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COMPONENTS OF TOTAL ELECTRIC ENERGY LOSSES POWER IN PQR
SPATIAL COORDINATES

Purpose. To obtain relations determining the components of the total losses power with p-q-r power theory for three-phase four-
wire energy supply systems, uniquely linking four components: the lowest possible losses power, losses power caused by the reac-
tive power, losses power caused by the instantaneous active power pulsations, losses power caused by current flowing in the neu-
tral wire. Methodology. We have applied concepts of p-q-r power theory, the theory of electrical circuits and mathematical simu-
lation in Matlab package. Results. We have obtained the exact relation, which allows to calculate the total losses power in the
three-phase four-wire energy supply system using three components corresponding to the projections of the generalized vectors of
voltage and current along the pqr axis coordinates. Originality. For the first time, we have established a mathematical relation-
ship between spatial representation of instantaneous values of the vector components and the total losses power in the three-phase
four-wire energy supply systems. Practical value. We have elucidated an issue that using the proposed methodology would create
a measuring device for determining the current value of the components of total losses power in three-phase systems. The device
operates with measuring information about instantaneous values of currents and voltages. References 15, tables 1, figures 3.

Key words: energy supply system, p-q-r power theory, the minimum possible losses, total losses power, Matlab-model of the
three-phase energy supply system..

Lens. Ilenvio cmamou asnaemca noayuenue COOMHOUIEHUI 0N OnPedesIeHUA COCIMAGNAIOWUX CYMMAPHOT MOWHOCIMU NOMePD
C UCROIb308AHUEM P-(-F MEOPUU MOWHOCIU 01 MPEXPAZHBIX UeMbIPEXNPOGOOHBIX CUCIMEM IIEKMPOCHADNHCEHUA, 00HO3HAUHO
CBAZBIGAIOUUX UemblPe KOMNOHEHMbL: MUHUMATILHO 603MOMNCHYIO MOW(HOCHIL ROMEPL; MOWIHOCIbL NOMEPb, 00YC1061EHHYIO
PeaKmueHoii MOUHOCIBIO; MOWHOCHb ROMEPD, 00YC08EHHYI0 RYIbCAUUAMU MCHOGEHHOU AKMUGHOI MOUHOCHIU; MOUWHOCHD
nomepbv, 00yC061EHHYI0 RPOMEKAHUEM MOKA 8 HY1e60M npoeode. Memoouka. /[na npoeedeHus uccied08anuil UCnOIb306a1UCH
NnON0XMCEHUA P-g-I MeopUU MOUWHOCIU, MeopUs IeKmPUiecKux yeneii, mamemamuueckoe modenuposarnue ¢ nakeme Matlab.
Pezynomamut. Ilonyueno mounoe pacuemmoe coommuouienue, no36oal0uee paccyumams CyMMapHylo MOUHOCMb nOmeps 6
mpexghaznoii uemuvlpexnpoeooHoll cucmeme I1eKMPOCHADHCEHUA Yepe3 MPU COCMABAIOuUE, COOMBENCMEYIOUiUEe NPOEKUUAM
0000UieHHBIX 6EKMOPO8 MOKA U HANPANCEHUA HA OCU pqr cucmembl Koopounam. Hayunas noeusna. Bnepevie ycmanoenena
Mamemamuieckan c6a3b Mexicoy RPOCMPAHCIMEEHHBIM GEKIMOPHBIM NPEOCHABIeHUEM MZHOGEHHDIX 6e/IUYUN U COCMAGNAIOU|U-
MU MOUWHOCHU CYMMAPHBIX NOMEPbL 8 MPEXPA3HBIX UembIPEXNPOBOOHBIX cucmemax rnekmpocuaoycenus. Ilpakmuueckoe 3na-
yenue. Hcnonvzosanue npeonoiceHnoil MemoouKu no36071UN CO30amo UIMEPUMENbHBLI NPUOOD 018 OnpedenieHus meKyuiezo
3HAYEHUA COCMAGNAIOUAUX MOWHOCIU CYMMAPHBIX NOMEPL 6 MPEXPasHvIX cucmemax, ONePupyouwiuil UsmMepumenbHou uH-
dopmauueii 0 menogennbIX 3HAUEHUAX MOKO6 U Hanpaxcenuil. bubi. 15, Tabn. 1, puc. 3.

