Mansoura Engineering Journal

Volume 26 | Issue 2 Article 11

1-30-2021

Static Device to Keep Symmetry of 3-Phase Supply Feeding Large
1-Phase Loads.

Azza Abdel-Hamid
Electrical Engineering., Power Departmen.t, Cairo University., Cairo., Egypt.

Follow this and additional works at: https://mej.researchcommons.org/home

Recommended Citation

Abdel-Hamid, Azza (2021) "Static Device to Keep Symmetry of 3-Phase Supply Feeding Large 1-Phase
Loads.," Mansoura Engineering Journal: Vol. 26 : Iss. 2, Article 11.

Available at: https://doi.org/10.21608/bfemu.2021.144793

This Original Study is brought to you for free and open access by Mansoura Engineering Journal. It has been
accepted for inclusion in Mansoura Engineering Journal by an authorized editor of Mansoura Engineering Journal.
For more information, please contact mej@mans.edu.eg.


https://mej.researchcommons.org/home
https://mej.researchcommons.org/home/vol26
https://mej.researchcommons.org/home/vol26/iss2
https://mej.researchcommons.org/home/vol26/iss2/11
https://mej.researchcommons.org/home?utm_source=mej.researchcommons.org%2Fhome%2Fvol26%2Fiss2%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.21608/bfemu.2021.144793
mailto:mej@mans.edu.eg

Mansoura Engineering Joarnal. (MEJ). ¥ol. 26, No. 2. June 2N1. E. 22

STATIC DEYICE TO KEEP SYMMETRY OF 3-PHASE
SUPPLY FEEDING LARGE |-PHASE LOADS
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ABSTRACT

Utility systems must nowadays handle a variety of a large !-phase industrial loads
which ean have a serious effect on the symmelry of a 3-phase supply system.
This paper introduces a method by whieh 1-phase loads can be rellected as
symmelrical (hree phase in order to avoid unbalancing the feeding

3-phase supply . For this purpose , aslalie wattless device is presented which
proves lo be praclieable for any single-phase load . Additionally, the device is
more important when (he power -faclor of Lhe 1-phase load is equal or near unity .

keywords : Static device, |-phase loads , Symmeiry ol suppiy .

NOMENCLATURE.

a = operator e''%" .

Ip. Iy 12 = Zero-, positive -, and negative-scquence components of Lhe currenl
‘I[l‘ i

P, = Power cumponent of the single-phase load.Wait .

m, = Pulsating douhlc-lrequeney component of the 1-phase load |

r, = Pnwer ol the 3-phase supply .

’, = Resistanee ol the J-phase load .Ohm.

e, Uiz = Current unbalance- faclors of zero- and negative-sequence currents,
respectively .

Uwr U2 = Vollage unbalance-factors of zero- . and negative-sequence voltages,

respeclively .
VA} = Apparent-power of Lhe 1-phase load.

(VAR5 (VAR}); = Rcaetive-power of lhe lwo balancing reaclances (X;) and {X3)

respeetively .
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fVAR), = Reaclive-power of thc 3-phase supply .

X, = TReaclive -componenl of the [-phase load ,Ohm .
XX = Reaclances of the stalic device .

Z; = Impedance of the |-phase load ,Obm .

cosy; = PF. of the |-phase load.

COS(P; = PF. of the 3-phase supply .

i = Ratio of (FAR), to (VA);.

Ji! = Ratio of (VAR}; to(V4);.

(1) INTRODUCTION

Three-phase  networks  are  required nowadays o fced large [-phasc loads like
traetion systems , welding (ransloriners , arc furnaces . cic |1]. Sueh loads may have
harmful effects npon (he 3-phase syslem, especially vollage symmetry . The limit
to voltage unbalance was set al 2% in BS2613 for the satisfactory operalion of 3-
phase motors , sinee velues Iugher than this could cause exeessive heating of
molor-windings [2,5] . MHowever to allow for a measurc of unbalanee from other
causes , Lhe supply authorities have recommended maximum unbalance figures of
1-3% below 33 KV. Obviously , the presence of large 3-phasc induction-motors and
3-phase synchronous-machines help (o maintain the symmetry of the 3-phase
supply within the permissible limits [1,3]

It is therefore highly required to rcflect such large 1-phase loads in effect to 3-
phase 1o keep the balance of the 3-phase distribution systein . Clearly any method
serving  lhis purpose inust compensate lle double-frequency power component
drawn from the supply by |-phase loads.

