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Cost of the electric energy production and delivery
IS related
to the apparent power S.

S =UxI

A merit for customers has only
the energy delivered

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

How the difference between S and P
can be reduced ?



Einstein and Steinmetz.

Charles Proteus Steinmetz In Einstain’s company...




Present day “Steinmetz Experiment”
with line currents up to

625 kA
=

S =750 MVA
P =315 MW

0= Ow OF

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

Annual bill for energy ~ 500 Million $



A number of different answers to the Steinmetz’s question
have been suggested:

1927: Budeanu: S2 - P? = Q5 + D? Qs =2 Unlnsing,
n=1

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

2 52 2 .
1931: Fryze: S°—P% = QFf Qr = lul[lligll

Endorsed by German Standards DIN in 1972
: : 2 2 _ A2 _ i
1971: Shepherd: S“— Sk = QS Qs = [lufllirs]]

1975: Kusters: S2- P? = Q% + QF Qk = Ilullllicl

Endorsed by the International Electrotechnical Commission in 1980

1979: Depenbrock: ~ S% — P? = Q2 + V? + N? Q, = Uy Iysing

2003: Tenti: 52_ p? = Q% + D% Qt = |[ul[lierll



Since the Steinmetz’s experiment
In 1892, after 91 years
of Power Theory development for single-phase, LTI loads,

such as
- _ A
U = Ug++2ReY U, elh! u R
n=1
i = GyUg+~/2ReY Y, U, el L
n=1

(@]

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 the
Currents’ Physical Components (CPC) — based power theory
by
L.S. Czarnecki in 1983



A draft of Currents’ Physical Components (CPC) —
based Power Theory
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Scalar product:
1T
(xy) =2 [x"Or®dt=0
0

Three-phase RMS value:
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Instantaneous power: p(t)
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There Is not any power
with so clear physical interpretation
as the instantaneous power

p(t)
It is the rate of energy flow from the source to the load

There are opinions,
that it should be regarded
as the major power in the power theory



The major question of the power theory:
Why
the apparent power S can be higher than the active power P?

cannot be explained
in terms of the instantaneous power p(t)



Nonetheless,
there is a power theory,
that has the instantaneous power p(t)
as one of two major powers.

ItiIs
the Instantaneous Reactive Power (IRP) p-q
Power Theory



Clarke’s Transform to « and f coordinates
for three-wire systems:

IR R

Instantaneous active and reactive powers, p and g
definitions:

MR R



According to IRP p-g Power Theory:
If the load has the instantaneous active power

p=p+p

Compensator should be controlled
In such a way that
Its instantaneous active power

~

Pc = —P









IRP p-g based control at distorted supply voltage
[/ == Hl + 115
Ugy 2+/2 U, cos oot Ugs 2+/2 U, cos 5t

L.S. Czarnecki:
“Effect of supply voltage harmonics on IRP-based switching compensator control,”
IEEE Transactions on Power Electronics, Vol. 24, No. 2, Feb. 2009.
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IRP p-g based control at asymmetrical supply voltage

u=u’+ua’

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

p®) = 4= PP +P" +6GUPU" cos2ayt = p+p

P
p n .9 .
T+ o (
u u CR 3 3
Ug S IR / G
O - -
Ug T s \ G
o - >
tur J 1 1 Ip G
-p p=p+p
q=0 q=10
Switching
compensator

: \F ~22GUP+U"UPU" cosmtcos2mt
ik =5 Jo = .
" N3 UP2+U " + 2UPU "cos 24t



Conclusions

Energy oscillations between the supply source and the load
can occur
when the load is purely resistive.

Such oscillations do not degrade the power factor
from the unity value



We can have a reactive power Q in the circuit

Is this reactive power Q
caused

by the energy oscillations
?



Currents’ Physical Components (CPC)
in linear circuits with sinusoidal supply voltage

I=1I +1 +1,

Active current:

Reactive current:;

Unbalanced current:

i, = J2Re{G,1°U e}
i = 2Re{jB,1°U e}

i, = 2Re{Y,1"Ue’Y




Instantaneous power

0(t) = %W(t) —w'i=a'(f,+i+1i,)=
— pa(t) + pr(t) + Pu (t)

p,(t) = llTia = TGe =P

pr(t) — uTir =0
p, ) = @' i,=3Y,UE cos(2wt+¥)

The reactive current
and consequently, the reactive power

Q = *||al]l£]

are not caused by the energy oscillations



Physical phenomena

that affect the enerqy transfer
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Active power of an individual harmonic:
2
P = Re{Yrn + Ygn +Y1n}la,l

When the active power of the n-th order harmonic
IS negative
the energy is transferred from the load buck to the supply source

if B, >0,i.e., |p,<7/2, then ne N¢
If B, <0, 1.e., |p,|>x/2, then ne Ng.

The load generated current
1; = Z 1,
neNG

IS associated
with the phenomenon of the permanent energy transfer
from the load to the supply source



The current, voltage and the active power decomposition:

i=>Y iy= )Y i+ ) I =1 +i

neN neNq neNg
a=> w,=> w,+ ) uw,-u—u
neN neNg neNg
P=> B => P+ > B =P-F
neN neN. neNg

The active current:
P
—CZ"C = Gee Uc
el
IS associated
with the phenomenon of the permanent energy transfer
from the supply source to the load

Ic, =



Equivalent admittance for n-th order harmonic
: P.—1Q, 1
Yen = Gent JBen = |r|]ll ”2n :§(YRn +Ygn +Y1n)
n

Equivalent conductance:

P
GCe: Cz
|| & ||

The scattered current

jn a)lt

ic, =/2Re Z Gen—Gee) 1,Ugp €
neNc

IS associated
with the phenomenon of the equivalent conductance change
with the harmonic order



The reactive current

jn a)lt

I, =~/2Re Z Ben1,Ugrne
neNc

IS associated
with the phenomenon of the phase-shift
between the supply voltage and the load current harmonics



The unbalanced current

l.Cu :\/ERG Z (Yupn 1p+YLTnln+YuZn lZ)URnejna)lt

neNC

IS associated
with the phenomenon of the line currents asymmetry
caused by the load imbalance



abkowhE

There are five and only five physical phenomena
which affect
the energy transfer between the supply source and the load

Permanent transfer of the energy from the supply source to the load
Permanent transfer of the energy from the load to the supply source
Change of the load conductance with the harmonic order

Phase-shift between the supply voltage and the load current harmonics
Line currents asymmetry

Components of this decomposition are referred to as
Currents’ Physical Components (CPC)



Currents’ Physical Components
(CPC)

These components are mutually orthogonal, meaning
their scalar products

¢
== ! x Oy dt =0

Three-phase RMS values

x| = G, ) = [liglP+[lighP+ il

satisfy the relationship:
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Conclusions:

CPC — based Power Theory
provides explanation of all the energy flow-related
physical phenomena in electrical systems

It also provide fundamentals
for synthesis of reactive compensators



Numerical illustration
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Thank you for attention!
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