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The idea of distributed active filtration is to compensate the currents of higher harmonics and undesirable power
components of the main network with renewable energy converters of the connected microgrid, which have reserves of
apparent power. For the convenience of distributed compensation, it is proposed to identify the sinusoidal mode of the
three-phase four-wire power system, provided from the symmetric source by six mutually orthogonal components of the
three-coordinate load current vector. The unbalance power is shown to be due to four mutually orthogonal components
of load current vector with defined reference voltage vectors, each of which is proportional to a separate orthogonal
component of the unbalance power. Integral formulas for determining the scalar values of the four specified orthogonal
components of unbalance powers have been obtained, which open the possibility to account for their contribution to the
deterioration of the power quality and synthesize the control signals for distributed active filtration. The connection
between the four specified orthogonal components of the unbalance power and the linear asymmetric load parameters
was established, making it possible to verify these integral formulas using a computer experiment. It is analytically
established and experimentally confirmed that the squares of the two orthogonal components of the unbalance powers
associated with the current of the neutral wire are included in the decompositions of the square of apparent power and
power losses with the multiplier, depending on the ratio of the resistances of the transmission line of the three-phase
four-wire power system. References 17, figures 3.
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Introduction. The need for more reliable and flexible power systems, combined with the great
potential of modern control systems and power electronics, made it possible to create a new concept of
electrical energy supply known today as a distributed generation (DG). In DG systems where a microgrid
(MG) with renewable sources can operate autonomously and in the connection mode to the main network,
the power quality problem comes to the fore. At the same time, without taking special measures, the MG acts
as a non-stationary, nonlinear, and unbalanced load of the main network.

The load asymmetry of the three-phase power supply system leads to a deterioration in the quality of
electrical energy, causing the unbalanced voltage at the points of common connection and additional power
losses in the transmission line, which may exceed the losses caused by reactive power [1]. At the same time,
the additional energy consumption of the supplier caused by the load asymmetry is not paid by the consumer.
The quantitative measure of the unbalanced load is the unbalance power, the square of which the standard [2]
defines as the difference between a square of apparent power and squares of active and reactive power.
However, this definition does not specify practical methods for the compensation, measurement, and
accounting of the unbalance power by hardware. In [3] the method of calculating the square of the unbalance
power due to the value of active and reactive powers of individual phases is presented, which allows
estimating the loss of electrical energy from asymmetry and reactivity of the load, but leaves open the
problem of direct measurement and compensation of unbalance power. The most effective hardware
compensating for inactive power components is semiconductor shunt active filters (SAF). SAF control
strategies aimed at compensating for the unbalance power are based both on the Fortescue theory of
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symmetric components [4], developed for this application, for example, in [5], and on several power theories
[6-10], which in various ways associate the power of the unbalance with specific components of the load
current vector. The most advanced for linear load and four-wire power system, this connection is visible
within the Current Physical Component theory [11], where the unbalance power is associated with two
components of the load current vector, proportional to the symmetric components of the negative and zero
sequences. But the corresponding proportionality coefficients are determined due to the load complex
conductivities of individual phases, which complicated the use of this theory for filtering the non-stationary
and nonlinear load currents. Even though SAF are an effective means of compensating for inactive powers in
microgrids connected to distribution networks, their installation as a separate device increases the total cost
of ensuring the quality of electrical energy. To reduce the cost of microgrids, developers began to focus on
the ideas of distributed active filtration, placing the functions of compensation for currents of higher
harmonics and undesirable power components on inverters of renewable energy converters that have reserves
of apparent power [12, 13]. In this regard, for the convenience of distributed compensation for the unbalance
power, it is advisable to present it as many orthogonal components as possible, having separate contributions
to the transmission line power losses and apparent power.

The article aims to develop a mathematical apparatus for identifying the unbalance power of a
three-phase four-wire power supply system aimed at its direct measurement and accounting by technical
means and compensation in the process of distributed filtration.

