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6. Space vector theory
Concept of space vector (“Raumzeiger’)
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e. g. stator reference frame:

%: stator circumference angle: y, = x,7/7,
/! 3
Cator | B(%):B - sin
Ig | , Space
1
, B-flux vector

I r line | ?

> > B
Im 14%

stator current layer

rotor

rotor current layer

e Stator and rotor fundamental air gap field are excited by

sinusoidal distributed stator and rotor current load (= “current layer” A4 (y), 4.(%) )
e Superposition of both fundamental fields yields the

resulting magnetizing fundamental air gap field wave B(y)

e Each sinusoidal distributed air gap field wave is described by a space vector
in the machine’s axial cross section plane

g
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6. Space vector theory
Definition of space vector (“Raumzeiger”)
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e. g. stator reference frame:
7. stator circumference angle

7s
B(%)=B"sin
Q’/ \ stator Im[ (78> YS
& Re
S\ 1 )N L= -y~ B
\ /9 5 0 ce ver
B-flux 7 Space vector
line |
B ——
stator current layer
rotor rotor current layer

e Space vector length = field wave amplitudel-}

e Space vector orientation = position y, of field wave maxima
e Space vector direction = position of north pole N.

e Use of complex coordinate frame for machine cross section = complex space vector!

e Alternatively the space vectors B or ¥ or I are used for the magnetic fundamental air gap

field wave = e.g.: Bsor ¥, or [, A 2
lm zzh /Lh :(Nskws ';Tple/l’h)'ﬁé‘
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6. Space vector theory
M.M.F. space vector definition

e Dynamic situation: The three phase currents are no longer of sine wave
time function, but Iy(?), Iv(?), Iw(f) vary arbitrarily.

Steady state: Dynamic situation:

fixed frequency £, amplitude I & phase shift currents change arbitrarily
I (t) = I cos(L2 1) Iy (1)

I, (t)=1-cos(2-t—2x/3) I (1)

Iy (t)=1-cos(2-1—47x/3) Iy ()

¢ In many cases the three-phase winding is star-connected:
Iy @)+ 1y () + Iy (1) =0

e a) Delta-connected winding or
b) star-connected winding with connection of neutral point:

Iy () + 1y () + Iy (¢) # 0 ,neutral point clamped™
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6. Space vector theory
Three-phase system:
Sinusoidal symmetrical vs. arbitrary currents

Three-phase sinusoidal AC current system Three-phase arbitrary current system
Fixed frequency /= 1/T No frequency detectable
Fixed amplitude I No defined amplitude
Fixed phase shift 0, 2n/3, 4t/3 No phase-shift defined
TT "
) 0126
1y ly 1w I
> >
t 4
T
E— —
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6. Space vector theory
Common mode current i (¢) in all three phases identical!

A Im

iy (t) Example: Neutral point N clamped

io(?)
Uo—

W0 300

VO—_—V*—P—

l()(t)
wo— -
w . . .
iys (1) = iy (1) —ip (1)

lys(t) =iy (£)—iy(t) +

iw(t) + i (1)
lys () = Gy (1) —ip(¢)

,LCommon-mode free“ current system: : : . .
iys (£) +iys (1) +igs (1) =0 0=ty O+ (1) +iy (1) =300 (1)
Original current system: . . . .
i(1) = iy () + iy (O) + i (1)]/ 3

iy (@) +iy () +iy (1) #0
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6. Space vector theory
Common mode current i (¢)

io(1) = [iy () + iy () + iy (1)]/ 3

Three-phase sinusoidal AC current system Three-phase arbitrary current system

ih(1)=0 ip(1)=0 or 5 (t)=0

T
012

0|3

T

— i

‘umy*
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6. Space vector theory

Example: Common mode current i (7)

io(1) = [iy () + iy () + iy (1)]/ 3

i/pul

iy(?)

Iy(?)
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6. Space vector theory TECHNISCHE
Three phase sinusoidal currents DARMSTADT

+U - +v -U +W =V

ARARBARRRBRRR, =2t “Steady state” operation
VB AR AREABRAR. *
s ¢ Fundamental m.m.f. wave V_, (x,) moves
with constant velocity

9 w©
7
@O0 eRRe® 00

] /2 v(x) 22'
JJTE}J_\_‘_LL\_\_I_:* Veyn = Tp - 2f Tp

QO ., I . . OO

0,866 6
0,866 @

003 Qe 0 0®®

Synchronous velocity !

