direc-
former (courtesy MIT Burndy Library). tions. The ends of the other two arms are
visible as dense regions at the top and
Reference: J. W. Coltman, “The Transformer (historical overview),” IEEE bottom of the laminations.

Industry Applications Magazine, vol. 8, no. 1, Jan.-Feb. 2002, pp. 8-15

Electromechanics Magnetics and Energy Conversion
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Early Transformer (Stanley, c. 1880)

(¥o Medsl)

W. 8TANLEY, Jr.
INTTCTION O01L.
No. 348,611, Patented Sept. 21, 1886,

William Stanley

Electromechanics Magnetics and Energy Conversion
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Faraday’s Law

e A changing magnetic flux impinging on
a conductor creates an electric field
and hence a current (eddy current)

d
iE-dI:—aiB-dA

* The electric field integrated around a
closed contour equals the net time-

varying magnetic flux density flowing Ty
through the surface bound by the \"“
contour T

e In a conductor, this electric field create 3, %~
a current by: J=06FE i

 [nduction motors, brakes, etc.

Electromechanics Magnetics and Energy Conversion
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Magnetic Circuit with Two Windings

« Note that flux is the sum of flux due to I, and that due to I,

a9
ot
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Types of Transformers

There are many different types and power ratings of
transformers: single phase and multi-phase, signal
transformers, current transformers, etc.

Electromechanics Magnetics and Energy Conversion
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Instrument Transformer

* Instrument transformers (voltage and current) provide line
current and line voltage information to protective relays

and control systems
e Current transformer shown below

TORROID CORE

]

SECONDARY WINDINGS, N;
LEADS

[URNS 1:N,
RATIO 1 pgipany © A

Reference: L. Faulkenberry and W. Coffer, Electrical Power Distribution and Transmission, Prentice Hall, 1996, pp. 131
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200A Current Transformer (CT)

Applications

»  Sensing Overload Current
»  Ground fault detection

»  Metering

» Analog to Digital Circuits

Electrical Specifications @ 20°C ambient

Electrical Specifications

Primary Current 200A nom., 500A max.
Turns Ratio 1000:1 nominal
logdlt per Amp Ratio at 2004 for 100 ohm 0.100 WiA
Volt per Amp Ratio at 20A for 100 ohm load 0.0991 ViA
DC Resistance at 20°C 11 ohms
Dielectric Withstanding Voltage (Hi-pot) 4KV rms
Mechanical Specifications
— _ _ _ Case Polycarbonate
* T Encapsulant Epoxy
::}I'I-TI'I—:J[;P';,I' 2004 ) RS 5W oy Flammibility Conforms to UL94-VO
100 ohms Terminals Pins @ 1.0mm
- _ l TALEMA
Marking Date Code (W)
AC1200, Dot at start pin
Approximate Weight 150 grams
Tolerance +0.2mm

Reference: http://rocky.digikey.com/WebLib/Amveco-Talema/Web%20Data/AC1200.pdf

Electromechanics Magnetics and Energy Conversion
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Voltage Instrument Transformer

Voltage Transformers

Applications

m For single phase valtoge measurement in AC power system

Features

Resin cost moulded plastic coses
Integral fuses ovailoble on some models
Designed to meet IEEE C57.13

50Hz design available

UL Recognized and C54 Approved

Reference: http://www.geindustrial.com/products/brochures/ITI.pdf

Electromechanics Magnetics and Energy Conversion
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Audio Transformer

P.C. BOARD MOUNT - EPOXY POTTED

1 ]
BROADCAST QUALITY o 112
AUDIO TRANSFORMERS j I%
I
2 < 8
» Rugged black epoxy potted case with 9 pin connections - o— : e g
(.025" square by 0.5" long). E 2 | T §
« Frequency response @ 0 dbm +/- 1 db max. (+/-0.5db is e @ Q T
typical) of 30 Hz. to 30 Khz., except 5600Q which is 30 Hz. y |
to 15 Khz. I
4 % 3
o— —g
0
SH

Reference: http://rocky.digikey.com/WebLib/Hammond/Web%?20Data/560,%20800-844,%20850%20Series.pdf
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Pulse Transformer
e Used for triggering SCRs, etc. where isolation is needed

=
-

PRI kL
2 ot A. Electrical specifications (@ 25° C)
1. Leakage Inductance;
20 u H MAX
. . 2. DC Resistance:
1 3 (1-2) 2.5 0 MAX

Hrimmary |
Secondary (3—4) 1.5 0 MAX
3. Primary El—constant;
0.0V— ws MIN
4. Turns Ratio;
(1=2) : (3-4) = 2 : 1.00 15%
nterwinding Capocitance;
80.0 pF MAX
“rimary  Inductance;
1.0 mH MIN
/. Lielectne Strength;
AC 2600 Vrms 1 minute @ Pri to Sec

o

o

Date code ——

Reference: http://rocky.digikey.com/WebLib/Tamura-Microtran/Web%20Data/STT-107.pdf
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Power Distribution Transformer

* Provides voltage for the customer

« Typical voltages are 2.3-34.5kV primary, and 480Y/277V or
208Y/120V 3-phase or 240/120V single phase

* Pole-top transformers typically 15-100 kVA

L b

Reference: http://www.geindustrial.com/products/brochures/DEA-271-English.pdf
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E Core Transformer

} yZl

e

a $
? p—— e lte— £ —5 a /
2 T ! =¥ /
By A l.4a 1.9
ha
i? / oy £ /
b B
fa) fhi {c)

Figure 30-6 Dimensioned diagram of {a) a double-F. core {6) bohhin, and (¢) assembied
core with winding.
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Offline Flyback Power Supply

i§
Hre
—
a2

MASTER

[~ £L
I,/
SMPS IC REGULATOR

!

