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Brief History of Permanent Magnets

e . 1000 BC: Chinese compasses using lodestone

— Later used to cross the Gobi desert | ~w—% =
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Fig. 2 Man-shaped compass mounted on a chariot, after Kartzer [2]

Fig. 3 Chinese spoon compass

Reference: K. Overshott, “Magnetism: it is permanent,” IEE Proceedings-A, vol. 138, no. 1, Jan. 1991, pp. 22-31
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Brief History of Permanent Magnets (cont.)
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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
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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

e 1600: William Gilbert publishes first journal article on
permanent magnets

e 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 Conf., 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 4
the electromagnet, _
resulting in a way to E | H i
artificially magnetize R w i |
materials —
e 7-ounce magnet was able h >
to lift 9 pounds an
% e : | ‘:'
|
J |
References: — i

1. W. Sturgeon, Mem. Manchester Lit. Phil. Soc., 1846, vol. 7, pp. 625
2. Britannica Online
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Brief History of Permanent Magnets (cont.)

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

Joseph Henry

Reference: Smithsonian Institute archives
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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 use

— Good for high temperatures

 1960: SmCo (samarium cobalt) rare earth magnets

— Good thermal stability

« 1983: GE (later Magnequench) 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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Brief History of Permanent Magnets (cont.)

e Late 1990s --- Hybrid car utilizing high strength permanent
magnets

© M. T. Thompson, 2009 Permanent Magnets 8



Prius and Next-Generation Hybrid
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Fig.2. Toyota Hybrid System.

Reference: M. Kamiya, “Development of Traction Drive Motors for

the Toyota Hybrid System”
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Table 1. THS motor specifications.
System THS THS I
Vehicle Prius Suv

E/G I.5L 3.3L
Launch 1997 2000 2003 2005
D,.L Bus About 274V 500V | 650V
Voltage

Max. 30 33 50 123
Power kW kW kW kW

Max. 305 350 400 333
Torgue Nm Nm Nm Nm

Max. 6000 6700 | 12400

Speed rpm pm pm
[THS] D Dus Voltage 274V
(1 7T
[ Maotor [ Generator ] Battery
N
[THS II]
DC Bus Voltage SO0V
( I A
Bouost
o) (e

Fig.3. High voltage motors drive system employing a

boost DC/DC converter.



Maglev System #1
« Magnemotion (Acton, MA)

suspension rail

/

propulsion windings

permanent magne suspension control coils

Fig. 2.1. A vehicle's magnet pod attracted upwards to a suspension rail.

Reference: R. Thornton, T. Clark and B. Perreault, “Linear Synchronous Motor Propulsion of Small Transit Vehicles,”
Proceedings of the 2004 ASME/IEEE Joint Rail Conference, April 6-8, 2004, Baltimore MD, pp. 101-107
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Maglev System #2
e General Atomics (San Diego, CA)

LSM Guide Rails =

Figure 2-9
Cross-section of Magnet System Assembly

Reference: U.S. Department of Transportation (Federal Transit Administration), “Low Speed Maglev Technology Development
Program — Final Report,” FTA-CA-26-7025-02.1, March 2002.
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Eddy Current Brake
 Magnetar Corp. (Seal Beach, CA)
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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

I )
ok . 5
| 1 i é /
/ Magnet T Magnet
Solenoid
LS T

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

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

o External effects of PMs can be modeled as surface current

EERRRE : :

RERERE 2 :

AERE &R : .

IRERRENS : .
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Figure 1.4. Uniformly magnetiied magnet (a), which may be modeled by a current
density over its boundary (b).

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 7
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Permanent Magnets

o After magnetization, magnetization vector M has value of
either +M,, or —-M_,,. H, Is the temperature-dependent field
strength (A/m) which causes the M vector to flip direction

[
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-H, r _}H&':f
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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
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Permanent Magnets with High H,

Constitutive relationship: B = p (H+M)

Since M has values of either +M_, or -M,, It follows that
the slope of the BH curve for the permanent magnet is ~p;
this holds for NdFeB at moderate temperature

[ /

1
+u M, J

Figure 1.11. B versus H characteristic for a magnet. {'Nlr-‘

Hr.i ? M.Fq't)

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 15, 23
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Permanent Magnets with Lower H
Note that H Is temperature-dependent
« At higher temperature, the “knee” in the 2" quadrant
shows up. Operation with H inside the magnet less than
H,; results in irreversible demagnetization
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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
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Demagnetization Curves of Ceramic 8

« Typical sintered ceramic magnet

—B/u H 1.0
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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
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Demagnetization Curves of NdFeB
e Strong neodymium-iron-boron
| G
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Figure 3.14. Demagnetization curves of (Nd, Dy)-Fe-B at various temperatures.