Synchronous rotational speed n, ,
in case of rotating field arrangement:

Vsyn Vsyn 2@[

0/2 ., =2, = = =
) syn syn
1—L1J_rjr_ d;/2 pr,/m p
= m.m.f. moves to the left t=T/6: ExamQ/e.' q= 2, nsyn -
positive iy=lw=%  gingle-layer winding p
G>direction iv=—I
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6. Space vector theory
M.M.F. V(x,) of three phase winding at arbitrary currents

Three-phase AC star-connected winding with arbitrary phase currents excites a MMF
distribution V(x) with a dominant sine wave fundamental V,(x,)

Example: q = 2, N, =1, single layer winding, I, (¢) =1, I}, (¢) =21, I}y (t) =31

+U +U —-W -W +V +V -U -U +W +W -V -V

ol . < | x Note: Star connection: Common mode
SR S B R PR R Rl A R x| % current I, is ZERO!
— y 3-1y() =Ty @)+ 1y () + Iy (1) =
V) / —[+20-31=0
v as I\
7 . Fourier m.m.f. fundamental:
0 / ! .
VAR \ s A X T
a Th \ Vi(x;)=V]-cos| ——«a
o \ "
—T
il 1% \
0 = a = 0: in U-axis

L7/ ] 1\t
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6. Space vector theory

7 TECHNISCHE
M.M.F. of three phase winding at “common mode current = zero”

€ UNIVERSITAT
P~ DARMSTADT

a) Three phase sinusoidal currents b) Three phase arbitrary currents

+U +U —-W -W +V +V -U -U +W +W -V -V

OO0 00 eQRRe @ 0o  m=3 LIEEFFMEEE

X | X

V(x) !
iﬂ@ 2 V(x) V:l,—5,7,—11,13,...T vl —fl Vg,
V=110 Vi ‘ / ! BY
< ' > > 0- /T \ ‘ =X
J Tp xs | p
I [
L &
G

In both cases a step like m.m.f. distribution with a dominant fundamental v=1 is excited:
- Double pole pitch 2z, = wave length

- Amplitude is derived from FOURIER-analysis: Vl

Fundamental moves with a) constant speed n, syn b) arbitrary speed n(¢)=a(t)/(27 - p)
Fundamental amplitude is a) constant b) of arbitrary value 7,(s)

- Here: ONLY THE FUNDAMENTAL v=1 IS FURTHER CONSIDERED !
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6. Space vector theory
“Arrow” for fundamental air gap magnetic flux density B

» Magnetic air gap field B: No slotting, no (or constant) iron saturation:
Sinusoidal distributed air-gap flux density

An arrow (,,phasor) may Tm1 _n.
represent the sinusoidal B( 78) B- cos s
B- or V-distribution ! 0/

A Re X 5
1. Arrow length = B 0] -
2. Arrow orientation = ‘

at maximum field Phasor B
B gata=0

3. Arrow points in NORTH . B - (cg.ata=0)

pole direction

Bi(xg,t) =y - Vlg) cos{ . j:é(t)-cos[xjZ J B(¢)- cos( —a(t))
p

p

L7/ ] 1\t
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6. Space vector theory
Complex space vector = arrow of MMF and B-fundamental

* Prof. Kovacs (Budapest): Complex co-ordinate system in machine cross section
« MMF fundamental may be represented as complex space phasor ("space vector"),

lying in machine cross section plane. 'l
m

oir gap {7 © w0 =V (1)- e/

rotor

/ — Re i 7S Re
&

stator

R /" Sinusoidal distributed
current loading

Vi(x,0) = V(1) - cos| = —a(t) | =¥} -cos(y, — ) =, - cos(a - 7, )
T

P
Vi(t)-cos(a(t) -y, )= Re{I}l(t) L) [ 57TV }: Re{K(t) Lo s }
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Energy Converters — CAD and System Dynamics

Summary:
M.M.F. space vector definition

- Three-phase system with arbitrary phase currents
- 2p-pole distributed winding leads to 2p-pole count also with arbitrary currents
- Movement of 2p-field follows the arbitrary time function of currents
- 2p-fundamental field described by space vector in magnitude and position
- Zero-sequence current system is here omitted,
but — if existing - does not contribute to 2p-fundamental (see later in this chapter)
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6. Space vector theory
1st step: Single phase excitation: Magnetic alternating field

e Feeding the coil groups with sinusoidal alternating current i
Amplitude [, frequency f, angular frequency w=27xf, T = 1/f period of oscillation

i.(1) = ic ‘coswt = Bgs(x,,t)=Bs(x,)-coswt

e Air gap field oscillates also sinusoidal with time, BUT maintains its spatial distribution
(its shape = its distribution along x;) ! The amplitude of (radial) field component Bs(x,?)
at locus x, changes with time between positive and negative maximum value.

S D

Example: q = 2, B ;
single-layer winding i XEO / / //
— 0 /
xs =0:
at winding axis of p —
X
phase U V(B (1 s
=

L
= YT =B, .

