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Cost of the electric energy delivery
Is related to a main degree to the load apparent power S
which is a product
of RMS values of the supply voltage U and the load current |

S =UxlI

For customers a worth has however only
the energy delivered

T
W:det
0

The inequality
S>P
Is of the major importance for electrical systems economy



By the end of XIX century
It was concluded
that

s2_p2 = o2

where Q denotes the reactive power of the load



Steinmetz Experiment: 1892

I P
i(7) S ¢
A

u(?) U

PP+ Q%< S%, Q=0

Why the apparent power S is higher
than the active power P ?

How the difference between S and P
can be reduced ?



Why the apparent power S is higher
than the active power P ?

How the difference between S and P
can be reduced ?

These apparently simle questions
have occurred
to be ones of the most difficult questions of electrical engineering
for the whole XX century.

Hundreds of scientists were involved
In the quest for the answer.
Hundreds of papers have been published.



Einstein and Steinmetz.

Charles Proteus Steinmetz In Einstain’s company...




Present day “Steinmetz Experiment”
with line currents up to

625 kA

'. R
———0—" " AAA—
‘HT =iT O W—/\/\/\/ ‘

S =750 MVA
P =315 MW

Current not only distorted, but also asymmetrical and random
Power factor: A ~0.42

Annual bill for energy ~ 500 Million $



Major disscussion forums:

International Workshop on Reactive Power Definition and
Measurements in Nonsinusoidal Systems,
Bi-annual meetings in Italy,

Chaired by A. Ferrero

International School on Nonsinusoidal Currents and Compensation
(ISNCC)
Bi-annual meetings in Poland
Chaired by L.S. Czarnecki
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1927: Budeanu: 82 _ P2+ Qé 4 D2 Qg = ZUn|n3in¢n
n=1
Endorsed by the IEEE Standard Dictionery of Electrical and Electronics Terms in 1992
and German Standards DIN in 1972

1931: Fryze: S%= P%4+ QZ Qr = [[ul[{igl

Endorsed by German Standards DIN in 1972

. . 2 o2 2 .
1971: Shepherd: S°= Sg+ Q5 Qs = [[ul[[isll

1975: Kusters: $2= P2+ QF + Q? Qk = llullllici

Endorsed by the International Electrotechnical Commission in 1980

1979: Depenbrock: 5% = p? +Q12+V2+ N2

2003: Tenti: $%2=p24+Q2+ D2 Qr = llullllirr ]



Since the Steinmetz’s experiment
in 1892,
by 1983, after 91 years
of Power Theory development for single-phase, LTI loads,
such as

we have had five different power equations and five different reactive powers

Compensation problem was not solved

The problem was eventually solved
in frame of
Currents’ Physical Components (CPC) — based power theory
by
L.S. Czarnecki in 1984



This, eventually a positive result
was a conclusion
of a specific approach to the power theory development.

Its core is the concept
of

Currents’ Physical Components (CPC)

According to the CPC concept, the load current can be decomposed
Into
1. Mutually orthogonal components
2. Associated with distinctive physical phenomena



Currents’ Physical Components (CPC)
Power Theory

2003 —CPT )y
Tenti 2000 Selection of right app. pow. 8 def., oo o
FBD Czarnecki
1993 ———— D9 Generated current
Sl Czamecki 1990

1988
IRP p-q '3 Scattered current
1984 Akagi Czarnecki
1980 H Time-domain capac. comp.
Kusters
‘ Reactive current 1972
1970 1+ Shepherd
Legend:
1960 D®| Did not affect the CPC development
Affected the CPC development
1950
Single-phase systems
1940 L with nonsinusoidal voltage
i .
1930 a Py Active current 1931
T Fryze
1927 Budeanu D®
11%22% AIEEI'IL?\VICI Pow :_JH Buchholtz: Apparent power S definition 1922
S aegﬁi’tion ' | Fortescue: Symmetrical components 1918
H Steinmetz: Balancing compensator 1917
1910
1900

A S2> P2+ Q2

? Steinmetz iz




Current Physical Components (CPC) in single-phase systems
with linear time-invariant loads
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L.S. Czarnecki, "Considerations on the reactive power in nonsinusoidal situations," IEEE
Trans. Instr. Meas., Vol. IM-34, No. 3, pp. 399-404, March 1984,

L.S. Czarnecki, "Minimization of reactive power in nonsinusoidal situation," IEEE Trans.
Instr. Measur., Vol. IM-36, No. 1, pp. 18-22, March 1987,

L.S. Czarnecki, "Scattered and reactive current, voltage, and power in circuits with
nonsinusoidal waveforms and their compensation," IEEE Instr. Measur., Vol. 40, No. 3,
pp. 563-567, June 1991.



U = Ug+~/2Re YU, et
=" p 26

n=1
© N P Yn= Gy tjBy =
i = GoUg++2ReY Y, U, el .
n=1
=i, +i +i,
- i = G G.=—" -
Fryze: (1931) a = el e _||U||2 Active current
w -
Shepherd: (1971) i, = V2Re) jB,U el Reactive current
n=1
Czarnecki: (1984) s = (Go—Ge)Ug+v2ReY (Gy—Ge Uy el™! Scattered current
n=1

This decomposition reveals a new power phenomenon:

the existance
of the scattered current, i,

that occurs when the load conductance, G,, changes with harmonic order, n.



Current Physical Components (CPC) In single-phase systems
with harmonics generating loads (HGL)

W e 3 (LA (Sl s Adlga
Seiga b alga b bl S

L.S. Czarnecki, "An orthogonal decomposition of the current of nonsinusoidal voltage source
applied to nonlinear loads," Int. Journal on Circuit Theory and Appl., Vol. 11, pp. 235-239, 1983.