Main part. Figure 1 shows an example of a microgrid (MG) connected to the main power network,
between which mutual exchange of electrical energy is possible. It consists of loads (e.g., household or
production loads and charging of electric vehicle batteries), a photovoltaic generating (PVG) system, a wind
generating (WG) system, and an electrical energy storage system. Control of the microgrid is carried out by a
control system, which should provide regulated power quality indicators at points of common coupling
(PCC). Each of the renewable sources and storages of electrical energy has an embedded semiconductor
converter, which performs the function of an energy interface with a microgrid and is controlled by a control
system. The main idea of distributed filtration is to compensate for all inactive components of the load
current, mainly with embedded semiconductor converters, as a result of which the shunt active filter loading
decreases. The problem arises to establish the particle of inactive power that falls on each converter and its
identification in the form of compensation currents.
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Fig. 1

The stationary energy process in the three-phase four-wire power supply system under symmetric
sinusoidal source and nonlinear load is fully determined by the three-coordinate vectors of phase voltages
and line currents represented in the time domain.

u,(t) U, cos(at) i,(t) I, cos(wt+y )
u(t) = uy (1)|| = V2 |U, cos(er — 272/ 3)|[;i(2) = i, (1) = /2|1, cos(t +w,)|| +1,, (2), (1)
u.(t) U, cos(wt+2x/3) i(t) I.cos(wt+y.)

where Uy is the RMS value of phase voltages, =2 #/T is the cyclic voltage frequency of a three-phase
source; Iy, I3, Ic are the RMS values of the first harmonic currents of the corresponding line wires, v, wg, Wc
are their initial phases, i, (¢) is the vector of currents of higher harmonics. Let's present these vectors as the

first members of the Fourier series in a complex form and arrange them according to the unit vectors of
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symmetrical components of the positive, negative, and zero phase sequences:

U, 1 1
ﬁ—lj e dt =0, | =U, le 2| =2 il ~v &
- T - B||T Y@ - It
T Uc ejzﬂ/3 \/g d

. _ (2)

I |1e" 1 . .

T=lj (e dt =1, =|1,e"* Lolal e gl Lol =i viw +ie
7 A0 10 ¥ I i vy 1 R

I |l.e™ a a 1

where U, =U4,\/§ is the RMS value of the line voltage; ¢ =e’*"";a@=e/?""; €, is the unit vector of

positive sequence; € = ||1 a d”A /3 =e ;e = ||1 1 1||A /\[3 are unit vectors of negative and zero
sequences; ", are  transpose and  complex  conjunction  symbols; I =1, +jl,,;
I =1, +jI, ;I, =1, + jl,, are complex coefficients, depending on the coordinates of the complex vector

i . To clarify the physical content of these coefficients, we introduce mutually orthogonal complex voltage
vectors proportional to the unit vectors of symmetric components:

U, 1 1| |U, 1 (U,
— — |- U, |- — — U, = - U, :
u, =u=|U, =ﬁa =Uﬂe+;u7=Uﬂe7=$a =|U. ;uozUﬂeozﬁl =T,

U, a al |u, 1 (U,

then the three-coordinate vector of linear currents (2) allows such decomposition into the entered voltage
vectors:

]Aej'//A
i=|Le"|=(u, +1u +1u,)U;. 3)
]Cejvlc

Complex scalar coefficients of expression (3) are found as scalar products of the line current vector
and corresponding mutually orthogonal complex voltage vectors:

Uﬂj+ =U, (g, +J1},) ZTAﬁi =P—jO Iy, =P/Uy I, =-0/U;
U, =U,, +jI,)=i"0" =D, ~jD,;;I, =D, /U,;I, =-D,/U,; (4)
UﬂjO =U; Iy +j110):TAﬁZ =Np =N lpo =N IUy310==N, 1U,,

where P, Q are active and reactive power; D,,D, are scalar coefficients of orthogonal components of the

unbalance power associated with the vector of symmetric voltages of the negative sequence, in the future,
simply the unbalance power of the negative sequence; N,,N, are scalar coefficients of the orthogonal
components of the power of the unbalance associated with the symmetric voltage vector of the zero
sequence, in the future simply the unbalance power of the zero sequence. We substitute the obtained scalar
powers in (3) and form six corresponding reference voltage vectors:

I, Y, Y. o,
= _ 7 - P—jO | - D, - jD, Ny —JN, _
l_IB_—UU\/gUB+—UU\/§UC+—UU\/§ =
IC J~ & UC J~ & UB J~ o UA
U —jU —jU U —jU
Pl 0 JU 4 D, 4 D, ]..A 4 N, JU 4
—SWUsll+ - JUs||+ = |Uc|+ - Ucl|+ U+ |-V
Uy U, U; U, Vi U;
Uc -jUc Uy —jUsg U, -jU,
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It is easy to ensure that all six resulting complex support voltage vectors of current components are
mutually orthogonal. We express them through the existing phase and line complex voltages of a three-phase
source, then the decomposition of the first harmonics of the line current vector in the frequency domain takes
the form of