[n this paper a static device, applying two reaclances to counler the I-phase load .
is presented and analyzed. Clearly , no extra eleciric- energy is eonsumed by Lhe
device , but the values of the reactances dre eritical and depend on Lhe power-
faclor of the [-phase load . [t will be shown that the meihod is always practicabte ,
bul it becomes more useful with -phase load power-factor equal o or near unity .

{Z) POWER CONSIDERATION
(2.1) 1-PHASE CIRCUIT

In al-phase circuit fed from a voltage *“v*“, and drawing a currenl “i” given by :

v=v,.sin(an +8,)
i=i_ sin{fm+0,)
the inslanianeous- power is the product of both, thus :

p=Vlcos(@, -8, )—cos(2ax + 8, +6))] M
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The last expression shows thal the steady power consumed is;
P =Vicos(8, -0 )=VIcos{p) (2)
and the componeat of power pulsaling al double-frequency is:

P =~Flcos(2mt +6, +0)) (3

Obviously . the pulsating component has an average value equal to zcro. Also . the
power-factor angle of the l-phase cument is equal (&-8)=@.or with & laken zcro.
ie wvoltage is the reference veclor , the PF, angle will be ¢ =8 With pure
induetive load “@“is then (-n/2) and eq. (3) yields for the allernaling- component :
It is observed that the amplitude of the alternating-component is equal Lo the apparent-
power of the l-phase load .

P, =VIsin(2w1) )

(2.2)3-PHASE SYMMETRICAL CIRCUITS

In a symmetrical 3-phase eircuit. the 3-phase vollages v,,v, , v form logether a
balanced system , similarly will be the 3-phase currents i,, iy, i.. Summing up
the three instantaneous phase power vaiy .vpiy , Ve ic .as illustrated for the I-phase
circuit above , we finally get the conslanl power component .

and the sum of the instanlanecus-componentis of the three phases alternating at
doublc-frequency boils down to zero,

P =13V.1cos(p) (5)

(2.3) 3-PHASE ASYMMETRICAL CIRCUITS

The usuval method of analyzing such cireuils is by the use of the principle of
symmeirical-components in which the unbalanced systems ol vollages and currents
are generally analyzed into three systems, namely the positive-, the negalive- . and
the zero-sequence systems [6] . The positive-sequence voliage and current
eomponents represenl the normal case of balanced operation. The negative-
sequence componenlts are the same bul with reversed phase-sequence . But Lhe
zero-sequence  eomponents  represenl in-phase voltages and in-phase eurrents and ,
consequently . the condition will be similar to those existing in 1-phase eircuits.
The total power in the 3-phase uubalanced cireuit is equal lo the sum of pesitive-
negative and zerg-sequence powers , thus given by :

P=F+R+h (6)
in which P; , P; can be obtained exactly as in ordinary balanced 3-phase circuits,
and as in l-phase circuits. According to the sequence-rule for unbalanced

circuils [6], the only terms which contribute to the total power are those in which

(Total VAY=3.[V 0 +V ., +V, .1, ]
= P+.JI-Q (N
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the voltage and current have the same sequence order . The total Volt-ampere is
then expressed by ;

in which subscripts 0.1.2 express zero-, positive-, and negative-sequence quantities ;
values wilh the dash ( * ) are eonjugates . The power component * P”and the
reactive component * (J* in eq. (7} yield the so called aggregate or total PF. s
given by :

Considering ; and P; tn eq.(6) , they contain no alternaling insiantaneous -

r
7 ®

power component; bul the zero-sequence power component Py results in a power
component allernaling at double-frequency . Consequantly, symmetrical distribution
of the load in 3-phasc networks is always aimed ot . Wilh large raling 1-phasc
loads , this is nol easy lo achieve and such I-phase loads are prelerably converted
so as 1o be rcflected as 3-phase on the 3-phase supply .

