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Abstract—T he differences between Buchholz's formula of apparent power and proposed formulation were demonstrated
in the case of three-phase four-wire power system. It was shown that voltage integral from proposed formula of apparent
power is the value of power losses in active resistances of power cable, which is due to load line-to-neutral voltages and short
circuit mode of load. A new physical sense of apparent power was established, it is a geometric mean value of short-circuit
power and power losses, caused by line currents. This definition of apparent power of three-phase power supply system is
completely equivalent to definition standardized by IEEE. Conditions to achieve unit power factor and maximum efficiency
of three-phase four-wire power system were established. The formula for determining efficiency of three-phase four-wire
power system for unbalanced non-sinusoidal mode with a given load power factor and the known load factor has been
derived. Computer simulation in MATLAB Simulink showed good agreement between the experimental data and the theo-

retical curves for efficiency both in the presence of the SAF, or without it.

Ref. 8, Fig. 5, Tab. 1.
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. INTRODUCTION

The concept of Fryze's active current [1] as the vector
of line currents with minimum mean-square norm, which
provides the same load power at the given line-to-neutral
voltages is widely applied to minimize the effective value
of line current vector and associated power losses in
power cable by using of shunt active filter (SAF) [2], [3].
The function of SAF is to generate the line current inac-
tive components that non-linear load requires, then active
current will be consumed from the source with minimum
losses, unit power factor and maximum efficiency. How-
ever, in determining of power factor the apparent power
appears that is calculated in number of papers [2], [3]
by the Buchholz's formula as product of rms values of line
currents and line-to-neutral voltages. The independence
of the apparent power in Buchholz's formula from
the ratio of cable resistances is doubtful that it is correct
for four-wire systems with non-zero neutral current.
Besides, only a few studies devoted to the direct calcula-
tion of power efficiency for selected modes of three-
phase four-wire supply system even under simplified
resistive models of the power cable have been reported

[4], [5]- Therefore, studies aimed at further development
of the power theory in terms of finding ratios for apparent
power, the power factor and the effect of load power fac-
tor to the efficiency of three-phase four-wire system with
SAF are relevant.

1. NEW PHYSICAL SENSE OF APPARENT POWER

The correct definition of apparent power is crucial for
the building of energy-efficient means of active filtering
as a perfect power delivery mode is characterized by
the equality of the apparent power to the active one.
The ratio of active to apparent power is called the power
factor

T
A=RIS=2[uT @iWadt/s. )
T

0
where Py is the load active power; S — apparent power;
u(t), i(t) — three-coordinate vectors of instantaneous val-
ues of line-to-neutral voltages and line currents; 7 is
the period of the network voltage; T — sign of transposi-
tion. In recent works [2], [3] for apparent power as three-
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wire and four-wire of three-phase power systems a Buch-
holz's formula is applied as the product of rms norms of
the vectors of the phase voltages and line currents:

S-= \/ijiT (t)i(t)dtlfuT (H)u(b)dt. 0
To To

However, the neutral wire, in which the sum current
of the line wires flows, is a significant difference of
the four-wire system compared with the three-wire sys-
tem, since power losses increase in this case. As was
shown in paper [4], [5] the independence of the apparent
power in Buchholz's formula from the ratio of the cable
resistances r, ry (see Fig. 1) is not correct for four-wire
systems with non-zero neutral current.

Correctly apparent power of three-phase four-power
system is defined as the maximum value of active load
power that can be achieved under given voltages u(t) and
limited energy losses AP in active resistances of power
cable during the period of the network voltage [6]. As
a result of solving this extreme problem the expression
for the optimal linear current vector was obtained [7]:

AP

opt (t) = . R_lu(t) =
\/ 1juT R Lu(t)dt
o

AP /r u (1), ©)

ljuT (t)u, (t)dt
o

where R =rE+ryjj’ is matrix of resistance losses in

the power cable of three-phase four-wire power system
that is symmetrical about the main diagonal; r is
the resistance of each phase wire, ry is the resistance of

the neutral =11 us®=rRMu®)=

=[E-(c/3)jj"Jutt); E is identity  matrix;
o =3y /(r+3ry) is optimum attenuation coefficient of
zero-sequence component of the instantaneous line-to-
neutral voltage vector, that minimizes energy losses in
the power cable of the four-wire three-phase network
with asymmetric non-sinusoidal voltages.

| (]
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Fig. 1. The model of three-phase four-wire power system with SAF