L.S. Czarnecki and T. Swietlicki, "Powers in nonsinusoidal networks, their analysis,
interpretation and measurement," IEEE Trans. Instr. Measur., Vol. IM-39, No. 2, pp. 340-344,
April 1990.



10 i)

4Q
e =100+/2 sine;t V QQSW H(I)I % @J j =504/2 sin3mt A

Source Load
i =+/2(20 sinwqt + 40 sin 3w.t) A li]| = 44.7 A
u=+/2(80sinwt — 40sin 3wt) V Jul| = 89.4 V
S=4.0 kW

P=1600-1600=0, Q=0

How to write power equation for such a circuit?

This circuit reveals
that at some harmonic frequencies
the energy flows from the load back to the supply source
thus

P,<O

17



i(7)

Distribution A
system u(t)
©)
>0, ne NC ,
Py =Upl,cos{on} <0

Harmonic
Generating
Load

(G)

energy flows to the load

ne Ng, energy flows to the supply

Permanent flow of energy at some harmonic frequencies
from the load back to the supply source
can be regarded as a physical phenomenon

P,=20, neNg, energy flows to the load

P, <0, neNg, energy flows to the supply
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CPC

In single-phase circuits
with Harmonics Generating Loads (HGL)

1) = Ica®) + Icr® + Ics®) + Ic0)

: P
lca = Gelc, Ggg =—= > Active current
Jucll
lcs = J2Re ¥ (G, — G, U, e Scattered current
HENC
oy = \/ERe > jBnUnejna’lt Reactive current
nENC
lc = Z I Load generated current

HENG



Current Physical Components (CPC)
in three-phase systems
with linear time-invariant (LTI) loads
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L.S. Czarnecki, "Orthogonal decomposition of the current in a three-phase non-linear asymmetrical circuit
with nonsinusoidal voltage,” IEEE Trans. Instr. Measur., Vol. IM-37, No. 1, March 1988.

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

L.S. Czarnecki, “Power factor improvement of three-phase unbalanced loads with nonsinusoidal voltage,”
European Trans. on Electrical Power Systems, ETEP, Vol. 3, No. 1, pp. 67-74, Jan./Febr. 1993.

L.S. Czarnecki, “Equivalent circuits of unbalanced loads supplied with symmetrical and asymmetrical
voltage and their identification”, Archiv fur Elektrotechnik, 78 1995.

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

SA = URIR+USIS+ UTIT

Sg = \/P2+Q2

Sg = \/UR+US+UT \/IR+IS+IT

Which of these three definitions is right?

21



220V 190.5 A
RO >

190.5 A {1905 A

=Ko} iii\_-l rav'a'aw
ToO -0 L/ VY
1:

|

?29 P=723kW

S=5p = Uglg+Uglg+ Ul =83.8KVA
S = Sg = P%+Q?% =72.3kVA

S = Sg :\/UF%+U§+UT2 \/|F§+ 12+ 12 =2204/3%190.24/2 =102.7 KVA

In = & =086 Jo = £ =1 Jg = o = 0.71
B

Which of these three is the right value of the power factor?

22



Apparent power definition selection:

159.1A

ok

159.1A

p]0]

S,= Se= Sg=100 kVA
Ap= Ag= Ag=1

lS&lA

yH

ok}

203.6V 292.0A

S,= 119 KVA, A,=0.84
Se= 100 KVA, Ag=1
Sg= 149 KVA, Ag=0.67

A
\ 203.6 V 2920A

Qu

220V

Geometrical definition of the apparent power Sc results
in unity power factor in spite of increase of energy loss at delivery
The apparent power should not be calculated according to
geometrical definition

Sg = yP?+Q?

It is wrong

Yo
oH

AP=11.2 kW




203.6V 292.0A

‘. T S\= 119KVA, 1,=0.84
203.6V 29204 SG: 100 kVA’ ﬂ‘G: 1
: I P S,= 149 kVA, 1= 0.67

o

own

Yo
) H

2092V 238.0A 0.65Q2 0.59Q

od

oH
L T

SA= Se= S5=149 kVA

2092V 238.0 A 0.65Q 0.59Q

on

0.65Q 0.59Q

209.2V 238.0A
> O

AP=11.2 kW
2| Iz

Power loss in the supply of unbalanced load
is the same as power loss of a balanced load when the apparent power
is calculated according to formula

Ap= A= Ag= 0.67

S = JUZ+U2+U2 12412412

L.S. Czarnecki, "Energy flow and power phenomena in electrical circuits: illusions
and reality," Archiv fur Elektrotechnik, (82), No. 4, pp. 10-15, 1999. 24



son g I S\= 119KVA, 1,=0.84
| S.= 100 KVA, =1
ﬁ — e Se= 149 kVA, A= 0.67
T RN
s Ap= A= Ag= 0.67

AP=11.2 kW
2| Iz

Also arithmetical definition of the apparent power Sa results
in a wrong value of the power factor.
The apparent power should not be calculated according to
arithmetical definition

SA = URIR+USIS+ UTIT

It is wrong
25



Numerical illustration:

220V 190.5 A
RO -

190.5 A

J’ 190.5 A

o

So |i\:i\—_| LV VL
TO -p LV
1:

?29

S = JUZ+U2+UZ 12412412
P =72.6 kW
Q=0

=102.7 kVA

The relationship: S? = P2 + Q2 is not fulfilled by these values

This power equation is erroneous

26



Three phase vectors and their scalar product

Three-phase structure, combined with Fourier decomposition
makes equations of three-phase nonsinusoidal systems
complex and illegible
More compact mathematical symbols are needed to simplify such equations

o — -
e N u(t)—ﬁi((tt))}u, i(t)—['_i?((tt))]:i
T Il

ur @) i (t)
.
(Ug ig +Ugig + U7 i7) dt = leuT(t)i(t)dt - (@, 1)
0

i

_ 1
T

O — -

Scalar product of three-phase vectors, x(t) and y(t)

1T
(x.x) = [x' (1) y(0) dt
0

Vectors, a(t) and g(t) are orthogonal when their scalar product (x, ) =0
27



RMS value of a Three-Phase quantity

e

P

Y

—
Yo

//__\‘\

< S® S® S®

Heat released in such equipment is proportional to the active power

P:R%}(igﬂgﬂf)dt =R%}f(t)i(t)dt = Ry(#.0) = R
0 0

.
The quantity: |4 =J% J Q2 +i2+i2)dt = |liglP +ligI” -+l I
0

is the RMS value of the three phase current.