FIGURE 1 :

SIMPLIFIED APPLICATION DIAGRAM

1_|JL

P. Maige, “A universal power supply integrated circuit for TV and monitor applications,” IEEE Transactions on Consumer
Electronics, vol. 36, no. 1, Feb. 1990, pp. 10-17
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Transcutaneous Energy Transmission

Skin
Outside Inside
body body
DC E Switching :_ ] E"i —_
power - circuit 3 ! |Rectifier —A]::::‘:‘al
source E (100 kH2) | | :
Transcutaneous
' transformer

Transcutaneous DC-DC converter

Fig. 1. Transcutaneous energy transmission system for an im-
plantable artificial heart. :

An‘u:vfﬂl"ous . Litz wire
magnetic fibers

Energy
Armorshous receiving coil
magnetic fibers Litz wire

Fig. 2. Transcutaneous transformer.

H. Matsuki, Y. Yamakata, N. Chubachi, S.-1. Nitta and H. Hashimoto, “Transcutaneous DC-DC converter for totally

implantable artificial heart using synchronous rectifier,” IEEE Transactions on Magnetics, vol. 32, no. 5, Sept. 1996, pp.

5118 - 5120
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Power Transformer

CoakCil Flow Part

Core

High-\voilage

Low-oltag= Coll

Thetyplcal modern fansformer s submergedin allfarinsuation and coeoling and s s=aledinan arighttark. Low. and
high-valtage powerlines lead to and from the cols threugh ceramic bushimgs. Inside the fransfamer, colls and core are
packed closetagether fominimie & l=cidc al losses and material o asts. The oll coolant crculates by convection throwgh ex.

ternal radiaters. In large ransformers coclng ls expadied by attaching Fans to the radiators and creulation the o with
PUMIES.

Reference: J. W. Coltman, “The Transformer (historical overview),” IEEE Industry Applications Magazine, vol. 8, no. 1, Jan.-
Feb. 2002, pp. 8-15
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Superconducting Transformer

Cryocoolers / Heat
Exchanger

LN; Tank w/
Recondensing -

Cryocooler

Iron Circuit

HTS Phase
Sets (3)
Thermal Radiation
Shields

Fig. 13.  Schematic of the major system components of a 5/10
MVA HTS transtormer.

Fig. 15. Completed 5/ 10 MVA WES/SP/ORNL HTS transformer
under test at the Waunkesha Electric test facility.

Reference: W. Hassenzahl et. al., “Electric Power Applications of Superconductivity,” Proceedings of the IEEE, vol. 92, no.
10, October 2004, pp. 1655-1674
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Transformer Under No-Load Condition

Primary winding, By Faraday’s law:
N
turns B dﬂ’l B d(D
. Ll € = =N
Ly \ r oY dt dt
= R BE
N e : : :——:r—-) = wN®D __ cos(wt)
() WO
= g :, : :—4:) RMS value of e;:
| | ZﬂfN(D
N e El,rms = = \/Eﬂf NO .
J2
If resistive drop in winding is
negligible:
CD . El,rms
max
V2N
Electromechanics Magnetics and Energy Conversion

2-161



No-Load Phasor Diagram

and fundamental is generally out
of phase with respect to flux

e In-phase component is from
By o s . core losses

I . . .
—s e Winding current has harmonics,
I
1
1
1
1
1
1
I

b P, =El,cosé,

e Magnetizing current is 90
degrees out of phase

Electromechanics Magnetics and Energy Conversion
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Example: Transformer Calculations

Fitzgerald, Example 2.1. In Example 1.8, the core loss
and VA at Bmax = 1.5T and 60 Hz were found to be: P,
16W and VI = 20 VA with induced voltage 194V. Find
power factor, core loss current |. and magnetizing current

ml
I - E—r i
- — C
= T Dr >
— 2 s I
' g H ¥ 0(: I El
21in 15: ik I
: -5;: i |
T i |
T :EE‘E: 10n |
2in (1 .
& e e 1 o EI R
r S e ‘Z _____________
{: | Al Iy i
—D—"/. ' ‘_:flfé ¢
J".u'=3-|]:lturfn: % SEERESE .
; Py E":-. _TtL A
. B 1’_‘? o
e <>
Figure 1.15 Laminzted stesl core with winding far
Example 1.5,
Electromechanics Magnetics and Energy Conversion
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Example: Transformer Calculations --- Solution
Power factor:

PF =cos(6,) = 1 _oe 9 ”I ;
20 c |
EXxciting current 5y S, 1
| = VA_ 20 _ 0.1A b
YV 194 0
Core loss component I
16 o7 > £
|. =——=0.082A ¥ =37
194 = r
To

