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EECE 376

Electromechanics: Module 2

Spring 2013, Instructor: Dr. Juri Jatskevich
Class Webpage: http://courses.ece.ubc.ca/376/

Electromechanical Energy Conversion (Read Chap. 2)

Learning Objectives, Important Topics and Concepts
» Basic electromechanical systems

» Electrical & mechanical inputs

* Losses in energy conversion

» Concept of coupling field, Energy & Co-Energy

» Graphical interpretation of energy conversion

» Electromechanical force and torque

e Multi input/output systems

« Torque in basic reluctance device

» Torque in basic rotating device with coupled circuits
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Electromechanical Energy Conversion

Electric Coupling - _y| Mechanical
system field system
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Basic Electromechanical System

_

- Movable mass

- Spring constant

- Damping (coefficient)

- External mech. force

M
L r ] Q0K %
+ \_Qf l\/ _|_J s
| = B —>1,
. erd _|N
ot c"'--b
L, [
7% ;
X I
L| - Leakage inductance Xy
- Magnetizing inductance M
- Coll resistance K
- EMF due to magnetizing inductance D
(voltage drop due to coupling field) f
- Source voltage m
- Source current fe

- Electromagnetic force
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Electromechanical Energy Conversion
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Wﬂ_ - Energy loss in coupling field
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WeL Wﬂ_ WmL

Wy W, W, /L Wy
A& =% Gf
WmS

- Energy from El. source

- Energy stored in El. system
(not coupled with Mech. sys.)

- Energy loss in El. system

- Energy going in coupling field

WM - Energy from Mech. source

WmS

- Energy stored in Mech. system

(not coupled with El. sys.)

WmL - Energy loss in Mech. system

Wm

Wf - Energy in coupling field

- Energy going in coupling field




Basic Electromechanical System

L » [ —1 []—oX Z : :
+ + ’ Electrical Side
i ! —> f
v 4 ejc_____,N . ] dﬂ/
- =T ‘ V=Il+——

I -1
— o E dt |
) A=[L +L,(x)]
di d T di
v=ri+L —+—|L,(X)i|=ri+L —+e
Aoy e
Energy from Electrical System Energy going into coupling field
We = [P, (t)it = [ vidt W, = [eqidt

=r[i%dt+ L,ji%deefidt

Basic Electromechanical System

J,;j r | K - -

¥ 7] A~ Mechanical Side
- ™ —>f

v ! €d [N

) BN . d°x _ dx

¥ fm+fe—M—+D—+K(X Xo)
y 3 , dt? dt
}:Jx |
dx

Energy from Mechanical System WM = -‘- fm dx = J' f d_ dt

W,, —Mj—dx+D (((jj)t(j dt+Kj X — Xg JOX — _ffdx

Energy going into coupling field

W,, =] f.dx
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Basic Electromechanical System

WEL WfL WmL
We N W ny W (). W
> > T r
\&) 2 \E )
W .S \Wf \ Vwms

Neglect the losses in the coupling field Wf =We -I-Wm

How do you convert the energy ?
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Energy in Coupling Field

We Coqpling Wm
Field

Energy going into coupling field Wf :We -I-Wm = Ief idt —I fedX

Consider one input only, and assume dx=0

W, =jefidt=jz—fidt=jidz




Energy in Coupling Field

Non-linear magnetic system

Consider a state of the system
I=1, A=A

Energy going in coupling field
W = [idA

Co-Energy associated with this state

W, = J.ﬂdl ,assuming dX = 0

Energy and Co-Energy Balance

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

A
Aa
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Energy in Coupling Field

Linear magnetic system

Consider a state of the system
1=, A=A,

Energy going in coupling field
W, = [id2

Co-Energy associated with this state

W, = Iﬂ,dl ,assuming dX = 0

For magnetically linear systems
Energy and Co-Energy Balance
1 ..
W, =W, == i
2
Coupling Field is Conservative — The
stored energy does not depend on the

history of electromechanical variables, it
depends only on their final state/values

A

)

A
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Energy & Co-Energy

Independent variables i, X
A= A(i,x)
Energy going in coupling field

W, = [id2 =W, (i,x)

dA f?éd aﬂ'd
Ol OX

assuming dx = 0

W; = JI———dI

Co-Energy WC — j Adi

Independent variables 4. X

=i(4,x)

Energy going in coupling field

W, = [id2 =W (4,x)

W = [i(4,x)A
Co-Energy W = jﬂdl IWC (ﬂ,, X)
di=dz+ D

oA OX

assuming dx =0
W, j /I—d/l

Energy in Coupling Fleld

Consider linear magnetic system

A=2i,x)=L(x)i o i=i(4,x)=

Energy going in coupling field Wf = J.Id

assuming x =(Q we get dA = L(X)dl

1dA

1

yl 7\.&

L(x)

1 1

A
A 1 F 2 .2
W, =|——dA=——< | Adl=— 1. ==L
f fL(x) Lx-([ DA

Co-Energy associated with this state

W, = [ Adi = L(X)Tidi ==
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Electromechanical Energy Conversion

