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Moc pozorna w ukladach tréjfazowych, tréjprzewodowych
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Artificial zero

Trzy definicje mocy pozornej:

SA = URIR+USIS+UTIT

Sg = YP*+Q?

Sy = \/U§+U82+U% \/|§+ 12412

Ktora jest poprawna?



P=723 kW Ideal P=723 kW
220V 19058 [ ~ee :
so LQO‘SA ’m PN 190.5 A
TO .;0 ‘/W\_ L/ VY
1 : 1
%2(2
S: SA: URIR+USIS+ UTIT :838kVA
S= S;=yP2+Q? =723kVA
S = S =\/u§+u§+u% \/|§+ 12+ 12 =2204/3x190.24/2 =102.7 kVA
i=F
S
P _ P P
£ = 0.86 Ao = 4 =1 dp = — = 0.71
SA G SG B SB

Jaka wartos¢ ma wspoétczynnik mocy?



Powszechnie stosowane rownanie mocy

52 p24 Q2

Z mocg czynna:

df 1
jp(t)dt I[URR+USIS+UTT dt = Z U:l: cosp;
f=R,S,T
| mocg bierna:
df
Z U:l; sing;
f=R,S,T

narzuca geometryczng definicje mocy pozornej S. Przy innych definicjach
rownanie mocy nie jest spetnione



Ocena i wybor definicji mocy pozornej S
ze wzgledu na straty energii w zrodle zasilania i wspdlczynnik mocy:

L.S. Czarnecki:

Energy Flow and Power Phenomena in Electrical Circuits:
lllusions and Reality,

Archiv fur Elektrotechnik, (82), No. 4, pp. 10-15, 1999.
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S,= S=S;=100 kVA
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203.6 V 29204 R
| [ Sum | Sy 1I9KVA, 2,=0.84
v o s\ Sg= 100 kVA, s~
AP=112 kW I P=100kW SB: 149 kVA, ﬁ“B: 0.67
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Definicja geometryczna s-,/P?+Q? jestbledna



203.6V 292.0A

ox

A

S,=119kVA, 1,=0.84

Sc=100kVA, As=1

Sy= 149 kVA, A4,=0.67

S,= So= S5=149 kVA

A= Ag= Ax=0.67

\ 203.6 V 2920A s
; / 220V 0 T
AP=11.2kW
z
2092V 2380A R 0.65Q 0.59Q
' > o
A
209.2V 2380A s 0.65Q 0.59Q
209.2V 238.0A T \ 0.65Q 0.59Q
AP=11.2 kW

W

- \/U§+US2+UT2 \/|§+ 12+ 12

Definicje S=Uglg +Uglg+Urglp, S — /p2+Q2 sg btedne



P=723kW,

Q=0
220V 190.5 A
RO > VYT
190.5 A * 190.5 A

So

Iﬂf\"\f\
L/ VY
1 : 1

?29

S =\/u§+u52+u% \/|§+ 12412 =2204/3x190,24/2 =102,7kVA
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Powszechnie stosowane rownanie mocy

52 - p24 2

nie jest spetnione



Jesli rownanie
52 _ P2+ QZ

jest bledne, trzeba znalez¢ nowe réwnanie mocy
"

L.S. Czarnecki:

Equivalent Circuits of Unbalanced Loads
Supplied with Symmetrical and Asymmetrical Voltage
and their Identification,

Archiv fur Elektrotechnik, 78 pp. 165-168, 1995.



Kazdy odbiornik trojfazowy zasilany napieciem sinusoidalnym
ma réwnowazny odbiornik o konfigracji A

R 0— ” -
R Ir

S O———»— Load Yir
Ug lg

ToO
‘ THT I

Jesli napiecie jest symetryczne,
kazdy odbiornik ma
nieskonczenie wiele odbiornikow réwnowaznych o konfigracji A



Wartos¢ skuteczna wektora tréjfazowego

df df Xg (O df XR X _ _
X = w(t) = | X (t) = Xg :\/ERG XS eja)lt :\/EReXeJa)lt

XT

A RN
-\

Moc czynna symetrycznego urzgdzenia trojfazowego

T df
P = R [(ig +ig+if)dt = RJal’
0

at [, T

. | 2 2,2 S 2 12 i n2

il = \/TJURHSHT)dt = |l 1B +1lig 1P+l |
0

jest wartoscia skuteczna pradu tréjfazowego



Leszek.S. Czarnecki:

Orthogonal Decomposition of the Current in a Three-phase Non-linear
Asymmetrical Circuit with Nonsinusoidal Voltage,
IEEE Transactions on Instrumentation and Measurement, Vol. IM-37, No. 1, pp. 30-34,
1988.

df
W obwodach jednofazowych: S = ||u|||]i]|

df

W obwodach tréjfazowych: S = ||ee) |2

Definicja Buchholtz’a dla obwodow z przebiegami sinusoidalnymi

Sy = \/U§+USZ+U% \/|§+ 12412



RO _— .
Is ks ol e M
iT IQT UT US
To - ==
df _
YrstYsr +Yr = Yo = G+ JB., Admitancja rownowazna
N df
—(Ygp taYp +a Ygg) = A, Admitancja niezrbwnowazenia

§ =J2Re/el® = D Re{(G.U + jB,U + AU el

df -
i, = J2Re{G,Uelh - Prad czynny
df :
i, = J2Re{jB, Uel?l - Prad bierny
df :
i, = J2 Re (A U7 eJa)]t} - Prad niezronowazemia

(Unbalanced current)

¢ =8¢ +¢ +2¢,



Ortogonalnos¢ wektorow tréjfazowych

-
ke +yl = \/% [Tty + O ot = P+ 26 99) + P

0

Wektory @ | g sg wzajemnie ortogonalne jesli ich iloczyn skalarny jest rowny zeru

:
(@.y)= = [ 2" yOdt=0
0

Wodwczas:

e +yl = [P+ P

lloczyn skalarny (a,y) mozna wyznaczy¢ znajgc wektory
zespolonych wartosci skutecznych Xi Y,

@, ) =(Xg> Yp) + (s Ys) + (Xp> Yp) = Re{X g Yg +X oY +X Y1} =Re{X Y}



¢ =2, +2. +¢,
@4)=Re{/] I} =Re{G.U'(jB,U) } =Re{- JBG, [ad*} =0
(#,.8,) =Re{l] 1.} =Re{G,UT(AU*Y'} =0
(@.4,) =Re{l 1} =Re{jB,UT(AU®)"} =0.