U U U U U U
_ P L4 Q 'BC DR 4 D, ' 5C N, 4 N, 5c
= |Us|+ U t A T U2 U, t— Uscll=
Uil | Ui J_ s J_ Uil U3 o (5)
Uc Upg 4 BC

_ _ __ — — — — 2 . . . - .
=(Pu, +QuQ +Dpup, +Djuy, +Nu,, +N1uN1)Uj, =i+ iy + i + iy, + iy + iy

Each of the scalar powers of decomposition (5) can be found as a scalar product of the current vector
and the corresponding reference voltage vector and measured by a wattmeter. In particular, the calculation
formulas of active and reactive power:

P=Re(i"W,) =Re(1,U’ + 1,U; + 1.U2) = | 1w, +uyiy +ucic)d;

(6)
Q:Re(lA_*) Re(1, U, +1,UL, +1. UB)/\/_ I (uBClA+uCAzB+uABZC)dt/\/_

correspond to known measurement methods using three wattmeters to determine each power [14]. The scalar
unbalance powers of the negative sequence are calculated as follows:

D, =Re(i"u,) ZJ- p QUi +ucly +ugic)dt = WnatWen s +Way cs

EWN— (7)
D, =Re(i"uy,) :I r(Ugely +U gl + Ui )dt ] V3= WoeatWig s +Weuc)/ \/g»

which correspond to the measurement schemes consisting of three wattmeters for each power (Fig. 2).
Suppose six wattmeters are already used to measure active and reactive powers in accordance with (6). In
that case, measuring the unbalance powers will also require 4 wattmeters, since the readings of W,y 4 and
Wy 4 are already known. Let us determine the integral unbalance powers of the zero-sequence

N, =Re(i"Wy) = [ (i +u iy +ugc)de = [ u, Gy +ig+ic)de = [ uiydi =1, ;

_ (8)
Ny =Re(i W) = [ (e + 1ty +uycic)dt /N3 = [ wyciydt INB =Wy /3.

From (8), it follows that these components of the unbalance power are due to the non-zero neutral
current, so to measure them, it is enough to add one wattmeter to the measuring circuits in Fig. 2, including
their current windings in the gap of the neutral wire.

> Dy by 3Dy,

PU—

LOADS
LOADS
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Fig. 2
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According to (7), the decomposition of the first harmonic current vector in the time domain takes the
form of

Iy u, Upc U, Upc u, Upc

i (0) =iy | = i [+ =2 [ 2+ =2+ Yl |+ . )
N IR U3 U U3 U? U3
Ic Uc AB Up c4 U, BC

The vector of compensation currents for distributed filtration can be synthesized by (9) according to
the given values of scalar inactive powers.

In the presence of higher harmonic currents in the four-wire transmission line, the line current vector
has the form i(¢) =1i,(¢) +1i, (¢) . Formulas for determining powers (6)-(8) do not change, and the power loss
in the transmission line is

AP = %J. AR @O i (Or + il (Or + iy (t)ry dt =
] P OE 3088 id =T (E+3p5)T" +AP, -
=r[i"i" +3p(i"€)(i"¢) ]+ AP, = (10)
=r| (P°+Q°+D;+D; + N, + N)U; +3px Ny —JN,) | (Ny = JN,) +AP, =
U, U,
=[P’ +Q* + D} + D} +(Ni + N)(1+3p) + H* U,

where p=r, /r is the resistive parameter ratio of transmission line neutral and line wires; E is the unit

matrix of dimension 3; H* = AP,U; / r is square of the power losses of higher harmonic currents.
The short circuit power is

P :%j ) @) e+l () e =30 [ r=U /7.

The square of apparent power determined by [15, 16] has the following decomposition into quadratic
components:

S*=APP,=P>+Q*+D;+D; +(N;+N})1+3p)+ H". (11)

This expression differs from known formulas from other power theories by the presence of a
multiplier (1+3p) that enhances the negative impact of power components N,,N, in a three-phase four-
wire power system due to the additional power losses in the neutral wire.