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 74
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Curie Temperature

 The “Curie temperature” is the temperature at which the
magnetization is totally destroyed.

 The practical maximum operating temperature for a
permanent magnet is well below the Curie temperature

Reference: P. Campbell, Permanent Magnet Materials and their Applications, Cambridge University Press, 1994, pp. 74
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Maximum Working Temperature

* The practical maximum operating temperature for a
permanent magnet is well below the Curie temperature

Magnetic matenals have a wide range of working temperatures. The following chart list
the various matenals and their maximum working temperature. NdFeB material comes

In many different heat tolerances but as the heat tolerance increases the maximum
available flux density decreases:

Maximum Working Temperature

Material " °F
Ceramic 400 752
Alnico 540 1004
SmCo 1.5 260 OO
SmCo 2, 17 350 662
NdFeB N a0 176
NdFeB M 100 212
NdFeB H 120 2448
NdFeB SH 150 302
NdFeB UH 180 356
NdFeB EH 200 392

Tabla 3 - Working Temperaturas

Reference: Magcraft, “Permanent Magnet Selection and Design Handbook”

© M. T. Thompson, 2009 Permanent Magnets 22



Permanent Magnets vs. Steel

« Note that PM has much higher coercive force

Permanent magnet: Alnico 5
g M-5 steel
LET
Energy product, kJ/m* 1.5
4B.T
i
Point of
MEXimum B,
energy product
={ 1.0
=1 1.4
— 1.5
= ]
~ Lasad line for
T~ _Example 1.9
T -
H. Bt
- ™~ | ! | |
H, kA/m —50 —{} —30 =20 =10 4]
. H..
(@) - I =
ff. ASm ol 1] =5 i
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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 -

0
BE

Scale chan

Gl T

—10 0 10 20 30 40 0 70 90 110 130 150 170

H, A »turns/m
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Hysteresis Loop

* Hysteresis loss proportional to shaded area
AB

max

max

= Y

+-B

max
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Permanent Magnets

o “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

Hard magnetic o
material o =

Soft magnetic
material

‘.
J

xy

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
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Cast Alnico

Figure '4.3 Typical cast Alnico magnet configurations.

Reference: R. Parker, Advances in Permanent Magnetism, John Wiley, 1990, pp. 65

© M. T. Thompson, 2009 Permanent Magnets
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Example 1. Permanent Magnet in a Magnetic Ckt

e This example uses NdFeB which has linear B/H curve in
the 39 quadrant

B il
A |———!————-
B, | | | Airgap
| | | length
e
| T =
m |
, |
| I
| |
I_ . __
H < v L —> 0

© M. T. Thompson, 2009 Permanent Magnets 28



Example 1. Permanent Magnet in a Magnetic Ckt

B Using Ampere’s law (and noting that our approximation of infinite u
4 B assures that H = 0 in the steel) we note:
H.l,+H,9=0

where Hy is the magnetic field in the airgap. Next we use Gauss’
magnetic law which says that flux is continuous around a loop, to get:

H, B, A, = Bg Ag
where Ay, is the cross-sectional area of the permanent magnet and By is
| the cross-sectional area of the airgap. Noting that By = p,Hg, we next

p

___!(___ solve for By, as a function of H,,, resulting in the load line equation:
[ || e A

l eng
' | m” g

| ¢ Y Bm = _/uo( JH m

I I f ; A,

I |
[ |
| |
o> w--
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Example 1. Permanent Magnet in a Magnetic Ckt

Bm
r'y
BI’
: B
m
Load |Ine\ N
\
. \ B,
Ho 4 Operating
point ' \
\
b \
F__!___" \
| : Airgap \
! : length \
| :.’g H > |
'mI T ; m T H |
T | c
[ |
I I
I |
TS .-
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Example 2. Permanent Magnet in a Magnetic Ckt

