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Space vectors

* The origin of space vectors lies in rotating mmf in machines.

* The resultant mmf for a three phase system is a rotating mmf having a
fixed magnitude and direction at every instant of time.

e Space vector is a mathematical concept which is useful for visualizing the
effect of three phase variables in space.




Space vectors

* Resultant space vector for Ioad phase voItage or current are defined as,

* VR(t) — [vAn(t) + an(t)e 3+ an(t)e 3
: In(®) = [w) +ip(De’s +ic(De’s
* The space vectors Vi(t) or I(t) have both magnitude and angle. Individual
voltages/currents can be balanced or unbalanced and need not be
sinusoidal.
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Space vectors

Sp _| Sc_l
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* The pole voltage of one phase of the
converter has two switching states: 1 (=V,)
and 0(=0).

* The converter has total eight switching states
(2*2*2=8). These are:
(000,111,100,110,010,011,001,101).

* There are six active vectors and two zero
vectors.

* What is the load phase voltage space vector
for 100 combination?




Space vector for 100 combination
* Vao(t) =VD ,vpo () = 0,v¢0(t) =0

* Ugn(t) = EUA() (t) — 11730 (t) — lVco (t) = E

* Vpn(t) = VBO (t) — ‘Vco(t) — ‘VAo(t) = __VD
* Ve (t) = Vco (t) — —UAO (t) — —VBO (t) = __VD

jam ]471]

2 .
V() = [uan(0) + vpn (D +vea®es | = 2Vpe?

e Similarly we can deduce the resultant space vector for other combinations.




Space vector for all combinations

Space Vector Switching States Resultant space
vector (Vq(t))
VO 000 Vo =0 Zero Vector
V1 100 Vi=2vpel?
— 2 -
V2 110 V2 =2 Vpel™”
V3 010 V3 = %Voe‘z’” ’
— o Active Vector
V4 011 Vg =3Vpe!"
V5 001 Vs = %Voe"“’” ’
V6 101 Vo = 5Voe o
V7 111 V7 =0 Zero Vector
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Graphical way

100 Condition

v
0 >3

VR:2VD/ 3

011 Condition

110 Condition

VD VRZZVD/ 3
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001 Condition

VD VR:2VD/ 3

010 Condition

Vb
WVe=2Vp/3

.
.
.

101 Condition

* The space
vectors can be
obtained also

from a graphical
methoc?.
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!lgHt space vectors

Space Vector

vi=2vpeien () (110) v,y
(++- x\?’
Switching
States
011
Vf%VDeJ(n)E ! +§ (000)Vy=0 __(100)

GN\AID v.=0 () Vi= 3VDe

2

+) (+-1) v =V e

(-
Vi=5V5el™ (01) (101)
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_2 2s3(010)
Vi="5Vpe!'? (110) 1
3 3 b ( +‘ ____________________________ (+_|_ )V2 —VD )(/3)
“"-“——Imaginary hexagon
24 w1 (000)Vi=0 _(100)
V,=5Vpe' 0 _2
473 VD (++) N1 V=0 (+__)V1 VDe
et (+-+) V. =2 _ai6m3)
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A
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Sectors in space vector diagram

Vi010) v,(110)
Sector
S 3) (1) .
V,(000)
\ 6 States
) (6) # ~Space Vector
Imaginary hexagon

V001) T Vo (101)
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S
Space Vector PWM

* How to switch the eight vectors so that the correct voltage is impressed on
the load?

e Space vector PWM is an extension of sine triangle PWM. Here the PWM is
done by using space vectors.
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Space Vector PWM

* The space vectors are switched for certain duration of time in a cycle so as
to produce the resultant vector.

¢ VRTS —_ V1T1 + Vsz + V()TO — V1T1 + Vsz + V()TO]_ + V0T07

Ts=T1+T, + 7T, V5(010) v,(110)

* In space vector PWM, T,;= T,,=T,/2

V4011 )

LY
LY

V4(001) v, (101)




Mathematical expression of timings

,_0A _ 0B _ oOC
V2 sin(%—@) ~ sin(8) Sin(z?”)