For the possibility of experimental verification of the current decomposition (9) and the power losses

decomposition (10), we first consider the linear load described by the complex conductivity Y,,Y,,Y.
enabled to the four-wire power system of the star. The vector of the first harmonic line currents is as follows:

3 y ny y
i=|,|=|UY,|=U,|aY,|.
jc UCYC a_c

Complex powers by formula (4) are determined from the ratios:
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1
A
P_J'Q:TAﬁi:U(p avy| xU,l|a) =Ug(Y,+Y,+Y.);
ayt,. a
Y, 1
D,—jD,=i"u" =U,|aY,| xU,l|a| =U,(Y,+aY,+aY.),
ay, a
N,—jN,=i"u, =U,|aY,| xU,|I| =U;(Y,+aY,+aY,.).
ay,. 1

In particular, for a three-phase four-wire power supply system with a phase voltage value U, =220V and
values of complex resistances of separate phases:

Z,=R,=5Q0,Z,=R,+ jX,=(4— )QZ.=R.+ jX,=(1+4))Q
we have the following numerical power values in SI units:

P=U,Re(Y,+Y,+Y.)=23895.78; Q=-U,Im(Y,+7, +Y.)=8534.21;
D, =U.Re(Y,+aY, +aY¥.)=-9757.8; D,=-U,Im(Y,+aY, +aY.)=-11657.94;
N, =U.Re(Y,+aY, +aY.)=14878.33; N, =-U,Im(Y,+aY, +a¥.)=3123.74,
Computer simulation of integral expressions (6)-(8) gives similar numerical values.
For the same loading of renewable generator reserve powers during distributed active filtration,

squares of inactive powers are divided into approximately the same groups by the number of compensators
available. So with two compensators, the first group should include N, and N,, other inactive powers

0,D,,D, included in the second group. In the presence of three compensators, N, is the first group, D,, N,
is the second group, Q,D, is the third. With four compensators, N, is the first group, D, is the second
group, D, is the third group, O, N, is the fourth.

The active current i,(7) , according to Fryze in the decomposition (9), provides the required active

power of the load with minimum possible power losses in the transmission line [16, 17], which is equal to
the relative value:

AP, | 1= % [ i@, (0)de =12 = PUF =393577.

Each of the inactive components of current decomposition (9) contributes to the total power losses:

I2=AP, [r= % [ 150y (6)de = Q°U 7 =502.01;
2 1 TN . 2r7-2
Iy = APy fr=— [ 10 (O (e = DU = 656.28;
Lp o ]
2, =AP, [r= ?j i, (D, (1)dt = DXU2 =936.77;
I3, =APy, [r= %j Ang (O(E +30€,€))i,, (0)dt =(1+3p)NU;, =3814.49;

. s g
Loy = APy fr=— [ 11 (O +3p€,) )iy, (Dt = (1+3p)N?U 7 =168.14,
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Replacement of linear load of phase 4 with a circuit containing a sequential connection of the active
resistance R,/2=2.5Q and the ideal diode causes the flow of phase current i,(¢) = [|u 4 (t)| +u,(t)]/ R,, which

does not change the considered mode of the main harmonic of line currents, but causes the appearance of
additional currents of higher harmonics in the transmission line, described by the vector of instantaneous

values 1i,(?) =|uA (f)|/RAB|

currents:

". Tt corresponds to the relative power losses of higher harmonic

7‘+I’N

2
e[ i 0 0 =202 200163,

A

AP, |r=1, =
Relative total power losses according to (10):

AP/ r=Ip+15+ 10, + 1 + I + 13, + 17, =17 =12915.1.

Graphs of changes in the instantaneous values of currents and powers, as well as relative power losses
corresponding to each of the quadratic components of apparent power for nonlinear load, are shown in Fig. 3.
The data of the virtual experiment fully confirmed the calculated values of the relative losses from each of
the seven orthogonal components of the current decomposition (10) and the independence of integral powers
(6)-(8) from the currents of higher harmonics.
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Conclusions.

1. It is proposed to identify the sinusoidal mode of the three-phase four-wire power system under the
condition of asymmetric source with six mutually orthogonal components of the three-coordinate vector of
line currents, each of which determines a separate contribution to the power losses of the transmission line,
but only the component of the active current according to Fryze transfers energy to the load, the rest are
subject to compensation in the process of concentrated or distributed filtration.

