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Eksperyment Steinmetz’a: 1892







Einstein and Steinmetz.



P2+Q2<S2
?
S=UI, AW =rl’at

Za réznicg miedzy S a P kryje sie nadmienny prad przesytowy i straty energii
Moc pozorna S okreSla tez moc urzgdzen przesytowych

Aby wyjasniC te nieréwnosc,
trzeba zrozumieC zjawiska energetyczne w obwodach
elektrycznych
WyjasSnienie zjawisk energetycznychjest celem poznawczym teorii moicy

Aby zmniejszyC moc urzgdzen przesytowych, odbiornik trzeba odbiornik
kompensowac.
Jak?
Opracowanie metod kompensacji jest celem praktycznym teorii mocy



Badania nad teorig mocy zostaty zredukowane do zagadnienia znalezienia
rownania mocy odbiornika liniowego

zasilanego napieciem niesinusoidalnym
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Od raportu Steinmetz’a z 1892r do 1984,
po 92 latach rozwoju teorii mocy
wprowadzono do elektrotechniki pieC roznych réwnan mocy i pie€ réznych definicji mocy biernej
dla tak prostego uktadu jak szeregowy odbiornik RL

nie bedac w stanie zaprojektowaé kompensatora poprawiajgcego wspétczynnik mocy

u“ P
L
df © '
1927: Budeanu: ~ S*= P*+ Qj + D? Qs = 2 Unlnsingn
2_ p2, A2 df o
1931: Fryze: S*= P+ Qg Qr = [[ul[llll
df
1971: Shepherd: ~ $*= S + Q3 Qs = [lullllis]l
df
1975: Kusters: SP= PP+ Qg+ Qf Qx = llulllli.c ||

1979: Depenbrock: §2 — p2 +Q12.|_V2_|_ N2

Zagadnienie zostalo dopiero rozwigzane, wraz z kompensacja, w 1984r.

Czarnecki: S?= P?+ Q*+ D?



Steinmetz: 1892

1927
C.l. Budeanu, Professor of Bucharest University, Romania,
introduced
definition of the reactive power
df ®© .
Q=0Q; = Zunln SINPp
n=1

2 2 2
P“+ Qg < S
Budeanu concluded that there is also other power associated with the waveform distortion,
and introduced a new power quantity,

called
Distortion Power

df
D = S$*- (P*+ Q;)

Budeanu's Power Equation has the form:

5% = P2+ Qé + D?



Why Budeanu definition of reactive power Q is wrong?

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

iln
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o0 $> [HU} f_= =4‘J-'32 F ” §

3157 H
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i (t) = +/2 [25 sin (@t—90%) +100 sin Geyt+90%] A

Q = Y Uy lysing, =100x25x1+00x25x(-1) = 0
n=1
plo)

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



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

Dd:f S2_pP?-Q? = %Z S UAUSTY, - Ys
reN seN
D=0 1if foreach r,s:
L (1)
u (t) = v2(100sin it + 50 sin3eoyt) V ;

Or
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i(t) = v/2 [100 sin(eyt +%) +50 sin(3ayt +§)] A
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The load current is distorted in spite of zero distortion power , D



The load current is not distorted, meaning
I(t)=aut—r7)
if I,=aU,e "7 =Y, U,

u (t) = v2(100sin it + 30 sin3ert) V
{E_-fl
Yi=ig-is=
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1t) = \/E[SOsin(a)lt—%)Jr15sin(3a)1t—37ﬂ) =x/_[5031na)1(t——)+1551n3a)1(t—l) = u(t—l)

= \bu \ﬁ D=0, 1=100:25- 36 55 =25 kv

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




Kompensacja przy sinusoidalnym napi€ciu zasilania
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U = Uy+~2Re YU, et

n=1

C=7



Power factor improvement and Budeanu’s reactive power

N N P N Q N
: <2 n \2 n \2 .
1| = I = — )"+ —)", but in Budeanu Theory: Q =
Il Jr;)n nl \/E)(Un) 2 (g, v Q=20
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u(t) = v2(100sinwt + 25sin3mit) V
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Q = Y Uy lysing, =100x25x1+00x25x(-1) = 0
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Kompensator v Odbiornik

Budeanu’s reactive power is useless for compensator design



1927: Budeanu:
df o©

Q=Q, = ZUnInsin(pn

n=1

df
D =S?— (P*+ Q2)

S?= P*+ Qj + 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



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 T irF
. & p df : df :
0= 0 Se U0 0 = 0-i0
| L
?J.Ia(t) IrF(t) dt = (Ia’lrF) =0
0
S22 2
[V = 1 1™+ [
Fryze's Power Equation: S*= P+ Q;
Fryze’s definition of reactive power: Q. . lulligl

1997
L.S. Czarnecki: Budeanu and Fryze: Two frameworks for interpreting power properties of
circuits with nonsinusoidal voltages and currents,
Archiv fur Elektrotechnik



Question: Does the Fryze’s Power Theory provide fundamentals

for the power factor improvement?
u(t) = 100+/2 (sinewit + sin3w,t) V

44
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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

QrFr=0
S=10kVA
A=1

Qr =8 kVAr
S=12.7kVA
A=0.78

as to the possibility of the load compensation with a reactive compensator



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

I:Ia_{_lrF

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

fa_ latlrF

+ IrF
u
Source @ jC Qﬂ Load

Control




Illustration:

1Q i(2)

4Q
e =100+/2 sinwt V eéfw u(?) = @J’ j zsoﬁsinmlt A

Source Load

Q —» O

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

T

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

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

This i1s a wrong conclusion

Only the 3rd order current harmonic should be compensated



1971
Shepherd & Zakikhani, England, developed power theory in the frequency-domain:

o0 o0
U= U0+\/§ZUn cos(noyt +ap) | = IO+\/§Z I, cos(naot+ an—op),
n=l1 n=1

| = I0+\/§Zlncosq)n cos(Noyt+ay) + \/EZInsingan sin(Neyt+ay) =Ig +1;

n=l1 n=1
1P =i [P + s 17,
lig Il = \/ZI cos’p, | lis|l = \/fllr%sinz(pn
5% = Sg+ Qs