N——
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6. Space vector theory
FOURIER-series of field of one phase with pitched coil groups

e FOURIER-series of m.m.f. of one phase V (%, 0: g =21, W/z, <1
A 4
V. on (@) :ﬁ-l(t)-—-kpv -k;,, v=L3,5.. N:turns per phase
’ 2p ve ’
e Phase current: Arbitrary current I(7), not: 1(¢)=1,,,, A2 cos(wt)

e The MMF distribution V', (%, #) (and hence the air gap field By(, 7)) is a sum
of pulsating, standing waves (,,Pulsating field* with ~ (7))

Vph(7S9t): Zr}v’ph(f)'COS(V'}/S)

4

T

v=1,3,5,...
e "Winding coefficient: k,, =k, , -k, ,
. . 5 N
e Only fundamental v = 1 considered, at arbitrary current 1(¢): V; ,;,(¢) = 2—-1(t)-—-kW,1
pP
. N ~ 4
o Atrated current I: VlN,ph = 2—'1N '_'kw,l
T
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6. Space vector theory @) TECHNISCHE
Calculation of m.m.f. space vector V(¢) from arbitrary currents (97" UNIVERSITAT

DARMSTADT
for a three-phase system

B>

A Im
iy(t) ‘U
2n
3 ﬂ N
Vv = e
- iy(t) 3ka’ 7, Vin.pn i ()
Re = Re = < o
/ U U
w
~U Xs 'ﬂ/z—p =7s
iy(t)

2nd step: Fundamental of phase MMF distribution of phase U is directly proportional to

the phase current value 7;,(¢): I%U’ph (1) = I%N’ph iy (1)

A X T A I (2) X T A
— S _ U S _ .
VIU(xsat)_VlU,ph(t)'COS _VIN,ph° A " COS _VIN,ph°lU(t)°COS(7/s)
T Iy T
p p
:é'
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 6./ 20 ﬁ lt’
‘*Ii

Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder



73 TECHNISCHE
G/, UNIVERSITAT
7> DARMSTADT

6. Space vector theory
Calculation of m.m.f. space vectors for each phase

A Im

iy(t)

2m
3

- i (t)
\ U Re

W

iw(t)
3rd step:
MMF fundamentals of phases V, W, excited by the arbitrary currents

I (¥), I(f), are spatially shifted by 120°, 240° (in el. degrees)!

Vi (%, 0) = Vi o =Vin.pn iy () -cos(ys =27 /3) =Viy (¥s,1)
Vi N T,
! W(f ) P : /3) =
Vi (X)) =Vin i +COS =Vin,pn I (1) -cos(ys =47/ 3) =V (75,1)
] N 7,
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6. Space vector theory
Calculation of m.m.f. space vectors for each phase

Im
A \
3.i/
ly 2 = \\
_ —_ A
A
L~
- .
|
. .
ly 1W|
— B < o—»Re
1y 1y

ly

4th step:

Superposition of MMF fundamentals of all three phases U, V, W,
and divide by 3/2 to get a per-unit value.

//
E'Ilmv‘
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6. Space vector theory
Calculation of MMF space vector V(1)
from actual phase currents

A Im

(0 Vi (7sst) = Vin pi -1y (1) - cos(=y) h
V- Vi (75>0) = Vin i iy (1) -cOs(=y5 +27/3) -4
a=el7'Y TN g% v Vi (7o) = Vi i (1) -c08(—7 +47/3),
A T "4 V1) = Vig (s 0) + Vi (7600 + Vi (751)
| s = Vin.ph 'Re%u(f)'e_m +ip () e catip(t)-e T -Q2}

- Positions of the phasors of the MMF fundamentals of the three phases U, V, W :
are spatially shifted by 120°, 240° (in el. degrees) = Multiplication with a, a?

cos(—y, )= Re{e‘”s } cos(—y, +27/3)= Re{e‘j“ -g} cos(—y, +47/3)= Re{e‘”s -gz}
Vi(yg,t) = I}IN,ph -Re{liU(t)+iV(t)-Q+iW(t)-QZJ-e_j7S }: Re{K(t)-e_jys}

V() =V o lip () +aiy (0)+ > iy 0)]
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6. Space vector theory
Space fundamental MMF of a symmetrical 3-phase winding,

fed by a 3-phase sinusoidal current system

+U -W +V —-U +W -V

NN IINATN IINATN IONATN IINATN IOSNA

Apa oo

B RTp /3 1l
S,
D@02 RRX® @ 00

A +
oammy*

Example: q = 2,
single-layer winding 0/2 V( Xs)
A1° NG ,
A X
] Z ;
V== = =" .Nk, Iy=1,=1,=1=+2-1
1 — 1, ph U V w
2 T p
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 6. / 24 W
""li

Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder



e
6. Space vector theory £ Techniscre
Per unit space vectors

'° > DARMSTADT
« Fundamental wave m.m.f. amplitude at rated sinusoidal current system:

3 J2 3
Vl,NZE Vleh_—_NkllN
T p

I (t) = Iy -2 -cos(ax), Iy (£) = 1y N2 -cos(ant —27/3), Ly (£) =1y N2 -cos(ar — 4z /3)
* M.M.F. space vector as per unit value of rated amplitude 171 N

Arbitrary Ve 2
currents | | Y(1) == £l ) iy @) +a- lV(t)‘HI ZW(t)]
IN

2
« Current space vector: /() = 3 : [IU (t)+a- 1, (1) +Q2 Ly (t)] (Definition !)