. Ty _ VT, _ VgTs

B/ C sin(Z—0) "~ sin(8) Sin(Z_”)

\ (TC/3 9) T, = sm(— — 9) TS = sm(— — 9) \/_TS

. . . . Vg
g 462%/3) T, = sinf 1\/_TS—smH V3T
0— A V, *To=Ts—T,-T,
* What happens at 8 = 0, and V=2/3 V?




Zero vector

* Usually the zero vectors are kept equal. This gives the best harmonic
performance.

* Ty =Ts — Ty — T, is divided into equal parts of T,/2 at the beginning and
end of the cyclei.e. Tyg; = Ty7 = %

* For special switching sequences (e.g. discontinuous PWM), the division is
made not equal.




Example of switching

* For example, we can switch in a switching cycle T.: 111 for T,, time period,
110 for T, time period, 100 for T, time period and 000 for T,, time period.
This will realize the reference vector (Vg) in the switching cycle T..

¢ VRTS — V1T1 + V2T2 + V()TO — V]_Tl + V2T2 + V()TO]_ + V0T07

V,(011)




Example of switching

* The instantaneous pole voltages can be seen from the diagram. The
switching sequence is 111-110-100-000-100-110-111 and so on in sector 1.

* The sequence ensures minimum switching.

F111¢ 110 : 100 [000{000i 100 i 110 (111 i

VA()E R A

VBo

veo, b0 |

§ T01/2: . TomTory Tou;
FToM4E T2 T2 ToMiTo/ 4 Ta/2i T1/2 iTold

:‘ ’ H H : . : - )E
Ts




!xamp\e o! sw!c!mg

e Similarly, 111-110-010-000-010-110-111 and so on in sector 2.

’
.
.

V(001) V. (101)

b
ANANDARUP DAS, INDIAN INSTITUTE OF TECHNOLOGY, DELHI, INDIA 29 15



What is the maximum voltage?

* The maximum voltage is obtained in linear
modulation when the inscribed circle touches the
hexagon.

* Vemax = %VD COS %=O.577 Vp

V5(010) SVPWM v (110)

V(011)& >V,(100)

* In sine-PWM the peak AC voltage that was
obtained was 0.5 Vj,

V4(001) V,(101)




How to realize using carriers?

* The SVPWM technique discussed so far involves substantial calculation,
sector identification etc.

* It can be done very easily using carriers where no calculation, sector
identification or switching sequence design is required.

* In order to realize SVPWM through carriers, we can observe the sine PWM
more in details.




S
Sine PWM for 3 phases Zoomed later
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S
Zoomed view in sine PWM

DA TAAAL N\
77—\ —X / \
0 /\ ,/ \\ // \\ / \ / \ / \ I/ \\ V3(0 LQ) ------------------------ V2(1 10)
T~ N N NN N NN
600 V.
A% / (3) (11{)
0 £ V(000)
600 V(01 1)-‘.:: V,(11D) ;:»Vl(l 00)
Q \
5 4)
0
< 600 AN
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| | I e I e e | | e Y SO
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* What is the pattern of switching?
N
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!oomea view In Sine !UU wl

SECTOR 1 SECTOR 2
T—A A A A A A A A :
0 / \ / \ // \\ 7\ / \ // \\ / \ / \ / \ vyo0100 v,(110)
/ N/ \/ \/ \VARVARVARVS=
1 F V \ ‘,-‘ ‘-“‘
600 Vi
S (3)
= S V000 )
0 V,(011) o(000) =V,(100)
600
8 \ (4)
0
Q600 i N
A . “ V4(001) Ve (101)
0.0265 0.027 0.0275 0.028 0.0285 0.029 0.0I295 0.03 0.0305 0.031
Time(s)

e 111-110-100-000-100-110-111 and so on in sector 1.
e 111-110-010-000-010-110-111 and so on in sector 2.

