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Major Topics Covered

Principles of electromagnetics, inductance and reluctance
Magnetic circuits & magnetically coupled systems

Linear and rotating electromechanical devices
Electromechanical energy conversion, developed forces and
torques

AC power, three-phase system, connections and applications
Rotating magnetic field, poly-phase systems

Induction motor, operation, equivalent circuit

Synchronous motor, operation, steady-state equivalent circuit
Brushless dc motors, operation, steady-state characteristics
Stepper motors, principle of operation, full-step, micro-
stepping, driver circuits

Single phase AC motors
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Module 1, Part 1

Introduction & Magnetic Circults
(Read Chapter 1)

Most Important Topics

« Applications of Electromechanics

 Fundamentals of Electromagnetics, Maxwell’'s Equations
e Sign & direction conventions

e Basic magnetic circuits, concepts, analogies, calculations
* Flux, flux linkage, inductance

« Magnetic materials, saturation, hysteresis loop

« Coll under ac excitation, type of core losses
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Applications of Electromechanics

Production of Electric Energy & Modern Electric Grid

Battery
Storage

L / \ Watar
" Ancde | ca

PEM

Fuel Cells

Industrial Loads """
Motor Drives '
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Applications of Electromechanics

Mining Industry

Electric Cable Shovel Electric Dragline

AC and DC
: Electric Drives
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Applications of Electromechanics

Heating and Melting

Induction Furnace Induction Heater

No Flame Heater for
Dental Instrument
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Applications of Electromechanics

Modern Transportation

High Voltage
DC Bus
(42 ...200 V)

Charger / — >

Discharger 1 High Power Loads

Unit - DC Bus

HV
Battery

(12..14V)
IC @ Bi-directional DC/DC
Engine Alt. Converter Converter

[
o

Toyota Hybrid,
operates at 288V,

Low Power Loads

v Charger/ R Liebherr T282B earth- reaches 30kW
Battery Do nager i hauling truck 2.7MW

AC Propulsion

All-Electric => Zero Emission Transportation All-Electric

: ) — l 3
- R L — - i ¢ ¥ N\ af
7 3 ’ i b -

Tesla Roadster,
Induction Motor,
Canada Line Vancouver TransLink reaches 200 kW
(Richmond-Airport-Vancouver Line)  Trolley Bus

SNC-Lavalin & Rotem Company New Flyer Industries 7
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Applications of Electromechanics

Modern Ships

Propulsion - Port Bus Prime + g s,
Converter Mover : -
. Ve
Propulsion SS Loads Prime Ry Ry
— <—-—CB CB . 2
Propulsion Converter - - Mover _
Motor ' :
= . :
Prime
— M
over
Firewall Separation
.
@ rI;lrlme
P | over
< 168 ' i
Propulsion : .
Motor Propulsion Prime
8_@ Converter SS Loads Mover
Propulsion Prime
CB -CB
Converter - Starboard Bus @

_»a»‘ = T E
Future Canadian Ship: HMCS Windsor Diesel-
Joint Support Ship (JSS) Electric, 2x5MW motor-
30.4MW Electric Propulsion generators

" Stator

Fifteen-phase induction motor drive system

mever|  High-Phase Count Motor Drives

20MW, 15-Phase
Induction Motor

Carnival Liberty
Cruise Ship

2 X 20MW
Electric
Propulsion



Main

DC Bus

(270V)

Load  |frosrmmmemmest

Aircraft @ Bi-directional
Engine Gen. Converter
Charger /
Battery —— Discharger
. Unit
Power
Management === Management
System System

Airbus A380

High Power Loads
Remote Modules
............ DC Bus "
(28 V) 1+ DC
DC/DC Remote ! Loads
Converter Module L.
—Remote Modules
of DC loads
DC/AC Remote ——
Converter Module i+ AC
T ' Loads
R R ——>
Remote Modules
ACBUS  of AG loads
(115/200 V
400 Hz, 3-ph)

Antares 20E
42kW BLDC Propulsion
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Applications of Electromechanics

Modern Aircraft

blé, as2

nll idc—,.;;v.{’f II:‘cumIHT
bl%nzl 1ZL bl2 +b25 [n17
E_Riaad
n9 Ve Cr =< Yout =
nlQ)
lebIS Zfbm bisf " -

nl2

b19| b20] b21

|b22 | b23 |b24

High-Speed, Low-Weight, High-Phase-Count
Motors, Generators and Converters

nlé

Electric Toys
BLDC Propulsion


http://www.lange-flugzeugbau.com/htm/english/media/gallery_20E.html#row2
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Applications of Electromechanics

ngh & Low BChydro

PIWER SMART

10
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Industrial
Manufacturing
Automotive
Aircraft