-
Similarly lai] = \/Tlg(ué +ui+uf)dt = \/||UR||2 Hlugl? +u

is the RMS value of the three phase voltage

28



Apparent power

Apparent power is a conventional quantity

Supply

i(7)

t .
“) S =|lulllil]

)

Product of RMS values of the voltage and current needed for the load supply

Supply

a—ﬁ— S =||ail ||

At sinusoidal voltages and currents

S = JUZ+U2+UZ 12412412

29



CPC at sinusoidal conditions

IT

r

IR
| Ro -
3 R | : 4
!S} = V2 R{lS]elwtzx/z Re /el o s HRS |:|Y'm

TC -

’ r le= (Yo * Yo7 +Yop)Ug = (Yor + Vg +@ Yes)Up

> Re{.} - > Rel] ls = (Yo + Yor +Y1r)Us — (Yor + @Y1 +05*YRS)UT

It = (Yes +Yor +Yrr)Ur = (Yor +@¥1g + @ Yes)Us

i =V2Re{le!}=\2Re{[1°(G, + jB,)Ur +1"Y,Ug]e!*'}

Yo= Go+ JBy = YpstYer +Yop Equivalent admittance

Yu - (YST + OJYTR + OC*YRS) Unbalanced admittance

30



i =\V2Re{le/”}=\2Re{[1°(G, + jB,)Ur +1"Y Ur]e}“'}

CPC of three-phase LTI load at sinusoidal supply voltage

i, = 2Re{1°G, Uy e/} Active current
i, =\2Re{1°jB,Uge’"} Reactive current
i, =V2Re{1"Y Uy e/} Unbalanced current

The unbalanced current is associated with the phenomenon
of the load current asymmetry

31



CPC implementation for the reactive and unbalanced currents compensation

P I,
S o 12 0 112 o 12
VI + 1,12 + 2]

i =\2Re{j[B,+ (T +To+ To)] Ui}

y S

Y= Ge +jBe
x A So - - Yu
i =V2Re{lY, - j (T +a T +a T )] U* ely o b . Load
~d-i, Y Y Y
Reactive & unbalanced currents fL—S,__ﬁ:T._
are compensated totally, if: Yese = iTrs w
YSTC _ jTST Compensator
Be+ (Tsr+Trg+Tre) =0 Yire = ITrR
Y, - j(TetaTe+a T.) =0
u—J ( ST TR RS) Trs = (\/g RE{YU}— |m{Yu}_ Be )/3
Solution: Tst = (2Im{Y,}-B,)/3

Trr = (— V3 Re{Y,}-Im{Y,}-B,)/3

L.S. Czarnecki: “Reactive and Unbalanced Current Compensation in Three-Phase Circuits
under Non-Sinusoidal Conditions”, IEEE Trans. Instr. Measurement, Vol. IM-37, 198%>



llustration

20V RO oA AN Load parameters:
220V so 36104 LA _ '
. ] ah] Y, =G,+ jBy =Ygs = 090— j030S
1] 1 o

I4,]| =343 A zRu G Y, =—a*Ygs =0.95614% = 0.71+j0.64 S

I, =361 A

ld]| = 511 A Trs = (\/3ReY —ImY'= B, )/3=0.30 S

A=0.67 Tor = (2ImY,= B, )/3=0.52 S

Trr = (—+/3ReY] —ImY]—B,)/3= - 052 S

20V RO— oA YN

220V so—1%A 208 ’2’ AR

. 20V To— 1A - ‘ml f\"l\’\
S=131kVA ||£]| = 0 i‘olszs'l_
]| = 343 A —

33
A=1



Currents’ Physical Components (CPC) in three-phase systems
with asymmetrical supply voltage
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L.S. Czarnecki, P. Bhattarai, “Reactive Compensation of LTI Loads in Three-Wire
Systems at Asymmetrical Voltage”
Przeglad Elektrotechniczny, R.91, No. 12/2015, pp. 7-11.



CPC of three-phase LTI loads
at asymmetrical sinusoidal supply voltage

I=I, +1+1

-

il‘ = Bb at+T/4)
= J2Re{/,e9} =2 Re{(YyU +1"Y,UP + 1PY"U")el*Yy

- P—j
Yp =Gp+ 1By = 12Q
|

2 .
Yq= I a2 ——1Ys7COSy +Y7RCOS(w — )"‘YRSCOS(‘!/"‘ ?ﬂ)] a=aelV="0o

df
* df *
Yup = _(YST+aYTR + YRS) Yun = (YST +o YTR +05YRS)



Equivalent circuit of unbalanced LTI load
at asymmetrical supply voltage

1Py Ul = JP
JSFODO
?[p—i‘ un 2.u A A A id Yd
JluR = I %
Yug = = ri_lyd
tr ] Y v \T -

P=0

SO =0
Du

Artificial zero



CPC implementation for the reactive and the

unbalanced currents compensation

Y
p
4

K
LTI Load

w’ + u" 2y b+, +iy
RO - l _—
| |
So - -
| |
To - -
— & ‘u | o *
TRS J_‘ TST
—l:l—
p .n
Yoo Bic Y Yed
Compensator
Bep+ By =0 (Yeq +Yg)U +1"(Y R +YP)UP + 1P (Y e +vHU" =0
Compensator equation:
112 2 2 ] [~ 2]
URS UST UTR TRS _Bb”u”