The unbalance in a 3-phase supply is normally measured by voltage and current
unbalance factors : U, Uy, Up , Uy as follows :

Appregate Power - Factor =

U, =1V,
U, ="y
%))
U;n=-{uf‘(r )
U,=10;11

(2.4) SEQUENCE COMPONENTS OF 1-PHASE LOAD

Il a single ~phase load is connected belween lines § and T of a 3-phase RST
supply, the Llhree fine -cumrents g, Is.,and Iy will then be equal io {G). (fL) and(-I.)
respectivelv, as shown in Fig.(1). The sequence-components of the three line-currents
will be :

‘(:eo =0
Ly =+id 13 (10)
Ty =-id,/3

This shows that thc zero-sequence component disappears, while the positive- and
negative-sequence currents are equal .

(2.5) HARMFUL EFFECTS OF SUPPLY ASYMMETRY

The following main effects are caused by supply asymmelry :

1- Distribution and transmission Josses are increased with asymmetrical loading
which may add negative- and 2ero-seguecnce currents to the normal positive-
sequence current in case of symmetrical loading . When feeding small
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consumners , like lighting loads and house appliances . syminetry may more or
lcss be mainlained in 3-wire or 4-wire distribulion syslems by observing the
lines to whieb such large number of small loads are connected . Bul with
high-rating loads, this would not be possible .

2- With 3-phase synchronous-machines, the negatlive-sequence magnetic-field loads
the damper-windings and heats them up, together with the insulating materials
applied in the machine. Such overheating greatly affects the longevity of the
machine . Furthermore , the negative-sequence currents cause harmonics in
stator- and rolor-cirenits which lead w over currenis especially when capacitors
are used.

3. Asymmetrical loading causes in lum asymmetrical voltage-drop , therefore load-
voltage will be asymmetrieal . Operation of synchronous and induction
machines will then suffer from the negative- and zcro-sequence voliages leading
o reduetion of lorque and efficiency , dips in the (T/speed ) characteristics Lhat
may endanger the running-up process; moreover the longevily of the machine
may be greally affected . Further effects include interference with electric
equipments, compulers , and fluctuation of the candle-power of tungsten lamps .

It follows that it is worthwhile (0 maintain the symmetry of a 3-phase supply as

far as possible, though this aim neeessitales some extra cost.

()CONVERSION OF 1-PHASE LOAD TO 3-PHASE BY TWwWO
REACTANCES

When a l-phase load, Zi.@; . is connected between any two lines R and § of a
J-phase symmetrical supply RST as in Fig. (2}, the idea presented here is lo
connecl 2 reaclanees to form adella -loop with the 1-phase load and comnected to
the same 3-phase supply so that the delta-load will then represent a symmetrical
J-phase nelwork . For Lhe analysis. we slart with the two reactances replaced by
the impedances Z;and Z; as in Fig(2).

The line vollapes of Lhe syinmetricai 3-phase supply are expressed by -

Vo =V
Ve =g’V (1H
Vig =aV

The 3-phase currents in the delta-loop, and the 3 line-eurrents are given hy:

Iy =ViZ,
I,=a’V/Z, (12)
Iy=aViZ,
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And
Iy =1, <1
le=1y -1 {13)
=11y
From the 3 last equations . we get :-
[o=vi_ 9, 14
« =TT (14)
and
fo=V (ﬂi-L) 15
5777 - (15)

Since for the required symmetrical line-currenls . the following relation is 10 be
oblained : :

ly=all, )

then . subsliluting from cqualions (14) and {15), wc get -

a’ | a’ i
(Z—Z—I)~(zl Z_n) {L6)