S&H power theory has provided the first solution of the compensation problem:

o0

A i ©
> l - ZnUnInsin(pn ZnQn
g U C =C_ = n=l __n=l
upply TC Load = Copt = = — —
@, Z n2u§ @, Z n2U§

n=1 n=1



1971
Shepherd & Zakikhani, England, developed power theory in the frequency-domain:

o0 o0
U= U0+\/§ZUn cos(noyt +ap) | = IO+\/§Z I, cos(naot+ an—op),
n=l1 n=1

| = I0+\/§Zlncosq)n cos(Noyt+ay) + \/EZInsingan sin(Neyt+ay) =Ig +1;

n=l1 n=1
1P =i [P + s 17,
lig Il = \/ZI cos’p, | lis|l = \/fllr%sinz(pn
5% = Sg+ Qs

S&H power theory has provided the first solution of the compensation problem:

o0

A i ©
> l - ZnUnInsin(pn ZnQn
g U C =C_ = n=l __n=l
upply TC Load = Copt = = — —
@, Z n2u§ @, Z n2U§

n=1 n=1



E5:3.0%E1, E7:1.5%E1, EIIZO‘S%EI

Sgc =28.6xP

£

Copt=129F, PF_Max=089

10 . .
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C[0] = 0.00Ce, PF =050!

C[l]:ﬂ*‘:‘l?Cn.PF:l‘_‘lﬂSi ! | ! ] !

02 [C[2] = 08B, PF = Q7 T s s s s e
C[3] = DE5Ce, PF =054, : : : : :

01 F-CAl=040C0 PF =080 e ceeneenes . N A
C[5] = D42C0, PF = 064 : : : : :
C[E] = 0.58C0o, PF =071}

0z 04 be o8 Co 12 14 c
Co=115F

In situations common in distribution systems, the K&M power theory
does not provide optimal capacitance of a compensator.
The same conclusion applies to the S&Z power theory



Kusters and Moore (NRC, Canada)
solved the same problem (in 1980) in the time-domain

w .
u = \/EZ Uncoshot, U = du i(0)
n dt »
n=1 il Y Load
© Lo Y=G +jB
| = \/EZIncos(na)lt—gpn) = iyt e+ docr i
n=1
defined as
—_ P — - (u;i) . . - - - -
Tt e st =Gt e =1 (et )

Currents i, i,c and i . are orthogonal
S 112 2 L 112 G 2 2
IV = {1 [+ gl + ger X ||ul

82: P2+ Q(%-FQrz
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Decomposition suggested by Kusters & Moore’s
solved the problem of a capacitive compensation
in a time-domain

Supply u -|—C Load

Current i, is not affected by a shunt capacitor

Hls” — ||is||min> if (is)qC = 0,

which requires that

i,
C = Cop = - 2D

23



Results obtained by Shepherd & Zakikhani
and Kusters & Moore
with respect to the optimal capacitance are equivalent

00)
> nUul,singy,
n=1

00
] Z nzur%
n=1

and, unfortunately, obtained under the same condition,
namely,
that the load voltage does not depend
on the capacitance C

It was demonstrated in the paper
L.S. Czarnecki, "Additional discussion to "Reactive power under nonsinusoidal conditions”, IEEE Trans.
on Power and Systems, Vol. PAS-102, No. 4, pp. 1023-1024, April 1983.

24



1984,
L.S. Czarnecki: Considerations on the Reactive Power Under Nonsinusoidal

Conditions
IEEE Transactions on Instrumentation and Measurements,

o0 :
u = Uy++2Re> U, et S S la
n=1
o0 ! P Y= Gp4jBp = ¥ P G,
| = G0U0+ \/ERC ZYn Un ejnwlt
n=1
=1, +I +1I
_ df df P
I, = G, u(t), G, = W Active current
u
df - jne,t
i) = (Gy—G, )U0+\/§Rez (Gh—G,)U, el Scattered current
n=l1
. df - - jna,t
It = J2 Rez 1BhU, e N Reactive current
n=I

This decomposition has revealed a new power phenomenon, namely, the existence
of the scattered current, i,
that occurs when the load conductance, G, changes with harmonic order, n.



u(f)

1

R

G,=Re{Y,} =Re

G, =058, G,=028,

G,=0.18,

R+ jno,L  R2 +(nev, L)

G,=0.06S



=i, +i +i

Currents i, i;and i are orthogonal

N0 STIN SRR ST
17 = Al 17+ [l |17+ [

HiaH = GeHu”

ligll = J > (G,-G,)* Uy

n=0

lill = 1/ZB%U%
n=1

2]

[FA]

llig]

lall

Power equation in the CPC power theory

5% = P2+DSZ+Q2

L 2
P={lufP<iy || = Gellull

df _
Q = JlulP[[i|

df _
Dy = [Juf[>]}

s



u=50 + 2 Re{100e2t 4 20el3@hy i)
o |
G, =18
_ 05F IH 0 )
|lul| =113.58 V u(t) N ) Y, —05s.
. o0 1 ]
i(t) = 50 + 2 Re{50el@ty 462187 elo@ty Load Y;=0.04- j2.31S,

G.= —F-=0.5826 S
|l

G U =0.5826x[50 + 2 Re{100e)®'+ 20614 }1=29.1+42 Re(58.3e) L1 11.661°“1} A

w H - -
(Go—Ge)Ug+v2Re Y (Gh—Ge)Up )"t 20,9+ 12 Re{-8.3e321-10.8¢157} A

Iy =
n=1

© 1 - .
i, = V2ReY jB U, el =2 Re{ j2.31x20e)°%"} =2 Re{j46.2e)>'} A

n=1

]| = Gellul|=66.17 A

i = [ > (G,—G.)’U; = 24.93A
n=0,,5

lil = | SBAUZ = 462 A
n=1,5

D,=113.58 x 24.93 =2.83 kVA, Q=113.58x46.2=-524 kVAr




Compensation

C e C e s
igtisgtiy igtisgtiy

|
P Byl P Yn= Gy tjBy

o I
LC
Compensator

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

G i= const
P liy/
/

lig | = Gellul = const.

il

llig]

il = \/Z(Gn—Ge)ZU% = const.
n=0

all

0
The RMS value of the reactive current changes to: 1] = Z (Bn+Byn )2 Ur%
n=I

Total compensation of the reactive current:

= 0, 1f for each n, such that U, #0, B,,=-B,

1’
Ir

CPC power theory
solves the problem of a shunt reactive compensation of LTI loads



Illustration

u(t) = +2 Re{100e/ @'+ 5e3@ty v o, =1 1d/s
i iy tis +i o i tir fa ti Iy +is +ip
u(®) 2H Y, =020-j0.40S 4 0.50 1 2H
To.40F Y5 =0.01 —jOlO S 0.023 F 58H
1Q 1Q
T —|—0.'11F
Compensator Load Compensator Load
Y, =0.20S Y, =0.20S
Y, =0.01+j198S Y, =0.01S
i(t) = V2 Re{20e1® 14 9518 ity i(t) = V2 Re{20e/t+0.05el51 A
li,]| = 19.98 A iyl = 19.98 A
lig] = 095 A lij| = 095 A
iz = 950 A lizll = 0
Power factor
1 =P_ P _ [ [
S 2. R2. A2 22 2
JP2eD24Q2 i + g + ]
A = 0.867 A = 0.999
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Circuits with harmonics generating loads (HGL)

L.S. Czarnecki, T. Swietlicki: Powers in nonsinusoidal networks, their analysis, interpretation
and measurement, IEEE Trans. Instrumentation & Measurement, Vol. IM-39, No. 2, 1990

1Q i_(f)
4Q
e =100+2 sineot V e<5w u(f)I % @j j =50+/2 sin3ot A
Supply Load

i =/2(20 sineyjt + 40 sin 3epyt) A
u=2(80 sinayt —40sin 3eyt) V
P=P,+P;=1600-1600=0
Q=0,
li||=44.72 A,  |ju||=89.44V
S=4000 VA

522 P?+ Ds2 — Q2
How to write power equation for such a load?



it
Distribution R Harmox?u: _ _
system ) Generating U= 2U, 1= 2y,
(C) LOEld neN neN
© (G)

P=YP,

neN

Set N of harmonic orders n can be decomposed into two sub-sets, Np,, and N,

based on the sign of the harmonic active power P,

P, =U, I, cosg,

df
. U, =u D
if <l2, then ne N Z n c n
|¢n| ’ C neN. neN.
. df
if |pn|>7/2, then ne Ng. Z Uy = —Ug, Z i
neNG neNG
U=Uc—Ug, I=li+i5 P=P.—Pg

2 2 2
[l =lluc " +lug |

022 2
= =llcl” + gl

df
> P =R
neN.

df
> Ph=-F
neN,



Distribution
system

©)

Harmonic
Generating
Load
(G)

Equivalent circuits of a system with HGL.:

For neNc

For neNg

5

DY

-

ot

df

: I
Yn :Gn-l‘ .IBI'] - U—n
n

lc = e T lye T lic



=l le® et g
df df p

i,c = GecUc, Gec = Active current

2
lucl

It is not Fryze’s active current !!

df .
iic =V2Re Y (G,—G)U, el Scattered current
neN.
_df . jno t
lc = J2Re Z jBpU, el Reactive current
neN.
- df -
lc = Z In Load generated current
neNG

Jigll

These are CPC of HGL

They are mutually orthogonal

G2 e 02 2 2 (2
= aclI” +lsc 7+ [IF + g

..‘“SCH

| iacll



Apparent power of Harmonics Generating Loads:

df
] ] ] 2 2
S = Jjul [lill =/ (uc P + llug I3 Qi |2 +1lig D) = 52+ 53+ 53

df
o 2 22 2 12,2
Sc = [luclliiicll =Illucl \/H'acH +isc ™ +llicl™ = \/Pc+Ds +Q

df _
Sg = llugllig |l

df
20 12 20 12
Sca = ylluclPllic I2 +11ug 12 lic]

Power equation of HGLs:

SZZPC2+ D82+ Q2+ Sé +SgG

Power factor:

df

a=P_ Jelmlic

S [P+ D2+ Q%+ 52 + 52




Co to jest moc bierna Q = Ul sing
?

lub inaczej:

Z jakim zjawiskiem fizycznym zwigzana jest moc bierna?

mooOwrP

Oscylacja energii miedzy zrédtem a odbiornikiem?
Gromadzenie energii w polach elektromagnetycznych?
Przesuni€cie fazowe prgdu i napiecia?

Wytwarzanie pola magnetycznego w silnikach?
Jeszcze coS innego? Co?



Question: Is the reactive power, Q, associated with energy storage?

_ Energy stored in magnetic field, T :
i(t) = /2 Isinot
i 1

o— T = 5Liz(t) = LI%sin*ot = T, sin’wt

u
] 0 ; L Reactive power:

QO
I

U |sin§ = wLl? = 0T,

Energy stored in electric field , V:

u(t) = ~2U sinot i
V = ECuz(t) = CU’sin’at = Vax sin” ot

1
o >

u
0

Reactive power:

[
I
9!

Q=U Isin(-g) - —wCU? = —pV

max

37



—

B u
ut)=+2U cosmit Jrsdto W wp|Odbiomik | ) = aw® _ u@)ic)

i) = V2 | cos(a,t— ) dt

PO=u®i®=2Ulcosmt cos(at—¢) = py®)+p, ®
P, d=f P (1+ cos2ayt)

df
py(®) = Q sin2at




u(t)

i)

T+l

I

e

21



66.3A  44kW 7.7 kVAr

135°

S=14.6 kVA

W obwodzie jest niezerowa moc bierna Q, przy braku oscylacji energii
i jej gromadzenia w polach elektromagnetycznych odbiornika



Kompensator poprawia wspoétczynnik mocy A,
jednoczeSnie wprowadzajgc oscylacje energii miedzy zrédtem a
skompensowanym odbiornikiem!!



Czy na pewno moc czynna P jest mocga uzyteczng
?