In view of (3) a new formula for determining
the apparent power of three-phase four-wire power sys-
tem is given by [7]

1 7.
S =Fnax :_JU ()igpt (t)dt =
o

- \/ﬁﬂ (t)Ri(t)dt%fuT R u(dt. (4)
0 0

The apparent power of three-phase three-wire system
is described by (4) too and corresponds to the Buchholz's
formula (2) because in this case R =rE. For four-wire
system matrix R affects the integral expressions of (4) in
the presence of zero sequence components of voltage and
current vectors and apparent power formula can be repre-
sented as [7]

s=yUZ +(1-o)UZIMIZ +(1-0) 1121, (5)

where 12 :E.T[iTL(t)iL(t)dt; 12 :ljig(t)io(t)]dt;
o o

2 1% 7 21
u? =—jul(t)ul(t)o|t;u0 ==
TO T

T
[ ug (®)uo (©)1dt — squares
0
of rms values of the vector's orthogonal components
which are localized, respectively, in af-plane [2] (marked

by sub-symbol +) and collinear to ort vector j/\/§ (zero

sequence component, marked by sub-symbol 0). Unlike
(2), it is clearly visible in (5) the dependence of
the apparent power and, consequently, power factor from
the ratio of the resistances, giving by the coefficient ¢ in
the presence of the vector's zero sequence components.

In paper [8] was shown that proposed formulas of
apparent power (4), (5) are fully equivalent to standard-
ized one IEEE Std 1459-2010' and remove the uncer-
tainty factor in that IEEE standard.

Let’s find the value of active power in the circuit in
Fig. 2, formed from the scheme of Fig. 1 by replacing of
short circuit instead of load. Potential of common point

of resistors denote ¢(t) = uA(tz;/uB(;)/J’ u;‘ ® , then
r(3/r+1/ry

Fig. 2. Short-circuit scheme

! |EEE standart definitions for the measurements of electrical power quantities under sinusoidal, nonsinusoidal,

balanced and nonbalanced conditions.
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iat)
=—J||uA<t) ug() e ®)||is ®)]dt =

ic (t)

ua(t) - o(t)
=—IIIUA<t) ug(®) U ®)us ® —o)|dt =

Uc () - o(t)
_lpT _ua®+ug®+uc® . (6)
_rrgu O r@3/r+1/ry) Jdt =
1t 3 _
== £ u' (t)[u(t) T U (t)]dt

= ijuT (t)[u(t) — oug (t)]dt =ljuT R lu(t)dt.
rey i

Thus, the voltage integral from the expression (4) of
apparent power is the value of power losses in active
resistances of power cable, which is due to load line-to-
neutral voltages and short circuit mode of three-phase
load:

lfuT R Lu(t)dt = Ry. 7)
T

With this in mind the physical meaning of apparent
power given by formula (4) formulated as a geometric
mean value of voltage source short-circuit power Py and

power losses AP, caused by line and neutral currents:
S=\/RAP. (8)

11. CONDITIONS TO ACHIEVE UNIT POWER FACTOR
AND MAXIMUM EFFICIENCY OF THREE-PHASE FOUR-WIRE
POWER SYSTEM

Whereas the definition of apparent power by
the expression (5), power factor will be equal to the unit
only if the line current vector is proportional to the vector
of line-to-neutral voltages with the partial attenuation of
zero-sequence component:

i(t) =Gu, (t) =Glu; ) +A-o)ug®)],  (9)
where G — any real constant, since in this case in formula
@

RL=GU? +(@-o)Udl;
s=y[U2 +(1-0)U2IGA U2 +(1-c)UET; A =1.

If SAF introduced in power system, the three-phase
source current vector that provides unit power factor in
asymmetric non-sinusoidal mode, is given by [7]

iS ®= GoUg ®, (10)
where the value of coefficient G is found from the con-
dition of zero energy consumption by SAF on period z:

P

S S (11)
U?+(@1-o)Ué

0.9
g 08 = a=0 (3=1)
£ wa=1 (i=1/ % ~ 0.707)
£ 07 ma=2 (i=1//3 ~ 0.577)
0,6
0.5
5 10 15 20 25 30

Load factor

Fig. 3. The dependences of the efficiency from the load factor and power
factor.