Wektory prgdu czynnego, biernego i prgdu niezrobwnowazenia
sg wzajemnie ortogonalne

.2 ° 2 (4 2 g 2
le]|” = |2, ]I + lle]|” + 2y



Prady:

df i
i, = 2Re{G,Uel®
df

i, = J2Re{jB UelY

5, = 2Re{AU” eIl
nazywa sie

,Sktadowymi fizycznymi”
wektora pragdu liniwego odbiornika trojfazowego

Teorie mocy opartg na tym rozktadzie, nazwano

,» 1eorig mocy sktadowych fizycznych pradu”
Ang.: ,,Currents’ Physical Components (CPC) power theory”



Rownanie mocy odbiornika trojfazoweqo
zasilanego symetrycznym i sinusoidalnym napieciem

8P = g7 + 80P + 807 | x leal”
S%= P?+Q°+D?

df ,
P = |g,]| |[ee]| = G, |[ee] Moc czynna

df , |
Q = £|¢,|| ||lee||=— B, |jee| Moc bierna

df ,
D = ||&,]| |[ee]| = Allee]| Moc niezrOwnowazenia




361.5 A

POV RS J ﬁm’\ v L~ 0.90-j030=0095¢118'g
= =5 = ’ _J y = y e
220V S0 L e allasa RS T Zo
+
1

Yo

jB. =Yg = 0,90—j0,30S

220V ToO

(S

: 1
eg]| = 2203 = 381V zam 13 A _ —a*YRs _ 095¢14'g
12]] = 361,542 =511 A

I8, = G,llee] =0,90x381 =343 A
I&] =|B.|[lee] =0,30x381 =114 A
18] = Allee]| =0,95%381 =361 A

ull =

2_ 343211142 43612 = S11A

N,

S=195kVA, P=131kW, Q=43kVAr, D = 138kVA



Kompensacja pradu bierneqo i pradu niezrownowazenia

1-=P _ 2
S \/ o 12 o 2 .o 2
a + zu + T
i, i, tiy i,
|
RO o |.=
| |
SO P |
| |
To - -
- LY — V o *
Trs Tgr
| i —
Bo+(Tgp+ T+ Tpg) =0
N Trr
A-)(TgtaTg+a Tr) =0 i

k= G.tjB,

Rozwigzanie ze wzgledu na susceptancje kompensatora

Tes = (3 Re{Al —Im{Al — B, )3

Ter = 2Im{A} - B,)3

Trg = (-+/3 Re{Al —Im{A} - B,)/3



Trs = (V3 Re{A} —Im{A} —B,)/3 = 0.30S
Tgr =R Im{A}-B,)/3 = 0.52S
Trr = (-3 Re{A} —Im{A} —B,)/3 = -0.52S

i)l =343 A, ] =114 A, ||d)| = 361 A
361.5A
220V RO— a2 3 |mfw‘\
20V so0— %A ol AL
0 ‘m
220V T o— A .~ LA
[ 1
Y  /  / ' .
A=1 A=0.67 Zg| | NI
0300525
———H
0528
7V
2,]] =343 A, [[&] =0, [, =0,



s2= p2+Q2+D?

df

P = 1, lleell = G |ee] Moc czynna
df ,
Q =t |le,|| |[ee]| = — B, |jee]| Moc bierna
df ,
D = |[2,|| |[e]| = A|lee] Moc niezrwnowazenia

To réwnanie mocy jest poprawne tylko
dla odbiornika liniowego, czasowo-niezmienniczego (LTI),
zasilanego napieciem
symetrycznym i sinusoidalnym

Aby je uogolni¢ na odbiorniki LTI z niesinusoidalnym napiecie zasilania,
niezbedna jest poprawna teoria mocy obwodow jednofazowych
zasilanych niesinusoidalnie.



Steinmetz experiment: 1892




Poprawnos¢ rdwnania mocy w warunkach niesinusoidalnych zakwestionowat Steinmetz

w 1892 roku,

Do lat osiemdziesigtych, po 90 latach rozwoju teorii mocy, jej stan wygladat jak ponizej

1927: Budeanu:

1931: Fryze:

1971: Shepherd:

1975: Kusters:

S?= P*+ Qf + D?
$?= P’+ Qf
§7=Sp+ Q5

2 2 2
S°=P + Qg + @

1979: Depenbrock: §2 — p2 +Q12+V2+ N 2

1984: Czarneckai:

2 2 2 2
S7= P+ Q7 + D

o0
QB - Z I singy,
n:
Qr = || e
df
= [lullllis |l
df

Qk = llullllic |l



1927
C.1. Budeanu, Professor of Bucharest University, Romania, introduced
definition of the reactive power

df
Q=Qs = ZUnInSin¢n

n=1
P?+ Qf < §°

Budeanu concluded that there is also other power associated with the waveform distortion,
and introduced a new power quantity, called

Distortion Power

D = |2 (P2+ Q)

Budeanu's power equation has the form:
S*= P?+ Q + D?

1987
L.S. Czarnecki: What is Wrong with the Budeanu’s Concept of Reactive and Distortion Powers
and Why it should be Abandoned,
IEEE Trans. on Instrumentation and Measurements



Question: Is the Budeanu’s Reactive Power a measure of energy
oscillation?

U, (t) = V2 U, cosha,t

For a single harmonic: _
i.(t) = V2 I, cos(nowt—g,)

The instantaneous power:
dW,
dt

P (1) = =U,(1)i,(t)=P, (1+cos2nwt) + Q, sin2nwt

P,=U., cosg, Q, =U,l sing,

Q, is an amplitude of the energy oscillation

At distorted voltages and currents:

N N N N
UD= 20O, )= Ti® = Q= XU, lysing, = 3Q,

n=1

Q, = 0, Q, couldbe equal to zero, even if Q, = 0

Budeanu's Reactive Power is no measure of energy oscillation

25



Why Budeanu definition of reactive power Q is
wrong?

u(t) = v2(100sinwt + 25sin3mit) V

i(f)

u(f) C|49532F
o®

O

i (t) = +/2 [25 sin (@t—90%) +100 sin Geyt+90%] A

Q = > Uy lpsing, =100x25x1+00x25x(-1) =0
n=1
pnt

Al

()

There are energy oscillations in spite of zero Budeanu’s reactive power Q



Why Budeanu’s definition of Distortion power D is wrong?

df
D - Jsz-PZ-QZZ\/% > X URUSIYe-Ys P

reN seN

D=0 1if foreach r,s:

u (t) = v2(100sin et + 50 sin3ept) V ;

The load current is distorted in spite of zero distortion power , D



The load current is not distorted, meaning

if

u(t) = v2(100sinat + 30sin3et) V

i(7)

ean(d)

Nﬂ(f) A

1/4F

4/3H

1) = aut—r1)
l,=aU,e "=y U,
Yo=ae M e, 2)
_il_3_170%
% Y1_14 jg=>e 2S
_i3 o1 0y 1,703
Y3—j4 14_2e _ze S
. : T : 3z 1 T
1(t) =\/E[SOsm(a)lt—j)Jr1551n(3a)1t—7) =§u(t—z),

u(r)