P
Ms i(f) a
Sinusoidal R i i | Harmon.1cs
supply ¢ “(‘)I R J genlera;mg
: | oa
ut)= > u, =u+u, it)=> i, =i+i,
neN neN

P1:U1|1>O

T
] :

P==|u®it)dt=R+P,+P+P,+..
T'([ P,=U,l, =R, =R 17 <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
by¢ zasilany z mocg roboczg P,

p,>P



230V 048 Q ' i
9_.1- F;( T 0.105 Q

@ T 7

Moc czynna P = 5000 W
Robocza moc czynna Py, = 9242 W
Odbita moc czynna P, = 242 W

Moc strat w zrodle: AP, =900 W



Harmoniczne generowane w odbiorniku
powodujg dodatkowe straty wewngtrz systemu zasilajgcego.
Odbiorca winien ptaci¢ 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 energi¢ czynng W,

R QD

Sinusoidal Harmonics
supply generating load



Should the power theory be formulated
in the frequency-domain, as postulated by Budeanu
or
in the time-domain, as postulated by Fryze?

Should the power theory be formulated based on quantities calculated
by averaging over a period of the supply voltage, as postulated by Fryze
or
on instantaneous values, as postulated by Akagi and Nabae?

Teoria Sktadowych Fizycznych Prgdu
(Currents’ Physical Component, CPC — based Power Theory)

Zostata zbudowana w dziedzinie czestotliwoSciowej (wg. Budeanu)
z uSrednianiem w okresie T (wg. Fryzego)



Obwdd Fryzego:

. 707A
0 ()
+ ™ " l
=100V | (V) T
7 707V e
i
¢
0 772 T
u
t
0 72 T

u) =Ug++2 ) Upcos(nat+ay) =) Uy

it = I0+\/§ Zlncos(na)lt+,b’n)=
n=l1

pO =

n=0
—u(t)l(t) —Zur2| —Zs cos(Nw;t+ )

r=0 s=0 n=0



Teorie mocy chwilowej




| e 8

u Resistor

.

u Inductor

T~

u Capacitor

Para wartosSci chwilowych pradu i napi€cia nie dostarcza informacji
wystarczajgcej dla identyfikacji odbiornika

|dentyfikacja wtaSciwoSci energetycznych odbiornika
wymaga obserwacji prgdu i napiecia w catym okresie zmiennoSci T



Moce i Kompensacja
w Obwodach
z Niesinusoidalnymi Przebiegami
Pradu i Napi€ecia

Cz. 2. Moce w obwodach trojfazowych



Obwdd tréjfazowy z przebiegami sinusoidalnymi

o e
i Ll

Artificial zero —

T

Moc czynna: Moc bierna:
df
P=(u,i)= Z Ul cose; Q = f_%:sTUflfsmgof
f=R,S,T T

Moc pozorna:

S, = Ugly + Ul + U, I
S, =+/P*+ Q?

SN VENTERYEN [FRTEE




Wedtug ktdrej z ponizszych definicji nalezy oblicza¢ moc pozorng
w uktadach tréjfazowych?

I. S, =Ugly+ Uglg + Ul

2. Sg=4P*+Q°

3. Sg =\/U§+USZ+U% \/I§+|Sz+l%




Przyktad liczbowy:

220V 190.5 A
R O -

190.5 A * 190.5 A
So >

To

BL
$ 3

%m P =723 kW

S=S, = Uglg+Uglg+ Ul =838kVA

S= S, =+/P*+Q* =723kVA

S = Sy =4U2+U2+U2 12412412 =220/3x 19022 =102.7 kVA

P
Jaka jest poprawna wartoS¢ wspétczynnika mocy? A= S
ZA:£:0.86 AG:E:I AB:E:OJI
Sa Sg Sp
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Wybor definicji mocy pozornej:

L.S. Czarnecki: "Energy flow and power phenomena in electrical circuits: illusions and
reality," Archiv fur Elektrotechnik, (82), No. 4, pp. 10-15, 1999

2095V 159.1A
L >

ok

A
2095V 159.1A

on

2095V 159.1A

/

oL

ox

S,=119kVA, 1,=0.84

b
A IS
)
3
n

Sc= 100 kVA, A=

Yo
HH

AP=11.2 kW

Se= 149 kVA, A= 0.67

Ktdéra z obliczonych wartoSci mocy pozornej S jest

poprawna ?
55



) A

292.0 A

/ ? 1170 SA= 119 kVA, ZA= 0.84
Se= 100 kVA, Ag=1

292.0A

Qun

Yo
ol |

P=100 kW SB= 149 kVA, ZB= 0.67

209.2V 238.0A
L 4 »-

0.65€2 0.59C2

o))

S,= Sc= S,=149 kVA
A= Ag= Ag=0.67

0.65Q2 0.59Q

209.2V 238.0 A

Qu

bn
L

2092V 2380A T 0.65Q2 0.59Q

AP=11.2 kW
:

Wspotczynnik mocy A jest ze wzgledu na straty mocy w Zrédle
obliczony poprawnie, jeSli

S= \/U§+U32+U% \/|§+|Sz+l%
Jesli

S =JUZ+U2+02 12412412 S =4P?+ Q?

Wspotczynnik mocy A obliczony jest biednie 56




220V 1905 A
RO > VTV +
’:\I 190.5 A
To £ VTV
1: 1
?zg

P=726kW, Q=0

df

df
S =S, - 4/P2+Q% =72.6kVA

df
S=5,- \/U§+u82+u% \/|§+ 12412 =22043x190.24/2 =102.7 kVA

82 + P2+Q2

Prawa strona tej nierbwnosci nie jest obliczona poprawnie



Roéwnanie mocy odbiornika trojfazoweqo zasilaneqo
trojprzewodowo napieciem sinusoidalnym i symetrycznym

L.S. Czarnecki, Orthogonal decomposition of the current in a three-phase non-linear asymmet-
rical circuit with nonsinusoidal voltage, IEEE Trans. Instr. Measur., Vol. IM-37, No. 1, 1988

u i
e mEaa— e
@_: N g ? %m
TN e
df UR(®)| df df iRO df
ud) =|ug® | = u, i®)y=|igt)| =i
ur®) i)

df

)
0Ly) =[xy @ d
0

T T
1 . . . | . .
P = ?(J)(uRlR+uS|S+uT|T)dt = ?guT(t)l(t)dt = (U,i)



Wartos¢ skuteczna tréjfazowego wektora pradéw

w3,
is R [17]]
28,
i P

The active power of a three-phase symmetrical device:

T T df
_plf2,:2,:2 S R By - D2
P = RTE[(IR—HSHT)dt _ngl )i t)dt = R(i,i)=R]li

df

lifl = JJG.i)

