L9: AC power + 3¢ modulation
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Single phase power (with sine functions)

u(t) = yp, - cos(wt)
i(t) = Iy - cos(wt — @)

p(t) = Upp * Ipp - (cos(wt) - cos(wt — @)) =

={COS(.X,') - COS(x £ y) — COS(y)+COS(2-x+y)} _
2
TR
= %‘ (cos(@) + cosRwt — @)) =
_\/i'UDh'\/E'Iph

5 - cos(p) =

= Upp: Ipp, * cos(@) + Upp, - Ipp, - cos(2wt — @)




Single phase power (with vectors)

ejwt + e—ja)t

2
ejwt_j + e_jwt'l'j(p

2

u(t) = ty,p, - cos(wt) = 1y -

i((t) = Ty - cos(wt — @) = Tpp -

ejwt + e—jwt ejwt—jqo + e—jwt+jq0
2 2

p() = u(t) - i(t) = tpp - Tpp - <

L Sph Tpres [ejwt+jwt—j<p 4 plwt—jottjo 4 o-jottjot-je 4 e—jwt—jwt+j(p]:

2

L Uphz'_’ph [(e2@t=ie 4 e=@iwt=i D) 4 (eJ® 4 ¢=J#)] =

= Upp - Ipn - cos(@) + Upp * Ipp - cos(LQwt — @)

)



Single phase active and reactive power

Voltage and current L

P :
u(t) = 4,y - cos(wt)

i(t) = ipp - cos(wt — @)

* Active power

Pave = Upy * Iy, - cos(@)

 Reactive power

Qav == Um ° Im r Sln((p) 3 Instantaneous Power (solid) and Average Power (dashed)

 Apparent power

Save = Um * Iy




Three phase voltage and current

(ua(t) = 1lpp, - cos(wt) = V2. Upp, - cos(wt)

= 21 21
Jup(t) = Upp - cos wt—? =\/§-Uph-cos wt — —

3
% 4m 4
uc(t) = i,y - cos (wt — ?) =V2- Upp - cos (wt — ?)
\
(ia(t) = Iy - cos(wt — @) = V2 - Ly - cos(wt — @)
: « 21 21
) ip(t) = ipp - cOS wt—?—w =\/§-Iph-cos wt—?—q)
4r 4
i.(t) = iph-cos(wt—?—tp) =\/§-Iph-cos(wt—?—<p)
\

(e, =é-cos(w-t) = \/E-Eph -cos(w - t)

21 21
<eb=e-cos<a)-t—?>=\/§-Eph-cos<a)-t—?>

4 4r
ec=é-cos(a)-t—?)=\/§-Eph-cos(w-t—?)

Q>




Three phase power

= . 21 21 4m 4m
p(t) = Upp * Ipp - | cos(wt) - cos(wt — @) + cos | wt — = cos | wt — 3 + cos (wt — ?) - COS (a)t -3 ) =
cos(y) + cos(2-x + y)} ~

= Jcos(x) - cos(x —y) = >

lilnity 3 Phase Voltages (solid) and Currents (dashed) @ 40 degrees phase lag
= -7 7 -

- —

=3 Upp * Ipp - cos(@) = V3. Uph ph * Ipn * cos(@)

] 3 Phase Powers
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The generic 3-phase load ;—M

+ U, —
g + up —
= + U, —
=71 [T V) « ?
AT e —1 . . —-e] . ua:R.la_l_L
61? la’ la 3

(t)_ ua la+ub lb+uc-l_c=ua.ia+uﬁ,iﬁ



Example, grid voltage vector

21 Am
: ea+eb-e]3 +ec-e13 =

~é-<cos(a)~t)+cos<w-t—2—n)-(—1+jﬁ>+cos(w-t—4—n)-<—1—jﬁ>>—
3 2 72 3 2 7 2]
2 _ ~(2m 1 3
cos(a)-t)+<cos(a)~t)~cos<?)+sm(a)-t)-sm(?))-(—E+17>
+(cos(w-t)-cos(%r)+sin(w-t)-sin(%))-(—%—j?)