Vector correlation (10) with the meaning of coeffi-
cient by formula (11) specifies the value of the Fryze’s
active current vector in the case of three-phase four-wire
network. Formulas (10), (11) identify the original SAF’s
control strategy [5]:

igar (1) = i(t) - GoUig (1), (12)

that ensures minimum losses in power cables and maxi-
mum efficiency. In view of (10), (11) this minimum value
is

1%, .
APyin :;j.g (H)Rig (t)dt =
0 (13)
B P2y
U2 +@1-o)u3

Under these minimum losses maximum efficiency of
three-phase four-wire power system will be

P P 1
P+APpin  1+APnin /P 141G,

=rG4P.

C

MNmax =

V. THE EFFECT OF POWER FACTOR TO EFFICIENCY
OF THREE-PHASE FOUR-WIRE POWER SYSTEM AND ITS VERI-
FICATION

As aresult of formula’s (4) application the expression
for efficiency of three-phase four-wire system
n=P_/(P_+AP), was obtained in [5] as the solution of

a quadratic equation
N2 -tk +k —1+1/42 = (14)
where k=R, /P_ specified as load factor; is the short-

circuit active power; v(t) is vector of instantaneous val-
ues of input line-to-neutral voltages.

Under the condition k; >2+2/A power efficiency is
defined from equation (14) as follows:

1

n= - ,
0.5k, —+/0.25k? —k,_—a

where a.=A"2 -1,

(15)

Diagrams of the efficiency dependences from the load
factor k; atvaluesofa =0, 1, 2 are shown in Fig. 3. From
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its analysis it follows that with decreasing of load power
factor the effectiveness of application of SAF increases.

To verify the formula (15) for efficiency the
MATLAB Simulink model of three-phase four-wire
power system with SAF and nonlinear load was built (see
Fig 4).

It consists of three symmetric sinusoidal power
sources A, B, C, resistances of the phase wires (ra, Is, rc)
and neutral wire (ry). Non-linear load is presented by
three-phase rectifier with rectifier diodes A, B, C and ac-
tive impedance R.. SAF is simulated by dependent cur-
rent sources whose values are formed in accordance with
the formula (12).

Active power of short-circuit is calculated according
to the formula Py =2U 2 /v =145200 W, where U=220 V
is the rms value of the phase voltage source, r =1 Qs the
value of phase wires resistance.

Load power is determined by the formula [8]
2
P - U_(Hﬁ]

RL A

where Ry is the value of the load impedance.
Load factor is

:%ZLL\/_ =~ 2122RL /r.
4
The power factor’s value of three-phase rectifier with
resistive load is calculated using the formula [8]:
M

Jl+ry Ir’

where  Aq :,/%+§ ~ 0.686 the power factor at the
T

zero neutral conductor resistance.

I(L

The simulation results for different values of the load
and neutral resistance are given in Table 1.

The theoretical dependences of efficiency from the
power factor A given by formula (15) for two values of
load resistance and computer experiment data are shown
in Fig. 5. Data for A = 1 were obtained by connecting SAF.

Source A

S . =L
] = -4
-@—--Ml-—-— + !
]A Source B‘ Diades
é RB & i
LG (h— e
*® 5“‘6‘; e DiadeB AL %
«
c i
i | Lg | (BT
E] i DiadeC
by >
= . e
>
u Soul
a|ug
- Sowree A —

Contred system

Fig. 4. MATLAB Simulink model of three-phase four-wire power sys-
tem with SAF

u R=50Q2
mRi=200Q

Efficiency

0,2 0,3 04 0,5 0,6 0,7 0,8 0,9
Power factor

Fig. 5. The diagram of theoretical efficiency in accordance with the for-
mula (15) (solid lines) and computer simulation results (* marked pots)

Generally computer simulation showed good agree-
ment between the experimental data and the theoretical
curves for efficiency both in the presence of the SAF, or
without it.

CONCLUSION

1) It was shown that voltage integral from the formula
(4) of apparent power is the value of power losses
in active resistances of power cable, which is due to
load line-to-neutral voltages and short circuit mode
of load.

