Inefficiencies in unbalanced three-phase power systems. Relationship between
system asymmetry and instantaneous power waves

R. Sabater, V. Donderis

Department of Electrical Engineering
Universitat Politécnica de Valencia
Cami de Vera, 14, 46022 Valéncia
phone:+34 963 87 75 98, fax:+34 963 87 75 99, e-mail: rsabater@die.upv.es, vdonderis@die.upv.es

Abstract. This work analyzes the energy phenomena
occurring in linear power systems characterized by the presence
of load unbalances, using the principles of the Unifying General
Theory of Electric Power [1],[2].

The energy fluxes characterize each phenomenon in the power
system, especially the energy associated with the asymmetry
phenomenon; thus it is possible to quantify the asymmetry
phenomenon from the instantaneous power shapes, manifested
by three unbalanced sinusoidal fluxes, whose resultant is a
sinusoidal wave.

In addition, this work presents the relationship between the
quantification of the phenomenon and the amplitudes of the
power fluxes.
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1. Introduction

Energy phenomena in three-phase power systems have
been analyzed as a generalization of the phenomena
occurring in single-phase circuits. Thus, in linear single-
phase power systems we can distinguish the energy
phenomena associated with the net energy transfer and
with the dephase phenomenon, quantified by the active
power (P) and the reactive power (Q).

The analysis of three-phase power systems using a
similar approach to that used for single-phase power
systems can lead to an improper identification and
quantification of the energy phenomena, since if
unbalances occur in the system, then in addition to the
energy phenomena mentioned above, the phenomenon of
asymmetry can also take place; this latter phenomenon
does not happen in single-phase power systems and it
should be quantified independently of the phenomena of
useful energy transfer and dephase, differentiating and

quantifying the effects of each of the energy phenomena
occurring in the system.

In this paper we analyze the energy phenomena occurring
in unbalanced three-phase linear power systems, using
the Unifying General Theory of Electric Power [1],[2].
Each energy phenomenon in the power system is
identified from the expression of instantaneous power
and is quantified using the likelihood criterion [1],[2]. In
addition, it is possible to quantify the different energy
phenomena from their representations as a time function
of the instantaneous power, emphasizing the relationship
between the shape of the instantaneous asymmetry power
and the quantification of the associated phenomenon.

2. Expressions of instantaneous power in
load-unbalanced  three-phase linear
power systems

The instantaneous power in a three-phase power system
with efficient generators and unbalanced loads connected
in triangle can be expressed using Stokvis theorem
(considering the excitations from direct sequence):
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where the first term is the product of the direct voltage
and current components, and the second term
corresponds to the inverse and homopolar components of
the current.

From expression (1) and decomposing the direct current
into its active and reactive components, we obtain the
terms that characterize the phenomena established in
Steinmetz theory: a one-directional flux of useful energy
and a two-directional flux associated with the dephase
phenomenon (2).
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The second term in expression (1) is not associated with
any of the previous phenomena; therefore it is necessary
to employ an electric power approach that explains the
energy phenomena occurring in the system.

The Unifying General Theory of Electric Power defines
the effective instantaneous power p,(t), as a one-
directional flux of load-generator power, associated with
the direct voltage component (3), and the instantaneous
dephase power pq(t) as a two-directional flux between
generator and receiver associated with the product of the
direct voltage and the reactive component of direct
current (3):
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The effective power and dephase power are energy fluxes
that characterize balanced three-phase linear power
systems. When unbalances occur in the power system,
then the second term of the expression for instantaneous
power (1) occurs. It defines the instantaneous asymmetry
power pa(t), associated with the inverse and homopolar
components of the current (4):
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3. Quantification of the energy phenomena

The quantification of the energy phenomena is obtained
using the likelihood criterion [1],[2] which provides the
expressions that allow to obtain the effective power (P,),
the dephase power (Q,), and the asymmetry power (A,) .

B, =3V, - 1;,=3V;-1;-cosp,

Q=3 Ly =3y 1y seng, )

4, =12+ 1})

The apparent power (S,) coincides with Buccholz
expression (Sp):

S, = P2+ O+ A2 = W3+ 12+ 12

(6)
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Where Vg, I3 , I, and I, are the RMS values of the
symmetrical components (phase values) of the system
and Vgs, Vst, Vir, Irs, Ist and Itg are the RMS values of
the voltages and currents indicated.

4. Effective power and dephase power

From the expressions of the instantaneous power it is
possible to obtain the wave shapes that represent each of
the energy phenomena present in the power systems
under analysis.

A. Instantaneous effective power
The instantaneous effective power p,(t) is characterized

by being a senoid for each phase, whose resultant is a
one-directional flux of load-generator (Fig.1).
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Fig.1. Instantaneous Effective Power

The quantification of the effective power can be obtained
as the sum of the instantaneous values of the effective
powers of each phase, the resultant being a one-
directional net power flux of value P,,.
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B. Instantaneous Dephase power

Instantaneous dephase power pq(t) corresponds to a
balanced sinusoidal three-phase flux (Fig. 2), of nil mean
value (8):

Oy = Prsg (D + Pstq (1) + prRg (1) = 0 (®)
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Fig. 2. Instantaneous Dephase Power
The quantification of the dephase power is obtained as

the sum of the instantaneous power amplitudes of each
phase:

o, = maX[Pqu(f)] + maX[PSTq (f)] + maX[PTRq(f)] =

©)
= Y map,0)
j=RS,ST,TR
5. Instantaneous asymmetry power.