L.S. Czarnecki, P. Bhattarai, “A method of calculation of LC parameters of balancing
compensators for AC arc furnaces”, IEEE Trans. on Power Delivery, 2016

=
-~
1 —
-~
O= Ow O




Arc furnace before compensation:

1000V
0.1Q 03Q -
AN—0 4T - 222
A
@M% S | 8411V 508.6 A
A

_( :) Ve T 1000 V 0
_/\/\/ O A = /-W\_/\/\/\/_O O
|| 2,]| =324.9 A P=517.2 kW
|| ]| =324.9 A 0=517.2kVAr
| 4yl| =553.3 A D,=880.8 kVA
[ ] =7192A  e— §'=1145 kVA

A =0.452




Compensation results:

1000V 510 030 100
: - : 100
2433 A
4@_/\/\_,\/\/ R, 243 973.0 V Y AR
2433 A
T 2433A 973.0V
S To AR
|4,/ =4213A  P=7100kW
400Q | 6930
| é¢|| =0 0=10 H I
12.]]=0 D=0
" ! 6.930)
14 -4213A  S=710.0kVA

A=1.0




Current Physical Components(CPC) in linear, time-invariant (LTIl) systems
with symmetrical nonsinusoidal voltage
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L.S. Czarnecki, "Orthogonal decomposition of the current in a three-phase non-linear
asymmetrical circuit with nonsinusoidal voltage," IEEE Trans. Instr. Measur., Vol. IM-37, No.
1, pp. 30-34, March 1988.

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.



=Y uw=+2ReY Ul i= Y i=+2ReY /el

neN neN neN neN

CPC
of three-phase LTI loads currents at nonsinusoidal supply voltage

I =10+ +1 +1
: . i=Gua G, =P
Active Current: a e U, e 5
|| e
. df \/— Jnat
Scattered current: ii(t) =v2Re D (Gg—Ge)Up1, e
neN
) W df \/— . jnat
Reactive current: i(t)=v2Re) jBy,U L e
neN
. o * Ljnogt
Unbalanced current: iy(t) =v2Re ) Y, U 1 el
neN
df in2z -in?z Yy, for n=3k+1
Yun = —(Ygrp +€ Yirn *+€ Yrsn) =

Y., for n=3k-1

42



CPC implementation
for the reactive and unbalanced currents compensation

P A

S - e 12 o (2 e 112 o112
VIR + 1,17 + 1))

w, ian,f i, byt z'sn-l|- 8t 2y,
RO o )
Active & scattered currents are not | Yo~ GentiBey,
. So i -
affected by a reactive compensator |
To— - Yin
_irn_'un Y Y - *

TItrn

| S )

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

Ben"'(TSTn +TTRn +TRSn):O

v i(Ter + ATene + FTac ) =0, f= a for positive sequence
un = JlsTn RN Rsn/ = o for negative sequence

From these equations the susceptances Tk, Tst,, and T1g,, Can be calculated

43



Example of reactive balancing:

A=0.99 A=0.53
R2020V 1374 HlA AN
o 137 A 198 A A~ G,=0.6018 S
o 137A 184 A ]N—nl AL Yo =0.60- j0.40 S
. 1o TF20 Y= 0.88+j0.15 S
036 F 0.062 F
0.48 H "_'I 127H | 1Q gO.S Q Y, =0.83 101873
0.26 F 42H Yu5_ 1.12 e—jO 861:S
0.88 H 0.092 F
|
4.6 H
||l = 237 A I£]| = 237 A
L] = 21A L] = 21A This is an example
IZ]| = 0 IZ]| = 153 A of a total compensation
. . of the reactive and unbalanced currents
”1u|| =0 ”Iu” = 327 A
]| = 238 A 4] = 433 A

44



CPC implementation for synthesis
of reduced complexity reactive balancing compensators

lllustration
Ul=220V U5= S%Ul U7: 3%U1
74.6A 127.0 A
Ro »- * -
75.1 A 0 ’1\’
SO - |
; 127.0 A |i\|
ToO ?i6A ® > VYL
1
176.8 mF
A=0.98 POAT ~ A=0.71
462mu N 5.195 H




CPC of three-phase LTI loads

with asymmetrical and nonsinusoidal voltages (28)
I=0I+L+1+1
. o f jnat
Active Current: i, = Gyu=+v2Re Y Gyu,el"*
neN
df i
Scattered current: i = \/EReZ Gpr—Gp) Unej'”a’lt
neN
df inw
Reactive current: i= Y dn=V2ReD By U™
neN neN
Unbalanced current: i, = \/EReZ (YgnU, + 1"YP,UP + 2Py Uy
neN

(With harmonic order n neglected for simplicity:)

Ya=2 uP2 yh?