Ships
Computers
Office
Household
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Electromechanical Energy Conversion

Input Output
Electrical Electrical Mechanical Mechanical
System Energy : Energy System
generator, : machine tool,
( t Device ( hine tool
source, etc.) plant, etc.)
Input Output
Mechanical Mechanical Electrical | Electrical
Syes(ie?nmca Energy _ Energy System
(Prime Mover, | = Conversion | ey | (transmission,
. ! Device distribution,
Turbine, etc.) load, etc.)

12
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Electromechanical Energy Conversion

* Transformation of Electrical Energy

Electrical
System
(generator,
source, etc.)

Input
Level X

Conversion
Device

Output
Level Y

Electrical
System
(load)

13
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Electromechanical Energy Conversion

 Electrical Machines Conversion
— Stationary Device
* Transformers
— Rotating

* Motors, generators

— Linear Devices
e Solenoids, linear motors, other actuators

* Power Electronics (Switched Mode PSs, Motor &
Actuator Drivers, ...)

— Rectifiers
« ACto DC
— Converters
« DCto DC

— Inverters

« DCtoAC
Very broad & interesting area, requires its own course! 14
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Magnetic Circuits: Basic Units

E — electric field intensity {
B — magnetic flux density

H — magnetic field intensity

|m
® — magnetic flux |_\Nb=T -m2J

B-H Relation

H is related to B

B=H=puH

u — permeability (characteristic of the medium) [

v
m

|

Tesla = Weber

meter?

Wh
m

| =W

A

B

Current produces the H field (see Ampere’s law)

T-m _Henry _i
A meter m

|

L, — permeability of vacuum =4-z-10"[H/m]

u, — relative permeability of material

magnetic materials £, =100---100,000

15



Fundamentals

« Maxwell's equations are a set of partial
differential equations that, together with
the Lorentz force law, form the
foundation of classical electrodynamics,
classical optics, and electric circuits
[Wikipedia].

16


https://en.wikipedia.org/wiki/Partial_differential_equation
https://en.wikipedia.org/wiki/Lorentz_force
https://en.wikipedia.org/wiki/Classical_electrodynamics
https://en.wikipedia.org/wiki/Optics
https://en.wikipedia.org/wiki/Electric_circuit
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Fundamentals

Summarized in Maxwell's Equations (1870s)
1) Gauss’s Law for Electric Field
§E-da:ﬂ:d)e :IEcoseda
S ‘90

Electric flux out of any closed surface is proportional to
the total charge enclosed

Gaussian

" surface

17
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Fundamentals

Summarized in Maxwell's Equations (1870s)
2) Gauss’s Law for Magnetic Field

§Bda:®m:0

Magnetic flux out of any closed surface Is zero
There are no magnetic charges _

Magnetic dipole

- =
%B.(IS=O 18
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Fundamentals

Summarized in Maxwell's Equations (1870s)
3) Faraday’s Law

§E.d|:—ijB.da:—d£=emf
J dt 2 dt

ElectroMotive Force (emf)

The line integral of the electric field around a closed loop/contour Cis equal to the
negative of the rate of change of the magnetic flux through that loop/contour

Mechanical

rings

N

- 4
& %&/ Electrical
Brushes output ( :

Lif,

i 19
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Fundamentals

Summarized in Maxwell’s Equations (1870s)

[Bda=, [Wb] ' — |
1
A |
Induced emf: L F§ XV
dd
f=—" ' ——i
em V] : i |

» Lenz’s Law:
The direction of the voltage induced will produce a current that opposes
the original magnetic field. This gives the negative sign, which we do not always
include

20
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Fundamentals

Summarized in Maxwell's Equations (1870s)
4) Ampere’s Law (for static electric field)

§B.d| :ﬂoIJ -da= gyl
= S

The line integral of the magnetic field B around a closed loop C

IS proportional to the net electric current flowing through that
loop/contour C

21
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Conventions

Right-screw rule
Dot and cross notations

@O

Right hand rule

I..—._
[

Magnetic field produced
by coll (solenoid)

Flux Lines: -
« form a closed loop/path
* Lines do not cut across or merge 22

« Go from North to South magnetic poles
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Some Definitions