[

T

D:U1U3|Y1—Y3|:100-25-|%e2 ; e”2|=2.5kVA

Load current is not distorted in spite of non zero distortion power, D



Power factor improvement and Budeanu’s reactive power
0 N-2_ NPn2NQn2 . ._N
i) = Z”'”” = Z_:(W) + Z(W : buthudeanuTheory.Q—ZQn
n=0 n=0 n=1 n=1
i(f)
-

o0 (f) u(?) C; =49/32 F . §

32/57TH

u(t) = v2(100sineit + 25sin3wt) V i (t) = /2 [25 sin (;t—90°) +100 sin (3o;t+90%)] A

o0
Q = D Uy lsing, =100x25x1400x25x (-1) = 0

=1 103,1A
W
u 13 g
- 49 32
Eg T B -
Tia"
,H Kompensator H Odbiornik
Y Y

Budeanu’s reactive power is useless for compensator design



1931
S. Fryze, Professor of Lwow University, Poland, defined the reactive power
in a time-domain, based on

the load current orthogonal decomposition into
active and reactive currents

i - ia + irF
_ i p df _ df _
0= L =G0, 0 =00
1L . .
S AOip®dt = (qig) = 0
0
s 2 - 2 -2
[ = g |7 + [[1g
Fryze's Power Equation: S°= P+ QF2
df
Fryze’s definition of reactive power: Q. = |ulllli|

1997
L.S. Czarnecki: ,,Budeanu and Fryze: Two frameworks for Interpreting Power Properties
of Circuits with Nonsinusoidal Voltages and Currents,”

Archiv fur Elektrotechnik



Fryze's Power Equation

S°= P+ Q;
=1,
I, - Active current
| - Reactive current

We know that the following phenomena may contribute
to the power factor deterioration

1. Energy oscillations
2. Bi-directional flow of active power
3. Harmonic generation in the load
4. Change of the load conductance with frequency

5. Load unbalance

Fryze’s Power Theory does not explain
the effect of these power phenomena on the power factor



Question: Does the Fryze’s Power Theory provide fundamentals

for the power factor improvement?

u(t) = 100~/2 (sinw;t + sin3wt) V

44

| R

F

B
T

R — [
" 1Q ul
‘ é;‘ P =10 kW =>4
————— 3  Q=10kVAr °
i ——— S=141kVA i’

Y

A=0.71 U

=

—_— -

AN

M N— —

= N -

0O — " m g
&

L
AT

Q=0
S =10 kVA
A=1

Q = 8 kVAr
S =127 kVA
A=0.78

These loads cannot be distinguished with respect to Fryze's powers.

They differ as to the possibility of their compensation

Fryze's Power Theory
does not enable us to draw conclusions as to the possibility of the load compensation
with a reactive compensator



Opinion: Fryze’s power theory provides fundamentals
for switching compensator control

I:Ia—'_IrF

I, - active current is useful component
I - reactive current is useless component

ia

o

Ir:l—i_:lrF

+ IrF
u
Source @ jC 41 Load

Control




Illustration:

1Q i(?)

i 4Q
e =100+2 sinwt V e(iw u(t) = @j j =504/2 sin3mit A

Source Load

O —e 0

i =+/2(20 sinw t + 40 sin 3t) A
U=+/2(80sinwt —40sin 3wt) V
P

AN

P = 1600 - 1600 =0 L, (1) =

According to Fryze's Power Theory,
total compensation requires that the current I . is reduced to zero

This is a wrong conclusion

Only the 3rd order current harmonic should be compensated



ut) = Ug+~2 > Upcos(not+ay)

n=1
A
u R
L
2 52 A2 2 a2 .
1927: Budeanu: S°=P+Qz +D Qg = Y Upyl,singy,
n=1
2 2, A2 df
1931: Fryze: ST= P™+ Qp Qr = [lulllligl
2 &2 2 df .
1971: Shepherd: ST=Sr+ X% Qs = [[ullllil
2 52 A2 A2 a :
1975: Kusters: S“= P+ Q¢ + Q; Qx = llullllic ]

1979: Depenbrock: S? = P2 +Q?+V 2+ N?

1984 r. 52= P2+ Q%+ D?
Czarnecka:



Current Physical Components (CPC) Power Theory
of Linear Single-Phase Circuits
with Nonsinusoidal VVoltages and Currents

Yn= Gn +_}Bn ——

i
Q0 A o >
U = Uy+~+2ReY U, et y
n=l1 P
CD -
i = GoUg++2Re > Y, U, el o
n=1
i = ia + iS + ir
ia = Geu, Ge:L2
[ull

w -
iy = (GO—Ge)UO'F\/EReZ (Gn—Ge)UneJna’lt
n=1

0 .
iI' = \/ERGZ jBnUneJna)lt
n=I

Active current

Scattered current

Reactive current

36



u(t)

0]

1

R

G, =Re{Y,} =Re

G,=05S, G,=0.28,

G,=0,18,

R+ jno L  R? +(nw, L)

G,=0,06S.



Currents I, I, and 1. are mutually orthogonal
=1+ +1
thus

S22 2 12
™ = g 117+ s ™+ {1 [

liy|l = Gellul
ligl = J 3 (Gp—G,) U2 "
n=0 /

- [
licl = /> By Uq lig
n=1 -
4]

Multiplying the current RMS equation by ||u||2

/ s?2= P2+ D2+ Q?

38



This decomposition and power equation
was developed without any approximation consequently,
this decomposition is valid independently on the level of harmonic distortion

[llustration
u(t) = 50 + ~2 Re{100e!®'+ 20e/5°"r v, @, =1rdss Jull =11358 V
IQ)
i L S Y,=1S
u() — Y, =05 P= 3G,Ujf =7516W
1Q n=0,1,5
i Load Y,=0.04 +2.31 S
i(t) = 50 + 2 Re{50eit+ 46.2e18°ei5@ty Al =+/50% +50% +462% = 84.47 A
. = iz = 05826
llull

liy]] = Gellul|=66.17 A

”is” :\/ Z(Gn_ee)%lﬁ = 2493 A
- . 22 s 2
=015 ||I|| - \/HIaH +||IS|| I ||Ir|| = 8447 A

lill = | ¥ BaUs = 462 A
n=1,5

In real systems the scattered current has relatively small value 39



Reactive current compensation:

L o L L
latigtiy latigTiy

O
u .
I P P Yn= GptjBp

O

LC
Compensator

Lossless shunt reactive compensators do not change active power, P, and conductance G,

G, =——= = const. /
T P )
liy]] = Gellul] = const. 7
12,1
||IS|| = \/Z(Gn_Ge)zug = Const. I|IS|
= 7]
< 2112
The RMS value of the reactive current changes to: | if = 3¢ B+ By )2 U2

n=l1

A total compensation of the reactive current:

I>]| = 0, if for each n, such that U, #0, By, =-Bj

Conclusion: This decomposition solves the problem

of a shunt reactive compensation of linear loads 40



lllustration

u(t) = 2 Re{100e} @t sel3@tyy o= 1rad/s

i Tis +if’ iy +is +ip
u(t) 2H
= Y,=0.20-,0.40 S
040F ]
1Q Y;=0.01-0.10S
° Compensator Load
Y, =020S

Y, =001+19S

igtig iy tig +i;
o > >
u(t) 0.50 H 2 H
0.023 F 58H
1Q
i T - 011 F
Compensator Load
Y, =0.20S
Y, =0.01S

i(1) = +2 Re{20ei@4+ 95¢189ei5@t o i(t) = V2 Re{20e}”'+0.05e1°'} A

li,]| = 19.98 A iy = 19.98 A
igl] = 095 A i = 095 A
li7]] = 950 A liz]| = O
Power factor
_P P 1, |
=5

N 2 2 2: -2 -2 -2
JP2eD24Q% i, 12 +lig I + |

A = 0.999

41




Reactive current minimization

Total compensation requires very complex compensators, therefore,
it has only a theoretical value.