4 R
U —> 00
~
Area _ )
A Magnetic
T — material
- Air gap, —- ¢ 8
y permeability
o, Area Ag
\ V.
"

© M. T. Thompson, 2009

Example:

Fand £Flux m
aorpp By for
Nﬁ%me‘h‘c_ mwb‘l'er fg_Q
(a) Rl §
(L) Mm-S stel
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Example 2. With Alnico Permanent Magnet

]\JI = D; AD -
/ w—> 9 \ Hm, Qm 4 H%g -6 Cﬁmf:ere‘j .Lﬂm)
4 N
A 5 % L
};ea Magnetic ® H@, - H““ ( 9 )
T = — material X
; F,&.«,}‘. AS Efthrﬁmau\g ;
I Air gap, —> _fg ( o
| permeability o BB = R.B. — B. = B. —"-'l)
Mo, Area Ag @ *"% L ﬂﬁ‘
N ) gﬁ'&'ﬁ ’gﬂ- Bm. Gs o ‘ch,ﬁlﬂl ‘3\5: I'I.m-
. P _ P
\_ p—> 00 Y, B, < B}.F_:L -}«QHQ_F?;

Ba? Ko (ke Zm)(te) = 623410
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Example 2. With Alnico Permanent Magnet

e Result: Bg = 0.3 Tesla
Energy wet, kl/m?
/ ~ rgy prod AB.T

u— 00

Area

Magnetic
L— material
Air gap, — I._H

o permeability
fg, Area Ay

s — — Loadlinefor— — — T ©.3T
Agla =~ _Example 1.9
.

"'-l: "l-‘.

.."ﬁ.
[
- \\,, | 1 | 1-"“‘--,;_
H.kA/m =50 —40 —:m\ —20 -10 0 "
i @ Epra = (28 x/0  wh

-

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
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Example 2. Load Line Solution with M-5 Steel

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

with Alnico)

* Note: Earth’s magnetic field ~ 0.5 Gauss

U —> 0

p
A Magnetic

T — material
Air gap,
12 permeability

o, Area Ag

~

© M. T. Thompson, 2009

- 1
H.Am —6

Permanent Magnets

I8 = 10
1I_._

"

5

LY
% Load line for

1""-,|| Example 1.9

A

BT

4 = 10

“
2 = 10

34



Some Common Permanent Magnet Materials

1.5

neodymium-iron-boron
.......... - Alnico 5
samarium-cobalt
e Alnico 8

—— == Ceramic 7

Prd

i

| /

1.4
1.3
1 1.2
k1
1.0
0.9

s sssssssemm . - -
LY

%

..........--..)\.

=1000 -—900 —800 —700
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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
e Curve below for “grade 40” or 40 MGOe material

B, Tesla
A
Loadline B 1.2/
(BH) ...
-3 ——+0.635

|

|

|

H/ |

H.. kA/m-<—| |

-905  -4525
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Typical NdFeB B-H Curve --- Elevated Temp.

* Note that the B/H curve degrades at elevated temperatures
 If you operate the magnet below the “knee” irreversible
demagnetization may result

[

tem

™R oW

Max_ working temperature T, as
reported by manufacturer

© M. T. Thompson, 2009

Grade 40
1.27T
905 kA'm
955kA'm
-0.0012
-0.0065
s0eC

Q 125C

Grade 40 NdFeB, temp =25 50 75 100 125 150 degrees C, mu-rel=1.1167 alpha = -0.0012 beta = -0.0065

1.2

150C

100C
0.4

75C

0.2

25C
50C

-900 -800 -700 -600 -500 -400 -300 -200 -100 0
Hm, KA/m
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NdFeB B-H Curves for Different Grades

Nd-Fe-B Second Quadrant Demagnetization Curves

NOXH

]

KOaz
WD
MO
MO

1

kDe -35.0 =30.0 250 200 5.0 ~10.0 5.0

kAlm -2500 2000 -1500 1000 -500

Reference: Dexter Magnetics, Inc. http://www.dextermag.com
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Example 3. Force Between 2” NdFeB Magnet Cubes

vs. Airgap
Att\racf;;i/on /Re\pij\lfs/i/on ) % Force between 2" cubic magnets
<l — T \f\
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Example 4. Stray Fields from 2" Grade 40 Magnet
Cube

 Atdistancesr=6" 12" and 24”