Kniouesvie cnosa: cucreMa 371eKTPOCHAOKEHHUsl, P-¢-r TeOpPUs MOLIHOCTH, MMHHMAJbLHO BO3MOXKHbIe IIOTE€PH, MOLIHOCTH
CyMMapHbIX notepb, Matlab-mone/b Tpexda3Hoii cucTeMbl 31eKTPOCHADKEHH .

Introduction. The development of the modern
theories of instantaneous active and reactive power in
1983, 1984 [1, 2] has allowed experts in the area of
electrical engineering to change their views on such
concepts as «reactive power», «apparent powery,
«unbalance power», «distortion power» [1-5]. On the
basis of new theories the active filter control devices
methods for energy supply systems (ESS), using the
conversion of spatial coordinate systems were further
developed, which opened up new directions and was the
development of power -electronics. The developed
theories, operating with spatial vectors of currents and
voltages, among which are the p-q theory, improved p-q
theory of power, i;-i, method, cross-vector theory and p-
g-r theory of instantaneous power [6-9], inspired the
creation of conversion system control algorithms with
near to unity power factor. [10] The principal possibility
of the energy efficiency increasing of the ESS with
nonlinear consumers at the connection of the power active
filter (PAF) is shown [6, 10, 11, 15]. Currently there is no
completed general theory linking the losses of electrical
energy in the ESS with the provisions of the modern
theories of instantaneous active and reactive power.
Improving the energy efficiency of energy supply systems
by PAF measures for specific operation modes solves a
number of practical problems, such as determining the

need for and the installation location of the power
compensator, the creation of active power filter control
algorithms, ensuring the work of distributed energy
supply systems with the highest possible efficiency.

The goal of the paper is to develop the principles of
the modern theories of instantaneous active and reactive
power and to obtain calculation relations for determining
the components of the additional electrical energy losses
power in three-phase ESS by wusing pqr spatial
coordinates.

An equivalent circuit of the three-phase ESS with
PAF. The complex branched power supply system circuit
of low and medium voltage consumers may be
represented as a simple equivalent circuit shown in Fig. 1.
The three-phase sinusoidal voltage source Source through
line Line with resistors R, is connected to the load unit
Load which can include resistors, reactors, capacitor
banks, nonlinear elements, current and voltage sources.
The resistance of the neutral conductor is taken into
account by the resistance R,. If we take into account that
the source and the load can operate in symmetric and
unbalanced modes, then at the unidirectional flow of
energy in the ESS from the source to the load may be 96
different variants of combinations of parameters «source-
load» system, in which there are additional losses [13].

© G.G. Zhemerov, D.V. Tugay

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.2 11



In the equivalent circuit (see Fig. 1) line inductance L, is
moved into the load, which is generally a reasonable
assumption and facilitates further analysis of the ESS. In
the unit load connection point parallel to the PAF is
connected, the power circuit of which is an autonomous
PWM inverter on transistor-diode modules, with the
capacitor bank in the DC link. To monitor the status of the

Us

E ==

ESS and generating control actions in the circuit
according to Fig. 1, sensors of currents and voltages are
used, by which the phase voltages at the terminals of the
connection source ug,, Uy, U, the phase voltages at the
load connection terminals wu;,, U, Uz, as well as the
phase load currents i;,, i, i;. and power compensator i,
ip, ice are measured.
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Fig. 1. An equivalent circuit of the three-phase ESS with PAF

When the switch SA is opened phase load currents
are equal to the corresponding source phase currents.