Magnetizing component
I, =1,sing,|=0.060 A

Electromechanics Magnetics and Energy Conversion
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ldeal Transformer with Load

PR Ideal transformer:
hyoe | | e 2 dd
— | | — _
_|_ | P c——_i _?_ Vl _ 1 d
C"---I—--D ]\]1 a7 t
CN) v Q] N, —P 2 Load dd
_ C I | . V., = N _
b dEmi__~ 2 2
- : | - dt
|
Nmmmee e —~ 2 _ Nz
Vq Nl

Electromechanics

By Ampere’s law:
. N,

l

N, —N,I, =0 = -
I2 1

(Also, by power balance,
Vil = V,l,)

Magnetics and Energy Conversion
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Impedance Transformation

N, N,

a Cr
F 3 TII-— . . T“-

¥ 5 Iz 4

\1,§Zz
b {

(a)

L N z N, AN, ) '\ Z,

Therefore, impedance at input terminals is:

~ 2
Vi g [N
|, N,

Electromechanics Magnetics and Energy Conversion
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Equivalent Circuits

 These 3 circuits have the same impedance as seen from
the a-b terminals

(Nl)z
Z AL
2
ag . S NN N
[ _E—p- ° ° -?—b- a A“\/# | 2
+ | 2 + - ° ® T"'
/ i 2
17 v, § Z T /|
= = 1_}]
b O '
(a) _l
a r:? - b
1
+ : (b)
N\
Vi L\,
L |
bo
(c)
Electromechanics Magnetics and Energy Conversion
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Example: Use of Equivalent Circuits

e Fitzgerald, Example 2.2

« (a) Draw equivalent circuit with series impedance
referred to primary

e (b) For a primary voltage of 120VAC and a short at the
output, find the primary current and the short circuit
current at the output

Sef
I Ix R, X i, R X i
+ O > o ANA—TIT—0 A o AAN—TTT o o A
) * srs 4T oe
v g é v v,
- o o B — 0 o o B
Ny N N, N,

Electromechanics Magnetics and Energy Conversion
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Example: Impedance Transformation

2

C N .

Rz"‘ sz :(N_lj (Rz"'JXz)
2

=25+ J100

I, R X5 /

i I, Ry X2 i —2y
ot e AN T—5 & o——AMN—TI0—o 0 A
o0 * / 52 45 .o

v, v, Yi
o — O O o B
ol 0 £ OB AT J
N, N, N N
Electromechanics Magnetics and Energy Conversion
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Example: Input Current with Output Short Circuit

—ty |: Ilal'f' HJPEJQHH. =0

% Gg

v Hf‘r;m
S__ V120 (25— 100
" R,+jX, 25+ j100{ 25— j100

|, =0.28— j(1.13)
~/0.282+1.13% =1.16A

1 rms
I :5I =1.4— j(5.65)
|, e =V1.42 +5.652 =5.8A
Electromechanics Magnetics and Energy Conversion
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Non-ldeal Effects in Transformers --- Magnetizing

Inductance

* Areal-world transformer doesn’t pass DC

 From either set of terminals, the impedance looks like an
Inductor if the other set of terminals Is open-circuited

 Can model this as an ideal transformer with a magnetizing
Inductance added.

 The magnetizing current i, produces the mutual flux which

couples to the secondary
" ot <
' " 5 +
3E | 2
o

d_v - p
4+ b |
Tl
v m%
- | 1

o

Electromechanics Magnetics and Energy Conversion
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Mutual and Leakage Flux

* Not all of the flux created by winding #1 links with winding #2.
MuTuhe Frux

| 7
m

«

J UV

LERKAGE
Fruvy

Electromechanics Magnetics and Energy Conversion
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Mutual and Leakage Flux

Resultant mutual flux, ¢

' > ‘l* ™\
s - .
' e 4 ™ r ™ 4 ™
] X L X
Y Y Y Y
1 1 2 2
\ y, \. J \ J . v,
A A
\ .
. y
\ \\¥
Primary Secondary
leakage flux leakage flux
Electromechanics Magnetics and Energy Conversion
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Non-ldeal Effects in Transformers --- Leakage

* Not all of the flux created by winding #1 links with winding #2.
 Therefore, real-world voltage transformation is not exactly
equal to the turns ratio, due to the voltage drops on L,, and

I—k2

Lkr TDEAL Lkg_
o A L MM, ‘ T —m0
|
Cle oo
‘ |
Lhn J }
|
R /
L T O

Electromechanics Magnetics and Energy Conversion
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Transformer Equwalent Clrcwts

X;1

O—’\N\;’fﬂfﬁ* O—N'\N’?m“ﬁ"‘

"l

ot
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Example: Use of Equivalent Circuits

e Fitzgerald, Example 2.3: A 50-kVA 2400:240V 60 Hz
distribution transformer has a leakage impedance of
0.72+)0.92Q2 in the high voltage winding and 0.0070 +
J0.0090 Q in the low-voltage winding. The impedance Zo
of the shunt branch (equal to R +}X,,, in parallel) is 6.32 +
j43.7 Q when viewed from the low voltage side.

Draw the equivalent circuits referred to the high voltage
side and the low voltage sides.