* The per unit current space vector is identical with per unit m.m.f. space vector:

=2 =2 0+ iy 0+ a2 iy 0] 00
N
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Energy Converters — CAD and System Dynamics

Summary:
M.M.F. space vector and phase currents

- Cross section plane of machine scaled with complex coordinate frame

- Space vector is a complex phasor in the cross-section coordinate frame

- Space vector formulation of 2p-fundamental field acc. to Prof. KOVACS

- Per-unit MMF space vector v(¢) identical with per-unit current space vector i(¢)

2777111524
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Energy Converters — CAD and System Dynamics

6. Space vector theory
6.1 M.M.F. space vector definition
6.2 M.M.F. space vector and phase currents
6.3 Current, flux linkage and voltage space vectors
6.4 Space vector transformation
6.5 Influence of zero sequence current system

6.6 Magnetic energy
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6. Space vector theory
Phase shifter a : Calculation methods

=73 {
\ o . " (e ]-(27r/3))2 _ pi4n13)
> >
3 _ (/3 (6713) _ j2
a2ej.(47r// a =(€J(ﬂ ))3=ej(ﬂ )=€J T =1

1/Q:(ej-(27z/3))_1 _ pH27I3) _ j4n13) _ 2

/Q2=Q<:>a3=1

Example:

Az 87

J J
l+e 3 +e 3 =1+a°

—|—Q4=1+g +a a=1+a " +a=0

%
"
=
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6. Space vector theory
Current space vector for three phase AC sine wave system

e Three phase sine wave current system:
a) I, (t)=1-cos(2-1), I, (1) =1-cos(2-t—2x/3), Iy (t) =1 -cos(2-1t—4x/3).

Jjt | —j0t J(2t=27/3) | _—j(21t-27x/3)

~oe +e ~oe +e

b)Iy()=1- 5 Ay @) =1- 5
. pJ(21=47113) | —j(£21-47/3)
Iy(t)=1-
w (1) 5

e Current space vector:

it i 2T j(Q4-2713) | —j(821-27/3)
l(f)=%' je te LG 7.8 +e N

3 2 2
47 . . A A 4r Y4
= Jj(2-t-4rx/3) —j(Q2t-4rx/3) JjO-t 1 —jO-t i o= .
+e 3 .18 e =%- 3le + 25 Al+e 3 +e 3 =]/
2 3 2 2 S

e The current space vector of a three phase AC sine wave system is a rotating vector of constant
amplitude, which is equal to the phase current amplitude. Rotation frequency is the electric frequency

of the phase currents.
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6. Space vector theory
Current space vector at stationary operation

>0 Im 4
t ](l.) — ]A . ejQ't flux density lines B
1(?) -
“
10) NS Y ) :
t=0 Re | Re
sinusoidal distributed |
current layer
I I 0 . o L 0.
e Per unit: j(¢) = —A( ) - e/ = eI egii=1ti(t) =1/
]N [N

e Real fundamental field wave rotates in 2p-pole machine at n,,, = f/p

e Space vector rotates in 2p = 2-pole machine model with Ngyn = fy

& %
L7711\ 10
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6. Space vector theory

Main flux linkage %, (r) per phase (m=3: U, V, W) SVISIED
YU -W 4V U 4W -V 41U Main flux linkage per phase U:
Tp o@D =Y ov O+ oy O+ ow (@)=
/ =Ly - Ly O+ My gy Ly () + My, gy - Ly (0)

6 Myyy Mupy-i -@/2 1

SR O O T e A R

— — ~——
By 1 My, uw 1
Bs y() ~ I 7Y ONLY fundamental field wave =—=
/I/I/ | “ | per phase consgidered Lh, ph 2 I I
> h,ph h,ph
(/) x ¥ @)=L A — Ay — v
~ 7 o =Ly pn Iy —— =y =—— =1y
Bsyx) ~ 1y | — 1" KIRCHHOFF s law: I (¢) + Iy () + Iy (£) =0
_?/2 + o [U:_[V_[W

- N X L
\\ \\/Th,UZLh,ph'IU +%'(_IV_IW)

T - ] I RN 3L,

\ x o) =

Ay () =Ly -1y (@)
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6. Space vector theory TECHNISCHE
Main flux linkage space vector % (1)

DARMSTADT

7 Nk 6-7,/,
h‘ﬂFe_m—ﬂO'( K1) .72'2-p-5€
3Ly, pi
\S”h,u(fﬁ S =L, Iy (@) P (=L, -Iy (1) W ) =L, Iy ()

—

Zh(f)=§'[yjhU(f)+Q'5UhV(f)+Q2'yth(f)] —> |Y,()=L, 1(?)

| flux density lines B ) ) ) )
Resulting sine wave air-gap flux density

)/1( B(7)=B" cos ¥,
| == 4 s > v Per-unit main flux
¢ | —h inkage space vector
. ¥,
B|_ y, ()=
i

sinusoidal distributed |
current layer
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73 TECHNISCHE
G/, UNIVERSITAT
»~° DARMSTADT