Therefore , equation (16) leads to the [ollowing relalion which is necessary for
symmelrical line-currents :

aZ,(2,-2)=2,1Z,~2) (17

Now , assuming 2 reaclances jX> and fX; replacing respectively Z; and Z;, and
substituting the foflowing in equalion (17) :-

Li=R+jX =2 2p,
Z,=J.X, (18)
Z,=jiX,

then, the [lollowing condition of symmetry will be oblained :

Ja X (R + X = X)) =j X, (X - R~ j.X)) (19
It is lo be noled that positive- and negative- sipns [or the reaclances rcpresent
respeclively  inductive and capacitive cases . The load is considered 1o have
lagging power-lactor, cosey ,which represents the general casc.

Now equaling the real and imaginary pars un both sides of eqnation (19),we pel
respeclively :
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(-U2).R.X, + (32X (X, - X,)=—R X,
and

-3
(TJ‘)‘R,‘X‘ —(—1/2).X (X, - X)) = X (X, - X))

The above equalions can be odified Lo ;-
—R X, +BX, X, =3X,. X, ~2.R X, (20)
3R X, -BXX = BXX, -28.X,.X, (21)

The last lwo equalions lead to the following resulls :

X, _ﬁ.tanqulﬂ

= (22)
X, ‘Ji tang, —1
Substituting from eguation (22) in equation (21), we get for X; the following
expression :
l 2
X, = \G-Rr&
1++3. tan @,
or .-
(V3.R)
1= 1 2
(cose,) .(\5. tang, +1)
Furthermore from equation (22), we gel :
] 2
X, = ‘ﬁ-RrM
3. lang, — |
or
V3R, 24)

’ (cos@,)".(¥3.lang, — )
It is obvious from equatlions (23) and (24} lhal it is always possible to balance
any l-phase load by lthe two reaelances X; and JX; whalever the power-factor of
the load may be ; positive and negative vatues for the reaclances represent
respectively inductive- and capacitive-values .



E. 29 Azza M. Abdel-Hamid

(3.1)SPECIAL CASES OF 1-PHASE LOAD POWER-FACTOR

Equations (23) and {24) give he values of the iwo reaclances required to reflect
the 1l-phase load al any power-factor as 3-phase on the 3-phase supply side. The
following cases will be examined .

a}l-phase load P.F =1:
For cos @=1 , equations (23) and (24) yield the [ollowing :
X, = -3 R, (capacitive reactance)

X, =+ﬁ.R, {inductive rcactancc) {15)

For this inferesting ease . (he vector diagram is shown in Fip.(3).

{b} | -phase Inad P.F= 372 lagging:

X,==
X, =+(2.R /1) (inductive reactance) 26)
Herc ¢,= +30Q _and the required reaclanecs will be :

1

This shows that balancing is possible by one inductive-rcactance “Xy “ connected
between lines T and R in the gencral Fig.(2).

{c)1-phasc_load P.F =V3/2 Jeading .

The required reactances will be ;

X, =(-2R, /31 (capacitive reactance)

Xy=m 2n
Again here balancing is achieved by one capacitor connceled between the two
lines § and T in Fig. (2}.

(d}] -phase load D.F = zero , lapping .

Here @ =+90 .. and the following values for X; and X; can linally be obtained
from equations {23} and (27}:

X,=X,=X, -(28)
{e) I-phase load P.F = zero . leading .
In this casc @ = -90, and symmelry is obtained by two capacilive-rcaclances
equal to the load reaclance .