Angle [deg]

© M. T. Thompson, 2009 Permanent Magnets 40



Example 5. Magnetic Circuit With Steel

 Estimate airgap field B, assuming grade 42 NdFeB
 Airgap g, magnet thickness t,,

sizeL LSS0 M LS S
b | V [ s ]

T kS
RN R
AL A S
Assume Vo Satury b ]\quae_ -
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Example 5. Magnetic Circuit With Steel
* This analysis also ignores leakage

srzeL 777 e L0 P .ZH L, "’H i =0
S T "Cheperes 1
91 % . (Z) Hy = -q% = -i—”:-
x“tl S\ i /7” ] € conshbubve velabim)
Assume Wo Saj'umhm 1.,5]7:4( o Zhlm 7{’/», * g’"‘} :Q
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Example 5:
Magnetic Circuit
With Steel ---

Operating Point vs.

Magnet Thickness
t

m

© M. T. Thompson, 2009
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Example 5: 2D FEA, Magnet Thickness t,, = g/2
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Example 5: 2D FEA, Magnet Thickness t, =g

© M. T. Thompson, 2009 Permanent Magnets 45



Example 5: 2D FEA, Magnet Thickness t., = 29
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Example 5: Comparison of Different Magnet

Thicknesses

Bpk, 20 analytic Bpk, 2D FEA
tm=g/2 0.65T 0.38T
im=g 0.83T 0.73T
tm=2g 1.05T 0.82T

1.00£400

BUUE-UL 7

6.00E-01

4 DOE-DL

N\
/R

2.00E-01 <

D.0DE+DD

0.00E=00

-2 00E-01 =

-4.00E-01

T T T T
1.00E+00 O0E=00 300E-00 4.00E+00 2 5.00E+00 2 6.00E+

7.00E+00 &.00E+00

1
8.00E+00

N

B5.00E-0L ==

-1.00E+00D

-6.00E-01 4
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: : : Bomg Maewgrs (16, wB-FE-B
Circuit Modeling of | w: mm" 240 @,,,,m)-

Permanent Magnets DEMAG-  CURVES
%

4.

b B = Bn*ﬂm”m
ond
® Mm = Be

[

fJuﬁ Be _y.

e

Mo

Reference: E. P. Furlani, Permanent Magnet and Electromechanical Devices, Academic Press, 2001
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Circuit Modeling of Permanent Magnets

LET's USE THis v A
MAGNETIC CIRCUIT WiTH
AIREAP:

© M. T. Thompson, 2009

]

[ mywe,”7 '\'@

]

J

/

A i
79

s

AMPERE'S LAW

@ Hul, +Hyq =0

Permanent Magnets

49



Circuit Modeling of Permanent Magnets

pvT @ IV To

G-?;-”c. ‘fm + #}} =0
¥

© Sgp + I do = Hoho
MM’+3*£~ He 4.,

A
?anw. £20X =

= Bdy= B,

o, (® Revuces To:

@(1{'9’ + R ) = Hedn
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Circuit Modelina of Permanent Magnets
WE cAV MODEL THiS A
FotL owg |

LA
H.4. / fy

FM MoOEL -

1,
He Lo
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Circuit Modeling of Permanent Magnets

B
T /
B
"Fm ﬂ T Bm
Bm |
—-H. Hn 0

H

q\ @m

Im
Rp=—
o UmAm
<—; H;nfr m
Fm=H1 m
N é)
+

Magnetic circuit model of a magnet with linear demagnetization curve

© M. T. Thompson, 2009 Permanent Magnets
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Example 6: Circuit Modeling of Permanent Magnets

. gxmﬁ&,,

Grade 37 WMdFR8
H. = 956 oc0 A‘/m
/{m: }.o'fglﬂﬂ

© M. T. Thompson, 2009 Permanent Magnets 53



Example 6: Circuit
Modeling of Permanent

Magnets
fn
Co7x o "?’, y
{? P *) j 3.2x/0
’ r r

Thi's CAMfL j S f‘l"‘b““!ﬂr!;
ff'h!o{c Lecause Am :14}

© M. T. Thompson, 2009 Permanent Magnets

{oltion
H, L., = (450,000)(0 02) = 13m0

i L s
ER;,, = m... Q-M?}(ﬂ"xﬁ’)(?g x16" )