The measured instantaneous values allow at any
time to obtain information on the value of the
instantaneous active power and the instantaneous reactive
power. The first one is defined as the scalar product of
two spatial vectors of voltage and current of the three-
phase ESS presented, for example, in a coordinate system
a, b, ¢, and the second one is the vector product of the
same vectors:

ps =liis|-[i]-cosg, (1
. R 9sa
qs =usxig =\ qgp | =
dsc ; ()
T
_ Usp U . Use Usa . Usq Ugh
ib ic ic ia ia ib
where
ﬁS =liugy Jugp k”sc]T (3)

is the spatial vector of the network voltage in the coordi-
nate system a, b, c, f,]’,k are orts of directions by the
axes a, b, ¢ of the coordinate system;

?:[Zia Ji Eic]r (4)
is the spatial vector of current in the coordinate system
a, b, c.

Components of the additional energy losses
power in three-phase ESS. In the absence of the three-

phase ESS of calculated reactive power and constant in
time instantaneous active power schedule the system is
operating with the highest possible efficiency. The value
of the highest possible efficiency is determined by the
ratio of the power of three-phase resistive short circuit Py,
to the average calculated in the repetition time period,
useful active load power P, [13]:

11
nmax_z"" Z_E, (5)
where
P,
ko = =S¢ 6)
Pusf

The indicated condition

=0 AP, =const,

P puls usf )

q=0,
is performed in the ESS with symmetrical three-phase
source and symmetrical resistive load. Violation of
condition (7) leads to a rise in the ESS of additional losses
power

APy = ARyin + AFq4 » (®)
where AP, is the minimal possible losses power deter-
mined by the relation (5); AP,u is the additional losses
power.

In [13] following the adoption of a number of
assumptions an universal calculation ratio determined the
power of total losses as the sum of four components,
presented in parts of useful active power P, was obtained
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Apz* = APmin* X
2 2 ., 9)
X (1 + +P )+ AP
QRMS* PpulsRMS* n* Pusf = const
where
2
APpuls* = Almin* - PpulsRMS* (10)

is the relative component of power additional losses due
to the variable component of the instantaneous power of
the three-phase ESS, P, srus+ is the relative mean-square
value of the variable active power component calculated
in the repetition time period;
2

APy = APpins - ORpss (11)

is the relative component of the power of additional losses

due to the instantaneous reactive power of the three-phase
ESS, Ogus+ is the relative mean-square value of the

module of the reactive power vector |(j| calculated in the
repetition time period;
APn ~ RS t+T.2
A (2
Bag TP |
is the relative losses power in the neutral conductor,
calculated in the repetition time period 7, due to the
current 7, flow.

Check of the formula (9) on a specially created
mathematical model showed the high accuracy in
determining the total losses power for three-phase three-
wire ESS in a symmetrical three-phase operation mode of
the three-phase source. Using the formula (9) for four-
wire ESS under certain combinations of parameters leads
to considerable error arising from the lack of accounting
(9) the mutual influence of the electromagnetic processes
in the phase conductors and the neutral conductor.

In [14] it was proposed the refinement of the
formula (9) by introducing an additional fifth component
of the power of the additional losses power due to the
mutual influence of the electromagnetic processes in the

phase wires and the neutral wire of the three-phase ESS,
AP mut*

AP = (12)

AP

APZ'* = P Z = min* +Appuls* +
usf
(13)

+ AP« + AP« + AP,
7 " mut By = const

The indicated way could minimize the error of
calculation of the total losses power for four-wire ESS,
however the calculation algorithm become more
complicated, and any practical difficulties in the use of
the adjusted ratio arose.

Representation of power components of
additional losses of the three-phase ESS in pqr spatial
coordinates. The greatest opportunities to extract
components of the instantaneous losses power and
components, requiring compensation in three-phase four-
wire systems are presented by the p-q-r theory of
instantaneous active and reactive power [9]. The
mathematical apparatus of p-q-r theory, described in
detail in the literature, is associated with a spatial
transition from the Cartesian coordinate system abc to the

pqr system. Transformation of coordinate systems is
carried out in two stages: generalized spatial vectors of
voltages and currents from the abc coordinate system
using the direct Clark Transformation matrix are
transferred to a fixed spatial afj0 system:

211
2 2
u u
ua _ |2, 0 ﬁ _ﬁ . uSa (14)
AE 2 2 || %)
73 U
T
11
ia b é jg iLa
ig =3 0 - -5 Z:Lb . (15)
o) 1
G T

followed by a transition from aff0 coordinate system into
a rotating coordinate system pqr.

i Uug ua I/Iﬁ iO
r 1 Ugpotp  UgpoUa || .
lq = 0 - la > (16)
i Ugpo Uop Uap i
g ugty  totp |V
Ugp ———
L uaﬁ uaﬂ ]
where
uaﬂ0=1/u§+u%+u§ , (17)
uaﬁ=1/u§+u% . (18)

In the symmetrical mode of the three-phase source
of the four-wire ESS the system pqr allows to extract four
components of the instantaneous power:

PAV +ppuls ip—+ip~
qq SUp- Iy > (19)
qr Iy
where
2 2 2
U, =Ugpy = Uy =|Uy UG +Uy =
p = "ap s aHp (20)

= uﬁ +u13 +u3 = const

is the module of the voltage space vector, which in pqr
coordinates coincides with the direction of the axis p; P,y
and p,,; are, respectively, the constant calculated in the
repetition time period, and the variable components of the
instantaneous active power of the ESS; i,  and i, are,
respectively, the constant and variable components of the
projection of the generalized space vector of the current
on the p-axis of the pqr coordinate system; g, and ¢, are,
respectively, the instantaneous reactive power with
respect to r-axis and g-axis.

Transfer of electrical energy from the source to the
load with the least possible losses causes a DC component
of the instantancous active power, the other three
components generally to be compensated. Exclusion from
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the system of the variable component of the instantaneous
power will allow compensating amplitude asymmetry of
network currents. Exclusion from the system of reactive
power by the g-axis current will permit compensating the
neutral wire. Exclusion from the system of reactive power
by the r-axis will permit compensating the phase angle
between the corresponding phase voltages and currents.

We express additional losses power components in
the pqr coordinates. The total losses power in the three-
phase four-wire ESS by the equivalent circuit (see Fig. 1)
can be represented by two components:

Aps = Apg+ Ap, =i* Ry +i2 R, 1)
where Ap, and Ap, are respectively, the instantaneous

losses power in the three-phase line and instantaneous
losses power in the neutral wire;

izz[iﬁ i7 if]rz[if, i7 if]r

is the square of the network current module;
Iy =1, +ip+i,

(22)

(23)
is the instantaneous value of the zero conductor current.

Let us consider the case when the resistance of the
zero conductor equals to the resistance of the line wire

R,=R,. (24)

In the symmetric mode of the source the neutral
conductor current in the pqr system can be expressed
from (15) through the projection of the resulting current
vector on the r-axis in accordance with the fact that the -
axis of the rotating pqr coordinate system is fixed and
coincides with the direction of the axis 0 of the coordinate
system af0:

i, =~3"i . (25)
Then substituting (22)-(25) into (21) we obtain
Aps =Ry -\in +ig +4-i7 ). (26)

Expressing projections of currents in the prq system
through the respective power (19) and passing to relative
units, the ratio can be written to determine the relative
total instantaneous losses power in the coordinates pqr

1
Apz*:—-(p$+q,2*+4-q§*). 27
kSC
or for the average, calculated in the repetition time period,
value

1 (52 2 2
APsx = . (PRMS* +Orrms +4- Oqrus+ ). (28)
SC
Thus, the relative total losses power in the pqr
coordinate system can be represented by the sum of three
components corresponding to the losses power by each of
the coordinate axes

Apz'*:APp*-FAPq*-FAPr*. (29)

Let us compare the relation (28) with the previously
obtained relation (13). The square of the RMS active
power value by the p-axis of the pqr coordinate system
can be decomposed into two components

2 2 2 2 0
Pivis» = Piy»+ Ppusgaas» = (14+ AP+ ) + Poyyjon (30)

The coefficient, which expresses the ratio of the
power of the resistive short circuit of the three-phase ESS,
can be determined by the relative power of the minimum
possible losses