The RMS value of three-phase current ||i|| is a DC current, I, equivalent with respect to
active power P to three-phase currents on a symmetrical three-phase device

aft [, T

afr |, T L2 02,2 2 2 2

: 1 (2 ,:2,:2 2 0 n2 12 ull= |=|(ug +ug+u dtz\/u +|u||”+||u
|'|_\/TJ('R+'S+'T)dt :\/|||R|| +|||S|| +|||T|| Jull \/Tg( R +Ug+Ur) | R|| | s|| I T||
0

is the RMS value of the three-phase current is the RMS value of the three-phase voltage



Definicja mocy pozornej S

is 7) -—
A
u(t)
Supply Supply T —

Moc pozorna jest wieloScig umowng:

o]

df _ df
S =|lulf[ln] S =jullllil

Moc pozorna S jest iloczynem wartosci skutecznych pradu i napiecia
potrzebnych do zasilania odbiornika
Pod tym wzgledem nie ma réznicy miedzy odbiorniem jednofazowym i trojfazowym

Przy sinusoidalnych przebiegach prgdu i napiecia, prowadzi to do
definicji Buchholza:

df
S = \/u§+us2+u% \/|§+ 13412



Rozktad sinusoidalnego pradu trojfazowego
na skiadowe fizyczne

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

iR
R
Ug Ug o -

df . f .
U =|us |=v2Re| Ug e}t = (2 Rets eI is Ulﬁs
L
U Ur j |:|I§T
To FT
df I ] df : : Ur |gr P
i =|ig |=v2Re| I €)% = V2Re/el2 =2 Re{(Y U + AU )el?h Uy |=U
i | Ys
T T
df
YrstYsr +Y1r = Ye, Admitancja rOwnowazna

df
* . . . e . .
—(Yqr ta¥Yp +a Yirg) = A, Admitancja niezrownowazenia



i =2RelY U + AU el = 2 Re (G, U eIt + V2 Re{jB, U e1?h + V2 Re (A U1l

df :
I, = J2Re G.Ue Ja)lt} Prad czynny

df .
i =+2Re{jB,Uel®  Prad bierny
df

Iy =

L2 Re {AUPe 1 Prad niezrownowazenia
I =1, +1,.+1y

Sg to Sktadowe Fizyczne Pradu (Currents Physical Components-CPC)
liniowego odbiornika trojfazowego
zasilanego napieciem sinusoidalnym i symetrycznym



lloczyn skalarny wektorow trojfazowych

g . T T
(X,y)= TLIX 'y dt :TLJ.(XRyR T XgYs T XrY) dt = (Xg, Yr) + (X5, Yg) + (X, Yp) =
0 0

= Re{XYp} + Re{XYg} +Re{X Y} =Re{X 'Y}

Wektory x(f) i y(f) sg wzajemnie ortogonalne wtedy,

gdy ich iloczyn skalarny (x,y) =0

Wowczas:

2 2 2
Xy {7 = X[+l |



I =1, +1,.+1y
Prady czynny, bierny i niezrownowazenia sg wzajemnie ortogonalne
(ig,1.)=0, (iy,iy,)=0, (i.,i,)=0,

S22 2 i 12
[ = v ll™ e[+ iy [

o]l = Gellul .
ull = Alul 7
il = I Belu] i

12

2l



Rownanie mocy linioweqo odbiornika trojfazoweqgo zasilanego
trojprzewodowo symetrycznym i sinusoidalnym napieciem

<112 =12 S 12 =2 2
I = I l1™ I+ | x[Ju

2= p2+Q2+D?
df

P =|li,ll lull= G, [lull” Moc czynna
df
Q== |li)llull=-]B.[ful®* Moc bierna
df
D, = |li ]l lull= A||u||2 Moc niezrownowazenia
Sy




Numerical illustration

220V RO 012 A Va'a'a 1 _ e
| Yes = =—= 0.90—j0.30= 0.95¢"1'° S
220V so 36];§A L/ VYL ZR
20V 10 ) | A Y, =G+ jB, =Ygg= 0.90—j0.30S
| 1
jul| = 220/3 = 381V Zam (1+4j1/3)Q A = _a*YRS _ 0950142’ g

li|| = 361542 =511A

li ]l = Gglju||=0.90x381 =343 A
il =|B.|[ull=0.30x381=114 A
liyl = Alju|l =0.95x381 =361 A

il = P+ P+ P = V3437 +1142 43612 = S11A

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

D, = 138kVA



Moce chwilowe liniowego odbiornika trojfazowego:

WO = py=ui =u", i 41 = PO+ PO P

df 5
Pa® = UTiaZUTGeU =3G,U“ =P =const.
df
p) = u i, =0.

df
p,® = uli,=—3AU?cosat+ y)=—DcosQajt+ )

dW t)

e pt) =u'i = P —DcosQajt+ vy)

Energy oscillation in three-phase systems
with sinusoidal voltages and currents
can occur only because of the load current asymmetry



Compensation of the reactive and unbalanced currents

P i,
S gl i + i P
ila i, +fu +i,
RO "
so—> L %=GewB
To lr, ]_; A
Chi )y
Yrse = ITrs ks | Ter
Ysre = iTst T'rn Lossless LC
Yrre = iTrr — compensator

i = V2Re{ j[Be+(Typ+Top+Tre)] U 130
i1 = V2Re{[A— j(TygtaTp+a Tee)] U 1el@t

The reactive & unbalanced currents are compensated totally, if
Be+(Tor+Trr +Trg) =0 (1)
A—j(TaraTp+a Teg) =0 2) & (3)



i, iy i

¥.= G.1jB,

Y VYV

The reactive & unbalanced currents are compensated totally, if
Trs = (/3 Re{A} —Im{A} - B, )/3
TST = (2 Im {A} — Be )/3
Trr = (-3 Re{A}—Im{A} - B, )/3



Numerical illustration

Load parameters:

220V RO IRA I’”j i
3615A
220V 80 : gt ] il Y., =G.+ JB, =Ygg = 0.90—j0.30S
220V TO > MY VYL i 420
= fl u | A =—a*Yps=0.95e1%"=0.71+j0.64 S
Zg| | (14j1/3)Q
lig|=343 A, [liy|=361A, [i]=114A, [i=511A, S =195kVA, 1=0.67
Trs = (v3 Re{A} ~Im{A} B, )/3 = 0.30S
Tgr = (2 Im{A}-B,)/3 = 0.52S
Trr = (-3 Re{A} ~Im{A} - B, )/3=-0.52S
220V RO— o2 S6A ’it‘_—, AL
220V so—FA 20324 20011000
220V To— %A > VY
1 1
=1 ' 1 1 a-0e Zg| | (130
0.30S(0.52S '
I
-0.528
/Y
all=343 A, [liy[[=0, [li,}=0, [i]|=343A, S =1I131kVA, A=I



CPC - based power theory of three-phase systems with LTI loads
with symmetrical nonsinusoidal voltages

Condition: n#3k

0= up=vZRe I Uy el . .
neN neN df df
#
) i inmt Ug, | = Un Ur, | = Uy
i =Y ip=+V2Re Y /,el"?
UTn USn
neN neN L | L |

I Z\/ERe/n g It Z\ERC{(Gen Un + JBen Uy, +AnUr11¢)ejnwlt} =lan+im+liyp

df .
i, = V2Re{G,, U, el"h
df -
lpp = \/ERe{jBen Un e Nty

df :
iun = V2Re{A, U#ejna)lt}



Ro iRa ’\(/;\e/
Linear is, / Ga
S time-invariant So > \ ’\é\/
T load To ITa “fs
P P
Active current: I, =G.u, Ge=—>
Jul|

i_ia: Z in_ia: Z (ian+irn+iun)_ia:(z ian_ia)_'_z ifn+ Z illn

neN neN neN neN neN

df .
i = Z lgn—1a —J2Re Z (Gen—Ge) Uy elN®l  Seattered current

neN neN
df .
i = Z in=v2Re Z JBen Un elnat Reactive current
neN neN
df .
i, = Z lyn = J2Re Z A Uﬁ glnort Unbalanced current
neN neN

Decomposition three-phase current into CPC:

| =0, +ig+i +iy



The active, scattered, reactive and unbalanced currents are mutually orthogonal

S22 2 il 12l 12
LR 1 PY | LY e P (e LYY

The RMS values of the current components:

HiaH = GeHuH
. 2 2
H'sH = Z (Gen_Ge) ||un||
el il
LT
- 2
lill = JZ As Uy
neN
. ) 5 1A
ligh = [ 1Bn [ luyll °
neN AL

Observe the difference:

df df P
Ge= —5, G n
Jul]

en — 2
[Unll



220V

%]
=
>

u, () =2 Re{220e1®t 1 440ty v

RC

gy
>

.

sO

Ye
-

o

TO

A=0.53

1

1Q 2Q
1Q ;0.59

G.=0.6018 S
Y., =0.60 - j0.40 S
Y.s=0.88+j0.158
A,=0.83g018ng
As=1.12 g71086n g

= Il P4l P 1P = V3412 41982 +184% = 433 A

||ia|| = 237 A
ligll = 21 A
iyl = 153 A
||iu\| = 327 A
Verification:

i]|= Jllial\2+\|is||2+|\ir\|2+\|iu\|2 _ 2372421241532 43272 = 433 A



Powers of three-phase LTI loads supplied with nonsinusoidal voltage

02 12l 12t 12 i 12 2
V1™ = g™ [+ 17+ el 1< flu]
82:P2+D82+D§+Q2

P = lliallull = Gellu|®
df

Dy = |ligll|ull
df

Dy = lliylllull

dif
Q = liiellfjuf]

df i
p_ il
A= S

2 2 e 2 s o2
il B+l g2 + [l 12 + 11|




Compensation of the reactive and unbalanced currents

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

l'la +l'5 i +l's +i, +iy
|

RO - -

| 1 Y.= G +i
so - - en= GentjBen

| I A,
ToO - -

_'-u_'-r“ T Y T *

};25 n TéTn
Active & scattered currents are not

affected by reactive compensators Txrn

The reactive & unbalanced currents are compensated for each harmonic, if

Ben+ (TsrntTrrnt Trsn) =0

df | a —pos. sequence

An_j(TSTn+ﬂTTRn+IB TRSn):Oa IB = %
a —1neg. sequence

From these equations the susceptances Tgg,, Ts7,, and T;g,, can be calculated



A=0.99 A=0.53

2V g sy o G,=0.6018 S
. 137A 198 A [ L vy L Ye1= 0.60 - JO4O S
o 1374 1844 | PN Y.s=0.88+]0.15S
1 1 —
036F|  0062F gl “ g e A,=0.83 el0157S
048 H 1.27H 1Q 0.5€Q AS = 112 e-j0.86ﬂ7 S
0.26 F 42H
|
0.88 H 0.092 F
N |
4.6 H
a'aw
liall = 237 A lial = 237 A
sl = 2T A [1sl] = 21 A This is example
ligJl = 0 il = 153 A of total compensation
iyl =0 iyl = 327 A of the reactive and unbalanced currents

il = 238 A li|l = 433 A



L.S. Czarnecki, Minimization of unbalanced and reactive currents in three-phase
asymmetrical circuits with nonsinusoidal voltage, Proc. IEE, Vol. 139, Pt. B, 1992

U=220V
U= 5 %U,
U,= 3 %U,
Ro ?356}\ ]2;2}\ A
SO TiiSA (.lr | VTV L
” ysn 72 ﬁ o G,=0338S
Lo Y =Y.s=Y,=0338
A=0.99 A=0. :
o - A=A, =033 ei60S
0.13 A =0.33e7908
BT U | Voo u 5
22H 52H
=0, +i, +iy
i) = 1272 A i) = 1272 A
ligll =0 lisll =0 Tes == 0.19S, Tpeo= 0.19S, T, =—0.19S
]l =29A el =0 Teyy = 0.198, T i=—0.198, Ty, = 0.198
[yl = 6.9A [yl = 127.2 A T =0
i = 127.4 A li]| =179.9 A



Powyzsze wyniki dotyczg jednak jedynie odbiornikow tréjfazowych
zasilanych tréjprzewodowo