-X,=-X,=-X, (all capacitive) (29

The following lable gives the values of the two reactances X, and X; .in terms
of load components , which are required for balancing the |-phase load , for
different values of power-faclor.
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Table (A)
Load P.F o X; X3 }
1 0 -¥3.R, +Y3.R,
0.87 lagging +30 - +2.R/V3
0.5 lagging +60 +2V3.R, +3.R,
Zero , lagging +90 +X; +X;
Zero . leading -90 -X; =Xt
0.5 . leading -60 “V3R; 23R,
0.87, leading -30 -2.R,a/v§ -

(4)P.F OF THE 3-PHASE SUPPLY AFTER RESTORING SYMMETRY
AND THE (YAR) OF THE EXTERNAL REACTANCES

It has been shown that applying the two critical reactances X; and X; maintains the
symmelry on Lhe 3-phasc side . Considcration of total power and Lhe tolal (VAR
leads lo the power-factor on Lhe 3-phase side .

The (otal power is obviously equal to the power of the l-phase load, therefore :

P =V (cos@ ) /R, (30)

The VAR component of the l-phase load is given by :-

(VAR), =V .sing,.cosp,./ R, 3D
the P.F of the load being considered lagging , which represents he genera] case.
From equations (23) and (24), the values of (V4R); and (VAR); of the reactances
Xz and Xy, respeetively, are expressed as follows :-

¥ {tang, -1

VAR), = . 32
{(VAR), FR I+anie (32)
and

2
{VAR), = V:_ 3.iang, 4] (33)

\E‘R, " 1+tan® @,
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The total reactive volt-ampere on tie 3-phase side is obviously the sum of the
values given in equalions (31) to (33); theretore :-

vt o 2.tan
(VAR), = — [sing,.cosp, + L

T (34}
R, 1+ 1an” ¢,
which can be modiflied to :-
2
(}4AR), = %.J.Sin P, .cos @, 35)

1
Dividing (P, )} by (VAR). given respectively by equations (30) and (35) gives the
following expression :-

g, =3.lungy, (16)
or the P.F ol thc 3-phase supply will be:-

cosp, = ——' G7)
9-8.(cos@,)}

This last expression pgives lthe supply PF in terms of I-phase load P.F . Fig.(4)
shows this relation for a lagging (cosg;) in Lhe range from zero lo unity . It is
obvious from this figure that the supply P.F is much smaller than that ul the I-
phase load excepl when the latler is equal or near unity .

Since the apparent-power of the |-phase load equals ¥ /1Z; | | then the relations
of (VAR); and (VAR); to |-phase load (VA4), are expressed by f; and f; respectively
as follows :-

___ & 38
A (X,.cosg) (38)
__ K 9
A= (X,.cos@,) it

In Fig(5) are shown curves for 0; and f) for |-phase load lagging P.Fs in the
range from zero to unity ; values of X; and X, being taken from Table (A) given
before .

The tolal (VAR) added extemally to altain symmelry determines the extra cost
required . For thc load PF. cos /=1, this amounis o 1.16 limes the apparent-
power of the I-phase load , while this mte rises (o 2:1 in the case of pure
inductive load . Conclusively , ulilization of the static device formed of .X; and X;
is at its best with 1-phase load P.Fs equal to or near unily .

(5) CONCLUSIONS

The main harmful effects of 1-phase loads fed from 3-phase supply have pointed out
including injection of the alternating double frequency power-component into the
supply, and causing it to be asymmetrical. Such asymmetry, leads to large transmission
losses, and overheating as well as derating of 3-phase loads supplied from the same 3-

phase network. Consequently, large 1-phase loads should, preferahbly, be reflected as 3-
phasc on the 3-phase side.
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To this extend, this work iniroduces a siatic device composed of two reactances, which
are to be connected in delta with the load across the 3-phase supply. It has proved that it
is always possible, with any power-factor of the 1-phase load, to convert such load to be
seen a3 }-phase on the side of the }-phasé supply. Thus, the system behaves as a
balanced 3-phase network with no extra energy loss due to the applied reactive-device.
Since P.F. on the }-phase side is expecied to be less than that of the 1-phase load, except
for unity power-factor, thus it is recommended that the device may be applied after
improving the load P.F. to unity by an appropriate capacitor to be connected across the
load terminals. The advantage of seeking nnity P.F. is that no penalty, meaningly no
(YAR), is to be added to the 3-phase systein.
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