1 AP, s
k—=—m“_‘ > 31
sc (1+APm1n*)

The square of the modulus of the vector of the
relative RMS reactive power

2 2 2
Orums* = Oqrums* + Qrrums - (32)
Relative average losses in the neutral wire
3-Ogruts+
> = —Z . (33)

sc

Substituting (30)-(33) to (28) and calculating the
roots of a quadratic equation, we can write the ratio to
calculate the relative total losses power through the
components adopted previously

1+ AP2. —\/ (1 —APn%in*)z —4- AP i %
2 M APmln*

Z‘*
(34)

*+APq*+APn*'(1+APmiH*)2)
2. 4P,

The exact calculation expression (34) with a slight
error may be replaced by a simplified relationship

x (AP puls

ik Fg = const

APZ*:APmin*+APpulS*+APq*+
(3%5)
2
+ AP« -1+ AP : .+
i i) PB,qy = const.

Comparing (35) with (13) proposed earlier allows us
to express additional fifth component, due to the mutual
influence of the electromagnetic processes in the lines and
the neutral conductor,

2
APmm* ZAPn* '(Apmin* +2'Apmin*)' (36)
We write the relations expressing the components of

additional losses power of the universal equation, through
the relevant components in the pqr coordinates

AP
APQ*:(1+APmm*)2-(Ag*+ 4q j (37)

2
APpuls*:(1+APmin*) 'APP*— (38)
— APpie-(1+ AP w + AP + 4B, P
3
APy == AR, (39)
3 2
APmut* = Z . (APmin* +2- APmin*)' APq* . (40)

Components of additional losses power by the
universal  relation (37)-(40) in the coordinate
representation (28) depend on the lowest possible losses
power, which in its turn is a function of the active
resistance of the line. Due to the fact that the
measurement of resistance in the line is difficult to
implement real-time task, we express the lowest possible
losses power through the instantaneous values of currents
and voltages measured according to Fig. 1. Substituting
equation (31) to (28) and performing the transformations,
we obtain the formula for the calculation of the relative
power of the minimum possible losses
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2
AP - qur* —2-APsx —\/qur* —4-APsx -qur* 41
min* — 7. APZ* n( )
where

(42)

The relative power of total losses can be determined
by the instantaneous values of currents and voltages,
measured in accordance with Fig. 1, or by projections on
the p-axis of generalized spatial vectors of currents and
voltages in the pqr coordinate system:

t+T

AP+ =% I((ipL +ip0)'”ps ~ipL UpL }h 3
t

where 1, i, are respectively projections on the p-axis of
the pqr coordinate system of generalized space vectors of
the load current and compensator current; u,,, u,; are re-
spectively projections on the p-axis of the pqr coordinate
system of generalized spatial vectors of the network
voltage and the voltage at the terminals of the load
connection.

With the principles of the p-q-r theory of
instantaneous active and reactive power, as well as the
relations (37)-(43) the total losses power in the ESS can
be extracted into separate components, describing the
universal calculation expression (13). In order to take
advantage of the proposed method it is enough to have
information about the instantaneous values of currents
and voltages measured in the ESS using PAF.

The increase reserve of the ESS efficiency when
PAF connecting. The economic efficiency of PAF

2 2 2
qur* = PRMS* + QFRMS* +4- QqRMS* .

connection from the point of the reduce of losses power in
the ESS will be achieved when the total losses power in
the ESS after connecting of the compensator will be
smaller than before its connection
APon* < Apz* . (44)
If after connecting PAF the active load power
remains unchanged, then the inequality (44) can be
represented as

APC* + APsaf* < APadd* , (45)

where AP+ is the power of losses, required to maintain
the voltage on the capacitor of the DC link of the PAF
above peak value of the network voltage; AP, is the
losses power of the power compensator.