Magnetic Flux d)sz-da: B. A

Flux is always continuous

Recall Faraday’s Law - Electromotive Force (emf)

_do
dt

- voltage mduced in one turn due to
the changing magnetic flux

§E dI_——J'Bd

flux scaled by the number of turns

dA

Total induced emf €= E [V]

23
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Some Definitions
Inductance

Need a function that relates Flux Linkage to the Current

Consider A= f(l)z L()I L:% [V%:H}
Then
_A_N-® N-B-A N-puH-A
i i i i
_H
N
NZ
/A

24
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Magnetic Circuits

« Basic magnetic circuit

Assume all magnetic field is continuous

M
s engnr. and confined inside the core
Cross-sectional O = I B- da — BCA\C [\/\/b]
—W area A,
S
Winding, Magnetic core
N turns permeability 14 What does
it remind
you of?
| . B.I_ |
Consider mmf F=Ni=H_| = =0 = DR,
H HA,
. . . _ Ic A
Define Reluctance (of the given magnetic path) SRC — A: Wh
2/

N° N
:I/—,uA:R_C 25



Ferromagnetism

T Hm
Nucleus

* Magnetic moment:
v Orbital motion of electrons
v Spin of an electron

* In most of the materials,
the net magnetic moment

of one atom If exists Is “ - P

cancelled out by the other ! PR AR, P
 The five ferromagnetic | /:« p //./

elements are: AT w ey /

v" Iron, Nicle, Cobalt,
Dysprosum, and Gadolinium



Classes of Magnetic Materials

Diamagnetism
Paramagnetism
—erromagnetism
—errimagnetism

» Antiferromagnetism

V.V V V

27


http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#diamagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#paramagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferromagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferrimagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#antiferromagnetism

Magnetization Curve

B=/H = 4 H
The magnetic material
shows the effect of Nonlinear
saturation B relationship
The reluctance is A
dependent on the flux \
density High &

Saturation
/ Low %
> H
Linear

relationship
28



Magnetization Curve

Depending on the
applications, material with
specific magnetization curve
IS selected

Fiux density, B (tesla)

14
1.3
1.2
1.1
1.0
09
08
0.7
0.6
0.5
04
0.3
0.2
0.1

Silicon
sheet stfel h "
Cast steel
Cast iron
B*
200 400 500 800 1000

Field intensity, H (At/m) -
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Magnetic Circuits

« Magnetic circuit with air gap

Consider mmf

F=Ni={H-dl
_ Mean core
_!__t, length I, 0 I C 0 I
Air gap ¥ Air gap, o cc + gg
permeability g,
~ length lgT Area Ag ’ B I B I
— e — c'c + g g
Winding, Magnetic core
N turns permeability u, H H 0

Area A,

Assuming all magnetic flux is B —
confined inside the core ¢

and B =

@ il
A TOA

| I
F=O® C + 2 :CDERC'FER =0 ERi:(DSR
e |oln e, )

total

30
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Magnetic and Electric Circuits Analogy

Electric Circafi nagnetic Circuit
Z @
» 1 2
+ §R1 y | ég]i}
v C) F=Ni
- §Rz - §QR
V
| = D — F
RER, R, + N,

31
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Magnetic and Electric Circuits Analogy

Electric Circuit
Voltage (emf), V,[Volt]
Current, |,[Amps]

Resistance, R=_. [
oA

Conductance, G =%,[Siemens]

Conductivity, G’{Siemens}
m

Forloop V= Z RI
For node Zin =0
N

Magnetic Circuit

mmf, F.[A-t]
Flux @, [Wb]
Reluctance, SR’:L,{A
HA Wb |
1 [Wb_
Permeance, p=—,|——
R | A

Permeability, 4, {ﬂ}
m

F=>H,|,

For node Zcpn -0
N

For loop

32
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Inductance: Example

Consider the following electromagnetic system (device)

— 21«——50E—+{2r+~—50~u+12 <

P ———— 2 ——————————— -
104 | 1@ Tb -
o : : q o
|
N | 50 I JL05 N
500 turns 1 : T ) : 500 turns
: | T
| g1
| | |
I f le

iy

Equivalent Electric Circuit

gg
8
’ )

Rpate
g l 2
QRbe {core)