Graphical interpretation

Assume move from Xa to Xb

!
Consider A4 —1] relationship
A )
_ 9
y / -
Aa >t 7 |
A | X, :
I xa e
0 ib ia-‘i 13
Change in Energy B
State X, State X,
l A A.; '}
A [P B Ay |D B
Aa|C : A |C
A A
0 i da ! 0 ih i

Coupling Field Energy AWf = 0OBDO -0ACO
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Change in Energy

Assume move from X, to X _ _
Change in electrical input

Al
D B . ¢)
Ao AW, :jlefdt = J'ld/i
A C : ‘a
A = CABDC
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Change in Energy
Change in mechanical input AWm = AWf —AWe
=0BDO -0OACO -CABDC

A A A
Ay |2 B A 1D B A |2 B
ka C 7\4{1 C }\4(1 C
A A A
0 B .l 0 i .l 0 i s L

Balance of area

OBDO + OABO = OACO + CABDC AW, =

Energy has been supplied to
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Electromechanical Energy Conversion

Graphical interpretation

Assume move back from X, to X,

Consider A —1] relationship

A
B

A /
Aa

/A

0 Ip

l

la

-

!

q

7 |
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Change in Energy

Assume move from Xy to X,

A
o |2 B
ymie ,
A
0 lp iah l

Coupling Field Energy

AW, =-OBDO +0ACO

Change in electrical input

Aa
AW, = [idA =-CABDC
7

Change in mechanical input

AW = AW, — AW,
= 0ABO

18
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Change in Energy

Assume a cycle from X, to X, and back from X, to X,
Coupling Field Energy

Al
AW cycle —

B ,
7\-6 D /
Change in electrical input
Aa|C AW,

/A e,cycle =

Change in mechanical input

AW

m,cycle —
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Electromagnetic Forces

We Coqpling Wm
Field

Energy going into coupling field Wf :We -I-Wm = jef 1dt —'[ fedX

Differential form de = €; idt — fedX =1dA — fedX

f,dx =1dA —dW;
oW oW
dA(i, x)= 9% g+ P dW, (i, X) = —di + ——dx
Ol OX Ol OX
oW oW
fdx_la—d|+|a—dx——fd| L dx

Ol OX Ol OX
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Electromagnetic Forces

We Coqpling Wm
Field

Differential form

oW oW
f dx =idA —dW, :(i oA _o Jdi +[i oA _ de

Ol O ox  Ox
clecromagnetic orce T, (i, X) = gj _ a;\)/(f
Recall Co-Energy W, (i, X) = i —W/ ow, _ olai-w; )
) OX OX
£(i, x)= a;)\ic
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Multi-Input Systems

Wel " ) Wml
We2 7 T Wm2
Coupling
Field
WeJ — D— WmK

J K
Energy going into Wf _ Z\Nej + Zka
j=1 k=1

coupling field
Wej = Iefjljdt ka — _j fekka
Contribution from j-th Contribution from k-th
electrical input mechanical input
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Practical Multi-Input Systems

Wel >
We2 >
Coupling W
Field m
WeJ —

J J
Energy going into Wf — Z\Nej _|_Wm — Jzefjijdt —I fedX
j=1 =l

coupling field

J
Differential form de = Z efj ijdt — fedX
j=1
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Multi-Input System: EI. Mag. Forces

Differential form

J

W; (i, iy,..., i;;x):Wf (i, x)
A iy i, iy %)= 4, (i, X)

Wel ’

WGZ Coupling W
Field m

WeJ —

) 04 AW,

j:1j OX  OX

M
(@]
=
(@]
(9]
—
D
i @
P
N
Il

. oW
aWC(i,X) J y a/ij @Wf 1Ee(l,X)I aXc

J=1 24
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Energy in Coupling Field

Consider system with 2 elec. inputs B
. . I} —>
Energy going into coupling field ™
J . M
= [Yi;da; = [(dA +ida,) = L]
j=1
assuming dx =0 2 -
8|1 I, 8|1 |2
Assume 2-step procedure:
Step-1: set i2 =0 =const, increase il
Step-2: set il = const., (dll = O), increase i2
25
Energy in Coupling Field
System with 2 electrical inputs:
W; :j iy oY d|1+—/21d|2 +i, oy di, + 8/_12 di,
ol ol Ol ol,
Assume 2-step procedure:
Step-1:set |, = 0 = const W = II /h di
' 2 - J f,step—1 — | "1 oi 1
increase |y 1
Step-2: set dil = O, Wf,step—Z :J.|:i1%di2 +i2 %di2i|
increase i2 5I2 5'2

Wf - Wf ,step—1 +Wf step—2

26
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Energy in Coupling Field

System with 2 electrical inputs:

Wf:j iy ﬂld|1+|1 ﬂ'ld|2+|2 —2di,
Oly 12

Assume flux linkages

Ay = Ly (¥ + Ly (¥, dy = Ly, (x)diy + Ly, (x)di,
Az = Lyp(X)ip + Ly (X)iy dZ, = Ly (X)di; + Ly (x)diy