Define the maximum possible effect of increasing
efficiency by adopting the ideal compensator and useful
power unchanged before and after the connection of the
PAF. Fig. 2 shows a Matlab-model of the equivalent
circuit of a three-phase ESS with PAF, with
characteristics corresponding to the circuit of Fig. 1. The
model consists of a power circuit, voltage and current
sensors, measurement subsystem, subsystem of the ESS
mode setting, the subsystem of total losses power
components calculation, and virtual instrumentation. The
Matlab-model permits investigating the operation of the
three-phase ESS in 96 indicated variants in which
additional losses can arise. For the modelling a three-
phase four-wire ESS with symmetrical three-phase
voltage source at R, = R, was selected. The parameters of
the model’s elements: k,, = 5 + 30; U, =311.13 V; f, =
=50 Hz; P,= const = 400.1 kW.
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Fig. 2. A Matlab-model of the equivalent circuit f the three-phase ESS with PAF
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As an example we consider three separate factors of
the arising additional losses in the ESS:
1. Symmetrical active-reactive load. We
@ =20°.
2. Asymmetrical resistive load. We accept the active
resistances of three phases of the load

accept

R, :kla Ry,
Rpp=kp- Ry, 46)
R, :klc Ry,

k2, + k2, + k2, =3,
k[a = 1, k]b = 13, k]c =0.5568.

3. Symmetrical nonlinear load. We accept the current
of the phase A

i, = Zik = Z U—m~sin(n-.9),
kel neaia (R Ry)
k=1,2,3...18.

Six modes of the ESS were taken to summarize the
simulation results corresponding to the combination of
three of indicated factors:

Mode 1 — symmetrical active-reactive load.

Mode 2 — asymmetrical resistive load.

Mode 3 — symmetrical nonlinear load.

Mode 4 — asymmetrical active-reactive load.

Mode 5 — symmetrical mixed (active-inductive and
nonlinear) load.

Mode 6 — asymmetrical nonlinear load.

Using this model, the total losses power components
by the universal formula (13) and in the pqr coordinates
(29) were calculated. And the results of the calculation for
the six modes adopted, in percentage terms, are
summarized in Table 1.

The Table 1 shows that in these modes the
greatest contribution to the total losses power two
components make: component of the additional losses
power due to the instantaneous reactive power, and the
components of additional losses power due to current
flow in the neutral wire.

Fig. 3 shows a reserve for increasing the efficiency
for the considered six modes of operation of the ESS: a
large area of the zone of the increase of efficiency, bathed
in a dark color in the Figure, corresponds to more favorable
technical and economic conditions when using the PAF.
The economic feasibility of the PAF use increases for the
ESS, where several factors leading to additional electric
power losses can simultaneously take place. As an example
of such ESS municipal networks at the level of individual
consumers Or consumer groups can serve.

Conclusions.

1. A technique of representation of components of total
losses power in three-phase ESS based on the use of the
pqr theory of instantaneous active and reactive power is
substantiated. According to the proposed technique the
total losses power can be represented as the sum of three
components AP, AP, AP« defined by the projections
of generalized spatial vectors of current and voltage on
the axis of the pqr coordinate system.

2. Using spatial coordinate transformations of p-q-r
coordinates of the theory of instantaneous active and

(47)

reactive power, an exact relation (34) is obtained, taking
into account the four components of the total losses
power: power of the lowest possible losses; additional
losses power due to the instantaneous reactive power;
additional losses power due to fluctuations of the
instantaneous active power; additional losses power due
to the current flowing in the neutral wire.

3. Comparison of the exact calculation relation (34)
with the previously proposed universal formula (15) made
it possible to determine the fifth component of the
additional losses power due to the mutual influence of
electromagnetic processes in the lines of the three-phase
ESS and the neutral wire.

4. The method of calculating the additional
components of the total losses power is determined. The
method based on the use of measuring information about
the values of instantaneous current and voltage in the ESS
with PAF. Using this method will allow developing a
measuring device that registers the components of the
losses power at the current time, the scope of which may
be associated with the development of mode control
algorithms of the ESS with minimal losses of electric
energy.