Fy = 5000 At +(> Csz = 5000 At

33




g{bcde = g?«bafe
/

R, = —=
¢ Ju‘OAg
_ 5X%X 1073
471077 X2 X2 X 10
= 9,94 X 10° At/Wb
Z eLCcore
glbe(core) = Shecnet

MAC

_ 51.5 X 1072
1200 X 471077 x 4 x 104

= 0.82 X 10° At/Wb
¢1(%bafe + g?'be + %g) + (I)2(%be + gtg) — Fl
q)l(gtbe + gtg) + (I)?.(gtbcde + %be + QRg) — F2

(I)l — (I)z = 2.067 X 10_4 Wb

The air gap flux is
b, = d; + &, = 4.134 X 107* Wb

34
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Inductance: Example

Consider the following electromagnetic system
(=1A, V=490

- - Mean core
/‘: = bocm/ é - /le n length I,
- A, - : E 1| -
A= Ag = IS ' e e
o Area A
/%r" = 3000 g
Winding, Magnetic core
‘ e N turns permeability u,
Find (nouciepce | = 14 Aread,
R, ¢ Jé’g,
Ja o = ‘gc _ Soe-2 4oe
< ""‘"—"_“———--—___‘______________ . i
_/('(—r/b(, Ae 35007;6!&_7.[56_? Lt 88. [72 e+3 (%
Ra = ———é— - E::L.______\ P -
7 Ao Aﬁ 'Lb“-te»?‘fge_c/ ¥ 550.5/58{—3 A*/%
L - Y6 . & _
(38(‘72 + & 30, 515)6&3 = 2 8-52@2—3 I

- 258.52 mH
35
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Magnetic Materials

Magnetic Domain Structure

Magnetic moment
of an atom

Pm
Nucleus Electron

\{\‘ \\\
~N

‘o
it </ —QQ Orbital motion
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Magnetic Material Domain Model

——» B External field

Y x|+ =X =1 e e o e
___,.‘.._/\\X A || | - ]
\__,\_.__\/——-— S i e el 2N el Bt
R IVATIEE RS e gl B it S B Bt B
L N2 Y7 e i B B Sl Bl

demagnetized magnetized

37



Hysteresis

H‘-u
¥

5T/4}———-—-

(ID

5T/4} - -—-—-2

tY

(I11)

Bi
Pl
1/ Vs
/7 s/
/ v
! / _1!
/ /‘(;
rf 2 >
/ ," H
/
/
r
e
H
=~ >
-.\_\\
~
~
\
T/4f--—=-- 3
i
s
-~
Pre
’/’
3T/4
e
=
~
\\
5T/4f ————- A
+Y
(1V)

ELEC 344, F-16
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Hysteresis Loop

Magnetization
curve

v/

Hysteresis loops for
different excitation levels

' B (T)ﬁ\
Residual field B,

B,
{remanence or / _______ a__

retentivity)

aturation
S B-H curve for

nonmagnetic

1' /muteriols

C — i — - -
0 f H (A/m)

Hysteresis curve

Coercive force H, / Initial

B, — residual magnetism

H. — coercivity force,
external field required to
demagnetize the
material

39
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Magnetic Materials

Classes of Magnetic Materials

Soft mag. materials

* H, ~0.1---100 [A/m]

Hard mag. materials
H, >100 [A/m]

Permanent magnets (PM)

H, ~10%---10° [A/m]

Types of PMs

Neodymium Iron Boron (NdFeB or NIB)

Samarium Cobalt (SmCo)

Aluminum Nickel Cobalt (Alnico)

Ceramic or Ferrite, very popular 40
Iron-oxide, barium, etc. compressed powder



Magnetic Materials

Second quadrant hysteresis curve for some common PM materials

neodymium-iron-boron
----------- Alnico 5
— samarium-cobalt
~ = —~ Alnico 8 7
— == Ceramic 7 //‘/;"
// [
,/ . :: Vi
) P i/
A pd 8
e I
/ ) 1
’/ / f "i/,'
// (A
g / A i
e = / g A :
e / I :
—1000 —900 —800 —700 —600 —500 —300 —200 —100 0

H, kA/m

1.5
1.4
1.3
1.2
1.1
1.0

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

B, T

ELEC 344, F-16
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Energy Stored In Inductor

Consider the following electromagnetic syst_e’m |

-7
L Mean core
-+ — = " length [,
- .2'.){;....&-— Cross-sectional
< i B ,
area A,
O — 4\' Winding, Magnetic core
N turns permeability
Instantaneous Power — rate of doing work ]
Recallmmf F=Ni=H_|

Pin(t): i(t)'V(t): i°r+i-e= Ross + Pt

Power going into the field Pf — | ‘€  where e= Cil_/’[% and A=ND= N/At BC

Pf(t)zi-ezHI\CII (NAB)—IC dB Energy szijdt

CA:deB

42

Change of Energy AW j P dt = ICA:.[ H
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Energy Stored INn Inductor

Energy per-unit-volume Aw, = jH dB.