Nie sg one prawdziwe w przypadkow odbiornikéw trojfazowych
z przewodem zerowym

R {3
A ™
S, 'S
Ug
s =z ix
- | |




Odbiorniki rdwnowazne ze wzgleédu na moc czynng i moc bierng

w )
I
Ilu ,’
R is P
T 0
‘uT > - =
. YR. YS Y'['
in N
a

ia(t) =G u(®)

i (t)=B

d
¢ d(wt)

u().

w Z, w i,
‘;f_la I;Rr
luR {Sd P JluR !.Sr Q
+uT . ) Uy ] ,
0 %Ge %fe Ge uBe uBc Bo
b c
P P 1
= = == (Gp +G;+Gy)
Cofuposup 3T
Q 1Q 1
T 3o 3RTRTE
H T - = Z
—i, =i, =i =i +i7



Sktadowe Fizyczne Pradu zasilania
=i, +i +i,+1i,

df : : df
i" = 2Ref| A"U; [e]?Y =2Re{A U Y Al = %(YR +aYs+a*Yr)

df : : df
i 2 = 2Re{| AUy [e!?Y = V2Re{A?Uge!?Yy. A® = %(YR +a*Yg+aYr).




=i, +i +i,+1i;
Sktadowe Fizyczne Prgdu sg wzajemnie ortogonalne, zatem
-2 s 2 .
[0 = {ral[=+ [

2 2o )2
N [T [T

||ia|| - Ge |ul|
1]l = |Bel U]
ligll= A"l

iglh = A"flull.




S22 2 2o g 22 2
= a7+ A+ I+ <l

2 _p2. A2, N2, N2
S*=P“+Q“+D;"+ D}

: 2
P =iyl lull = Gelul|

df _ )
Q = z|li[[ lul[==Bg[[ul|

n df - n n 2
Dy = [yl {luf=A"uf]

z df - 7 z 2
Dy = liglHull=Aul]




. ! 51434

U=230V U R 150A
. | “HS ?'\

0
T >
AUy i §4Q
2Q 1 _ . B ~

N
N -

=12+ 12+ 12+ =51,432+115,0> =126 0 A.

lull=+3U =+3%x230=3984V Y, = G+ jB, = %(YR +Yg+Y) = 0,02 — j0,067 S.

A" = %(YR taYs+a*Yy) = 0,0924¢227'S
A” = %(YR ta*Yg+aYy) = 0217¢7110g,

P =G, |ul* = 0,20x(398,4)* = 31,7kW
Q =—B|u|* = 0,0667x(398,4)* = 10,6 kvar
D! = A"l = 0,0924x(398,4)* = 14,7 kVA

D? =AZ||u|]® = 0,217x(398,4)* = 34,4 kVA.

S= \/ P2+Q%+ D%+ D?? = \/3 1,72 +10,6% +14,7% +34,4> =502 kVA



Kompensacja reaktancyjna w obwodach trdjfazowych
Z przewodem zerowym

L P il _ il
S i \/ 2 e 2 g2 sz
I P 0+ 22+ 21
7’ ¢
R > - Ge
S Be
T > i - An
fN’ IVTvPl;{ DTSD?"} .t:N AZ
N - -t
Reactive compensator Load

i' =0 if %(TR+TS+TT)+BC:O.
im=0 if 3i(TrraTg+a*Ty+A"=0

720 if 3i(Tr+a*Tg+aTp+ A" =0

5 rownan, 3 niewiadome: sprzeczny uktad
rownan



i
. > G,
> > B,
S S N N A"
. B, y
Reactive compensator Load

0 if %(TR+ To+Tp) + B, = 0.
0 if %j(TR+a*TS+aTT)+ A% =0
Tp =—2ImA” — B,

Ty = —/3Re A*+ ImA” — B,

Tr =+/3Re A%+ ImA” - B, .



oA

i'"=0 if J'(TSTJF“TTRJFO‘*TRS%LA‘H:O

u

Trs = (\/g Re A" -ImA,")/3
Tor = (2Im A")/3
Trr = (= \/§Re Allln —Im ALIIH)B



Tp =—2ImA? B, =—0.289 S
Kompensator Y sktadowej zerowej: T =—y3ReA”+ ImA” —B, =0.289 S
Tr = /3ReA%+ ImA* B, =0.50 S.
AT = AP AT = (0.061+ j0.228)* — 0.228 — j0.061 = —0.167 — j0.289 S
Trs = (3Re A" Im A ™)/3 =0
Kompensator A sktadowej ujemnej: Tor =(2ImA ™)/3=-0.192 S

Trgr = (—3Re A"~ Im A" ")/3=0.192 S.

. w oA 34.6 A 0
< muR 2{]‘-A 34;6 A 346 H 9 ._0
. tus 20 A 60.0A 0289F g4, 0
y ~ ] 050F 0
LA "YW 519 H é 1 H
H 0.192 F 1o
0 84.8 A
N g} - - =
A=1 ; 0 A =041 load ©
Reactive compensator




Moce i Kompensacja
w Obwodach
z Niesinusoidalnymi Przebiegami
Pradu i Napi€ecia

Cz. 3. Kompensacja



Odksztalcenie napiecia
Asymetria napiecia
Zmiany wartosci skutecznej napigcia
Szumy wysokiej czestotliwosci

Dostawca
energii

Skutki

Przesunicie fazowe

Odksztafcenie pradu
Asymetria pradu

Zmiany wartosci skutecznej pradu
Szumy wysokiej czestotliwosci

4

Odbiorca Ski&tki

Tradycyjny cel kompensacji to kompensacja mocy biernej (przesuni€cia fazowego prgdu)
(kompensatory pojemnoSciowe, maszyny synchroniczne)

oraz
filtracja harmonicznych
(rezonansowe filtry harmonicznych, filtry pasmowe)



Reaktancyjny kompensator rownowazgcy
w obwodzie trojprzewodowym

198A 361.5A
220V RO »> >

361.5A

20V s o0—A > 2%’
0 ,ﬁl

220V To— 34 > L~

1 ] 1
=1 { A= 0.67 an (1+1/3) Q

el

el

Tal|=343 A, liyll=0, [li[=0, [i|=343A, S =131kVA, A=1



Reaktancyjny kompensator rownowazgcy
w obwodzie czteroprzewodowym

1H
. 1Q
0 0 84.8 A
=1 Reactive compensator A=041 Load

L.S. Czarnecki, P. M. Haley, “Unbalanced Power in Four-Wire Systems and its Reactive
Compensation”,
w druku w IEEE Trans. on Power Delivery, 2014.