2) A new physical sense of apparent power was estab-
lished, it is a geometric mean value of voltage
source short-circuit power and power losses, caused
by line and neutral currents. This definition of ap-
parent power of three-phase power supply system is
completely equivalent to definition standardized by

IEEE.
TABLE 1. THE SIMULATION RESULTS
n=0.33Q n=1Q n=3Q
A 0594 [1 0485 |1 0343 |1
r=1Q; Ri=20 2
PL 2998 3258 2818 3258 2369 3258
Ps 3188 3334 3079 3334 2827 3334
n=P/Ps | 0.9403 | 0.977 0.915 0.977 0.838 0.977
r=192; R.=50 2
P 1294 1340 1260 1340 1170 1340
Ps 1329 1352 1310 1352 1261 1352
n=P/Ps | 0.974 0.991 0.962 0.991 0.927 0.991
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Peghepam—Hecumertpiss HaBaHTa:KeHH:A TPHU(A3ZHUX TPUIPOBIIHMX CHCTEM  KMBJICHHS NPU3BOAMTHL A0 NOTipIICHHS
SIKOCTI eJIeKTPUYHOI eHeprii B TOYKaX 3arajJibHOI0 Mil’€AHAHHSA, 10 NPOSABJISAETLCS Y NOSIBi MyJIbcaliii MUTTEBOI IOTY:KHO-
cTi Ta 10AATKOBHX BTPAT Ha OIIOPax JIiHiil eJleKTponepenay, a TAK0K y HecuMeTpil Hanpyr skuBjaeHHs. E¢exTuBHa Komme-
Hcallisi acuMeTpii HABAHTasKeHHSI MOXKJIMBA JIMIIe 32 A0NOMOIrOI0 CHJIOBHX AKTHBHHUX (inbTpiB, Npu nboMy napajeibHi
AKTUBHI (GibTpH XapaKTepu3yOThCsl MEHIIMMU BTPATAMH MOTYKHOCTI, Hi’k MocaigoBHi. @yHKIiA NapajieJbHOI0 AKTHB-
HOT0 QiTbTPY NOJIATAE y TOMY, 00 reHepyBaTH Y HABAHTA’KEHHS HEAKTUBHI KOMIIOHEHTH CTPyMY, 110 NoTpedye HeJiHiline
HaBaHTa)keHHs1. Tofi Bix qxepesia Gyae coKUBaTHCS AKTUBHUIE CTPYM 3 MiHIMATbHUMH BTPaTaMH, OAMHUYHHM 3HAYeH-
HAM KoedillieHTa MOTYKHOCTI Ta MAaKCMMAJILHMM 3HayeHHSAM Koedimienta xopucHoi aii cucremu xuBjienHsi. Ilporte
Y BU3HAYeHHi koedinieHTa nory:kHocTi Qirypye noBHa norys;kHicTb, ika 3a3BU4ail po3paxoByerbes 3a popmy.ioro byxro-
JbLA Y BULIAAI J00YTKY cepeJHbOKBAJPATHYHUX 3HAYECHb JiHIHHMX cTpyMiB i ¢asHux Hanpyr. He3ajexHicTe noBHoi
noTy:kHocTi B ¢popmy.i Byxrosbua Bin cniBBiiHOIIeHHS 0NOPIB JIiHI{HUX NPOBOAIB Ta HelTpai cBiTYMTH Mo ii HeageKkBa-
THIiCTH 17151 YOTHPHIIPOBITHUX CHCTEM 3 HEHYJILOBHM HEHTPaJIBLHAM CTPYMOM.

