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6.641, Electromagnetic Fields, Forces, and Motion
Prof. Markus Zahn
Lecture 13: Magnetoquasistatic Forces

I. MQS Energy Method of Forces
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(a) Magnetoguasistatic system having one electrical terminal pair and one mechanical
degree of freedom. (b) Schematic representation of MQS subsystem with coupling to
external mechanical system represented by a mechanical terminal pair.

A. Circuit Approach
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B. Energy Method
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II. Force on a Wire over a Perfectly Conducting Plane

Depth D

Figure 11.7.3 Cross-section of perfectly
conducting current-carrying wire over a
perfectly conducting ground plane.

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission.

ey [See Haus & Melcher p. 343,
L(g)= SR (Ej -1 take %2 of Eq. (12) which is the
inductance between 2 cylinders]

A. Energy Method
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f, |
| Figure 11.7.4 The force tending to
O levitate the wire of Figure 11.7.3 as a
0 function of the distance to the ground plane

E/R— normalized to the radius R of wire.

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission.
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B. Method of Images Approach with Lorentz Force

Depth D

Image current i

Ho

T

LSS ey LSS e Py e e =

a= E'E“ _ RE

l ¥ image current -i
£ —iD ol _ i’ D _ i’ D
: 27 (2a) 4na  4nfe?2 —R?

C. Demonstration: Steady State Magnetic Leviation

Figure 11.7.5 When the pancake coil is
driven by an ac current, it floats above the
aluminum plate. In this experiment, the coil

/ consists of 250 turns of No. 10 aluminum
wire with an outer radius of 16 ¢cm and an
= ; inner one of 2.5 cm. The aluminum sheet
/ 3 Z has a thickness of 1.3 cm. With a 60 Hz
) current ¢ of about 20 amp rms, the height
VA above the plate is 2 cm.

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission.
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III. One Turn Loop
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Figure 6-35 The magnetic force on a current-carrying loop tends to expand the loop.

Courtesy of Krieger Publishing. Used with permission.
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B. Lorentz Force Law
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Model surface current K, = as volume current of small thickness §

Ol

f =J'Jyu0szxdydz
\

- TL(loIJ(x — (& +8))1 8 dx

_ 21[ 2 &+8
=M X?_(§+5)X}
x=¢

2 comes from integrating uniform volume
current over small thickness §

General formula: f = jEanv ds
S

0
For our case: B_, = i’l@ = lB .
v air
2 2
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IV. Lifting of Magnetic Fluid
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A magnetizable hoguid 1s pushed upward into the field regon
between the pole faces by the forces on magnenc dipoles in the
fringing regon at the hottom

A. Energy Method Approach
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B. Magnetization force
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V. Magnetic Actuator
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_ (Nli1 + Nziz)Az
POA (a-x)+(a+X)A,

Ho Ny A A, (N1i1 + Nziz)
A, =N H, A, =
1T T T @ x) T (a+ XA,

o N, A A, (N1i1 + Nziz)
=N H, A =
Po = MNoko B A, A (a-x)+(a+x)A,

dw =i, di, +i, diA, — fdx

d(ijA, +ih, —w) =2, di, + 2, di, + fdx

w’ (co-energy)

dw' = 2, di, + A, di, + f dx

OX iy, i, constant

(X,i1,03)
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dw'= [ fdx+ [ dii+ [ adi
1 2 3

ip =i, =0 i=0 ij=constant
x=constant x=constant

dw'= [ L(Qidi+ [ (M(X)i+L,(x)i,)di,
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VI. Synchronous Machine

Stator magnetic axis

A
I_N:tm magnetic axis
A

Stator

Highly permeable
magnetic_material

Rotor slot Stator slot
Stator coil

Rotor tooth

Length 1 perpendicular
to page

Geometry of smooth-air-gap rotating machine showing distributed windings on
stator and rotor of a single-phase machine.
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Smooth- Air-Gap Machines

Stator (a) axis

Rotor axis

Stator (b) axis
E—

T

Schematic representation of smooth-air-gap synchronous
machine with field (dc) winding on the rotor and balanced
two-phase stator (armature) winding.

A = L, i,, +Mi, coso
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0=o,t+y,+7v'(t) , y'(t) <<,
-MIL I siny, -Bo=0

Bo
MI I

r=s

siny, = -

\ T > T
/H I -Bo/MIIs
Unstable
Equilibrium Stable
Equilibrium

Pullout when [siny,| =1 = Bo =ML I

Hunting transients: sin(y0 + y') ~ Siny, COSy'+ COSy, Siny' = siny, +v'cosvy,

2 1
J(jjt}; =-MIL I, cosy,y'-By'=—(MI I, cosy, +B)y'
dZ'Y' 2.0 . 2
e =0 ; o =[MLLcosy, +B]/]

y'=A, sino,t+A, cosot
Stable if ®,° >0 (o, real)

Unstable if o,> <0 (o, imaginary)
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