Relationship between wave shape and the
quantification of the energy phenomenon

The instantaneous asymmetry power has been
represented in Fig. 3, forming an unbalanced three-phase
power system, whose resultant is a two-directional flux
between generator and load of nil mean value. Initially
there is no evident relationship between wave shape and
the quantification of the phenomenon.
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Fig. 3. Instantaneous Asymmetry Power

However, from the decomposition of the asymmetry
power into its components associated with phase inverse
current and phase homopolar current we can obtain the
relationship between the energy phenomenon and its
quantification.

A. Instantaneous asymmetry power associated with the
inverse component of current
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The instantaneous power associated with the inverse
component of the current (10) has been represented in
Fig 4; it is formed by an unbalanced three-phase power
system whose resultant is a senoid of nil mean value.
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Fig. 4. Instantaneous Inverse-Asymmetry Power

The asymmetry power associated with the inverse
component of the current can be obtained from the
maximum value that represents the resultant of the
powers of each phase, a result that coincides with the
sum of the maximum values of the instantaneous
asymmetry power associated with the inverse component
of the current (11).

Ainverse = Z max[iji (Z)] (1 1)
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B. Instantaneous asymmetry power associated with the
homopolar component of the current
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The instantaneous power associated with the homopolar
component of the current (12) has been represented in
Fig 5; it is formed by an unbalanced three-phase power
system whose total sum phase by phase is nil.
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Fig. 5. Instantaneous Homopolar-Asymmetry Power

The quantification of the asymmetry power associated
with the homopolar component of the current can be
obtained from the sum of the maximum values of the
instantaneous power of each phase (13):

Ahomopolar = Z max[ Pjan (t)] (13)
j=RS,ST,TR

C. Asymmetry power. Quantification

The relationship between the quantification of the
asymmetry power and the wave shapes of its components
is obtained as the quadratic sum of the asymmetry
powers associated with the inverse and homopolar
components of the phase current (14):
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The expression indicated in (14) allows us to calculate
the value of the asymmetry power from the wave shapes
of the instantaneous power components, allowing to
obtain the relationship between the energy phenomenon
and its quantification.

6. Practical Case

In order to verify the issues presented in previous
paragraphs, we present a practical case of a three-phase
linear power system with unbalanced loads connected in
triangle with the following data:

Vs = 220 /00 V Zps = 3664 /51460 Q

Vor =220, 1500 V Zs = 32507 461360 Q (15)

Vi =220, a0 V Zps = 36137 /_g1600 Q

Phase current values and decomposition using Stokvis
theorem are indicated in expression (16):

Trs = 0.60 /g 460 4 Trsa =025, 49360 4

Igr = 067 s175.640 4 Ipsi =033, 5350 A (16)

Irg =060, 153400 A Ipgy =046, 145100 4

The powers will be (5), (6):

PM = 3VRSd : IRSd +COSPy = 11054 W
QLI = 3VRSd . IRSd rsen@y = 128.80 VAr
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Next we obtain the quantification of the energy
phenomena from

the wave shapes of the instantaneous power components
using the second procedure, by means of expressions (7),
(9), (11), (13) and (14).
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Fig. 6. Effective Power
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B.  Dephase power
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Y max[ qu(t)] = 3.42.93= 12879 VAr
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(19)

C. Asymmetry power associated with inverse current
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D. Asymmetry power
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Ahomopolar = Z max[ Pjan (t)] =

j=RS,ST,TR
=1839+196.19 + 94.34 = 30892 VAr
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associated with homopolar
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E.  Total asymmetry power

From the values of expressions (12) and (13), and having
into account that the asymmetry power can be obtained
as the quadratic sum of its inverse and homopolar
components (14):

A, = \/ A+ A2 = 4219867 + 308922 =
= 37927 VAr

(22)

This example illustrates that the quantification of the
energy phenomena present in the power system can be
obtained from the two procedures presented here,
emphasizing the relationship between the temporal
representations of the energy fluxes and the value of the
power associated with the energy phenomenon.

7. Conclusions

The different energy phenomena occurring in power
systems can be explained from the wave shapes of the
instantaneous power components, quantifying such
phenomena either from the magnitudes of the power
system or from the wave shapes of the instantaneous
power components of the system.

In load-unbalanced linear power systems there are three
energy phenomena: useful energy transfer, dephase and
asymmetry:

- Effective power is characterized by a senoid in each
phase whose resultant is a one-directional power flux
between generator and receiver.

- The dephase phenomenon manifests by three
sinusoidal balanced fluxes, as opposed to what the
classical theory states, according to which these
power fluxes are unbalanced, as a consequence of
including the effects of asymmetry.



- The asymmetry phenomenon is characterized by
three sinusoidal unbalanced fluxes, whose resultant
is a senoid of nil mean value.

- It is possible to obtain the asymmetry power from
the amplitude of the power fluxes typical of this
energy phenomenon.
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