Rownowazgca kompensacja reaktancyjna w
warunkach asymetrii napi€ciowe;j

A=1 A=0.32

100 V :
VR 5294 100A

—@ o %
100 V
s S529A
_@ s 3 190;\( 0|
1Q
T 19.0A 193.2A\ ? /
| &;11=775A V127.3A ¢33.4A 11757A |l &l=775A
1&.l=0 =l lil=775A
T F) = .
.1 4.57 mH 1.83 mF .r
Il &yl =0 I | &yll=2129A
541 mF
P

I :Gb(up+un) Gb:
> 2 2
[Ju P~ +ju |

L.S. Czarnecki, P. Bhattarai, "Powers and Reactive Compensation of Unbalanced Loads
with Asymmetrical Voltages”,
IEEE Transactions on Power Delivery (w recenzji)



Rezonansowe filtry harmonicznych

HGL

Equiv.

Ls
Rs
TG

:

L
Ry,

ai

L3
R]3
| C]3

I
1
l




Rezonansowe filtry harmonicznych

Is i i
— Y\ e O -
e u f-] I‘k LK .]
CD *E.] Ek E}« o @
el [ T T
¥l A ) |z,
7 7y
[A(j@)|, |B(jo)|
4
£y e 2
Aj) = M‘ — 1 |
E(Ja)) j(t)EO Zs(Ja))+ZF(Ja)) 1/2
118
.4 (o) 3 Zy (jo) 116
PU9) = 300 |y =0 ~ Zi(G) + 25 ()
.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15x



Rezonansowe filtry harmonicznych

LS f IL
! -
e U I, Ly "("K J
CDF *E'l E; Ek 136D
el [ T T
7 ‘ A ) |z,
Zy Zy
'

df 1(jo) _ 1 16
E(jo) |jt)=0  Zy(jo) + Zf (jo) .

Yx(Jo) =

Y, (jo) 2
Yy(Jay) 1

1/2

Yi(jo) =

1/4




SkutecznoSc¢ filtru:

df : df
KA L
dio Ou0

Prostownik trojfazowy

Efficiency of Type A and Type B filters at internal voltage distortion 6, = 2.5%
and 1% of the current distortion by non-characteristic harmonics

Filter S./P 20 25 30 35 40 45

A & 0.46 0.51 0.37 0.16 0.16 -0.32
& 0.11 0.33 0.23 -0.10 0.02 -0.47
-0.26 0.20 0.36 0.37 0.33 0.32

& -0.50 -0.03 0.29 0.36 0.36 0.34



L.S. Czarnecki and H.L. Ginn, “The effect of the design method on efficiency of resonant
harmonic filters” IEEE Trans. on Power Delivery, Vol. 20, No. 1, pp. 286-291, 2005.

Efficiency of optimized filter at internal voltage distortion 6, = 2.5%
and 1% of the current distortion by non-characteristic harmonics

5=WC é;+WV§U

0= flag,...ap, te,...t5)

an — wspotczynnik alokacji mocy biernej do filtru n-tej harmonicznej
tn — czestotliwos¢ strojenia filtru n-tej harmoniczne;

s/P’ - 20 25 30 35 40 45

& % 0.67 062 058 053 049 044

u

& % 057 054 052 048 044 0.39
I



Réwnolegly kompensator kluczujacy (Switching compensator)

Znany tez pod btednymi nazwami, jako
”Active power filter”, ”"Active harmonic filter”, ”Power conditioner”
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Teoria Chwilowej Mocy Biernej p-q

Przeksztatcenie Clarke’a w uktadzie trojprzewodowym:
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L.S. Czarnecki, (2009), “Effect of supply voltage harmonics on IRP-based switching
compensator control”, IEEE Trans. on Power Electronics, Vol. 24, No. 2, pp. 483-488.
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- 0 P.= _5
4c= —94
Kompensator
Ug, = J2 U, cosapt, Ugs = J2 U, cos Syt

Algorytm sterowania oparty na Teorii CMB p-q powoduje wytwarzanie
przez kompensator pradu w przewodzie R

- 2\/§GUIU5 cosoot
Jr = (U,cosat+U.cosS5amt)
RTUZTU 20U Uscosbopt s

Jest tak dlatego, ze odksztatcenie napiecia zasilania powoduje
oscylacje chwilowej mocy czynnej. W szczegdlnoSci, przy 5-tej harmoniczne;j:

D = Uyiy+Ugig = P+ P =3GU+UJ) + 6GU U, cosbt



L.S. Czarnecki, (2010), ”Effect of supply voltage asymmetry on IRP p-q - based switching
compensator control”, IET Proc. on Power Electronics, Vol. 3, No. 1, pp. 11-17
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Kompensator
uk =~2UPcosayt, ut =+/2U" cos w;t

Algorytm sterowania oparty na Teorii CMB p-g powoduje wytwarzanie
przez kompensator pradu w przewodzie R

B Pyyn prn
I = 226" +UHUY cosaytcos2at

fUPHU 42U "cos2ayt

Jest tak dlatego, ze asymetria napi€cia zasilania powoduje
oscylacje chwilowej mocy czynne;j:

D = Uy, +Ugiy = P +P =3G(U+U") + 6GUU" cos 2t



L.S. Czarnecki, “On some misinterpretations of the Instantaneous Reactive Power p-
g Theory”, IEEE Trans. on Power Electronics, Vol. 19, No.3, pp. 828-836, 2004
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Istniejg chwile czasu, w ktorych moce p i g
w obu obwodach sg identyczne



Cele kompensacji rownolegtej
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Kompensacja odbiornikdw o zmiennej mocy czynnej
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Dziekuje za uwage !

Strona internetowa z pewng liczbg artykutéw w formacie PDF:
www.lIsczar.info

Adres e_mailowy:
Isczar@cox.net

L.S. Czarnecki, (2005), Moce w Obwodach Elektrycznych z Niesinusoidalnymi Przebiegami
Prgdéw i NapiecC, Oficyna Wydawnicza Politechniki Warszawskiej
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