W = UPu"

df df

Yo' == (Ys +aY7g +0* Yg) Yo' == (Ysr +0* Vg +aYsr)



CPC implementation
for reactive balancing compensator synthesis
at asymmetrical voltage

Er, =E5; =100V, E; =50V,
distorted with harmonics of n = 1,3,7 of the rms value

Egrs = Egs = Egy = 20V

Iy (A)80.9A ~255.0 A
89'2VO‘lu > \é/ @ W
e
IS /N\95.0A ~~160.7 A
> = VY
96.8 Vo e (A2 (&)
73.7Vo T @72.3A @123.9 A ﬁm [
uT ] Y y *
|24l =142.5 A |2al =142.5 A
1 ”l,rH =0 Compensator ”z,f I=256.1A
Art. zero |[&l/=387A ||les|| = 38.7 A
[l =0 €] =137.4 A



CPC implementation

for synthesis of a compensator
that minimizes the reactive and unbalanced currents

at asymmetrical & nonsinusoidal voltage and non-zero source impedance

E,=E,=E,=4%0f E,=100 V

Eq,=0.97Eg;, E;=0.97Eq,,
S /P=20
ey 115.5 A
é. o G -
o S 972V 115.5 A
€ Cr >
5Oy | 1933V ;
e oWy ? 1977V !
Xs = 0.037Q . 14,1 =802 A
Rs = 0.0073 Q |e||= 163.3A |je.| =803A
A =0491 25|/ =42 A
||eul| = 1174 A

Art. zero

Xg 310

RRS 10




CPC implementation
for synthesis of a compensator
that minimizes the reactive and unbalanced currents
at asymmetrical & nonsinusoidal voltage and non-zero source impedance

Eq;=0.97Eg,, E;=0.97Eg, E;=E;=E,=4% of E;=100V

S /P=20
=N A 120.2A
eRO_fV'\_/\/\/ 08.7 VC 4?:9 R A 3 ] AN
€5 AN, 973V 49.1A S 120.2A [,
e, 0—" AN, 97.3V__ 49.1A T 0 % P
1= 855A — 4 3 ldI=1700A
. s X, 10
1 = BBOR |25 = 85.3A _E _E ||2a]| = 85.3 A R
0 2] = 34A 3 |2, || = 85.4A RpS 10
g1l = 42A lesll= 42A _[C

eyl = 2.0A ||ey]| =119.6 A



Current Physical Components (CPC)
of three-phase four-wire supplied LTI loads with sinusoidal symmetrical
voltage
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L.S. Czarnecki, P.M. Haley, “Power properties of four-wire systems at nonsinusoidal
supply voltage,” IEEE Trans. on Power Delivery, Vol. 31, No. 2, 2016, pp. 513-521.

L.S. Czarnecki, P.M. Haley, “Unbalanced power in four-wire systems and its reactive
compensation”, IEEE Trans. on Power Delivery, Vol. 30, No. 1, Feb. 2015, pp. 53-63.

L.S. Czarnecki, P.H. Haley, “Currents’ Physical Components (CPC) in Four-Wire Systems
with Nonsinusoidal Symmetrical Voltage,” Przeglgd Elektrotechniczny R.91, No. 6/2015,
pp. 48-53.



Currents’ Physical Components

14 ')
in : P-iQ_1
> Y. =G.+ |B, = +Y.+Y.
AHR fs P Q e e J e ||lI|| (YR S T)
A i’ df
= Y= L(Yp +aYs+a*Yy)
U
- uYR uYs DYT df
N YS = 3(Yr +@Ys+aYr)
(O + 0 + o + 07
I=0L+1+1+I
L ({t) = G, u(t) Active Current:
i) =B, d( 0 u(t) . Reactive current:

= \/ERe{ln Yun URert} Unbalanced current of negative sequence:

= \/ERe{leuZUReja’t}. Unbalanced current of zero sequence



CPC-based
equivalent circuit of four-wire supplied loads
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Numerical illustration

0
A ¥7S ('} 0
S Aug . "0 _ 1 _
T 848 A _ Ye=Ce + jBe =5(YR +Ys+Y7) = 0.167- j0.167 S
AU 0
1 H 1220
Y :%(YR +aYs+a*Yr) = 023661185 g
Load Yi=3(Yr+a Ys+aYy)= 0.236e!™°'s.
A=041

la] = BUg =+/3x120=207.8 V

I£,]| = G, ||a]| = 0.167x 207.8 = 34.7 A
17| = | B¢/ @] = 0.167 x 207.8 = 34.7 A
1] = Y, ||a]| = 0.236x 207.8 = 49.0 A
1%] = Y7 || = 0.236x 207.8 = 49.0 A.



CPC implementation
for balancing compensator synthesis

[} [}
R > >
S | Ben
B > > Yupn
YH
TRS” TST” i I Ik usn
| o R |%5n |Trn ,
Frgs i Yur
.9 ()
NN N LTI load
Reactance Compensator

if %(TR+TS+TT)+ B, =0
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'lU

)
If
o o

= 0 |fJ (TST+ aTTR + a*TRs) + YLlln = O

~y
N

if %j(TRJra*TsJFO!TT)JquZ:O
Trs = (3ReY," = ImY,")/3 Tr =—2ImYZ - B,
Ter = (2ImY,")/3

Ts =—/3ReYZ+ ImY/Z - B,
Trr = (—+/3ReY," - ImY,")/3

Tr =/3ReYZ+ImY/Z - B,.



Compensator of zero sequence
unbalanced current

Y," = YF+Y] =(0.061+ j0.228)* - 0.228 — j0.061 = —0.167 — j0.289 S

Compensator of negative sequence
unbalanced current

Tg =—2ImY? —B,=-0.289 S

Ts =—3ReYZ+ImY7 -B,=0.289 S

T = \/§ReYnZ+ ImYnZ -B,=0.50 S.