SOLUTION:
Note that N1:N2 is 1:10, so impedances step up and
down by 100

Electromechanics Magnetics and Energy Conversion
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Example: Solution
Z; =0.72 + j0.92 z,,=0.70 + j0.90

0.72+j0.92Q in the high : YWy >

|
voltage winding and :L
0.0070 +j0.0090 Q in the Z, = 632 + 4370 3
low-voltage winding. :
--- The impedance Z¢o of o .
the shunt branch (equal (a)
to R, +jX,, in parallel) is
6.32 +J43.7 Q2 when Z, = 0.0072 + j0.0092  Z, = 0.0070 + j0.0090
viewed from the low ?
voltage side.

--- Leakage impedance of

Electromechanics Magnetics and Energy Conversion
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Approximate Transformer Equivalent Circuits

o “Cantilever circuits”
 Ignoring voltage drop in primary or secondary leakage
Impedances

fl le: RI+R: xeli=x|ul+ lez RUHERI--'-R: Xﬂ|=xf]-:-xf2
—_— W
= YWV = ¢ i =
I’z + + l’] ¥ IE +
v v v
ll ll RE‘ X[ﬂ lz
Electromechanics Magnetics and Energy Conversion
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Approximate Transformer Equivalent Circuits

« Circuit If we ignore the magnetizing inductance and core
resistance

Electromechanics Magnetics and Energy Conversion
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Example: Use of Cantilever Circuit
* Fitzgerald, Example 2.4

Zﬁl =1 . 2{1 _
ﬂ"iﬂd‘-hoﬁl ©.1 .;...,'aﬂ-QD 1041
i V]
v ZEY =
' £33 +3H30 % Va
T ' - —
Using T-model:
R Z 1 :
V, = (2400 ? ( j: 239.9 + j0.0315
Req= Xeq= le +7Z 10
1.42 Q 1.82 Q @
ao AN 00 ——o ¢
{j% Using cantilever model:
Z,= 632 + j4370 Q A 1
V, = (2400)(—j = 240
b O od 10
Electromechanics Magnetics and Energy Conversion
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Example: Find V,
o Fitzgerald, Example 2.5

c 1 =208A
Feeder Transformer 20_8._ at 0.80 pF, lag

A

1.42 + j1.82

0 1.6
0.30 + j1.60 +

V. =2400 V V, | Load

_ l -

(a)

(b)

Electromechanics Magnetics and Energy Conversion
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Electromechanics

Feeder Transformer I=208A at 0.80 pF, lag
ANN—TO0
0.30 + j1.60 142 +j1.82
V. =2400V Vs

|

Example: Find V,

Load

|

From node equatlons
V V +1 R+jX|

i

Magnetics and Energy Conversion
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Example: Find V,

-We need length of vector Oa (which is V5)

-We know length of vector Oc (which is 2400V)

ab =1Rcosd+ IXsin@ = (20.8)(1.72)(0.8) + (20.8)(3.42)(0.6) = 71.4
bc =1Xcosd—IRsing =355

Solve for Va:

(V, +ab)® + (bc)* =V? =V, =233V
2 S 2

Electromechanics Magnetics and Energy Conversion
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Transformer Testing to Determine Parameters

e By doing various tests on a transformer, we can
determine the equivalent circuit parameters
e Testing includes open-circuit and short-circuit testing

Electromechanics Magnetics and Energy Conversion
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Short-Circuit Test

I R, Xil X1, R
o AT T — AN —o0—
+
.II}S‘: RC Xﬁl
O O
” Req . xeq =
lse R, + R, Xfl']‘ XL.
o AAN— T o
_|_
1}5‘; R{' xﬂﬁ
© o
(b)
Electromechanics Magnetics and Energy Conversion
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Short-Circuit Testing

LH’i th h: .’MQ_ Lkl Rwa_
AN

I—m >> I—kl, I—k2 and Rc >> Rwl, RWZ

N % Using the simplified circuit, we can
Lec R, ka K approximate:
T — AW ¥ '
;"_ Z ~ VTEST
Vigsr C’D T - | et
. P
. Rec =Ry + Ry, ==
ITEST
Xge ® \/Zeq RS

Electromechanics Magnetics and Energy Conversion
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Open-Circuit Testing

I R X X R
oc 1 I 2 2
+
+
VD{' Rl.‘ Eﬂc X['Il
O O
(a)
5 Xq= Ry=
—
o TT—AAM—o
_I_
{}nc Rc X[TI
O O
(b)

Magnetics and Energy Conversion
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Open-Circult Testing

 There Is no secondary current

i ,
VTEST (gl Tresr L Re

Electromechanics Magnetics and Energy Conversion
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Autotransformer

Conventional transformer Autotransformer redrawn
° o e ° -
h’]% EN; D—(g N,
O O -

: b
N+ N, < &——O
]

Connection as autotransformer
¥ My

Electromechanics Magnetics and Energy Conversion
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Staco Autotransformer

TYPICAL SCHEMATICr :
LIGHTED '
SwWiTCH cw
PLUG r S FUSE

"“-\1 :4"} : ) [ Qf

= ! | i
I : RECEPTACLE
{ ! P N
S B I o

77 '
Reference: Staco
Electromechanics Magnetics and Energy Conversion
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Autotransformer Drawing

