7. Torque generation

Electromagnetic and magnetic forces
Rotating magnetic field

EIEN25 Power Electronics
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Energy density

 Medium ability to maintain magnetic
field or/and electric field

 The permittivity ¢ is for polarization
whereas the permeability p is for
magnetization

* Flux density in the air-gap
- B=I1T— ~4-10°)/m* > PM

 Break down field for air
- E,=3kV/mm — ~4-10' J/m’

« Compare energy density [MJ/Lit] and
specific energy [MJ/kg]

8.1 p 258-259
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Storage material MJ/L MJ/kg
Liquid hydrogen 10 142
Diesel 35.8 48
Lithium metal battery 4.3 1.8
Lithium-ion battery 2.6 0.8
Carbohydrates 43 17
Magnetic Flux Density (1T) in vacuum 4-1071
Electric Field (3 kW/m) in vacuum 4.107°




Linear Motion

* In many applications the “most
wanted”

 Often translated from a rotation



Generic Force

Force _ '
Flux density )

Current

Force = Flux density * Current * length (twice)
Power = Force * Speed = Voltage * current

Voltage = Force *speed / current
= Flux density * length * speed

Lorentz force’
= Force on current in
magnetic field

*)F=q-(E+v><B)



Multi Phase, otherwise it stops

End windings don’t contribute to
torque, but takes a lot of space ...



Linear movement from generic force

c, moturs



Rotating movement from generic force




Conclusions on force and movement

« The same generic circuit accomplish
both linear and rotating movement.

* One phase is not enough for
continuous force.

* Qualitative:

Voltage ~ Speed

Current ~ Force




Torque Components

No Torque Electrically or Only Lorentz
permanently Reluctance AND
magnetized = force Reluctance forces
Lorenz AN
forces 4
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Stator, Rotor and Airgap

e The stator is static
(not moving)

e The rotor rotates

 The air gap seperates
them

— Usually <1 mm




Core back, teeth etc ...

Tooth Stator Core

Rotor Core
Back



Machine layouts

 Machine classification
— Saliency: none, single, double
— Supply: single or double fed
— Excitation: EM & PM
— Magnetization: IM & RM

8.2 p 259-260
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# of poles =p
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Flux variation & electromotive force

« Faradays Law

i 0B
§ra=- %
ot
l
dy

B
dt

do
_NtE

« Lenz’s law — any current produced by
the emf tends to oppose the flux

change _

* Flux variation due to magnet movement V= ldz/; d di  dL
and current change e=+—=—(Li))=L—+i—

dt dt dt dt
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Electromechanical energy converters

« Conversion of electric energy into
mechanical energy or vice versa

— Reversible except for the energy losses —
motoring and generating mode

— In the presence of magnetic field (energy
density)

— Mechanical motion — translational, rotational, ...

— Electrical EMF waveform — pulsating DC,
alternating AC

8.1 p 257-258
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Torque and Power

« Torque = Force * radius
on the shaft
T=F*r

« Power = Torque*Speed
on the shaft
P=T*w
but, also ...

 Power = Voltage *
Current

on the electrical terminals
P=U?¥*I




Tangential force

 |Interaction of flux and B

current .

---------

+ "F=Bil” ..,

.......
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T
tangential = ? D is le B gm lK sl P P
4 : .................. : " .......
Inner Equivalent Air gap flux Stator Angular
stator active magnetic density Current Density

diamete length



Flux density in the air gap
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Stator current / meter air gap periphery

Angular current density \

/ ‘ Number of winding turns

K, 6’) 7; (A\Q)tj A/m

X /
Winding factor Number of poles
/

/ Phase current amplitude

Stator inner diameter
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Shear Force & Torque

*  Current and Flux interact for tangential force
o = Force/Unit area is a key figure

* A good design accomplish about
o =10 000 ... 30 000 [N/m?]

... in continuous operation and
2...4 times that in transient operation

T
7DisleB lesl B K
0:(5) 2 g — gml=* sl [N/mZ]
avg

D, 1, 2

T=2Dp2 B K.

4 is“e gm 1




Conclusion on torque

The torque is proportional to the:

— Magnetic flux density — Limited by material propertied to about 1.0
... 1.5 Tesla

— Spatial current “density” — Limited by cooling capability

— Axial length of the machine
_ Diameter SQUARED ! = Rotor Volume

T =%D.2z B, K.

is”e gm 1




Sizing Exercise ...

« Size a machine capable of 250
Nm.

« Assume
— Sigma = 25000 N/m2

— Rotor outer radius = 75% of
Stator outer radius

— Rotor active lengt? = Stator
outer diameter

* How big will it be?

>> Sigma = 25000;

>> T=250;

% T=2*pi*rr*Ir*sigma*rr

% rr=0.75%rs

% T=2*pi*0.75*rs*2*rs*Sigma*0.75%*rs =
% 4*pi*0.75"2*Sigma*rs”3

rs = (T/(4*pi*0.75"2*Sigma))*(1/3)
rs =0.1123

i.e. 224 mm diameter, 224 mm length



Torque Components

No Torque Electrically or Only Lorentz
permanently Reluctance AND
magnetized = force Reluctance forces
Lorenz AN
forces 4
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Stator windings ...