Trs = (/BReY," —ImY,")/3=0

Tsr =(2ImY,")/3= -0.192 S

e TR=E J3ReY" —ImY"/3=0.192S.
Iy

“  na 34.6 A 0

> = > >

tug 20 A 34.6A [346H 0 0
s 5o 60.0A 0289F gyo 0
- - Ll Lo

pUy 0.50 F 5 0

1 H
S1Q
0 ) 84.8 A 4
A= : 0 A=041
Reactive compensator

Load 0




CPC
of three-phase Harmonics Generating Loads (HGL)
supplied by a four-wire line
with nonsinusoidal and asymmetrical voltages:

£(t) = dca® + dcr®) + s + &0 + 88,0 + dE,0) + 6 0)

These currents are associated
with distinctive physical phenomena in the load

All of them
are mutually orthogonal
so that their three-phase RMS value
satisfy the relationship

o2 _ |1 2 o 2 o 2 N 112 o 2 o 2 e 112
1411 = [ldicall”+ eI+ lics ™+ E 11+ IR, 117+ 11,117+ 1 |



Various approaches to the Power Theory
development



Two main approaches to the power theory development:
- Frequency-domain
- Time-domain
have competed for the whole period of its development

Prof. Budeanu (1927),
suggesting the reactive power definition:

df & _
Qg = ZUnInS”‘(Dn
n=1
attampted to develop the power theory
in the frequency-domain

Prof. Fryze (1931)
suggested that power theory
should be developed
without use of the concept of harmonics



Fryze’s circuit:

10 i A
+| |, |
=1w0v | (v) T T
=T 70.7V T‘m
100 A I— e —_
0 /2 T f
u
100 V  — —
- 0 ﬂ"z T r - -
Frequency-domain; Time-domain:

u) = Ugy+ J2 ZUnCOS(na)ltJran) :Zun
n=1 n=0

i) = 1y+2 ilncos(na)lt+ﬂn): iin. (t)———U(t)l(t) 0
n=1 n=0
(t)— —u(t)l(t) Zu Zu —Zs cos (Nt +y,) = ?

was the main Fryze’s argument against the frequency-domain



The Currents’ Physical Components (CPC) — Power Theory,
which is currently

the most advanced concept of the power theory of electrical systems
was formulated

in the frequency-domain



There is also a dabate on,
should the power theory be developed
based on

- instantaneous approach

or
- averaged approach

?

The Instantaneous Reactive Power p-g Theory,
developed
by Akagi, Nabae, Kanazawa

IS the main example of the instantaneous approach



Circuit #1

220V 95.3A A
RO
Ug =ﬁu cosat, U =220V 05.3A lﬁ
sO > VYL
il =2 1cos(at+30%), 1=953A 0 ﬁ P
| S 1
Q=0 % .
4
o | _ C Ur | _ V3U coset iy i J3 1 cos(awt+30°)
u u J3Ussi =c| % |=
B S 3Usinat i — IR —1 cos(ewt+ 30°)

Instantaneous powers,
Active: P =
Reactive: q =

Uyly +Upig = J3U I [1+ cos 2(wt+ 300)]

Uylg—Ugly, = —+/3U I sin 2(wt+ 30°)

For 2(wt +30% = 90°, p=—q



Circult #2

220V 95.3A
RO >

Ye

I
URZ\/EUCOSa)t, U =220V osn lixl o
SO > "f"j
SNVY L
1

i =+/2 Icos(wt—60°), | =95.3A ]
P=0 : ’3 40

{ia} _ C{ in } _ J3 1 cos(awt—60°)
- — IR — 1 cos(wt—60°)

Instantaneous powers,

Active: P =
Reactive: g = Uyig—Ugi, =—~/3U I[1+sin (20t—30%)]

Uy iy + Ugig =~/3U I[cos (2mt—30%)]

For 2wt— 30°=0, p=—q



Circuit #3

Ug Z\/EUCOSa)t, U =220V v 190.5A 2%
190.5A |

i, =+/2 1cos(wt—60°), 1 =1905A 80 g TS

. 190.5A : vax

= /2 1cos(awt+60°) o ’3

= 2Q

P=0, Q=0
{ia} ) C{iﬂ i [ J31 cos(at— 600)}

Is —J31sin(wt—60°)

Instantaneous powers,

Active: P = U,i,+ Ui, =3UI cos(2at—60°)

Reactive: g = u,iz—ugi, =—3U Isin(2et—60°)

For 2wt—-60°= 45", p=—q



There are instants of time with identical pairs
of instantaneous powers p and g

P=-4

for entirely different loads

Power properties of the load cannot be identified
Instantaneously

L.S. Czarnecki, “On some misinterpretations of the Instantaneous Reactive Power p-q Theory,”
IEEE Trans. on Power Electronics, Vol. 19, No.3, pp. 828-836, 2004.

L.S. Czarnecki, "Comparison of the Instantaneous Reactive Power, p-q, Theory with Theory of
Current’'s Physical Components,” Archiv fur Elektrotechnik, Vol. 85, No. 1, Feb. 2004, pp. 21-28.



Let us have a pair of instantaneous values
of voltages and currents

lk ;

Question:

What it is in the box: resistor, inductor or capacitor?



A pair of instantaneous values of voltages and current does not
enable us to determine the load properties

To determine the load properties, these pairs have to be observed
for the whole period T



Instantaneous approach does not provide
right fundamentals
for the power theory development

Therefore,
the CPC — based Power Theory was formulated on
an averaging approach



Compensation



The CPC-based Power Theory
Is the only theory
that provides fundamentals for reactive compensator synthesis
(as demonstrated previously)

as well as
It enables control
of switching compensators, known as “active power filters”

S > Load

o A
e
at

K
f— f




The CPC-based Power Theory
Is the only theory
that provides fundamentals for reactive compensator synthesis

because
the current physical components are expressed in the CPC
In terms of the load parameters

it enables control of switching compensators

because
each component of the load current, other than the active one

° ° °N op o7 °
&cry 2csy 2cur Aoy cur UG

can be regarded as a reference signal for a compensator control



Harmful Current s’ Physical Components:
° J o op o7 °
&cr sy Aoy oy Cur &G

can be
measured/calculated
from measurement of voltages and currents
at the load terminals.