B[  0z1-1648

[
w | m

A 24538 | 3712707|
FEVISED SILKSCREEN

— 462 [117.4]
—— 4.38 [111.1] —

— 3.75 [95.3]
- 3.50 [88.9] ‘

KNOB ‘ I/;?é;;\.’\\‘- N’so[;""w:?h}%\ :L:;D
231 [58.7] || B \<\\
\ i 375 [95.3]
|
\ [88.9]
6,96 [176.8]
.29 [7.4]
4 PLACES

T = s
= Tpr SN

— 3.18 [80.8] —
ol 3 RECEPTACLE
)I | PN
| —1 i |
e \ /
. N
1.08 [27.0] — — _I SCHEMATIC
i [ [
NCOEL 3PK10108

= WUT 1304 50,60H
) QUTPUT 0—140% 10 AMP 1.4 KVA
=

5.50 [138.7] SPECIFICATIONS

]
|

= 12 ANP
q ‘;&% INFUT OUTPUT

i CONSTANT
E E LT ) ] | current

-] - WIRING | VOLTS |HERTZ | VOLTS LOAD
= 00 WA | MAX.
| = ((ﬁ a AMPS| Kva
l p'ﬁfi'é 120 |s0/60|0—140| 10 | 1.4

28 [7.1] THK. TG, FLANGE

- | BT, R | S8 | SPEC. CONTROL DRAWING O
@E/\_ == —| VARIABLE TRANSFORMER é'ﬁ-ﬂg‘l'
& FT. LINECORD = MODEL: ZPN1010B  |emaosuers co.
T riren e g g T ES Y e
S el st T [P Sl v B -
PR EELTR RS ™ o i ] D | 0311648

Reference: Staco
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Autotransformer Brush

Electromechanics Magnetics and Energy Conversion




Damaged Autotransformer

Electromechanics Magnetics and Energy Conversion
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Example: Autotransformer

e Fitzgerald, Example 2.7

o 2400:240V 50-kVA transformer is connected as an
autotransformer with ab being the 240V winding and bc is
the 2400V winding.

(a) Compute the kVA rating

(b) Find currents at rated power

Vi = 2640 V
_|_

V.= 2400V

O

O

Electromechanics Magnetics and Energy Conversion
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Example: Autotransformer Example --- Solution

208 A
For 50 kVA, rating of 240V winding Is: [—>

50000/240 = 208 A

oo

The autotransformer VA rating is:

228. SA%
V, 1, =(2.64kV)(208A) = 549 KVA . %

Rated current at low-voltage winding: 20 8A

1 2590) 2z

228 8 A 2{}8 A

Electromechanics Magnetics and Energy Conversion
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Some Comments on Autotransformers

» Autotransformers differ from isolation transformers in that
there is no isolation between primary and secondary

 However, this lack of isolation allows some of the
transferred power to be conducted from primary to
secondary instead of magnetic induction

« Autotransformers in general require less core material
per kVA rating

« Autotransformers used where lack of isolation doesn't
pose a safety issue

Electromechanics Magnetics and Energy Conversion
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Example: Magnetic Circuit Problem

e Fitzgerald, Problem 2.2
e A magnetic circuit with a cross-sectional area of 15 cm?

IS to be operated from a 120V RMS supply. Calculate the
number of turns required to achieve a peak magnetic flux
density of 1.8 Tesla in the core

{ 1 A= /Sem®

(20 (é—f;f ! ‘)‘T’;

Electromechanics Magnetics and Energy Conversion
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Example:
Magnetic
Circuit Problem
--- Solution

Electromechanics

Fluxis: ® =®__ sin(wt)

The time rate of change of flux is:
4o _ ®d . Ccos(wt)
dt

The time rate of change of flux linkage is:
a1 _ N 4o _ No®d . cos(at) =V

dt dt

Let’s relate flux density to flux:

)

max — B
max
A

So, we can solve for N

N Jav (+/2)(120) 1667
B A (27 x60)(1.8)(1.5x107)

Round up to N = 167

Magnetics and Energy Conversion
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Example: Transformer Problem

« Fitzgerald, Problem 2.4

A 100-Ohm resistor is connected to the secondary of an
ideal transformer with a turns ratio of 1:4 (primary to
secondary). A 10V RMS, 1-kHz voltage source is
connected to the primary. Calculate the primary current
and the voltage across the 100-Ohm resistor

L, i oy
— A -
i | +

—

1oV (~ v, é v, T 100 SL

Electromechanics Magnetics and Energy Conversion
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Example: Transformer Problem --- Solution

I‘ I;_
—r 1 -
| | + ‘—\
s e

We know that this is a step-up transformer, so
V1 =10V and V, = 40V.