The reactive current can be minimized by two-element reactive

compensator
fa+fs+£r
O -
u(t) L B _ na)lc
Load XN 2 2
@ 1-n C{)l LC
! I
Compensator
y nB,U;
o e d s o 1-n‘w’LC,)*
liell = Min, it Lplill =0 55 ¢, = - el 2 U;) N
wlz n>~n

(1-n*w/ LC,)’

neN

The inductance L can be chosen such that no resonance occuir.

The circuit can operate at close to unity power factor
42
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06
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04

03

02

01

lllustration

Napiecie sinusoidalne -3

-------------------------------------------------------------------------------------------------

02 04 06 08 Co 12 14
Co =098F

nB,U;

04

03

02

01

neN

2 (1-n*w’LC, )’

,
1 neN (1 - nza)l2 LCk)3

L such that o, = 2.5m,

]
=10 Fill
E,=1%E, - Tl
E.=5%E, S 1.5MVA ¥ . load
E,=2%E, Xs = 3Rg C | P=30kW
E,=1%E, . s
L=0
A
A

SRR 1 b S S C1=0840xCo._.
| | | i i €2 =0843xCo
R £ praneassneas R ARSI €3 = 0.842 X Co
| | | ; ; C4 = 0843 xCe
G2 o4 06 08 Co 12 14
Co = 098F

> 5— > C, =0.85C, in three steps of iteration
n"B,U;




Moce w owodach z odbiornikami generujacymi harmoniczne (HGL)

e =100+2 sinwt V e<5W

1Q

i(7)

u(?)

—_—

>

4Q
@j j=504/2 sin3wyt A

Source

Load

i =+/2(20 sinw;t + 40 sin 3w,t) A
U=~/2(80sinew,t — 40 sin 3@,t) V

il = 44.72 A

b

P=1600-1600=0, Q=0,

52 =

|ul| =89.44 V,

Rdéwnanie:

D, =0,

P2+ D2 + Q?

S=4000 VA

lecz S #0

nie jest poprawne!!l! 44



0

u(?)

g—®* 0O

Lokalizacja zrédet harmonicznych ma krytyczne znaczenie dla
projektowania filtrow harmonicznych

I kompensatoréw harmonicznych

i)

Control



" | u= Yu,, i=Yi,, P=3XPR
Distribution 3Hm“m9m neN neN neN
system u(t) Generating
(G) = COSQ
n n-'™n n < O

Ze wzgledu na kierunek przeptywu energii harmonicznych
zbi6r rz¢dow harmonicznych N moze by¢ roztozony na dwa podzbiory
Nc, and N,
Jesli || < 90°, ne Nc
Jesli |, | > 90°, ne Ng

df df df
Zunzuc' Zin:ic’ an:PC
neNC neNC neNC
df df df
Zun:_UGv Zin:in Z Ph = —Fg
neNG neNG neNG
U=U-.—Ug, I=Il-+l5, P=P.—-Pg,

S22 2
2 2 2 i|° =i |[© + |li
lul? = e+ flug]l 1" =1 |7 + lhg |l



Dla ne NC

Dla ne NG

Obwody réwnowazne:

Y~

)4’()

“

(}"70

i=i.+ig




Rozktad prgdu wedtug CPC:

| df
Dla neN¢ Cg? Iuc E|Y Y, = Gy+ jB, = |
Dla ne NG ‘ JUG J'G

df PC ) df G
o = u =0 it
aC eC YC I IaC + ISC + II'C + IG

>

-
>

Rozktad prgdu wedtug Fryzego:

df P df
GCF - IaF - GeF u = IaF T IrF’



Distribution
system
©

iy
.

u(t)

) ————- )

Sktadowe fizyczne pradu odbiornika generujgcego harmoniczne:

1=l t et heTlg

Harmonic
Generating
Load

(G)

to jest stwarzyszone z odrebnymi zjawiskami fizycznymi

Prady te sg wzajemnie ortogonalne

S22 2 R 12
™= Mac P+ lse [P+ e 7+ g |

\licll

[lzacll



1Q
1H

PFZ] [k’fad 0.1Q 0.1H
P
Supply

e:220\/§cosa)1t+ 15\/§cos3a)1t \Y%

HGL

j = 2072 cos 5wit+15+/2 cos 7ot A

U, =200.0 V, I =141.42e ™Ay —050-j0.50 S
Nc =113} i8.4° _j71.6"
U;=13.64e1°% v, 1;=431e71"° A Y, =0.10 - j0.30
Ug=9.27¢ 11013y, Is=18.18A
Na = 5,7 ; 0
G =178 U, =9.64e 1% 1y, I, =13.64A
* * P
P.=Re{U; 1]} + Re{Us151 =20010 W,  [luc|l = JU{+U3 =200.46V, G = H CH2 =0.4979 S
Uc

Fe

liac |l =
luc]

_ 9984 A, il =\/
n=13

> [(Gn—Gec) Upl = 5.44 A,

licll = JZ (B,U,)% =100.08 A
n=13

liglh =[S 12222734
n=5,7



Sktadowe fizyczne pradu odbiornika LTI zasilanego w trojprzewodowo
symetrycznym niesinusoidalnym napieciem

u:\/ERe Z Un ejna)lt

neN
u i u i,
j G
RO RO E.Ra ’\/€
' Linear is, / Ge G d_f P
5O time-invariant 50O Vv B 2
. o - e
T To— MV
P P
df _
¢, = G, u Active current:

Sktadowa bezuzyteczna pradu:

i—iaZ Z in—ia: Z (ian"'irn"'iun)_ia :(Z ian_ia)+z z.rn"' Z iun
neN

neN neN neN neN



Sktadowa bezuzyteczna pradu:

i—ia = Z z.n_ia = Z (ian"'irn"'iun)_ia - ( Z ian_ia)+z irn+ Z iun
neN

neN neN neN neN

(/4

)
R o T
df jna)t So =
7, = ann—ca:\/zReZ(Gen—Ge)Une 1 o
neN neN
df _
neN neN
dt # _ not
iu = Z O.un :\/ERC Z AnUn eJ @
neN neN
Rozktad na sktadowe fizyczne
¢ =102, +e +e +2

u




Wartosci skuteczne sktadowych fizycznych:

12,]] = G, |lee]],
o 2 2
stH = Z (Gen_Ge) HunH
neN
o 2
12,01 = | 2 A, llee,]]
neN
o 2 2
12l = | 2 By | [lee,|
neN