2. It is shown that the unbalance power is due to four mutually orthogonal components of the three-
coordinate vector of line currents with defined reference voltage vectors, each of which is proportional to a
separate orthogonal component of the unbalance power. Integral formulas for determining the scalar values
of the four specified orthogonal components of unbalance powers have been obtained, which open the
possibility of considering their contribution to the deterioration of the power quality and synthesizing the
control signals for distributed active filtration. It is shown that these formulas retain the initial values of the
power in the presence of currents of higher harmonics.

3. The connection between the four specified orthogonal components of the unbalance power and the
parameters of the linear unbalanced load was established, which made it possible to verify these integral
formulas using a computer experiment. It is analytically established and experimentally confirmed that the
squares of the two orthogonal components of the unbalance powers associated with the current of the neutral
wire are included in the decomposition of the square of apparent power and power losses with the multiplier,
depending on the ratio of the resistances of the transmission line of the three-phase four-wire power system.
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Mawme pesepsu NOSHOI NOMYHCHOCMI. 3a0st 3PYYHOCMI PO3NOOJINEHOT KoMReHCayii 3anponoH08aHo i0eHmugiKysamu
CUHYCOTOHUTL pedcUM MPUu@asHoi YOMmupunposioHoi cucmemu HCUBIEHHs 3a YMOBU CUMEMPUUHO20 Odcepeld WiCmbma
B3AEMHO OPMOLOHANLHUMU CKAAO0BUMU MPUKOOPOUHAMHO20 6eKMOopa NiHitiHux cmpymie. Tlokazano, wo nomyocnicme
Hebanaucy 3YMOGNeHA YOMUPMA 63AEMHO OPMOSOHANLHUMU CKIAO0BUMU MPUKOOPOUHAMHO20 BeKMOpa JiHIUHUX
CMpPYMI8 3 BUBHAYEHUMU ONOPHUMU BEeKMOPAMU HANPY2, KOMCeH 3 AKUX NPONOPYIUHUL OKpeMill OpmO2OHANbHIll
CKAa008il nomyosicnocmi nebanancy. Ompumano inmeeparvhi Gopmyau 0isl BUSHAUEHHS CKATAPHUX 3HAYEHbL YOMUPLOX
3A3HAYEHUX OPINOSOHANLHUX CKIAO0BUX NOMYNHCHOCMEU HeOANaHCy, WO BIOKPUBAIOMb MONCIUGICMb 00Ky IXHbO2O
6HECKY V NOCIPUIEHHSI AKOCMI eleKmpudnoi eHepeii ma cunmesy Kepylouux CUSHANI8 Ol aKmueHoi po3noodilenoi
Qinempayii. Bcmanoeneno 36’30k MidC UOMUPMA  3A3HAYEHUMU OPMOLOHANLHUMU CKAAOOBUMU NOMYICHOCMI
Hebanancy ma napamempamy JiHIUHO20 He30aNaHCOB8AHO20 HABAHMAIICEHHS, WO O0alo 3Mo2y eepugikyeamu yi
inmezpanvHi  popmyau 34 00NOMO20I0  KOMN IOMEPHO20 — eKChepuMeHmy. AHANimuuHo  8CMAHOBIEHO  Ma
EeKCNePUMEHMAIbHO NIOMEePONCeHO, W0 KEaopamu 080X OPMOSOHAIbHUX CKIAOOGUX NOMYICHOCMEU HeOANaHCY,
NnoB8 A3aHi 3I CMPYMOM HeUmpaibHO20 NPo6ody, 6X005mb 6 OeKOMNO3UYli Keaopamy NO6HOI NOmMyxiCcHocmi ma
NOMYJNCHOCMI 8MPAm I3 MHONCHUKOM, WO 3a1edCums 6i0 CHi6BIOHOUIeHHS. ONopie JiHii nepedaui mpu@azHoi
Yomupunpogionoi cucmemu dicuerenns. biomn. 17, puc. 3.

Kniouosi cnosa: moTyxHICTh HebalaHCy, MIKpOMepeXka, CTpaTerisi KepyBaHHs MapajeIbHUM aKTUBHUM (QiIBTPOM,
po3nojiieHa GiTbTpaist
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