= 4.@'7')0’9J
:_%. - 004 i
ﬁ}’ ,uaﬁ? (ﬂrfroq)@ﬁ'ﬁoq)
"-3.2}(!0‘
-3
B = He Lo = 2.04xbb W
2 ﬁ“*ﬂt
2.0%%fo
B = é‘ 25%16
4 Ay
By = 082 'w%*‘;
o-§2 T(J{a.
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Example 6: Circuit Modeling of Permanent Magnets-
--FEA

2444e+000 ¢ =3.6252+000
3.263e+000 © 3.444e+000
3.081e+000 © 3.263e+000
2.900e+000 © 2.021e+000
2.719e+000 ¢ 2,900e+000
2.538e+000 © 2.719e+000
2.336e+000 © 2.538e+000
2. 173e+000 © 2.3536e+000
1,9942+000 © 2.175e+000
1.813e+000 © 1.994e+000
1.631e+000 © 1.813e+000
1,430e+000 © 1.631e+000
1,2609e+000 © 1.4530=+000
1.088e+000 © 1.265e+000
9.063e-001 : 1.088e+000
7.250e-001 : 9.063=-001
5.438e-001 : 7.2530=-001
2.6232-001 : 5.4233=-001
1,813=-001 : 3.625=-001
<2.103e-006 : 1.813e-001

Density Plot: [B], Tesla
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Method of Images

 These two are equivalent in the upper half-plane

lmI J o | L4t

H—oo "
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Another Example: Magnetic Circuit With Steel

 Which scenario has the lowest leakage flux?

L]

MAGHNET

| MAGNET
e ———

Reference: www.mmpa.org
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Maximum Energy Product

Point of
MAX MU
energy product

 BH has units of Joules per unit volume

Encrgy product, k)/m®

= L3

-]
. .
T~ |:1 wad line for
e Example 1.9
“."-.
] ..-_-‘-
H B TN
- " | | | | =

H, kA/m —50 —al) —3( —20 =11 0

© M. T. Thompson, 2009
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Maximum Energy

Product
- N\
U —> o0
p
Area . h
A, Magnetic
L — material
T
I Air gap, —> Tg
v permeability o
Mo, Area Ag
R 4
L —> 00

© M. T. Thompson, 2009

Why s Meximum eneny  produd Ampatadt ?
® gy = B, (%}
® Hmbdm = -
Wy
Lets  Fand B3
L B m
83 = BM[EJ X M Hj
"-Em Rm) o 1—1---———.'”-’EI"'“"
(]ia— M q
=~ Vol e -B. H
a -_32. m i
M W«w)( J
$hee for V;-E’,,,,_}
et = 2oy
Dﬂmq = B gep
(-Bm B )

To wie minimum volume of maif““ff‘t maferial
ok o %.Cm ng E*Fgrﬁj“t Mqa-"'lej_ at [BH)mam

Pf):n,t {
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Progress in PM Specs

 Maximum (BH),,.. product has gone up a lot in the past
20 years

+ 400

Nd,Fe, 8 — i =

. E

Sm{Co,CuFe.Zr}y, +-300 *

L &

5 3

N : a

N ; F

+ 2

alnico 8,9 E %

KS steel alnicoS | | E £

W,C steei L 2 b | rm-ut'tlh ‘irmo E

— alloys oxide intermetallics | | 3

~ N = ceramics h =
Nl S SN X NN N

100 1920 /1940 \ 1980\ 1980 L O
(FeColFe,0,  Ba-ferrite Ba-ferrite Sr-ferrite VITCNE), y{CH,Cl,)
{iso.} {anis.!} {anis)

Reference: J. Evetts, Concise Encyclopedia of Magnetic and Superconducting Materials, Pergamon Press, Oxford, 1992
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Example 7: Use of Maximum Energy Product

 Find magnet dimensions for desired B, = 0.8 Tesla
operating at (BH), ..

g o I
pu ity > Bt max (BH) B=loT omd W, = ~fo it

Area |

T A .,.—-.-“-'\Inii_'u_‘? L\_/|

e N S S R

\ o

S eeak g ()

N -k > d\ ) = g(mnm)

Energy product, kl/m®

0.
= {B'l m") (?rr_,.u;*) (-*‘Ea,tmﬂj
= 318 em

So

1L em® dm daea

)

hmﬂcd/nd i« 3.8 cm lbng, cud

| | | l
H. kA/m =50 —40 =30 =0 —10 0
(a)