Prad rozrzutu pojawia sie wtedy, gdy

P I:)n
— , G, =
ee]” T |eay |

€

CPS sg wzajemnie ortogonalne, zatem:

i2 2+ 2+ 2_|_ 2

¢

L8

e

N

14|

lés]
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Przyktad

Rozkiad na sktadowe symetryczne nie zalezy od poziomu odksztatcenia

220V

U (1) = ﬁRe{zzoerlu 44ej5a)lt} v

RO

sO

TO

341A ’1\, A G.=0.6018 S
198 A ’i\I AL Y., =0.60 - j0.40 S
184 A 1 :fv;m Y.s=0.88+j0.15S
=053 ;1 @ %‘ 20 A, =0.83 ei015 S
1Q 05Q A5 =1.12 ei086p§

¢

= \/HiRH2+IIiSH2+IIiTH2 = 3412 +1982 +1842 = 433 A

gl = 237 A
Il = 21A

6]l = 153 A
I8, = 327 A

2 2

u

2

T

S

a

2 = 2372 4212 +1532 +327% = 433 A

-

+

+

+

¢
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Kompensacja reaktancyjna w warumkach niesinusoidalnych

Dla harmonicznej rzedu n:

u, 'l'.CP? icn+|irn+ ¢ un
RO - =
| | Yo, = Gen"‘jBen
So o =
| | A
To = = &
_irn_iun Y — YV — *
Trsn | Tstn :n = Gen %,
. . L[ I — jna) ¢
ln:Genun:Geun+(Gen_Ge)“n:can"_’sn T ? I\/ERG iB., U, e !
TRn rn en n

b0 =2 Refy e

Trsn = 1(S\EReAn —Im Ay = Bep

Ben+ (Tsmn+ Trrn+ Trsn) =0 .
Ao = (Tym+ BT+ B Tegn) =0 T = 3(21m Ay =B
Topn = l(s\/gReAn +1Im A, + B,

L.S. Czarnecki,
"Reactive and unbalanced currents compensation in three-phase circuits under
nonsinusoidal conditions,"
IEEE Trans. Instr. Measur., Vol. IM-38, No. 3, pp. 754-459, June 1989.



Przyktad

Uy=220V  Us= 5%U, U;= 3 %U,

- 71;3}\ IZLUA A ;0
SO ?3";'3A 0-; | HVV -
133A 127.0A g P 0
I 1
30
H
2.11 H
_ 96.2 mF _ i
A=1 487 mH L LIS H A =071 A =A; =0333e 160°g
176 mF 40.6 mF AS :0333616008

Trsn = 1(5\/§R6An —Im A, - B

Tom = 3(2Im A, - Byy)

Trpn = 1(3\/§ReAn+ImAn+B



Minimalizacja pradu biernego i pradu niezrownowazenia

Kompensator idealny Kompensator zredukowany

. L
RS ST | —l_‘

TR

L.S. Czarnecki,
"Minimization of unbalanced and reactive currents in three-phase asymmetrical circuits with
nonsinusoidal voltage,"
Proc. IEE, Vol. 139, Pt. B, No. 4, pp. 347-354, July 1992.

df
d = |[Jr—-Jpll
Przykfad:
Uy=220V  Us=5%U; U,=3%U,
7
Bg— A NN B0
75,1 A 0 |
so—» > Fa%a'aW »
- 79;,6A ]2;,[)A ,ﬁl PN 0
1 3 1
3Q
B 176,8 mF
46,2 mH | 5,195H




Skiadowe fizyczne pradu w obwodach trojfazowych
z odbiornikami generujgacymi harmoniczne

Supply bug o s HGL

>0
Pn :URnIRn COSPRn +USn|Sn COS§DSn+UTnITn COSP 1 {< 0

Jesli napiecie jesat symetryczne:

df

>0
l.n = lgpCOSQRy + gy COSQ g+ 4, COSP 1, {

<0



R IR
. F————0——]
Supply TuR s s HGL g Yug o 0o
| — O—— ]
‘aT ‘ TMT

df
lan =
Ze wzgledu na kierunek przeptywu energii harmonicznych
zbi16r rzedow harmonicznych N moze by¢ roztozony na dwa podzbiory N¢, 1 N,

I rn COS@PRy + lg, COSP gyt Iy COSQ 1, {< 0

. df df df
Z’n: Z“n:“Ca ZPnZPC

Jesli I,,>2 0, neN¢ i,
neN neN neN
C df C df C df
Jesli 1, < 0, neNg Z i = ., Z w, = —ug, Z P, = —P,.
neNG neNG neNG
neN neN neN
2 2 2
ee ||~ = lleec||” + |leeg]|
8| = |+ ldgI




Supply

Dla nENC

R IR
A "
%y s I
u j
T S T AT
Ot

‘ TuT

GeC =

HGL

YenC

df

df

YenC

YenC

Yenc

*

_ S
= Genct JBenc = : 2
oey, |

Sp = Pn+an:UrI I;

P

2
feec|

= Gec@c

8c =8 T2c tC




Supply

o )
¢ R I-R_h|C Yenc
hy/ i Y.
R S I8 enC
Dla nENC il
fZFSTA it Yenc
. C ‘ Up
R IR L 1]
i HGL
T”R S is |
s . 7 [
’ 7} ?
- G .
‘ ' " x Ui | s

—_— - . N/
5 s R

Dla neNg ‘ _ @

r
L - L
G

UR y

Sktadowe fizyczne pradu odbiornika generujgcego harmoniczne:

? = C.ac -|-C.SC +Z.rc +C.uc -I—C.G




Sktadowe fizyczne sg wzajemnie ortogonalne, zatem

o2 o« 12 2 2 2 2
2" = ool + llocl™ + llecl™ + llgycl™ +

(%6 ec (Me ¢!

llustracja geometryczna:

[[Zacll



Rownanie mocy HGL:

df

. 2 2 o 12 o 12 2 2 2
S = el = et | + oG P \icIP +lidGIE = /S2+S&+S2

df
e [0 2 2 2
Sc = |leec|f Cc|—\/Pc+ Dsc+Q¢c+ Dy
df
S = lleeg|HieG |l
df
2ns 112 21 12
Sp = \llec|Plié I + loeg IPliéc
Wspotczynnik mocy:
2 if%_ P—Fs

\/Pcz+ D52C+Qrzc+ D§C+ Sé+ Sé



Uwaqi dotyczace:

Instantaneous Reactive Power p-g Theory
Akagi, Nabae, Kanazawa
(1983)

64



i A O ~
Voltage UR is |
& . So—-§—| Load |
source Ay .
f_,-' ‘ S T ! T '\\
\ 4 ) - b
A A //
e = ‘ uT =

Clarke Transform:
MR R R I R HE B

Instantaneous real or active power:

p=U,i, + Ugig,

Instantaneous imaginary or reactive power

q=Ugig—Ugi,



In «, f coordinates:

In phase coordinates:

In «, § coordinates:

In phase coordinates:

Instantaneous active current:

. u
up = 2 P o=l p
P u025+u% pp u§+u%

SR R S

Instantaneous reactive current:

log

—U ] u
_ S i = o
= S~ q
Us+Us, Up+U7



Wedtug Nabae’a, ktory jest gtdwnym autorem
IRP p-g Theory:

“It was developed to enable instantaneous compensation
of the reactive power”

Rzeczywiscie,

moce chwilowe p & q
mogg byc¢ obliczone momentalnie
CO sugeruje wniosek,
ze wihasciwosci energetyczne odbiornikow mogg byc¢ tez
identyfikowane momentalnie
(z opdznieniem potrzebnym jedynie do obliczen)



Przyktad 1

ZY_ o o
Ug =+2Ucosat, U =220V  sn Q o
i, =2 Icos(at+30%), 1 =953A o i,
Q=0 %4{2
{ua:i :C|:UR:| _ V3U cosat i, _ C{ i } _ J3 1 cos(at+30°)
Up Ug J3U sinot Y — g — 1 cos(awt+30°)

Instantaneous powers,

Active: P = Uyiy+Ugig=+3UI[1+cos2(at+30%)]

Uyig—Ugi, = —~/3U Isin 2(wt+30%)
For 2(wt +30% = 90", p=-q

Reactive: q =

Instantaneous currents,

_ i cos ot
Active: Ko _ \/2 | [1 + cos2(wt+30°)] 0
s, 3 cos(mt—120")
_ i sin wt
Reactive: Ral _ \/5 | sin2(wt+30°) 0
i, 3 sin(wt—1207)

Odbiornik czysto rezystancyjny obcigza zrédto chwilowym pragdem biernym



Przyktad 2 BV geax
uR:\/EUcosa)t, U =220V S0 — l‘”j\m
. 0 TO 4 VYR
i, =+/2 lcos(awt—60%), 1 =953 A L
4Q
p=0 :
{ia} ~ C{ i } ~ J3 1 cos(at—60°)
Y ~ig 1 cos(@t—60°)
Instantaneous powers,
Active: P = Uy iy + Ugiz=+3U1[cos 2at—30)]

Reactive: 4 = Uyig—Ugi, =—~/3UI1[1+sin 2et-30)]

For 2wt-30°=0, p=-q
Instantaneous active current in R line:

= [cos(at-30°) + cos(3at—30%)]

lo. =
Rp \/g

Odbiornik czysto reaktancyjny obcigza zrédto chwilowym pradem czynnym



Whniosek:

Para mocy chwilowych p i g, zmierzonych w pewnej chwil t

nie okresla wiasciwosci energetycznych odbiornika



H. Akagi, E. H. Watanabe and M. Aredes book
Instantaneous Power Theory and Applications to Power Conditioning

Przedstawili nastepujgcy interpretacje fizyczna
chwilowej mocy biernej q:

“...the imaginary power q is proportional to the quantity of energy that is being
exchanged between the phases of the system...” “Fig. ( ) summarizes the above
explanations about the real and imaginary powers.”

P
q .
a8 Iy
s b .
—

b Instantaneous fotal energy flow perfime unk;

q . energy exchanged befween the phases without
fransferring energy.




my

L — = dW(t)
P=ExH P . j Pedd = "5
H A
fla fa
a - 8 > - s
b I b {"ab 'b Py’ VE,
Cc ,;9 c *ch f__!_: R{j ’ # Ey
? Fox ©"
Wektor Poyinting’a P Wektor Poyinting’a P
nie moze by¢ rownolegty nie moze by¢ rownolegty
do wektora natezenia pola magnetycznego H do wektora natezenia pola elektrycznego E

Interpretacja Akagi’ego jest btedna.

Energia nie moze wirowac wokat linii transmisyjnej bgdz przeptywac
miedzy przewodnikami liniami



Teoria Chwilowej Mocy Biernej p-q nie ma znaczenia poznawczego

gdyz
nie dostarcza interpretacji zjawisk fizycznych

Dopiero teoria CPC wyjasnita sens fizyczny mocy q
Jest to wielkos¢ ztozona

q = Uylg—Ugl, =— Q—DsinQat+y)

Ale nawet ten wynik jest poprawny tylko wtedy,
gdy napiecia i prgdy sg sinusoidalne



Gtownym zastosowaniem Teorii Chwilowej Mocy Biernej (TCPB) p-q,
sg algorytmy sterowania kompensatorow.

oLz uw 2
(/4 ?
Ro J —IR — . =
W | |PTPFP
S o = = q
’ fUST
T
S i Load
J R Vs Vi {}
~ Digital
Pe=—P | —> Signal
gc=—4q . |Processing
<~ zb System
Compensator

Wedtug TCMB p-q, kompensator ma kompensowac¢ chwilowg moc bierng g
i sktadowg oscylacyjng chwilowej mocy czynnej p.



L.S. Czarnecki, (2009) “Effect of supply voltage harmonics on IRP p-g-based switching
compensator control”
IEEE Trans. on Power Electronics, Vol. 24, No. 2

If the load is an ideal resistive load supplied with nonsinusoidal voltage

u=u, +u.
¥ R 7’ i
& 5 RGO
F"ST ’;S\ G
o = -
buy vV 1V v Lr G

p=p+Pp=R+P;+6GU U;cosbmt

Compensator

U,cos oyt +U.cos Saopt

B U12+U52+2U1U 5cosbayt Ulcos(a)lt—1200)+U5cos(5a)lt+1200)

P { J'R}_ ~23/2GU U, cos6et
Js



L.S. Czarnecki, “Effect of supply voltage asymmetry on IRP p-q - based switching
compensator control*
IET Proc. on Power Electronics, 2010, Vol. 3, No. 1

If the load is an ideal resistive load supplied with asymmetrical voltage

u=u +u
u )
o - e
B fk/ G 5
@) - -
TuS T IS\ G
ol ERERY] it \Q/
Compensator p= ﬁ + ﬁ =PP+P" 4 6GUpUn0082(01t

j —\/zj _—2\/§G(Up+Un)UpUnCOSCO1tCOSZG)1t
A K e UP+U "™+ 2UU"cos 2ot



Ug :x/zulcosa)lt, uR=\/§U1cosa)lt+\/§U7cos7a)lt
i, =2 1, cos ot ++/2 |, cos Tyt t=Gu

JUR g z'-l;:
s . is
b TuT T
p=p+p=P+6GU U, cosbw,
q=0

These two circuits,
different
with respect to properties and needed compensation,
are identical
in terms of IRP p-q Theory



Instantaneous powers p and q
are algebraic forms (AF)
of the supply voltages and the load currents products

p=p+p= AF{urig

/ \

SUPPLY LOAD r,s=R,SorT

\ /

q=q+tq= AF{urig

Values of p and g powers do not provide information
whether their properties come
from the supply voltage or from the load current






ROBOCZA, ODBITA | SZKODLIWA
MOC CZYNNA



Podstawowg wielkoscig w rozliczeniach energetycznych
jest energia dostarczana do jej uzytkownika

-
[Pdt=w,,
0

P—moc czynna, 7 — okres rozliczeniowy

Terminy moc czynna, P oraz moc uzyteczna
sg zwykle traktowane jako synonimy

Energia czynna W/, jest traktowana zwykle jako energia uzyteczna

Odbiorcy wielkich ilosci energii pokrywajg tez zwykle dodatkowe koszty
wynikajgce z niskiego wspotczynika mocy A.