5. The method of determining the reserve of the
increasing the efficiency of the ESS at using PAF to
substantiate the economic efficiency of its installation is
proposed.
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Results of determination of components of the total losses power

Table 1

Components of the total losses power by the universal formula

In the coordinates pqr, %

ke APs (13), %
APpins/ APs+| AP/ APs+ |APpyi+/ APss| AP,s/ APss |APyn/ APss| AP/ APsx | APg+/ APgs | AP,s/ APy«
Mode 1
5 | 0.4792 79.71 16.60 0 0 3.72 91.32 0 8.69
10 | 0.1514 83.89 15.79 0 0 0.00 87.58 0 12.43
15 10.09199 84.12 15.75 0 0 0.00 86.43 0 13.57
20 | 0.0662 84.18 15.74 0 0 0.00 85.89 0 14.12
25 10.05172 84.22 15.72 0 0 0.00 85.56 0 14.44
30 |0.04245 84.24 15.71 0 0 0.00 85.35 0 14.65
Mode 2
5 | 0.4465 85.55 4.32 2.64 2.64 4.87 95.10 3.52 1.38
10 | 0.1559 81.47 5.89 2.67 7.58 241 87.81 10.10 2.10
15 10.09752 79.35 6.44 2.65 9.81 1.73 84.64 13.07 2.28
20 |0.07126 78.20 6.74 2.63 11.06 1.35 82.89 14.75 2.36
25 10.05621 77.50 6.92 2.62 11.85 1.11 81.64 15.79 2.40
30 |0.04644 77.00 7.04 2.61 12.39 0.94 81.05 16.52 2.43
Mode 3
5 | 0.5046 75.70 10.29 0.15 4.81 9.06 89.79 6.41 3.79
10 | 0.1801 70.53 12.12 0.14 13.04 4.19 77.40 17.39 5.19
15 | 0.1141 67.82 12.62 0.13 16.52 2.94 72.65 22.02 5.37
20 | 0.084 66.34 12.86 0.12 18.39 2.27 70.07 24.51 5.40
25 10.06655 65.46 12.99 0.12 19.58 1.84 68.50 26.07 541
30 |0.05514 64.85 13.10 0.12 20.37 1.55 67.43 27.20 541
Mode 4
5 | 0.6077 62.85 23.33 1.87 1.74 10.21 86.05 2.32 11.64
10 | 0.1902 66.78 22.13 2.05 6.47 2.55 76.08 8.63 15.27
15 | 0.1185 65.30 22.26 2.00 8.67 1.71 72.11 11.55 16.30
20 | 0.08644 64.47 22.32 1.97 9.92 1.31 70.06 13.22 16.72
25 |0.06816 63.91 22.36 1.95 10.72 1.07 68.76 14.29 16.96
30 | 0.0563 63.52 22.38 1.93 11.27 0.89 67.87 15.03 17.10
Mode 5
5 | 0.5046 75.70 9.45 1.05 4.81 9.00 90.25 6.41 3.35
10 | 0.1801 70.53 11.35 0.96 13.04 4.14 78.01 17.39 4.59
15 | 0.1141 67.82 11.89 0.91 16.52 2.89 73.27 22.02 4.74
20 | 0.084 66.34 12.15 0.88 18.39 2.22 70.70 24.51 4.77
25 10.06655 65.46 12.31 0.86 19.58 1.79 69.12 26.09 4.78
30 |0.05514 64.85 12.42 0.84 20.37 1.50 68.04 27.20 478
Mode 6
5 | 0.5663 67.45 11.07 3.53 5.72 12.24 88.49 7.62 3.89
10 0.2 63.51 13.10 2.87 15.42 5.09 74.25 20.56 5.17
15 | 0.1266 61.12 13.61 2.58 19.23 347 69.07 25.63 5.32
20 | 0.0931 59.86 13.85 2.44 21.21 2.64 66.36 28.27 5.35
25 | 0.0737 59.11 13.98 2.35 22.43 2.13 64.74 29.88 5.36
30 |0.06102 58.60 14.07 2.29 23.24 1.78 63.63 30.99 5.37
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Fig. 3. Reserve of the increase of the efficiency of the three-phase four-ware ESS:
a — in the mode 1; b — in the mode 2; ¢ — in the mode 3; d — in the mode 4; e — in the mode 5; f— in the mode 6
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