© M. T. Thompson, 2009 Permanent Magnets 61



Comparison of Different PM Types

Table 2.1 Magnet Material Comparisons

MNdFeB 12,800 12,300 21,000 150
SmCo 26 10,500 9,200 10,000 26 200
MNdFeB B10OM 6,800 5,780 10,300 10 150
Alnico 5 12,500 G40 G540 5.k 540
Ceramic a 2,900 3,200 4,250 3.5 200
Flexible 1 1,600 1,370 1,380 0.6 100
* T ey Umarimum practical operating temperature) is for reference only. The maximurm

practical operating temperature of any magnet is dependent on the circuit the magnet is
operating in.

Reference: www.magnetsales.com
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Magnetic Conversion Factors

Table 3.2 Conversion Factors

Multiply

Inches 2. 54 centimeters
Iir‘uezfir'u2 0,155 Gauss

lines/in® 1,55 % 1077 Tesla

Gauss 6.45 Iiru35,fir|2

(33uss o~ Tesla

Gilberts 0.79577 ampere turns
Dersteds 79.E77 ampere turns /m
ampere turns 0. 4n Gilberts

ampere turns/in 0.495 Cersteds
ampere turns/in 39,37 ampere turns/m

Reference: www.magnetsales.com
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Magnetic Field Estimates

Table 4.1 Flux Density vs. Material

Material and Residual Flux Flux at distance of 0.050" from surface
Grade Density, Br of magnet

a. Cylindrical Magnets

[ (L+X) X | Ceramic 1 2,200 629
l JR L ' \} ‘\J‘RE s X; J Ceramic 5 3,950 1,120
- SmCo 18 8,600 2,460

Equation 4 SmCo 26 10,500 3,004
MdFeB 35 12,300 3,518

MdFeB 42H 13,300 2,804

Table 4.1 shows flux density calculations for a magnet
0.500" in diameter by 0.250" long at a distance of
0.050" from the pole surface, for various materials.
Note that you may use any unit of measure for
dimensions; since the equation is a ratio of dimensions,
the result is the same using any unit system. The
resultant flux density is in units of gauss.

Reference: www.magnetsales.com
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Magnetic Field Estimates

b. Rectangular Magnets

B. = L tan” AB —tan™ AP

T XX+ AT+ B 2L+ XW4(L+X) +A2 +B

Equation 5

{where all angles are in radians)

Reference: www.magnetsales.com

© M. T. Thompson, 2009 Permanent Magnets
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Open Circuited Permanent Magnet

B,
}

N7 - .
{v@} " 7<

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

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

© M. T. Thompson, 2009 Permanent Magnets
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Short Circuited Permanent Magnet

« For infinite permeabillity, load line is vertical
 Intersection of load lines occurs at B = B,

short-circuit

B,
|

o

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

© M. T. Thompson, 2009 Permanent Magnets
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PM and a Winding
« Many motors have permanent magnets, steel and windings

/ )

Core, © — o0
- ~
o
B —0
T Permanent
L magnetic N turns
v material o
. 4
\ Puniyos oF PM (N CLOSED c’”‘o‘k—; WITE ExCITATION
H ¢ = NI (AMPERE S LAw )
m m
NT
» —
¥ ”.r"ﬂ"- = —J—Q——
m
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PM and a Winding --- Load Line

* Note that demagnetization can occur if current Is
sufficiently high

s
/ Core, 4 — 00 \ <l =00 "
e -
- N L“?
L c?gmfrrn?, iy -
— —O
T Permanent ») P ot
b magnetic . S N turs
v material ——0
. w
A 4 ) p
i Moy i
ML
Lo

© M. T. Thompson, 2009 Permanent Magnets 70



PM and a Winding --- Graphical Analysis

o i)

Core, 1p — 0o

I
| ——
’;' ;ﬁ?;jijl’rrnmlwnt qd_-_
I Fsds magnetic 1
} s material 9 —0

W

== :’1"-." turns

(o)

Hfl‘]':l
) i i A

ma

/
i

« At point (a), steel is initially unmagnetized
 As current increases, B and H follow the locus from (a) to (b)

 From (b) to (c), current reduces to zero, and flux density reduces to B, ati =0
* As current goes negative from (c) to (d), curve traces hysteresis loop. Note that
operating point (d) is the same operating point we’'d get if there was zero current

and an airgap.