Takie podejscie do rozliczen energetycznych
pojawito sie na przetomie
XIX'i XX wieku
| obowigzuje do chwili obecnej

Przez wiekszosc¢ tego okresu energia elektryczna dostarczana
byta z generatorow synchronicznych

produkujgcych niemal doskonale sinusoidalne i symetryczne
napiecie trojfazowe
| zuzywana byta w dominujgcej czesci
przez odbiorniki liniowe



S0 i)
Sinusoidal Ry L o Harmonics
supply |€ ”(I)I R G)Jj geniera(;ing
| oa
u®)= > u, =u+u, it)=> i, =i+i,
neN neN

P1:U1 Il >O

T
1 :

P==|u®i®dt=P+P,+P+P,+..
T'([ P,=U,l,=Rl,)I,=—R ;<0

Energia do odbiornika dostarczana jest z mocg P,
jest to

robocza moc czynna, P, =P,

- (P2+ P3+ P4+ ...) - PI'
odbita moc czynna
P=P,-P.



Sinusoidal Harmonics
supply generating load

Odbiornik o mocy czynnej P generujgcy harmoniczne musi
byc¢ zasilany z mocg roboczg P,

P, >P



AR, =900 W

‘F —.

AN—— foi—
‘& Tu 'T L

A D

Pe=1900 W
° Ideal, lossless

/ﬁ\ﬂ/ﬁ\m

N

Moc czynna P = 1000 W
Robocza moc czynna Py, =1536 W
Odbita moc czynna P. = 536 W
Moc strat w zasilaniu: AP, =900 W

Jlud
R
P=1000 W
=10 deg,
R, = 5% of R



Harmoniczne generowane w odbiorniku
powodujg dodatkowe straty wewngtrz systemu zasilajgcego.
Odbiorca winien pfaci¢ za energie roboczg

T T
[P, dt=[(P+P)dt=W, >W,
0 0

Prad potrzebny do przenoszenia energii roboczej W,
ma wiekszg moc skuteczng
od pradu przenoszgcego energie czynng W,

AP, =P+R I3

P
Rq iwti
AN w 'h m_

ey

Sinusoidal Harmonics
supply generating load



Robocza i odbita moc czynna w uktadach tréjfazowych,

tréjprzewodowych
% g R
e Rs \ t | : Resistive
S@_/V\ o s unbalanced
e Rs / S_ it load
Uy
Z| |Z
R g I_R df
Ug | = e =u’ +e" ig | = ¢=e¢P+2"
Uy Iy
T
P=o [w'ddt = a,d)= @",i") + (",i") = PP +P"
0

df
P" = (#",8")=(-R,&"&")=—R |"|* =—P. <0

df
P=PP+P" = P —P

w T



Odbiornik niezréwnowazony o mocy czynnej P
musi byC zasilany
roboczg mocg czynng P, wiekszg od mocy czynnej



P=100 kW

¢l = +/3x159.1=275.6A

Moc strat w zrodle

AP = R |IZIF = 0.0658 x 275.6% =5.0 kW

S S




2919A R

2036V =
0 S
ETR — 1.174 Q
2919A 7 \
203.6 V - h
P=100 kW
|
Yr | [108.9el" "1 1)L a, o* |R
U |= % =3 =
S 11.1ei120" 1°| 3|1, o, a >
U ' £\

P, =PP =(e",2")=3UP I =3%x208.9x168.5=105.6 kW

P =—P"=—(a",8")= —3Re{U™1™} =3x11.1x168.5=5.6 kW

3
| ° || _ Pw _ 105.6x10 —201 8A
e |l /3 x208.9

Moc strat w zrodle
AP, = R ||£,|*+P.= 0.0658 x 291.8° +5.6 =11.2 kW

|

168.5e1’
168,516

]A



P
w fI) w7
@ i | »—| Harmonics
I &
* : ™ Asymmetry
| T [ . generating
I o load
High Quality T I
Supply —
P,>0
P.<0
P, >P

w

Rozliczenia energetyczne, ktorych rdzeniem bytby koszt
energii roboczej
obcigzatyby odbiorce kosztem strat
powodowanych asymetrig prgdow i harmonicznymi
generowanymi w odbiorniku



Rozwazmy maszyne indukcyjng zasilang
napieciem asymetrycznym

eP + en

Energia przenoszona przez sktadowg kolejnosci przeciwnej
nie jest przeksztatcana na energie mechaniczng

Tak samo jest wtedy, gdy napiecie zasilania
jest odksztatcone.

P,=PP>0
P =P">0

P, <P

W



Strata DOCHODOW
dostawcy energii elektrycznej
sprzedawanej odbiorcom
powodujgcym odksztatcenie pradu i jego asymetrie
jest proporcjonalna
do réznicy miedzy mocg roboczg a mocg czynng



PRZEPLATA kosztu energii

odbiorcy zasilanego napieciem odksztatconym i asymmetrycznym
jest proporcjonalna
do réznicy miedzy mocg czynng a mocg roboczg

AP=P-P,



Witedy, gdy podstawg rozliczen energetycznych
jest energia czynna, W,
strona powodujgca odksztatcenia i asymmetrie
nie jest finansowo odpowiedzialna
za ich skutki

Wtedy, gdy podstawg rozliczen energetycznych
jest energia robocza, W,,
strona powodujgca odksztatcenia i asymmetrie
ptaci za ich skutki

Rozliczenia energetyczne oparte na koszcie energii roboczej, W,,
mogtyby tworzy¢ motywacje ekonomiczne
do poprawy jakosci zasilania i do poprawy jakosci obciazenia
a tym samym,
do oszczednosci energii



Pomiar energii roboczej
wymaga analizy harmonicznej,

ograniczonej jednak do harmonicznej podstawowej pradu i
napiecia

Systemy energetyczne bedg sie rozwijaty
w kierunku systemow inteligentnych,
,smart grids”,
wyposazonych w mieniki
zdolne do cyfrowej analizy sygnatéw, DSP

Pomiar energii roboczej W,, przez takie mierniki bedzie
tylko zmiang

na poziomie programowym



Gtéwng przeszkoda
dla racjonalizacji podstaw rozliczen energetycznych
mogq by¢
- stuletnia tradycja tych rozliczen na podstawie energii czynnej,
- system przepiséw, norm i standardow
- inercja intelektualna