We next find the secondary current 12

_ﬂZOAA

|, =
100Q2

The voltage steps up, so the current steps down;
hence
|1 = 4|2 = 1.6A

Electromechanics Magnetics and Energy Conversion
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3-Phase Connections of Transformers

I &y
T"’ Fal — ; al/s : —FT
T VA3 1v/i3a v] V/a
Vo4 GIT}L { < lf/ﬁ | ﬁlv/a
(a) Y-A connection (b) A-Y connection
[ — al —— [ —— al —
v ) [ e |
a Vi3 VI3 a
| } v { Va
— —
I3 al /3
() A-A connection (d) Y-Y connection
Electromechanics Magnetics and Energy Conversion
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Example: Finding 3-Phase Currents

 Problem: A three phase, 208V (line-line) Y connected
load has:
— Zan = 3+)4
_ an =5 _
— ch = -SJ
 Find
— (a) Phase voltages
— (b) Line and phase currents
— (c) Neutral currents

Electromechanics Magnetics and Energy Conversion
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Example: Finding 3-Phase Currents --- Solution

: - | —
V. C’% lﬂ l'ﬂ 3*""}

Ly

B G S

LhJ/

)
h
Line-neutral voltages are found by taking the line-

line voltage and dividing by V3

Ve =22 2120

V3

Electromechanics Magnetics and Energy Conversion
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Example: 3-Phase Currents --- Solution

s 344,

Line (also called phase) currents are found by taking the
line-line voltages and dividing by impedance

- 120£0°

|, = — =24/ -53.13°
(3+4])
|, = 12041207 _ 54 1900
(5)
| 1202240° ) e
(-31])

Electromechanics Magnetics and Energy Conversion
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Example: 3-Phase Currents --- Solution

 Note that loads are unbalanced so there is a net neutral
current

| =1, +1,+1, =254,155.9°

n

Electromechanics Magnetics and Energy Conversion
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480V Y System

e Line-line = 480V: line-neutral = 277V

27TV

pos

S

|

480 V

480V

277V

i

¥

27TV

FIGURE 1-1 480Y/277-Volt System

Reference: Ralph Fehr, Industrial Power Distribution, Prentice Hall, 2002

Electromechanics
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Delta System
e Line-line =480V

.||__.

FIGURE 1-2 High-Leg Delta System

Reference: Ralph Fehr, Industrial Power Distribution, Prentice Hall, 2002

Electromechanics Magnetics and Energy Conversion
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Instrument Transformer

o Used for protection, relaying, voltage or current monitoring,
etc.

Electromechanics Magnetics and Energy Conversion
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Per-Unit System

« Computations in electric machines and transformers are
often done using the “per-unit” system

e Actual circuit quantities (Watts, VArs, etc.) are scaled to
the per-unit system

e This method allows removal of transformers from
diagrams

e To convert to per-unit, 4 base quantities are established
— Base power VA, ..
— Base voltage V| .
— Base current |, ..
— Base impedance Z, ...

Electromechanics Magnetics and Energy Conversion
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Example: Per-Unit System

 Example: Asystem has Z,,.. =10 Q and V,_., = 400V.
Find base VA and |, ...

e Solution:
- Ibase - Vbase/Zbase — 400/10 — 4OA
— (VA)pase = Vipaselbase = (400)(40) = 16 kVA

Electromechanics Magnetics and Energy Conversion
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Example: Per-Unit System

e A5 kVA, 400/200V transformer has 2 Q) reactance

referred to the 200V side. Express the transformer
reactance in p.u.

e Solution:

~ (VA)pase = 5000
— Ve = 200

- Ibase — (VA)base/Vbase — 5000/200 — 25A

— Zpco =Vpaeo/lnace = 200/25 =8 O
— Z7=2.0/8.0=0.25 p.u.

Electromechanics Magnetics and Energy Conversion
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Example: Per-Unit Applied to Transformer

e Fitzgerald, Example 2.12
e Convert this circuit showing a 100 MVA transformer to the

per-unit system

7.99kV :79.7TkV

o—AMNN—TO0
L ]
Ry XL Xy Ry
0.76 mQ) (0.040Q) X, (3.759Q) (0.085 Q)
(114 £2)
o o

Electromechanics Magnetics and Energy Conversion
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Example: Low-Voltage Side
(VA) ,,e =100 MVA

199};\/;79,1'|';\frﬁ;j_cD ‘/}{M . VBASE — 799 kV
H H

o—AMN—T0 = =
RL /Y[’
(0.76 M) (0.040 ) v, (375Q) (0.085 Q) 2
(114 Q) V
_ BASE
O O

RBASE — XBASE — ZBASE = (VA)
BASE

342
_ (7.99><10_6) 06380
100 x10

In per-unit system:

-3
07097 6 0012 pui
0.638
= 902 _ 4 063 pu.
0.638
= 1787 pu
0.638
Electromechanics Magnetics and Energy Conversion
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Example: High-VoItage Side

7.99 kV : 79.7 kV

o—AAMN—000" 00 V\N" o
R XL Xy
(0.76 mE2) (0.040 £2) X (3.75 2) (0. []8"'! Q)
(1 4 Q)

(VA) paee =100 MVA
Ve = 79.7 kV

2
VBASE

RBASE — XBASE = ZBASE = (VA)
BASE

_ ((79.7><103)2

=6350Q
100x10°° j

In per-unit system:

R, = 2985 _ 400133 pu.
63.5

375
X —0.059 pu..
" 635 P

Electromechanics Magnetics and Energy Conversion
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Example: Model

e Turnsratiois 1:1, so we can remove transformer

. & 2 ST 1:1
L
Ry AL A Ry
(0.0012 pu) (0.0630 pu) ) (0.0591 pu) (0.0013 pu)
(180 pu)
Cr O
Electromechanics Magnetics and Energy Conversion
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Example: Get Rid of 1:1 Transformer

Ry X Xy Ry
(0.0012 pu) (0.0630 pu) (0.0591 pu) (0.0013 pu)
o——AAA—TIT IO —AN—0
Im
(180 pu)
0 O
Electromechanics Magnetics and Energy Conversion
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Energy Conversion --- Overview

e Forces and torques

* Energy balance

* Determining magnetic forces and torques from energy

e Multiply-excited systems

e Forces and torgues in systems with permanent magnets

Electromechanics Magnetics and Energy Conversion
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Right-Hand Rule

e For determining the direction magnetic-field component of
the Lorentz force F=q(v x B) = JxB.

T
ﬁ/t B
F
|
/

Electromechanics Magnetics and Energy Conversion
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Example: Single-Coll Rotor

e Fitzgerald, Example 3.1
* Find 6-directed torque as a function of o

Uniform magnetic field, Byy

I
/

A A

//

N

O
/
Wire 2, current /
out of paper

Electromechanics

[~

\lAJ

—

—

R

7

~
L]

e
7

Mo

A A

Sy

)

k/”:

| Wire 1, current /
into paper

Y
24>

|

L

Y
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Example: Single-Coll Rotor

Uniform magnetic field, Bo§ L For Wl re #1
//’__‘\ />>/W:r61 - F]ﬂ — = ”BO SIN @
R /,/’:@;/; H——
B .« For wire #2:
v F,, =—I1IB, sina
Wire 2, current /| ™~~—|—"| o
Total torque (T = force x distance):
T, =-21IB,sinoR
What happens if B points left-right
Instead
of up-down?
T, =-2I1B, cosaR
Electromechanics Magnetics and Energy Conversion
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Electromechanical Energy Conversion Device
e This box can be used to model motors, actuators, lift
magnets, etc.

* Note 2 electrical terminals (voltage and current) and 2
mechanical terminals (force f,, and position x)

* The lossless magnetic energy storage system converts
electrical energy to mechanical energy

+O [Lossless magnetic OF
A, € energy storage X

il system O —

Electrical Mechanical
terminal terminal

Electromechanics Magnetics and Energy Conversion
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Interaction Between Electrical and Mechanical

Terminals

WEe p = stored magnetic energy
In words, the rate of change of magnetic energy equals
the power in minus the mechanical work out

Weio =el— Ty %
dt dt
By Faraday’s law, e = dA/dt, so let’s rework:
dW_, .dA dx
=1—— Ty —
dt dt dt

Multiply through everywhere by dt:
dW, , =idA - f, dx

Electromechanics Magnetics and Energy Conversion
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Interaction Between Electrical and Mechanical
Terminals

In a lossless system, we can rewrite the energy
balance:
dWELEC = dWMECH T dWFLD

Differential energy in: dWg .. =1d4
Differential work out: dW,,..,, = f,dx

Change in magnetic energy: dW,, ,

Electromechanics Magnetics and Energy Conversion
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Force-Producing Device
 This solenoid is an example of a force-producing device

] Magnetic core
i
—_—
+ 0 —A—o
Winding T ‘5——.3
; A
U € .
resistance -_.__:} s —h—fﬂ.tl
.
—0 o fp T
Lossless Mc:wahlhe
Wil]{lil]g Hlﬂgl]tl’lﬂ p'l]ﬂg{':l'
(b)
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Energy

Thinking about energy, we start out with:
dW_ , =1dA - f, dx

If magnetic energy storage Is lossless, this is
a conservative system and Wsgq IS determined

by state variables A and x

In a conservative system, the path you take to
do this integration doesn’t matter

Electromechanics Magnetics and Energy Conversion
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Another Conservative System

* Roller coaster, ignoring friction, the path doesn’t
matter. Speed of both coasters is the same at the
bottom of the hill

"I;'_'-_- o AT
eF
Hit L
[ Foar -
A
Hive &

HILL 2%
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Magnetic Relay

 This illustrates lossless magnetic structure with external

losses due to resistance

Flux
(T p ~
. l
R l |
—

o~ |
W
v C) A |
q |

_ = | S
Electrical |
source Lossless A I

coil

T — — — — — — — —

L,{
__ Mechanical
) source
! [ Jad
/
!
/
/
[
'," Massless
I magnetic
"' armature
/
e

Electromechanics

Magnetic core
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Integration Path for Finding Magnetic Stored
2 Energy

MNr———""— == W|:|_D (ﬂvo , Xo) — J‘dWFLD + deFLD

path2a path2b

On path 2a, dA = 0 and fsq = O since zero A
means zero magnetic force, therefore:

4.
> )-—WFLD (ﬂ“o’xo) :-[O I(ﬂ“’xo)dﬂ“
X

Electromechanics Magnetics and Energy Conversion
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Special Case --- Linear System

AA
In the special case of a linear system, the
, Wi g (Ao» Xo) flux linkage Is proportional to current, or A o«
of "~ .
1 (I .
| 26 W o (4,X) = j i(4,x)dA
f Ay 1A
- L(X 2 L(X)
e >
il X0 X

Electromechanics Magnetics and Energy Conversion
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Example: Relay with Movable Plunger
 Fitzgerald, Example 3.2

* Find magnetic stored energy W, as a function of x with

| = 10A

Pu-r
o N o WY - W - W .. S . S .