« If current goes further negative, locus traces from (d) to (e)

« But, if current is reduced to zero at point (d), locus traces minor loop from (d) to

(f). The “recoll line” is an approximation to this minor loop

© M. T. Thompson, 2009
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Another Example --- Excitation and Airgap

By
i'—" g
7 s
Lnl b ,_~
— O Hnln tHyg = NI (hpErES L)
@ Bgv = Mo Hg, ( consTrvTvE )
® Guhn = B%ﬁr?, " (otuss’ MASNETE LA )

SoLVE For B,, ~Ha L2Ap LN

B s Hﬂo(%%)(klm—%
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Another Example --- Excitation and Airgap --- Load
Line

By
B
K

270,

xml A

.
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Another Example
e Let’s figure out how to magnetize

Hard magnetic / \

material, area SO e Air gap, g = 0.2 cm
A =72 em? 4 A 2 em?® < Ay < 4 cm?
N J i
¥ ;
it > L —> oo ~—— Movable
g/2  plunger
T
A _
100-turn —— T ,
magnetizing | I
coil

© M. T. Thompson, 2009 Permanent Magnets



Another Example

JLBI:H‘ T
Load line,
3
Load line, 5 Tt
AE=2cm3 Recoil line
(see text) B,=124
i~ ot 1.08
Point of maximum L e wL
energy product /1N, 1 R R 1.0
I [
i [
I |
I |
[ |
I [
I [
I [
I
I
I [ 0.5
| |
I [
I |
| |
I |
[ |
I |
[ |
I [
i [
4 | I | L |
HykAm =50 —40 =30 -20 ~-10 ]

© M. T. Thompson, 2009

(a) FIvD MmAGNET LeneTit R,, So MAGNET oPelATES
ON Recott LINE [NTERSECTIVG g#mm‘ e ﬁ?=.2q3‘
sotM

B, = LoT} H = - 4o ,u%ﬁ
From GAUSS LAw g = "‘f A. O
From Ampere's Law  Hede o @)
5 ¥
Frm @ 85 = - Mo Ho L
F
Pt thy tato @ 1 —Ho Holem A, B

Ay

be) (Lo )

- [ ]
f = O.2¢m zcm L8 T 7 = [4em
” Zem® (grxro )(‘/x!o")
Permanent Magnets 75



Another Example

(b) How TO maswenzs  Furty <

Load line @ N I = #M f’m t 3/ 9’
i ighfori=i
Magnetization B :.::;:T:::i:s::;l,m“h R /8,,,! A.-n, = g}"é} — /M_D y} /49_

ends here
Lmd max :
line for B, i o,‘a —F
i=0 H S e ‘Fdf— [?,,,, asf < ’Fmoﬁ‘ch [ ’(_lm dm.d’ I
(a) W= === = ;;;_:1 Load line moves
, to the leftas
1 decreases
1 1 —_
[ 1 g - H -] A/ A}
: Load line moves I L ( ) + /A I
; 1
1 to the right as i 1
: increases i
Hi% Material initially L [ Hy,

= ~15xl A{,,,, + 6.2 Xlo ‘I

ESTIMATE gm_x and JJMA);(

B % LIT

MG

HM ~ Joo k'q/m-

r:-I = "fg)@

pid
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What Can You
Buy?

Reference: www.dextermag.com

© M. T. Thompson, 2009

Part Number
PN25C12508-N
PN45C01408
PN4sC01808
94056688
CM40ga5
PN3sC02508
97055138
97056138
PN4sC12008
PH36SHCO3308
94055360
97054460
a4(55628
a4(48228
NAGTA460
CM41085.2630
CM41026-3220
CM40713-3714
CM41087-3714
CM41088-2630
CM40824-3714
CM41029-3714
CM41090-2630
CM41091-2630
CMa41082-3220
CM41093-3714

Material
N36
N45
N45
94ER
014
N36
a7ck
a7Ch
N45

N365H
a4ER
a7Ck
a4ER
Q4EA
34B
2630
3520
4014
4014
2630
04
4014
2630
2630
3520
4014