ANANDARUP DAS, INDIAN INSTITUTE OF TECHNOLOGY, DELHI, INDIA 35




Zoomed view in one carrier in sine PWM

* Let us zoom further into one
carrier.

* We observe that the two zero
vector periods are not equal.

* In Sine PWM, T,, time period and
T,; time period are not always
equal. vi010) V,(110)

111 110§ 100 P 100 110 il

002652 7 > 1000 > - - i V(111)

V4(001)
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Switching sequence in space vector PWM

* The switching sequence here in one

Va carrier period is 111-110-100-000-
100-110-111.

v, e This is same as sine PWM, however
the two zero periods are equal.

Vao i

111§ 110 100 {000000:100 i 110 111 i

—-'

Veo i

To 1/23 ?07/2?07/2? §T01/2§
PTo/4i Ti2 | To2 ToMTo/d To2! Ty iTo/4
—— : I N : L g

Ts




Switching sequence in space vector PWM

1111 110} 100 [000:000: 100 {110 (111 |

VAo i

—-'

Vo i

Toua, - Tomfory To1/2
FToM4i T2 T2 iTo/4ETo/ 4 To2i T1/2 iTo/d |
.( : : : ] : : )=

Ts

* Minimum switching is ensured.

* Switching frequency is same as carrier
frequency.

* Thus space vector PWM is an
extension of sine PWM, and can also
be realized using carriers.




Extension of sine PWM

Zero switching * The space vector PWM is an extension
7T A of sine PWM by addition of a common
mode voltage.

2TT
Vg = Vpcos 8,vp =V cos(0 — ?),

v, =V, cos(0 — 4?”)

n. 32 2 e \What are the line voltages v, and vy, ?

Zero switching

Sample | Sa . T
ample I Sample 2 ¢ Vg = \/§Vm Sln(g — 6)

* vy, =V3V, sinb
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Extension of sine PWM

Zero switching

* The line voltage expressions follow the
T, and T, expressions.

* Vg = V3V, sin(% —0)
Tote Ty = ﬁ“:—gTSsin(g—H)

e v, =3V, siné

. T, = \/§Z—§Tssin0

=3

T/ Y ,
Zero switching * The active vectors are represented by

Sample 1 Sample 2 :
ample 1 Sample the line voltages.

e What about the zero vectors?
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O
Common mode voltage

va+v., ® 10 make the two zero vectors equal we
\ / Va have to add a common mode voltage.
() eerermernseesmmeesssenssssesssseesssessssress Ngrsseesssressssneessssssaeesssessegflessunsessssessssessssseessssssaesssannes

% What should be its value?
. 1—(Ua+vcm) = 1=V + Vem

...................... \/Vc+ch
\Y

_ Va+U,
*Vem — — 5

UmaxtVmin
2

- * In general, v, = —

0 - m2 N x  3m2  o2n
= i Zero switching
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m=1 Resultant Waveform

NN\ ~N N\
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S
Simulation Waveforms

Pole Voltage

600 N

4007 * V,=600V, the fundamental pole
200 | voltage is (1.154*600)*0.5%0.98=339.27
V
0 U
0.5 0.51 0.52 0.53 Tigl.g4(s) 0.55 0.56 0.57 0.58 « mf=21, harmonics reside around mf,
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Simulation Waveforms

Line voltage

* V=600V, the fundamental line voltage
is (1.154*0.98*600)*0.5*1.732*=587.62 V
« mf =21, harmonics reside around mf,

600 ‘ ‘
S50
-600 | \ | l \ | | il
05 051 052 053 054 055 056 057 2mf, 3mf ...
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—_ 100 I I I T T T —
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= i i
o 380
g
<
2 607 :
=
3
S 40| -
&\"’/
sn 20 A -
<
2 0 |‘ ‘l s II I||I| TP T | L. 11 .1| II
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Harmonic order
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S
Simulation Waveforms

Pole voltage

400 - .
e The phase voltage does not contain any

triplen harmonic, so the phase current will be
absent from it.

an
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Time (s)
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