B 1 w
B2 \
B,
—>
H
h
Magnetically Nonlinear System Magnetically Linear (Approximate) System

B =uH; 1 =const

BZ
AW, =I.A, [H,dB, |
B, NES ¢

s c(Bi-8)

AW, = A

43
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Energy Stored in Inductor

Energy in terms of flux linkage ﬁ

v

L L2
Magnetiéally Nonlinear System

AW, :TPfdt:Tidi
4 4

NI /“‘*\’
\\\ ,
i B
. f >

Magnetically Linear (Approximate) System
A
| =—; L =const
L A
1°¢ 1
AW, == | AdA=—I1 -4

>
|f/1l:O => W:iﬂ?:L—I
2L 2 44
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Core Losses

Hysteresis Losses

BI}
R . | |
Consider * . - | S
AC v N t Y ¢ I" II o~
o ] | / / H
excitation - | S/
| ) S
N ———— — — pa— déi__,
AW, . =§ida = §[ Fels (NAdB,)=I_A ¢ H_ dB
h,cycle — T N Ab c/ C'Ab C C
Power loss can be approximated as
n
P =K, f-(B, ) n~15...25

Where the constants Kh and N
determined experimentally

45



Eddy Current Losses

Consider
AC
excitation

Core Losses

Faraday’s law

— i — — — — —— —

Power loss can be approximated as

—— e ———

ELEC 344, F-16

_ d
iE.m:—a!B-da

Induced eddy current

I:)e = Ke - '(Bc,max)z

Where the constant
on lamination thickness and is

determined experimentally

Ke depends

()

Insulation layer

lron % S
layer—___

46
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EECE 365: Module 1, Part 2

Basic Electromechanical devices and
Energy Conversion

Most Important Topics and Concepts (Read Chap. 3)
« Basic linear devices with position-dependent reluctance &
Inductance

« Basic rotating devices with position-dependent reluctance &
Inductance

« Concept of coupling field

 Energy & Co-Energy

« Graphical interpretation of energy conversion
« Electromechanical force and torque

47
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Basic Electromagnet

Voltage equation o dA
(Faraday’s law + KVL) V=T E
Flux linkage ,,
A=ND=N(D, +D,) N A
! ¢ D
Magnetizing flux @, = Ni/R v N,
Flux leakage @, = Ni/ERI
2
Flux linkage & inductances L - Leakage inductance
I
P N 2 N 2\ NRR (assume constant)
- + | _( | m)l L, - Magnetizing inductance
| m (depends of position X)

48

Consider Magnetizing Path R, =R+ 29%g
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Basic Electromagnet
Consider Magnetizing Path Ry =N + 20,

. R, = e - Reluctance of the
A\ 1 U 1o A stationary + movable core
v ; NC——# > X
_ ﬂ{g (X) = - Reluctance of the air-gap
,UoAg

Eg
Assume A, =Ag = A we get me(X)Z L [IC -I-ZX]

, HoA\ 4
Magnetizing inductance |_m _ N_ — N zﬂOA 1 _ kl
m (Ic/ﬂc+2X) Ko +X
Total inductance ) |
K where K, = N"HoA  ng K, = > =
L=Ly+Ll =—2 +1, 2 o ! e
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Practical Reluctance Dewces

Plunger solenoid (Lab-1)

Closed-frame
tubular solenoid

Open-frame solenoid

The basic electromagnet is very
Outer shell Coil similar to a plunger solenoid (Lab-1)

| I | | Flux lines
I\ _________________ — ,] \

Air Gﬂp Air Gﬂp 50




Other Reluctance Devices

Solenoids ﬁith linear motion

O i *g

L
] _{g
_{

Rotating reluctance devices

ELEC 344, F-16

Z

Load

51

—3nf Oy o
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Rotating Reluctance Devices

R Y Flux linkage & inductances

: 2 2
% zz['\' N ji:(L,Jer)i
SRI ERm

Magnetizing inductance

N2

L, = Lm(‘gr):

R (6 )

SRm (O) - Maximum reluctance

iRm (72'/2) - Minimum reluctance "
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Electromechanical Energy Conversion

Electric Coupling Mechanical
system = | field le g system

53
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Basic Electromechanlcal System

M- Movable mass

V - Source voltage

- Spring constant

NS

fm - Electromagnetic force

- Source current r ( X ol
f
—_) --u (—_
erdiIN
9. Y
- Coll resistance K P

Lm' Magnetizing inductance 7 ;
ef - EMF due to magnetizing inductance X -}1_!