6. Space vector theory
Rotor current space vector

e Cage induction machine: Rotor contains Q, rotor bars
Rotor contains the 3 rotor phase winding

e Slip-ring induction machine:

\ \'™  Rotor current transfer ratio: Q. rotor phases = 3 equivalent phases
sV\ “ 7 (£ = 1 (t) o= mg - N 'kw,l,s
r‘R\ u] ! m,. - Nr ) kw,l,r

M ' Rotor current space vector: (“3 rotor phases”)

r0=20ra 1y 0+ 1y )
] stator AC winding JIrotor cage winding] Wound rotor ]
————
turns Pef _turns per phase ] ___

Re
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6. Space vector theory
Magnetizing current space vector i _

TECHNISCHE
UNIVERSITAT
DARMSTADT

Resulting air-gap field ~ i~ w,

y 7 .

B(ys)zﬁesin'ys

» Space
vector

=]

stator current layer

rotor

rotor current layer

» Stator current space vector i is directly proportional to fundamental stator field wave
» Cage rotor is described by equivalent three-phase system

* Rotor current space vector i’. represents rotor fundamental field wave
- Addition of stator and rotor space vector i, i’. in the same coordinate system =

leads to magnetizing current space vector i = Gives resulting air-gap field wave,
whichis ~i_~ y,
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__________________________________________________________
6. Space vector theory

Voltage space vector (1)

=) TECHNISCHE
UNIVERSITAT
-2 DARMSTADT

 Adding stator leakage flux linkage per phase yields stator flux linkage space vector: ¥ ()

e.g.:¥y(t)=(L,+L,) I,;(¢t) perphaseU,V, W
()= Ly+Ls) L(2)

* At R, = 0 the stator terminal voltage per phase is the resulting induced voltage per phase

Uy@)=d¥, )/ dt, Uy, (t)=d¥,, (t)/dt,U

o (=¥ O
L =32y +a vy 0+a SW@]

[ Uy +a- USV(t)+a ' sW(f)]

U, (1)
* Definition of (stator) voltage space vector:

vw=2pwrav,0ra vy 0)

« VVoltage space vector is an ,artificial® quantity, which does not represent the real rotating
field wave in the machine cross section. It is defined as analogous quantity!
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6. Space vector theory
Voltage space vector (2)

U =20y 0 +a-Uy 0+ Uy )

Example: 0 Re 3-phase sine wave system:
Three phase sine wave voltage system U, =U,U, ) =U-cos(21)
ZsU — YoYU\t Yo .
Three voltage time phasors in complex 27
time plane ~ 7 .03
Usv QSV B e
A
A A —J
QSW = e

One voltage space vector Voltage space vector:

U(t)=U-e/*"

Rotating with electric frequency in
complex space plane = machine cross
section

)

=
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 6. / 36 ﬁ.’
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder all

Im




6. Space vector theory | TECHNISCHE
Example: Pulse width modulated inverter operation PESRSIe]
' . DC link voltage source inverter with switching
DC— iﬂ on “:} ‘(} transistors and free-wheeling diodes
. I

>{ pm ) €.9.: PM synchronous machine, R, neglected:

Supply Ud H‘ ] ?
" ﬁ} ﬂ} ﬁ} Uy =g () =dy, ;1 di
. . Ud_up,LLz S,LL.diS/dt

N

—l Gate Drives Us,LL, isA u
— s,LL
transistor i e —
\
oK o - /\/\?\/\_
U Us L LsiL T _Z A s
d| =+ free A T
wheeling on /'
diode Up LL |
~ t

Equivalent switching scheme of DC link voltage source
inverter, connected to the two phases with switching
transistor and free-wheeling diode

Current ripple and chopped inverter voltage
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6. Space vector theory
Example: Block current operation

TECHNISCHE
UNIVERSITAT
DARMSTADT

Block current commutation

|dealized shape of stator block current &
AUy sypchronous back EMF u, (= u)) per phase
« Us(t i
st VA
) AIH t T ] \ u;
— ys // \‘l/ iu
ls(t)_‘r_ 0 / AN > t
U ol / T AN T
; PLL // 2 \\ ///
0 A = i
1
T/3 A
//' ____________ \\(/ ujy
0 ///T \\\ . »t
_Ud \\ // ? \\TL
\\ ____________ ,/ \ _
Shaping of block current with iy
hysteresis band control —— —
\\{/ uiW //4
For details see: Lecture 0 \\ . / — ot
“Motor development for electrical N\ ; S/ T
drive systems” | Sentestesieedstestesiedts '

g
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6. Space vector theory
Flux linkage space vector at inverter operation

TECHNISCHE
UNIVERSITAT
DARMSTADT

Example: Inverter-fed AC PM synchronous machine with block-commutated stator currents.
Give stator flux linkage space vector WITHOUT rotor flux linkage space vector (= no rotor magnets)!

y (6)=(Ly + L) i()

T
vsub B 2 ) |
BEER - ﬂs(t)zg'WsU(t)‘I‘Q"//sV(t)‘I‘Q W (7)
0 : ' s >t
o] ! e
w1 L -
I I T
I I I
0 —
I I I T
iy I I
T I I
WSWA : : :
L]
I I I
0 b ! !
0 I I I T . _
N The flux linkage space vector is at rest for 1/6
tll to  tg of the period T, then jumps by 60° into next position.