Diameter
0.123
0.140
0.182
0.250
0.250
0.250
0.250
0.251
0322
0.330
0.370
0.375
0.375
0.499
0.500
0.500
0.500
0.500
0.625
0.625
0.B66
0.873
0.875
1.000
1.000
1.000

NdFeB Rounds

Length Orientation

0.250
0.500
0.057
0,100
0125
(0.250
2,000
0.200
1.200
0330
0,250
0125
2100
0.188
0,190
0.250
0,250
(.250
0.250
0.250
0,393
0.300
0,500
(L3500
0.500
(L3500

L

- - - =

— - — —_, — — =2 ~ — —

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

Permanent Magnets
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NdFeB Blocks
What Can You SN

CM41030-3714 4014 0.250 0.323 0.500 T
B u y ? CM41084-2630 2630 0.250 0.500 0.500 I
' CM41095-3220 3520 0.250 0.500 0.500 T
CM41096-3714 4014 0.250 0.500 0.500 I
PN2G6HR29338 N3&H 0.293 0,560 1.044 T .
PN2EHROD90B N3aH 0.315 0.750 0.990 I
PN2EHRO3758 N3aH 0.375 0,566 2,362 T
CM40325-3714 404 0.500 0.750 0.730 I
CM40729-3714 404 .30 1.000 1.000 I :I 1
CM41097-2630 2630 .50 1.000 1.000 I 'f'
CM41088-3220 3520 (.50 1.000 1.000 T
CM40975-3714 4014 0.5%) 0.750 0.750 I
PN3EHRO1228 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
PN4BROT00B N4g 1.0 2.000 2,000 I

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

Reference: www.magnetsales.com

© M. T. Thompson, 2009

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

Thickness.

Item
*
-

35ME111111

3EME111111-
NI

30MEZ261916-
NI

3EME301412

35ME323232-
NI

3EMELSO1Z212

35MEG4Z2424

3EMEG46416

35MNEG46432

3EMNEG46432-
MI

3EMEZ09620

3EMNE281107

3EMEZ2B12832

3EME2B12832

3EMEZ2B1Z2864

Tolerances on

30

25

25

35

35

35

35

35

35

35

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,

290

230

500

375

.aoo

000

pujals}

305

170

.aoo

pajais}

aoo

1.

175

250

.190

.500

.195

\375

250

500

500

.305

107

500

500

ooo

Die Pressed,
Machined

Die Pressed,

Machined,
MNickel
Plated

Die Pressed,

Machined,
Nickel
Plated

Die Pressed,

Machined

Die Pressed,

Machined,
Nickel
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

"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.

Permanent Magnets

The T* dimension
represents the

orientation direction,
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Magnetization Patterns

@ .

Diametrical Radial Parallel fo lengeth

I
Radial through Parallel to Multiple pole
arc segment thickness

Different Magnetizing Patterns Give Differsnt 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 magnertized in many non-standard ways to give special resule.

Reference: www.magnetsales.com

© M. T. Thompson, 2009 Permanent Magnets

80



Comparison

Magner
Marerials

Color Index

[P DD D ] L e,

Reference: www.magnetsales.com

© M. T. Thompson, 2009

COsT

STREMGTH

0

P

e b

RESISTAMCE TO DEMAGMETIZATION

®

.

MACHIMABILITY

T

3

MAXIMUM PRACTICAL OPERATING TEMPERATURE
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Comparison of Maximum Operating Temperatures

600
E‘_’;‘ Alnico EEC SmCo (1:5, 2:17)
5 500
2
5 400
2
5
=
= 300
g
g . s
g 200 Commercial SmCafl:3, 2:17)
f <>
P Ferrite Nd;Fe B

0
0 10 20 30 40 50 60

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

Reference: http://www.electronenergy.com/media/Magnetics%202005.pdf
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Comparison of Maximum Operating Temperatures

(BH)max (MGOQe)

10/2005

50 (BH), .. Versus Maximum Operating Temp.
| O
45 - ‘\\ NdFeB
1 mj
40 4 ]
| \'"-.,
30 - H 9
- |:| “ C_: SmCo
25 ~~ _.
20 . CI\
15- O
100 200 300 400 500 600

Maximum Operating Temp. (°C)

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

© M. T. Thompson, 2009
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Quotes

It is well to observe the force and virtue and conseqguence 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
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