1 1
Wy = I'1L11d'1 +I Ly, +ipLp, )i, =5 Lygiy’ + Lyglyip + 7 5 Loz
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Energy in Coupling Field

1, . o1
System with 2 electrical inputs: W, = > Ly,if + Ly,igiy + > L,,is

System with J electrical inputs:

Ay =L+ Ljoly+,..+L 51, ZZLIJ i
In Matrix Form
_/11_ _L11 LlJ__il_
S P I | Wi =£iTLi
= 5
Ay ] | L Ly 15

28
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Mech. Energy going into coupling field

W, =-— I f dx
Electromagnetic Force fe
dW,, =—f.dx
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Electromagnetic Forces & Torques
Linear Devices

=

Rotating Devices

Mech. Energy going into coupling field

W,, =—[T.d6
Electromagnetic Torque Te
dW,, =-T.d6
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Electromagnetic Forces & Torques

Linear Devices
J 04, OW
fo (i, x)= DT~ ——
i ox  OX

J
W, (i, x)=>" 4;i; —Wq
j=1

-,

fe(l,x)z 8XC
oW,
fAX)=——
=2

Rotating Devices

1. 04; OW
T,0,0)=Yi — ——
i 121 ho0 00

J
W, (i,0)=>A4;i; -W;
j=1

T.(i,0)= 2

00
OW
Te(h@)——a—é,f
L, dlj oW
T.(0,0)=-> 1, C
i o 100 00
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Example 1 (2A in the Book)

Linear Devices Total flux linkage
: : : K.
A, x)=Li=[L +L,(x)fi= (L, +—jl
B Flux linkage in the coupling field X
’ : . (k).
cg.i, Ac(i,X)= Ly (x)-i = (;)I
— Calculate f i, X
| (%
5y

Wi (i, X) = J-/ldi :ijiLmidi =%(;Ji2
0

oW 10l 1.k

fo (1, X
e ox 2 ox 2 y2
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1-phase Reluctance Rotating Device

. ariacti ] dA
Consider as-winding Voltage equation Vo = Il ¢ + s
dt
Flux linkage /7“as = Lasasias

Approximation of Magnetizing Inductance

] | 1
T 2n Br

0 3
217

vy

Self-Inductance L, = L + L, (6, )= L + L, — Lg cos(26,)

32
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1-phase Reluctance Rotating Device

) . . t
Consider as-winding Let the rotor rotate Hr = Hr (O)+ IO Wy dt

Flux linkage ias = Lasas las

Assume magnetically linear system

NESIRY.

: 1 :
W (ias. 0r )= E[LA — Lg cos(20; )iz

e _ LgiZ sin(26, )

r

Electromagnetic Torque Te (I , (9) =

For constant current

33
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1-phase Reluctance Rotating Device
Consider aS-winding, let the rotor rotate 0. =0, (O)+JZ o, dt

T. = K sin 26,

Which positions are stable ?

What is the average torque over a complete cycle ? 34




EECE 376, S-15, M-2

1-phase Reluctance Rotating Device

Consider aS-winding, apply sinusoidal excitation

ias = \/E Is,rms COS(He)

0, =0,0)+ [ 0,dt=06,(0)+ gt

as axis

Assuming Hr = Hr (O)-I— I; W, dt

Electromagnetic Torque Te =21 sz,rms LB 005(9e )COS(Qe )sin (29r )

_ |2
— s, rms

Ly cos(¢9e)%[sin(26’r +6,)+sin(26, —6,)]

S,rms

T, =12 LB[sin(Zéir)+%sin(26’r +6?e)+%sin(26’r —He)}
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Windings in Relative Motion

Stator & Rotor Windings Voltage Equations

Vi| _|h h +i A
v, ril, | dt| A,
Flux linkages
/11 _ I—Il + I—m1 Lsr COS(@r) il
A Ly c0s(6;)  Lip+ Ly, |l
In Matrix Form  V =Ti+ ((jjl—ih A= L(@r)i

Assume magnetically linear system, we can express the Co-Energy

W, (i,0) =W, (i,6) = %m _ % Lii2 + Lii, % L,,i2

36
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Windings in Relative Motion

Electromagnetic Torque T, (i,@): 8W —lil, L, Sln(9 )

For constant currents il and i2

T,=—Ksin 6,

ol
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Example 2 (SP2.8-1)
Given: L, =0.1H;i, =2A;i, =10A
a) Calculate Electromagnetic Torque

T, = —i,i, L, sin(6, )= —2sin(6, )

b) Assume applied external torque
T., =1N(clockwise)

Calculate steady-state Hr

For steady-state Te :Tm =1N

1=-2sin(@,), 6, =arcsin(~0.5)=-30°
c) Assume applied external torque

T, = 2N(clockwise)
For steady-state 2 = —2 Siﬂ(@r ); 9r = arcsin(— 1) =-90°
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