‘s
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TECHNISCHE
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DARMSTADT

Energy Converters — CAD and System Dynamics

Summary:
Current, voltage and flux linkage space vector

- Current space vector i directly proportional to fundamental field amplitude B

- Analogue definitions for voltage and flux linkage space vectors u, v

- Cage rotor described by equivalent three-phase system

- Rotor current space vector i’ represents rotor field

- Addition of stator and rotor space vector i, i’ in the same coordinate system =
leads to i = Gives resulting air-gap field i~ y,

- Orbit of space vector in cross-section plane is determined by phase current shape

- Sine wave current system: Space vector orbits on a circle

‘s
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TECHNISCHE
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DARMSTADT

Energy Converters — CAD and System Dynamics

6. Space vector theory
6.1 M.M.F. space vector definition
6.2 M.M.F. space vector and phase currents
6.3 Current, flux linkage and voltage space vectors
6.4 Space vector transformation
6.5 Influence of zero sequence current system

6.6 Magnetic energy
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6. Space vector theory B2, TECHNISCHE

B} UNIVERSITAT
Space vector transformation

 "° ~ DARMSTADT
* Phase currents (voltages, flux linkages) U, V, W into «, /- components
of space vector:

1<r>— Ny +a-1,@+a* Iy ()= 1,(0)+ j-15(0)

m | B-axis

a, f-components : 1

15(2)

Phase U axis = a-axis

0 e
0 Re
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6. Space vector theory
Space vector transformation (Edith CLARKE)

* Phase currents (voltages, flux linkages) of U, V, W into «, f- components
of space vector: CLARKE's transformation

A Im.
2 2 :
1(2) 3 Iy +a-Iy(t)+a 'IW(f)]ZIa(t)J’J'[ﬁ(t) N\
a‘
a—_l+j£—612; az——l—jﬁ_eﬁ; 1
= 7 ) - 2 2 a2 27 /3 Re

e o, f-components:

L) =3 Iy O~ (I @+ Iy (0) = Ty 0. 150 = Uy ()~ Iy ()13

*):if I+ I, + I, =0

- Three phase currents U, V, W a transformed into one space vector with two space
vector components «, [ with perpendicular directions ! = ”Two-axes theory”.

A 4+
oammy*
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6. Space vector theory TECHNISCHE

UNIVERSITAT

Two-axis theory corresponds to two-phase windings PARMSTADT
I m A
Fundamental air-gap field amplitude: Bg,l = &'—'—S'Nskw,s A
O 7T p
g 1
Real three- s Equivalent
phase Noph*Kw,2ph two-phase
machine U o machine
_ >
o 1 3 o 1 2 A
Bs =5 o N3k 3ph - Lph Bs :70';';'N2phkw,2ph'l2ph

3
If iy, = i,,,, we need for the same flux density: | Nk o0 = 5 N3onky 3ph

E'Imlv‘
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6. Space vector theory

Space vector transformation for 7(r) = 0 (1)

Clarke’s matrix transformation:

UV,W=aq j:

a, f=2U,V, W:

14(2)
15()

(T (1)
Iy (¢)

0
\/5.[

L (1) )

V(1) (I®
[ 1,0 |=)] 1)
) L (1)) Ly (1))
1,(t) 4 (L)
— (A7
S
e.g.: Iy = —12“ + \/52.1’6
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6. Space vector theory

TECHNISCHE

UNIVERSITAT
Space vector transformation for 7,(r) = 0 (2) DARMSTADT
2 11 | |
I, 10 2 U ey 3 3 3 ) (1o o 11 0| (1,
U S W T R 1 e U R S O ) ol (| OIS (0 O U B
IV 2201—11V3331V 00131111V
vl 1 N3 B Ve L L2 e %
2 2 ) (:a) ’ 3 3 3 | Iy+1y+1y =0 |
pE
0 Iy) (1 0 0)(I,
[V =10 1 O] IV
Iy) \0 0 1)1,
2 1 1 1 0
Ig) 1 1 2 2 |'l1,) o 1)1
B) o _ B B
B LB
(A) \ ZW 2 )
(4"

kY
"
=
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6. Space vector theory
Inverse space vector transformation: o, S = U, V, W

I, () =Re{l(t)}

Iy (1) = Rebz 'l(f)} Valid for: Iy () + I (1) + Iy (1) = 0

Proof: Iy (1) = Re{g : !(z)}
~ % ‘ (]U(t) + ]U(t)j =I;;()

Iy = Re{‘ﬁl}:%(}{e{é}‘ Iy + Re{ﬂs } Iy + Re{é}‘ IW):%(RGE}‘ Iy +Refl}- Iy + Re{ﬁ}‘]W):

2 ( Iy +1y 2 (I,
=<~ +tly |==|—=—+1Iy |=1
3 ( 2 Vj 3 (2 Vj d

In the same way one proofs the last relationship I, (t) = Re{al(t)}.