,\ 1 1 1 L 3 3 _
3 COS(G)'f)'< +Z+Z>+J'Sln(a)~t)'<z+z) =

6 - (cos(w - t) +j - sin(w - t)) =|E - e/t
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Transformation example: abc—af

= 2 . 2T AT
xaB:x +‘,x ] —\x ,e]0+x .e]—3 +x '61_3 _
a ] b 3 a b ¢

a9 (39)

—ab
xac




Transformation example: af—abc

Sl -

QR
|
m W o
|
l\)|$§<
|
=
N5
~
Il
|
&
|
=
<l =




3-phase converter
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3-phase output voltage - as vector : |
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3-phase converters — 8 switch states

(000) (100) (1,1,0) (0,1,0)
l NESEgBENENR SRS
[
(LL1) ((ARY (0,0,) (1,0,])
! oo !
ﬁj\lﬁ mﬁﬁ alaby ﬁﬂﬁ
r [ r [ r r [
u(0,1, ii(1,1,0)
i1(1,0,0) = %Udc =—ii(0,,1)
#(0,1,1) (1,00) i(0,L,0)= 2Udc 612; =—ii(1,0,1)
4n

J—
##(0,0,1) = 2Udc e 3 =—ii(1,1,0)

i#(0,0,0)= 0 = ii(LL])

(0,0, i#(1,0,1)



Rotating reference frame

e Use the integral of the grid back emf vector:

t t s
A, - " e
=|é-dt=| E-el®tldt =—
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Introduce the grid flux reference frame (d,q) ...

Express the stator equation in the rotor reference frame

diek
ﬂ“ﬁ:R.i’a5+L.7+é’“B

{gaﬁ = 3% . ,j6 } q

9. N . d o
ugq-efe=R~?’1q-919+L-E(qu-919)+edq-919 =

: drda do : .
:R.qu.619+L.W.919+j.E.L.?dq.919+gdq.919:

ditd
ﬂgq=R~qu+L-7+1’-(u-L-f‘“’+€dq

Split up the complex equation in real- and imaginary parts:

|

~.]

B

: dig .
ud:R'ld‘l'L‘E—(J)'L'lq

) dig )
uq=R-Lq+L-E+w-L~ld+eq




Active power ...

T R
« Express the terminal power of the load | ;
] R L b ~

d—) lp
l
Uu=R-T+L-—+j - w-L-T+¢€ — _<>*

dt .
14
l ,
p(t) = Refu - 7"} = Re{R.T-?*+L-a'?*+j-w-L-?-?*+e-?*}=
£ . did . diq . .
=w+l‘d—tld+l,%lq+% o
1 b 3
Resistive  Energizing Power absorbed
losses inductances by the grid back emf
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Stationarity:

. 3
p(t) =E-[t|-cos(¢) =E - \/; ) |lphase| -cos( @) = V3 -E- Irms,phase - cos(¢)




3-phase converters - sinusoidal references

« Assume a rotating voltage reference vector

U =u*-e/ =y* - (cos(wt) +j -sin(wt)) =ul, +j - ug

: N
* * u
U, = |-uUu a
a 3 a
Up = —uUp ——U up = |3 u cos(wt—?
2
3

2
3 u* cos( wt)

| = ok 47-[
e Zuﬁ \/gu“ Uy = —-u*cos(wt—?



3-phase converters modulation




3-phase converters — symmetrization

+
3 phase potentials, only 2 vector
components. One degree of freedom to
be used for other purposes. T
Uaz
Vaz = Ug = V;
sz L u;; T 1Jz* Vbz

k T e Ol *
Vez = Uc — Vg




3-phase symmetrized modulation

. max(ug, up, uc) + min(ug, up, ue)

vZ_
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Maximum phase voltage with sinusoidal modulation : Udc/2

0.01 0.012 0.014 0.016 0.018 0.02

Maximum phase-to phase voltage with symmetrized modulation : Udc -

> Phase voltage Udc/sqrt(3), i.e. 2/sqrt(3)=1.15 times larger than with

sinusoidal modulation.



3-phase minimum switching modulation

> Udc x % % Udc . % % %
vZ *= — IMIln T - max(ua; ub; uc) )y T - mln(ua’ ub’ uc)
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One phase is not switching for 2 60 degree intervals ...



Modulation sequence vs. ripple

i(L10)

7(0.0.0)  @(10,0) o

drP
dt

-

U =R -1%F + L -
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Current ripple in the (d,q)-frame
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