They differ as to properties
and a compensator needed for their reduction

They can be compensated together or
individually
by hybrid compensators



(V]

Example of a low quality load

(4 ? 186.1 A
2154V _ 20
> (K} -
R
212V - 142.6 A 0
S " i o
2179V R s _ 0
T = =
\leell = 377.9V P =74.7TkW ac/dc
2] = 299.7 A S=1132kVA | Lanap/ converter
A= 0.66 0.013H 5Q o=459
0.04H 2Q

Line R-to-ground supply voltage
I I

0.07 0.08

0.09

Line R current

230V
ZS
ZS
ZS
400
40&05 0.06
200

007 0.08

0.09

Line S current

0.07 0.08

012



Switching compensator with CPC - based control

(Al

[A]

(Al

w, i, _1247A i 200.6 A r
226.0V @ 124.7 A S UISI.BA 0
—0 — -
226.0V 124.7 A ] 1999 A .
226.0 V F1 g —
- L p_ :
P=845kW ﬁ s P =84.5 kW —
S =284.5kVA Switching | S=1257kVA | |an_sp/ converter
A= | compensator| , _ ( ¢~ 0.013H 5Q o= 450

Sc=93 kVA | |

_||L 004H 2Q
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\ \
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O —
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Hybrid switching compensator with CPC-based control

iy ;
230V, s qu 121_7 A R 200.6 A K
IZ:s AR 124.7 A S 151.3 A 0
L | 200V 14 T 199.9 A 0
:'_ O - T - . - -
Iz 226.0V jru Yy E Jh“ Y E
P23 83
P =845kW LF HF ol
S =2845kVA |compensator| |compensator NN AA converter
N 88 kVA 30.5 kVA 0.013H 5Q o =45
SH

0.04H 2Q

Compensation of the generated current ic requires
fast switching inverter, but of low power

Compensation of the reactive and unbalanced currents ir and iu requires
high power switching inverter, but the switching frequency can be low.



'“.r F)

L S N 200.6 A .
Izzs 260V 1474 . . ",
iz 2260V
— 124.7A T ~ 1999A 0
Zs 226.0 V ');"u ‘é 15 Jh é qs

P =84.5 kW LF - I o/do
$=845KkKVA |compensator| lcompensator [AA_Ap] converter
- 88 kVA 30.5 kKVA 0.013H 5Q o =450
- o
I I 0.04H 20Q

Line-to-ground supply voltage after compensation, uR
T

7408.05 0.06 0oy 0.03 0.09 0.1 on
HF Switching cmpensator current, jRh

[Al

|
0.05 006 ooy 008 0.09 01 0
HF Switching compensator current, jSh

e
T

0.05 006 0.07 0.08 009 01 o
LF Switching compensator currents, dark line: iRru

Al

Al

-20
8.05 006 007 0.08 0.09 0.1 o
Time [s]



Loads with variable active power

o4 ow QXD




Loads with variable active power

Compensation of a load with variable active power requires
a compensator with a sufficient energy storage,
but with low switching frequency

Compensation of the generated current
does not require such energy storage, but higher
switching frequency



Hybrid switching compensator with CPC-based control
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Such compensation of individual current components
IS not possible when a compensator
Is controlled using
Instantaneous Reactive power p-q theory

MR IR W

p = uocioc+ UBIB

uw i+ ;
T - I HGL
T RT1 - : ~
S-e ru . Zr p=p+p
S
5 ST1 | q
I— 7 J \¥ wj
p=p J Vs Vs
g’ =0 P
dc.=— — 9

Kompensator



Moreover, IRP p-q Theory
erroneously interprets power phenomena in electrical circuits

Ug =<2 U, cos at, Ug =2 U, cos m;t ++/2 U, cos 7yt
i =2 I, cos ot ++/2 1, cos 7ot I=Gu
u, R '-li 7 r@.@\{_]ﬁ ", +”7n 0_ G
HUR ir S bR iR G
S S
—0 - NNV © -
US ig |_<N'}T lus T Ig G
T % , -
‘u "T M= b TuT f.T
a T |
p=p+p=3U; 1, +3U; |, cosbw,t p=p+p=P+6GU,U,cosbw,
q=0 g=0

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

L.S. Czarnecki, “Constraints of the Instantaneous Reactive Power p-q Theory”, IET
Power Electronics, Vol. 7, No. 9, pp.2201-2208, 2014.



Moreover, the conclusion
that after ideal compensation the instantaneous active power p
should be constant ,
misinterprets power properties of electrical systems

The instantaneous active power p
of an ideal load
supplied with distorted voltage
or
asymmetrical voltage
IS
NOT CONSTANT



Let the load is an ideal resistive load supplied
with nonsinusoidal voltage o= &, + -

R ¢
\ o—
fug S zR/
C -
T ls \\J
O o
1z vV Y Vg

Compensator

p=p+p=R+B +6GU;U;cosbmt

— 2x/§GU U cosbant
Ul +U5 +2U1U5C056(0_|_t

IR =

U,cos oyt +U.CcosSant)

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



Let the load is an ideal resistive load supplied
with asymmetrical voltage u= o + o

(/4 R e’
by O—> AVAY
R N IR / G
O -
Ug T JS G
o AN
fur ' Y VJ G
Compensator

p=p+p=PP+P" +6GUPU" cos2am;t

i - 3j _ —2J2GUP+U"UPU" cosamytcos2amt
N3 UP+U "™ + 2U°U "cos2mt

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



Development
of the Currents’ Physical Components (CPC) — based Power Theory

was strongly correlated with evaluation of results

of other approaches
to this Theory development



Short overview of results of various approaches
to power theory development



Currents’ Physical Components (CPC)
Power Theory

2003 —CPT )y
Tenti 2000 Selection of right app. pow. 8 def., oo o
FBD Czarnecki
1993 ———— D9 Generated current
Sl Czamecki 1990