Nie oznacza to jednak,
ze nie warto podejmowa¢ dziatan
w tym kierunku.
Systemy energetyczne beda w najblizszej przysztosci
podlegaly giebokim zmianom.
Podstawy rozliczen energetycznych powinny by¢ jedng z nich






Compensation goals
In systems
with nonsinusoidal voltages and currents



Compensators & filters
are used for

the electrical power system (providers & customers together)

performance improvement
&

economic benefits



There are
two different entities
with different and conflicting goals:

Profits maximization
at energy delivery

Energy
provider

Cost of energy use
minimization

Energy
consumer



Profits reduction

I

Loading quality
- Reactive current
- Scattered current

- Unbalanced current

- Current distortion
- Power variation

- Random switching
- HF current noise

- Voltage distortion
- Asymmetry
- Voltage RMS variation
- Random disturbances
- HF voltage noise

Supply quality

Energy
provider

Energy
consumer

Cost increase



- Voltage distortion
- Asymmetry
- Voltage RMS variation
- Random disturbances
- HF voltage noise

Supply quality

| =Gt l

Loading quality
- Reactive current
- Scattered current
- Unbalanced current
- Current distortion
- Power variation
- Random switching
- HF current noise

Energy
provider

Profits reduction

Energy

consumer Cost increase

Compensation goals in a very essence are economic,
unfortunately,
we usually are not able to use optimization procedures for compensator control.

It is difficult to express profits reduction in terms of loading quality factors
It is difficult to express cost increase in terms of supply quality factors

Compensator cost (investment & operation) is also a component in optimization procedure



Therefore,

compensation goals
are formulated usually as a reduction of some harmful agents
of the loading quality or/and the supply quality

to a minimum value,
or to a level imposed by standards



Usually compensators are used for
improvement

of degraded loading quality



Compensators are usually used for improvement
of degraded loading quality

Loading quality
- Reactive current
- Scattered current
- Unbalanced current
- Current distortion
- Power variation
- Random switching
- HF current noise

Shunt compensators are needed for that



Reduction
of the supply current three-phase
RMS value
112l
and its distortion
is @a common objective
of shunt compensation



Energy

provider

Shunt

compensator

S0

YVYVZ?

| —_|

Energy
consumer

- Voltage distortion
- Asymmetry
- Voltage RMS variation
- Random disturbances
- HF voltage noise
Degraded supply quality

Compensator should be able to reach
the specified goals
even at
degraded supply quality

This could be particularly important

in micro-grids,
which might be weak systems

with sources of voltage distortion on the provider side

with dominating single-phase
Harmonic Generating Loads



The active current
according to Fryze power theory
is the smallest current of a load which at voltage u(t)
has the active power P

i,(t) = G, ut), G, = iz.
Jull

The remaining current,
df

b ® = i -i,0

increases only the supply current RMS value and can be compensated

{a = ia+ IyF
+] T IFF u
Supply Switching | Load
source compelnsator ‘ ‘
I

Ref. signal



1Q

i(7)

e = 10042 sinot V e(ﬁm

u(?)

—_—

{ &

Supply

Load

i =/2(20 sinayt +40sin 3ayt) A
u=+/2(80 sinoft —40sin3at) V
P=P,+P;=1600-1600=0

I, 11=0

j =50+/2 sin3et A

What is the objective of compensation in this circuit
with zero active current

?



The CPC power theory, unlike Fryze, differentiates two directions of energy flow.
- One, caused by the distribution voltage harmonics, P, > 0
- Second, caused by the load generated current harmonics, P, <0

The active current
according to CPC power theory
is the smallest current of a load which at distribution system originated voltage u,(t)
has the active power P,

_ df dt p,
i,c(t) = Gee U (t) Gec =

2
luc |

The useless and harmful current

hb=1-lLc=hcTlheTlg
iaC - [aC :fb
J=-1
Suppl + U
30523 Switching C HGL
compensator <:rH
. : | .

Ref. signal



When the system is weak
then shunt compensator affects
the load voltage
and
compensation conditions

Compensation can be achieved only in a recursive process

When the system is strong,
shunt compensator does not affect the load voltage

Compensation can be achieved in a single step



Fryze PT approach CPC PT approach

ia i+ icp fap iapt iy
}j=-£l'F U {j=-ib Up
Supply Switching | toad Supply Switching Load
SORCE compensator ” ‘ source compensator T
1 .
I I
Ref. signal Ref. signal

Recursive process of compensation
converges
to the active current as defined
in the CPC power theory

_ df
lac (t) - GeC Uc (t)
df P

GeC =

2
lu |



The active current, both according to Fryze and CPC PTs,
reproduces

the supply voltage distortion and asymmetry

I, ©) = G, u®) iaC (t) = Gec Uc ()

c.a () = G, e () iaC (t) = Gec 26 (D)

In some situations,
the compensator has to increase
the supply current distortion and asymmetry



There are opinions
that the supply current after compensation
should have
not only the minimum RMS value,
but also be sinusoidal and symmetrical

Such a current is referred to as
working current,
l,, Or 2,

Sometimes shunt compensators are controlled
to achieve such a goal



_ df ) df df Pl
1w ® = i1 ® =Gy 4, Gy =6 = 5
1

The remaining part of the current can be referred to as a detrimental current

- df - -
a®) = i) —iy,®
it Ay, iwt ig
Vi=-igtAiy
Supply =
source cfﬁﬁ’éﬁ';?w <—H foed
I

Ref. signal

When a compensator is to reduce the supply current to the active current
(according to Fryze or CPC PTs definitions)

then

the compensator current j is orthogonal to the supply voltage u.
There is no permanent energy flow to the compensator

This is not the case when the working current i, is the goal of compensation



The active power of a switching compensator
of purely resistive load is

P.=UpD=U—-1p=WU-0-1)==UD+Ul)=-P+P,=-P,

Compensator has to deliver energy to the system
at the rate of P,

Switching compensators are not active,
but passive devices,
thus
this energy has to be delivered to the compensator
by the current fundamental harmonic



Ay,

Lr

Ref. signal

Load

i +AiW iw + iy



Three-phase, three-wire systems
e=el+e+e,

df
s o .p o [ _ [J [J
C=0,t0, +o +8 = ¢,+1,

Switching compensator current

J=—dg=—@L+d" +4)

Compensator current is not orthogonal
to the supply voltage

(2, J)= (w0, gt e +e,, —¢ -8 —&)=—(e. 8" )—(e,,¢)=—-P"-h



Switching mpensator



Should only the working current remain

after compensation
Yalarals

is a debatable question



<

¢, 4y

iaC” <

ey

Energy loss at delivery
is lower when the supply current is reduced to the active current
than
it is reduced to the working current

When the supply voltage
is nonsinusoidal and asymmetrical, however,
then
the active current is also nonsinusoidal and asymmetrical



Question as to compensation to the active or to the working current
depends
on which side is the compensator.
It is on the provider or on the consumer side

Energy

provider

[— .

<— Energy meter?  Working current

Shunt
compensator

N

<— Energy meter? Active current

Energy
consumer