B po6ori 0yJs1a nporeMoHcTpoBaHa Pi3HMLA Mik ¢opMY.JI010 IOBHOI MOTY:KHOCTI ByXroabsna Ta 3anpononosaHoxw ¢op-
MYJIIOBAHHSIM Y BHNIAAKY TpH(a3Hoi YOTHPUINIPOBiAHOI cucTeMH KuBJIeHHs. [loka3aHo, 0 iHTerpaJ HaNmpyr B 3aMPONOHO-
BaHiii popMy.J1i NOBHOI MOTY:KHOCTI € BeJIMMHHOI BTPAT NOTYKHOCTi B AKTHBHUX OIOPaX CUJIOBOI0 Kadesi0, 00yMOBJIEHOIO
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¢a3HuUMHU Hanpyramm joKkepelia B pe:KMMi KOPOTKOIo 3aMHKAaHHSI HaBaHTaskeHHs1. ByB BcTaHoBJieHuii HoBuil ¢izmunmii
3MiCT HOBHOI MOTYKHOCTI: Ile reOMeTpHYHe cepeTHE 3HAYEHHS MOTYKHOCTi KOPOTKOI0 3aMUKaHHsI TPH(A3HOTO Kepesia Ha
CUJIOBHIA KadeJIb i MOTYKHOCTI BTPAT, BUKJIMKAHOI JIHIHAHUMH cTpyMaMH Ta cTpyMoM HeiiTpaJi. Take BUBHAYeHHSI IOBHOL
MOTY:KHOCTi TPU(]a3HOI ccTeMH KUBJIeHHS NMOBHicTIO exkBiBanenTHO cranaapTy IEEE. 3naiineno ymoBu qocsirHeHHs 011~
HHYHOT0 3HAYeHHs KoedilieHTa MOTYKHOCTi Ta MAKCHMAJIbHOT0 3HaYeHHs KoedinieHTa kopucHoi aii TpudasHoi yoTupu-
MPOBiTHOI CUCTeMHU KUBJIEHHSA 3 NMapajelbHUM aKTUBHUM ¢iibTpom. BuBeneno gpopmyay n/s BusHaueHHs KoediuieHTa
KOPHCHOI 1ii TpU(a3HOI YOTHPUIIPOBITHOI CHCTEMH KUBJICHHS IS He3021aHCOBAHOI0 HECHHYCOITHOI0 PeKUMY 3 321aHUM
KoedinieHTOM NMOTY:KHOCTI i BitoMuM koediniecHTom HaBaHTaxeHHs. Komn'lorepue moaemoBannsa B8 MATLAB Simulink
M0Ka32/10 XOpo1Iuii 30ir eKxciepUMEeHTAJbHUX JAHUX 3 TEOPeTHYHUMH KPHBHMU KoedilieHTa KOPUCHOI Aii sik 32 HasIBHOCTI
napajejabHOro akTUBHOIO (pinbTpa, Tak i 6e3 HbOro.
Bi6a. 8, puc. 5, Ta6. 1.

Knrwuogi cnoea — noena nomysxcuicmo; Koeiyicnm nomyscnocmi; epexmugHnicms; cmpamezisa KepyeanHs; napaieabHuil
akmuenuii ginomp.
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Peghepam—IloxazaHo, 4TO HHTErPaJl HANIPSIKEHUH B NPeJI0:KeHHOI popMy ie MOIHON MOIHOCTH NpeAcTABIsAeT co00i
BeJIMYHHY MOIIHOCTH MOTePh B AKTHBHBIX CONPOTHBJICHUSX CHIOBOr0 KabeJisl, 00yCJ0BICHHYI0 (Da3HBIMH HANPSIAKEHUSIMH
HCTOYHHUKA B pe:KMMe KOPOTKOI'0 3aMbIKAHMSI HATPY3KHU. BB ycTaHOB/IeH HOBBIN (PM3HYeCKH I CMBICJI OJTHON MOIIIHOCTH:
3TO cpeJHee reoMeTpHYecKkoe 3HAYEHHE MOIIHOCTH KOPOTKOI0 3aMbIKAHUS TPeX()a3HOro MCTOYHHMKA HA CHJIOBOI Kadeilb
M MOIIHOCTH NOTEPb, BLI3BAHHOI1 JINHEI{HBIMM TOKAMH M TOKOM HEeHTpaIu. DTO onpeaejeHue MOJHOI MOIHOCTH Tpexdas-
HOIi ccTeMBbl IINTAHNA NIOJTHOCTBIO SkBUBaJIeHTHO cTanaapTy IEEE. BriBenena opmy.ia nuist onpenesienusi kodgpuuuenra
10J1e3HOr 0 JielicTBUS TPpeX(a3HOii YeThIPEXNPOBOJHOI cHCTEeMb]I NUTAHUSA /ISl HeCOAJIAHCHPOBAHHOI0 HECHHYCOUIATIBHOTO
peKNMa ¢ 32JaHHBIM K03()(GUIHEHTOM MOIIHOCTH M U3BeCTHBIM K03¢dunnenToM Harpy3sku. KomnbrorepHoe MoempoBa-
Hue B MATLAB Simulink noxa3ajio xopoiee coBnajeHue 3KCIePUMEHTAIBHBIX JAHHBIX C TeOPeTHYECKUMH KPUBBIMHU
K03()(pHuIMeHTA NM0JIe3HOr0 AelcTBHS KaK NPH HAJIMYHH NapaJlieIbHOT0 aKTHBHOTO QUJIBTPA, TaK U 0e3 Hero.

buba. 8, puc. 5, Ta6. 1.

Kniouegvie cnosa — nonnas mownocms; Ko3ppuyuenm mowgpocmu; KoIgppuyuenm none3nozo oeiicmeus; napaiens-
Hblil aKMueHwvLil hunvmp
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