Note: e.g.- Iy :Re{ﬂz 'l}: Re{[—l—j'ﬁj'(la +j-1ﬂ)}——]“ + V3-1

2 2 2 2
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6. Space vector theory | B TECHNISCHE
Space vector transformation graphically DARMSTADT
Example:
Star connected winding, per unit current values: i;; =0.3,i, =0.5, i =—0.8
Im
T Im
- a
> Re
Note:
No common mode
system:
iU + iV + lW —
=0.3+0.5-0.8=0

A +
oammy*
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Energy Converters — CAD and System Dynamics

Summary:
Space vector transformation

- Coordinate system (Re, Im) of machine cross-section alternatively as a-f-system
- ,Two axis“-theory in a-f-components
- Transformation from U, V, W into a-f~components = space vector transformation
- Edith CLARKE s transformation: Originally introduced for power systems,

not for electrical machines
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Energy Converters — CAD and System Dynamics

6. Space vector theory
6.1 M.M.F. space vector definition
6.2 M.M.F. space vector and phase currents
6.3 Current, flux linkage and voltage space vectors
6.4 Space vector transformation
6.5 Influence of zero sequence current system

6.6 Magnetic energy
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.
6. Space vector theory L) TECHniscHe
Influence of zero sequence current system

DARMSTADT

* In all three phases U, V, W the same, identical zero-sequence current /,(¢) flows.

« Dynamic operation: Arbitrary time function: /(¢) is called COMMON MODE current !

No common mode current J| Common mode current flows Jf Common mode current flows
circulating in delta in each line and phase and

connection, but is not visible Jjwith 3-times in neutral point
grid connections connection
Phase currents: Phase currents:

Iy @)+ 1, () + 1y () =

=3.1,()=0 Ty(O) =1y (t) =Ly (t) = Ly (t) Y Ly (1) =1y (t) = Iy (t) = 1y (¥)
Line currents: Line currents:

L gp @) =1y @) -1y ()=0 I y@)=1y@)=1y(?)

Iy(#)=0 Iy Neutral current:
ILuv IOI L) =IyO)+ 1y O+ 1y @)=
] =310
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6. Space vector theory
Zero sequence (= common mode) current /(7

L yw (@) - !
Ugrid ! [V (t) Ugrid ]W(l‘) Ugrid [V (t)
ING)
[U (t)y [W (t)J' IL,UV (ty / "[L,WU (?) v ]U (t) I [W (t)‘}
Ui A Ui
ey’ Iy(@)  L)® //;/ \
Lo = I, T
Iy + Ly O+ Ty ()= 1y O+ 1y @) +1py0)=0 31,(®)
=3-1,(1)=0 Iy () =TIy () — 1y () 1,(0) =Ty (@) + 1y () + 1y (1) =
No common mode L yw @) =1y ()= Ty (2) | + =3-1o(1)
current L1y (@) =1y (1) — 1y (2) 3-times common mode
Iys(t) =1y () —1y(2) current in neutral point
Circulating I (1) = Iy () = 1y (1) + connection

com;rL:(:rnerr]rtlode Lys(£) = Iy (£) — 1, (1)
0= Iy () + 1y (6) + Iy (1) =31 (¢)
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6. Space vector theory
Calculation of zero sequence current

Example:
- Star connected 3-phase winding, neutral point connected:

- Attime t: Measured per unit currents: i;; =0.3,i, =0.5, i =—0.2

- Per unit currents: i(r)=1(t)/1y
- Question: How big is zero sequence current a) in phases, b) in neutral clamp ?

a) io(t):é-(iU +iy +iW):%-(O.3+O.5—O.2):£

b) i,(¢)=3i; =3-02=0.6
Result: In neutral clamp flows 60% of rated current !

The “common-mode free” current values are:
iys =iy —ip =0.3-0.2=0.1

iVS = iV —io = 05 _02 = 03

Iys =iy —ip =—0.2-02=-0.4

Result. One can always decompose a three-phase system
into a zero sequence system and a ,/,"-free three phase system.