« Assume inner rotor

« Assume 3-phase stator winding

— The most common type in AC-
machines

« Assume 2-pole
— To simplify understanding

« Assume 3-phase
sinusoidal currents

— The normal case




Rotation

T Figure 1
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Magnetomotive force, field intensity & flux

« Amperes Law /ll
F = mmf = N, = ¢ Hdl

 Constitutive relation

B = .UH = .u'O.urH | | ﬁ&
| | A 1
Eny
|

 Magnetic circuit

BFelFe 385
F =Hp,lz, + Hsé = +
S J lioliFle Ho
:{ Assume }: ¢.<Fe/ﬂoﬂFe+6/u0>
Afe = A5 = A A A

« Magnetic energy

F=Fpe+Fs=¢ Rpe+ @ Rs
* Magnetic flux Winag
¢ = BA

* Magnetic reluctance

R—l
=

_¢-F 1 FF62+1 Fs?
2 2 Rp,

2 Ry
—l-q_’)Z-R +1-¢2.R



Sinusoidally distributed windings

8.5 p 262-263

F(6) F(6)
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The PM and RM machine

Salient poles in the rotor

Rotor reference frame (x/y) (or (d/q))

Rotor mmf ﬁm and stator mmf ﬁ; (sinusiodal)
Reluctances R, and R,

Ideal iron (no magnetic saturation effects)

8.6 p 264-265

\E, ﬁs
Stator

N S N
Rotor
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Air-gap magnetic energy

F > ,A
. Air gap MMF Stator Fn Fsy
ﬁS =ﬁm+ﬁs :F8x+F6y
7
« Split in orthogonal components
|
Fs, = 1:"5 -cos(y) + Fm = st + Fm Rotor FTn

Fsy = Fs - sin(y) = F,

« Air gap Energy

1352-coszy+2-ﬁ5-ﬁm-cosy+ﬁ,ﬁ>+1 (ﬁ'.sz-sinzy>
2

R, R,
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Torque: derivative of magnetic energy |

 Torque = derivative of mechanical energy w.r.t. angle

Compare to linear movement
T | (F=dW/dx or W=F*x)

e Wiagn ¥ Wiech = Constant
i.e. — no energy supplied

dWmagn + dWmec — 0
dy dy
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Torque: derivative of magnetic energy I

~

2 . cin2
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dWmagn Asy ) Am ~ ~ 1 1
T = — = = F. -F. . |———
Torque Components 2 R ey
No Torque Electrically or Only Lorentz
permanently Reluctance AND
magnetized = force Reluctance forces
Lorenz AN
forces 4 A

8.5 p 266-267



] ] 8.7 p 267-271
Electrically magnetized stator

F;(8)

Ns number of
winding turns

F;
|F)(al\ FS(B)
- - . r

Fundamental mmf s1=
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Torque expressed in flux and mmf

~
I

2 4 2
. E'FSx ) F(Sy
, > ] X 1 A X y
R—x-(Fm-l_ Sx)'FS‘y_R_y.F.'S'y.FS'xz
- R ~ -
7 0ox By =95y ) = iy A K
A N
E.<p(‘5-1~",5-(cost9siny—s 6 cosy) (Sy
s — o) =" >
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T o g
E"pSXFS g >
Fm FSx

Important conclusion

Remember: Flux=MMF/Reluctance

34



Torque expressed

« Effective number of turns
Ns,eff = Ns - kpq

« Express MMF in “Ampere-tur
> 2

in flux linkage

ns”

= - L 2 . .
Fs = Fsy +]E5y :;' seff " ls = ;'Ns,eff : (lsx +]lsy)

* Insert in the Torque-equation

T -~ ~ T
TZE'((pzS‘x'Esy_(P(S‘y'F:sx):E’(

= Psx Ns,eff ) isy — Psy - Ns,eff sy

2 . 2 .
Psx * E ) Ns,eff “lsy — Psy - E ’ Ns,eff " lsx

—

:l/)(Sx'isy_l/)Sy'isx:l/}SX?S

N

Important conclusion

>:
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Leakage inductances

© Mats Alakula

L9-torque generation

= Ns,eff *@pr = Lsy + 1p
— Ns,eff *@Pca = Lsp - 1



The stator voltage equation in the stator reference frame

2 =R '+d¢“—R '+d Lgy-i
/)5 § Ug = Kg " 1y W_ s lg E(lpé‘a-}' sl'la)
Ip 2n (2 d d
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e’ 3 3 uc=Rs'lc+W=Rs'%"’E(wé‘c‘l'l‘sﬂ'lc)
> -
AT T T —
a -
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Rotation and multi-phase winding

) F B
g -
B

— } - i ¥ ™~ x
= xy . .. . gy N

lS lsx ]lsy - l_ge 9

i aff _ i xy ,jb, (7+9,)

< = —
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The stator voltage in the rotor reference frame

b
% =Xy >Xy d Xy >Xy , Xy >XY
i Is Uug” = R I +E(lp5 + Lgy - I )+]wr’(lp5 + Lgy - I )

. . . . .
Usxy = Rg - iy + a(lpm + Loy + Isx + Lsa - Usx) — @y - (Lmy “lsy + Lsp - lsy) =
. . .
{TC =RS'lsx+a(lpm+l'sx'lsx)_wr'Lsy'lsy
, d . . . .
Usy = R - lsy t a(l'my gy T Ly - lsy) + wr - (lpm + Ly * lsx + Lsa lsx) =

di
=Rs'lsy+Lsy'%+wr'(lpm+Lsx'lsx)



Exercises on MMF distribution (4)

 PE ExercisesWithSolutions2019b vers 190206
 Draw cross-section: EMSM (4.1) & DCM (4.2)

« Sine wave MMF: Single (4.3) Dual (4.9) wave

« Torque expression (4.10)

* Flux vector (4.11) (4.12) + armature current (4.13)
 Rotation problem (4.14)

« Voltage equation (4.15)

Lund University /
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