1988
IRP p-q '3 Scattered current
1984 Akagi Czarnecki
1980 H Time-domain capac. comp.
Kusters
‘ Reactive current 1972
1970 1+ Shepherd
Legend:
1960 D®| Did not affect the CPC development
Affected the CPC development
1950
Single-phase systems
1940 L with nonsinusoidal voltage
i .
1930 a Py Active current 1931
T Fryze
1927 Budeanu D®
11%22% AIEEI'IL?\VICI Pow :_JH Buchholtz: Apparent power S definition 1922
S aegﬁi’tion ' | Fortescue: Symmetrical components 1918
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Budeanu (1927) Power Theory:
(In the frequency-domain)

Endorsed by the IEEE Standard Dictionery of Electrical and Electronics Terms in 1992
and German Standards DIN in 1972

- Reactive and distortion powers Q and D are not associated
with any power phenomena

- It does not provide fundamentals for compensation

L.S. Czarnecki, "What is wrong with the Budeanu concept of reactive and distortion powers
and why it should be abandoned," IEEE Trans. Instr. Meas., Vol. IM-36, No. 3, pp. 834-837,

Sept. 1987.

L.S. Czarnecki, “Budeanu and Fryze: Two frameworks for interpreting power properties of
circuits with  nonsinusoidal voltages and currents,” Archiv fur Elektrotechnik, (81), N. 2, pp.
5-15, 1997.



Fryze (1931) Power Theory
(In the time-domain)

Endorsed by German Standards DIN in 1972

- It introduced the concept of the active current
- It introduced the concept of the current orthogonal decomposion
- It does not provide physical interpretation of power phenomena

- It does not provide fundamentals for reactive compensation

L.S. Czarnecki, “Budeanu and Fryze: Two frameworks for interpreting power properties
of circuits with nonsinusoidal voltages and currents,”
Archiv fur Elektrotechnik, (81), N. 2, pp. 5-15, 1997.



Shepherd and Zakikhani (1972) Power Theory
(In the frequency-domain)

- It introduced the concept of the reactive current

- It solved the problem of optimal capacitive compensation
at nonsinusoidal supply voltage

L.S. Czarnecki, "Comments on reactive powers as defined by Kusters and Moore for
nonsinusoidal systems," Rozprawy Elektrotechniczne, Tom XXX, Z. 3-4, pp. 1089-
1099, 1984.



Kusters and Moore (1980) power theory
(In the time-domain)
Endorsed by the International Electrotechnical Commission in 1980

- It solved the problem of optimal capacitive compensation
at nonsinusoidal supply voltage in time-domain

L.S. Czarnecki, "Additional discussion to "Reactive power under nonsinusoidal conditions,"
IEEE Trans. on Power and Systems, Vol. PAS-102, No. 4, April 1983.

L.S. Czarnecki, "Comments on reactive powers as defined by Kusters and Moore for
nonsinusoidal systems," Rozprawy Elektrotechniczne, Tom XXX, Z. 3-4, pp. 1089-1099, 1984.



Nabae and Akagi (1984):.
Instantaneous Reactive Power p-q Theory
(in the time-domain)

- It solved the problem of compensation in three-phase of unbalanced,
harmonics generating loads
supplied with sinusoidal and symmetrical supply voltage
- It does not describe power properties of systems
with nonsinusoidal supply voltage
- It misinterprates power phenomena in three-phase systems

L.S. Czarnecki, “On some misinterpretations of the Instantaneous Reactive Power p-q
Theory,” |IEEE Trans. on Power Electronics, Vol. 19, No.3, pp. 828-836, 2004.

L.S. Czarnecki, "Comparison of the Instantaneous Reactive Power, p-q, Theory with
Theory of Current’'s  Physical Components,” Archiv fur Elektrotechnik, Vol. 85, No. 1, Feb.
2004, pp. 21-28.

L.S. Czarnecki, “Effect of supply voltage harmonics on IRP-based switching compensator
control,” IEEE Trans. on Power Electronics, Vol. 24, No. 2, Feb. 2009. pp. 483-488.

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, pp. 11-17.

L.S. Czarnecki, “Constraints of the Instantaneous Reactive Power p-q Theory”,
IET Power Electronics, Vol. 7, No. 9, pp.2201-2208, 2014.



Depenbrock (1993) the FBD Method
(In the time-domain)
- It generalizes Fryze’s power theory to three-phase systems
- It correctly defines the apparent power S
- It does not provide interpretation of power phenomena

- It does not provide fundamentals for reactive compensation



Tenti (2003): The Conservative Power Theory (CPT),
formulated by in the time-domain

- It misinterprates power phenomena

- It does not provide right fundamentals for compensation

L.S. Czarnecki: Critical comments on the Conservative Power Theory (CPT), Przeglgd
Elektrotechniczny (Proc. of Electrical Engineering), R3, No. 1, pp. 268-274, 2017.

L.S.Czarnecki: What is Wrong with the Conservative Power Theory (CPT), Int. Conference on
Applied and Theoretical Electrical Eng. (ICATE) Romania, 2016



Why the apparent power S is higher
than the active power P ?

How the difference between S and P
can bereduced ?



Key Note
at

25th Iranian Conference on Electrical Engineering (ICEE 2017)
Tehran, Iran, May 2017

Currents’ Physical Components (CPC) — based power theory
of electrical systems
with nonsinusoidal and asymmetrical voltages and currents: —
— present state and the future

Leszek S. Czarnecki, IEEE Life Fellow
Titled Professor of Technological Sciences of Poland
Distinguished Professor at School of Electrical Engineering
Louisiana State University, USA

Internet Page: www.Isczar.info



To keep a healthy distance to what | told,
a power system engineer
after such a presentation told:

It does not matter that
the apparent power S is higher than the active power P.
Eventually
customers pay for everything”



Thanks for your attantion!!

Ladi dagh Sl S5 L
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