L~ L~ A~ B~ B~

o e ]

QU

\

Lossless Magnetic core
N-turn coil L —> 00
()

Electromechanics

17
+d—i—“ -~
X A
> h
¥
Magnetic
plunger
1 —> 00

Magnetics and Energy Conversion

> e >

d_

'I*‘-L
=]
|
1
i Magnetic
flux

(b)

2-230



Example: Relay with Movable Plunger

i
+ o b
/: ‘} l— ¥
P 8§
’ 75 f - i
0 gt
b T Magnetic
— O——— /: plunger
M —> 00
Lossl Mag
N-turn coi 1 U= 00

(a)

Electromechanics

1 2 .
W, =— with | constant.
2 L(X)
i Mj‘\ We know that 1= L(X)I , so
gT ||||||| L_h&;\‘gne[ic 2 2

D70 () 2

(b)

2
/1l give you that L(x) = o 1d1—).
20 d
S0 magnetic stored energy is:

1, N? X
Wep = 4q |d(l—a)|2

Magnetics and Energy Conversion
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Determining Magnetic Force from Stored Energy

e Next, if we go to all
this trouble to find
stored energy, let’s
figure out how to
find forces from the
energy (very
Important!)

Electromechanics

Remember dW, , =1dA - f,dx

Next, remember the “total differential”
from calculus:

oF
dF (X, X,) :8—

1

oF
_|_—

dx,

X, =COnst. 2

dx,

X1 =const.

Let’s rewrite the stored energy

expression:
dWFLD — a\NFLD dﬂ, 4+ a\NFLD
di |, dx |,

From this, we see that

i — aVVFLD and ffld — _aWFLD
OX

X

A

Magnetics and Energy Conversion
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Determining Magnetic Force from Energy

For linear systems with A = L(X)l
1 x

Energy W, , = ———

gy Wep 2 L(x)

¢ __o(L X
x| 2 L(X)

A dL(x)

S 21%(x)  dx

A=constant

Force:

With A = L(X)!
12 dL(X)
2 dx

Electromechanics Magnetics and Energy Conversion
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Determining Magnetic Force from Energy

e The bottom line: If your system is linear, and if you can
calculate inductance as a function of position, then finding the
force is pretty easy

Electromechanics Magnetics and Energy Conversion
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Example: Curve Fit for Inductance of Solenoid

with Plunger

e Fitzgerald, Example 3.3
e Assume that the following inductance vs. plunger position
was measured. We then run the solenoid with 0.75A current

STEEL PLUNGER

‘&\ — R

L [mH]

—

~
‘ | SoLswoIp
I

1 | | | | | | | | [
I . ( 0 0.2 04 0.6 0.8 1 12 1.4 1.6 1.8 2
& X [em]

(a)

Electromechanics Magnetics and Energy Conversion
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Example: Force as a Function of Position

* We can fit a polynomial to the inductance, and use energy
methods to find the plunger force as a function of position

0 I | I I

—0.01

—0.02

—0.03

—0.04

Force [N]

—0.05

—0.06

—0.07

—0.08 I | | | | | | |
02 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2

X [em]

(b)
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Torgue in Magnetic Circuit
« Can solve this as before, by analogy

Rotor axis
: )
PN
+ O 9
A Stator axis
Air gap
QO
O %@J
By analogy:
n_— > dL(6)
fld
2 dé
Electromechanics Magnetics and Energy Conversion
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Example: Finding Torque
 Fitzgerald, Example 3.4
Rotor axis

AP

Stator axis

Air gap

Assume L(0) = L, + L,cos(20) with L, = 10.6 mH and L, = 2.7 mH.
Find the torque with | = 2A.

Solution:

T(6) = |22 dla(:) :+%(—2L2 sin(26))

=-1.08x107*sin(20) N —m

Electromechanics Magnetics and Energy Conversion
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Example: Finding Torque
e Fitzgerald, Practice Problem 3.4

Rotor axis

AP

Stator axis

Air gap

Assume L(0) = L, + Locos(20) + L4Sin(40) with L, = 25.4 mH, L, = 8.3 mH
and L, = 1.8 mH. Find the torque with | = 3.5A.

Solution:
T(0) =-0.1017sin(26) + 0.044cos(46) N —m

Electromechanics Magnetics and Energy Conversion
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Another Example --- Torque vs. Rotor Angle

A 2\ A .

Electromechanics Magnetics and Energy Conversion



Today’'s Summary

» Today we’ve covered.:
 Maxwell's equations: Ampere’s, Faraday’s and Gauss’
laws
« Soft magnetic materials (steels, etc.)
e Hard magnetic materials (permanent magnets)
e Basic transformers
e The per-unit system
» We started electromechanical conversion basics

Electromechanics Magnetics and Energy Conversion
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