& %
L7711\ 10

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 6. / 53
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder q



<75 TECHNISCHE
7 UNIVERSITAT
DARMSTADT

6. Space vector theory
Air gap magnetic field due to zero sequence current

e Example: i; =0.3,i, =0.5,ip; =-02 = iy(?) %-(0.3 +0.5-0.2)=0.2
Magnetic air gap field, excited by zero sequence current (= flowing in all three phases).
Here: Single layer winding with g = 2 slots per pole and phase:

+U +U -W -W +V +V -U -U +W +W -V -V
o | o [ X[ X | o e | X | X]| o] o |X

NT=Vo(x) [N

”Sn @ ”Sn ”Sn ”Sn

el —

e Ampere’s law yields a zero-sequence M.M.F. distribution V(x,) with
three pole pairs instead of one along double pole pitch 2z,

L7/ ] 1\t
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6. Space vector theory
Effect of zero sequence air gap field

e Zero sequence field is not travelling, but STANDING, but time varying acc. to i ().

¢ 3 pole pairs of stator with one pole pair of rotor (e.g. PM machine)
do not generate torque.

e Zero sequence current excites flux waves, which do not contribute to torque
generation of fundamental wave.

e Space vector of zero sequence current is therefore zero.
2 2
e Proof: (1) = 5-(]0(t)+g-10(t)+gz -Io(t)): g-lo(t)-(1+g+gz):

2 A
=§-Io(t)- l+e 3 +e 3 |=0

e Facit: Additional losses, pulsating radial forces (leading to noise or vibration),

in cage induction machines also parasitic braking torque may occur,
so AVOID common mode current !

L7/ ] 1\t
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6. Space vector theory
Effect of zero sequence current in 3-leg transformers

Symmetrical current system Common-mode current system
e.g. Yy0 possible e.g. at Dy
U \% w U \% w
1 1
N %
\ VY /
I d § A\ 4 é
Ly 7 — ..
stray flux L, ly =ly =ly =1
main flux LI,O << Ly,
Per phase at primary side at no-load (Z, = 0):
PLon (@) = (Lig + Lyp) - 1y pp (D) PLpno@) =Ly -1y ppo(?)
Big magnetizing inductance L, ~ s, ! Small zero-sequence inductance L, , ~ x4, !
(No air-gap, moderate iron saturation) (Flux lines pass via air = similar to stray flux!)

A 4+
oammy*
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6. Space vector theory

Common-mode current system
U \'} w

Per phase at primary side at no-load (Z, = 0):
1 pno (1) = Ly g -1y ppo(2)

I,
N

N

ARG

22

2

7

Big zero-sequence inductance L, , ~ . !

iy =iy =iy =i Flux lines pass partially via the outer legs and
Lon<L not via air = zero-sequence flux bigger than
Lo 1h stray flux!

(i) In 5-leg transformers the zero-sequence inductance L o <Ly,
is much bigger than in 3-leg transformers

(i) and decreases with increasing current /(¢) due to iron saturation of the outer legs

s
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6. Space vector theory
Space vector CLARKE transformation including /(7

Clarke’s matrix transformation from 3-phase system U, V, W to two-axes system a, 3

and zero-sequence system O: 7 1 1

U, V,W=a,p,0: o) |3 _15 ? I, (t) I, (t)
L) |=| 0 —= ——= || Iy® |=(D-| I ()
Iy(?) 1 \16 iﬁ Ly (1) Ly (1)

33 3

o B,0=>U,V,W:
I L0 Thry I
U(t) ) _l ﬁ a(t) ) » a(t)
Iy () |= D) L\ Lg(0) |=(A) | L54(1)
Ty (2) 1 3 1 Iy(?) NG,

2 2

Note: Transformation from m-phase system to two-axes system «, 3 and zero-sequence system 0
yields a (3 x m)-matrix!

//
E'Ilmv‘
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6. Space vector theory
CLARKE transformation identities

2 11
I 33 3 L0 1y 1 0 0)(1
(94 1 1 1 \/5 (94 (94
Ig|=|0 — ——(||-= == 1[|Iz]=|0 1 0|1,
V33| 2 2
L) |1 1 R Iy) 0 0 1)(J,
\3 3 3 2 2
(4) (ay!
2 1 1
I L0 1113 3 3](1 1 0 0)(1
v 1 3 1 1Y v
Iy |=|-— = 1|0 —= ——=1|-|I, |=|0 1 0|1,
2 2 V343
Iy L V3T Iy) (0 0 1)1y
.2 2 J\3 3 3 )
()" (4) ‘
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Energy Converters — CAD and System Dynamics

Summary:
Influence of zero sequence current system

- Zero-sequence current system excites a 6p-air gap field

- Hence zero sequence system does not contribute to space vectors,
as these are related to 2p-air gap field waves

- Insulated star-point: No zero sequence current system possible

- (3x3)-CLARKE s transformation includes zero sequence system

- Zero sequence systems should be avoided:

otherwise additional losses, pulsating torque, vibration forces, noise, ...

‘s
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Energy Converters — CAD and System Dynamics

6. Space vector theory
6.1 M.M.F. space vector definition
6.2 M.M.F. space vector and phase currents
6.3 Current, flux linkage and voltage space vectors
6.4 Space vector transformation
6.5 Influence of zero sequence current system

(6.6 Magnetic energy: leads via power balance to torque equation)
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