Xo

(voltage drop due to coupling field)

\\V. - Energy supplied from electrical system
€ (going into coupling field)

Wf - Energy in coupling field

\\\/... - Energy going into mechanical system
(from coupling field)

54
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Electromechanical Energy Conversion

W .| Coupling
€ Field

- W

m

Energy Balance ~ W, =W; +W,,, = jef Idt =W5 +j fdx

First, lets consider fixed position, and assume X =0

dA .

W, :jefidtzjaudtzjidz

55
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Energy in Coupling Field

Consider a state of the system A i Non-linear magnetic system
=1, A=A,

Energy going in coupling field 7\.,_«1
W, = [idA

Co-Energy associated with this state

Wc = J‘ﬂdl , assuming dX — O

Energy and Co-Energy Balance

Ai =W, +W,

Coupling Field is Conservative — The
stored energy does not depend on the . Z
history of electromechanical variables, it la
depends only on their final state/values 56




Energy in Coupling Field

The characteristic becomes linear by
Increasing the air gap

A

A

Increased

air gap
length

57



Energy in Coupling Field

Consider a state of the system Linear (Approximate) magnetic system

i=i, A=A, A
Energy going in coupling field
- %a

Co-Energy associated with this state
Wc = j/ldl ,assuming X =0

For magnetically linear systems
Energy and Co-Energy Balance

1 .
2
Coupling Field is Conservative — The - l

stored energy does not depend on the
history of electromechanical variables, it 58
depends only on their final state/values



Electromechanical Energy Conversmn

Graphical interpretation

Assume move from Xa to Xb

Consider 4 —] relationship

A
B

Ao //
A

]

ELEC 344, F-16

59
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Change in Energy

X
" State b

Change in electrical input 0

AW, = [ie¢dt = [id2 = ABCD

A
Coupling Field Energya AW; =0BC -OAD

60
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Change in Energy

Change in Mechanical Energy ~ AW, = AW, —AW; = ABCD—(OBC —OAD)
A

AW, =

Remember Co-Energy

W, = [ Adi

0

Change in mechanical work . .
under constant current AW =AW, = fmAX

Developed fm (l, X) _ a\NC (|1 X)

Electromagnetic Force P

I=const 61
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Change in Energy

Change in Mechanical Enerqgy at constant flux AWm — AWe _AWf = OAB
A i

X = Xp Change in mechanical work

A B X =X, under constant current

AW, = o AX = —AW;

-

0 I',g; If y !

Developed - _
Electromagnetic Force fm (I J /1) -

oW« (i, 1)
OX

A=const
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ELEC 344, F-16

Electromagnetic Forces & Torques
Rotating Devices

N
Mechanical Energy/Work ' Mechanical Energy/Worlz
Electromagnetic Force fm Electromagnetic Torque Tm
dWm — fde dWm :deg
. oW oW ¢ . oW oW ¢
f 1, X)= C f Z,X = —_— T |’0 — C T i’ -
(0= f(x)=-ZE (T60-T2  T(6)=-"

ically i 1 .. 1 :
For magnetically linear systems Wf WC =i L(X)I2

Energy and Co-Energy are the same 63



Linear Devices

ELEC 344, F-1

Example

Given that

A(i,x)=Li=[L + L, (x)h :(L, +5ji

X

Calculate fm(i,X) at given current i=ia

W, (i,x):WC(i,x):(L| %}g

64



ELEC 344, F-16

Typical Push-Pull Solenoids

Naturally, solenoid coil pulls in the plunger. To get a push action, a thrust pin is added.

STOP COIL PLUNGER STOP COIL PLUNGER

THRUST PIN | THRUST PIN |
(THRUST TYPE ONLY) FRAME (THRUST TYPE ONLY) FRAME
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ELEC 344, F-16

Typical Industrial Push-Pull Solenoids
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