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As distinct from radial electric power lines, in closed loops the consumers are
fed from two sides. This is advantageous from the viewpoint of supply reliability,
power quality and its losses; however, these are the least only when a loop is uniform,
which is not always met in practice. In a non-uniform loop a circulating current flows,
and the losses increase proportionally to its square. To reduce losses in such a non-
uniform loop, the circulating current should be eliminated. For this purpose a booster
transformer can be used. The voltage of such a transformer is known to be in quadra-
ture to the phase voltage; the present consideration has shown that such orientation of
the opposing voltage gives the best results only when all loads in the loop are active,
otherwise the angle of opposing voltage should be regulated. The voltage value should
also be regulated depending on the load. Another technique consists in introducing a
complementary reactance into the terminal branches. Such reactance should be regula-
ted if loads are changing in time disproportionately with respect to each other. The
best results are achieved when all loop node loads have the same cosg. If the
complementary reactance calculated at one end of the loop is positive, then that
calculated at the second end of the loop will be negative, and vice versa. The
appropriate choice can be made, in particular, involving both loop terminals.

Key words: circulating current, non-uniform networks, quadrature booster
transformer, power losses.

1. INTRODUCTION

For high voltage energy transmission the closed grids are used [1, 2]. If a
closed network is non-uniform, excessive electricity losses appear as a result of
circulating current in the closed loops of a power line (PL); therefore a problem is
to eliminate this circulating current. The medium-voltage grids are built up of ra-
dial PLs with single-line service [3]. Such a solution negatively affects the
reliability and increases the losses in the line. To improve reliability the open loops
are broadly used [4]. When an emergency situation happens somewhere in an open
loop, the damaged span is isolated by relay protection, the open loop closes and the
energy supply to customers is resumed from the other side. Normally, a loop is
broken at the points of current confluence [1], with the objective to simplify the
relay protection; this ensures the minimum losses only when in a closed loop
(before it had been broken) there was no circulating current; however, when the
loads along the loop change this technique does not work. When a medium-voltage
grid works as a closed loop (ring-main service [3]), the losses are smaller, provided
the circulating current is eliminated, and the reliability at the use of such a
technique is yet higher. These and some other advantages are counterweighed by
two drawbacks: 1) the necessity to eliminate circulating currents in non-uniform
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grids, 2) the network contains a closed PL loop that is, in fact, a two-terminal line;
hence, the relay protection is in this case more complicated. However, owing to the
possibilities provided by microprocessor devices, the latter problem can be over-
come.

So, in both classes of grid — high-voltage and medium-voltage grids — the
operation in a closed loop mode is problematic — it is necessary to eliminate circu-
lating current. This is achieved by introducing a quadrature booster into a closed
PL loop, whose voltage sums up with the phase voltage [5, 6]. This voltage pre-
vents appearance of circulating current. To completely eliminate the circulating
current, the magnitude and angle of the voltage provided by a booster transformer
are to correspond to the loads of all nodes of the PL loop. The circulating current
can be reduced not only by a quadrature booster but also by capacitors introduced
into the loop [7, 8]. In the paper, an attempt is made to consider both the alter-
natives and compare them. To simplify the expressions describing the correspon-
ding processes, the voltage drops and energy losses in the branches of a loop are
not taken into account since they have only a minor influence on the loop node
loads. If necessary, they can be included into reiterative calculations.

2. INITIAL CONSIDERATIONS

At the beginning we shall consider a closed loop with one load (Fig.1a),
with the impedances of loop branches being

Zy =R +jX; Zy=Ry+ jX,. (1)

a
A Zl
. — >
G i=1,
AX,
In
C

Fig. 1. Loop networks:
a — with one load f;; b — with one load and different voltages £, and E; ¢ — with a number of loads.
Z; — impedances of loop branches; AX; — delta reactances; [; — currents of branches; I; — circulating
current.
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The grid shown in the figure is not met in practice except when there is a
double line; but in this case Z;= Z, , which is not of interest for us. The situation
when Z, # Z, is the simplest case of a closed loop.

Observing the basic points of the circuit theory we define currents /, and /5
in branches Z, and Z, (further the branches adjacent to the feeding point are called
branch 4 and branch B) as
iA=1',.Zz. : szj,.Zl. . )

Z\+2Z, Zi+2Z,

If Z, and Z, are uniform, there is no circulating current, and the power losses
are the minimum. To consider the branch currents 7, and /5 in non-uniform grids in
comparison with the above defined currents 7, and I, the imaginary components of
mentioned impedances are changed, and we receive the impedances Z, and Z,:

hence, at the load current /; being the same, we have:

Iy=5—"*—; Ip=I—""—. 4)
Z, +7, Z, +2,

Circulating current in branch 4 will obviously be equal to the difference
between the currents in a non-uniform loop and in a uniform loop:

. S . Z.' Z ZZI_Z/Z
IciAZIA_IAZIJ(./z,,—. 2 )= 172 142
Zi+2Z, Lt

(Zl + Zz )(Zl + Zz )

i 6)

Reasoning logically, the circulating current in branch B should change its
direction, the module remaining invariable. To verify this, the circulating current in
the B direction is determined:

!

.7 7 27,77,
[ciBZIB_IB:Il(.Il.r_‘ 1-)=11 B 1.2 .,12.,. (6)
Z,+Z, Lit24 (Zy+Z,)Z, +Z,)

From (5) and (6) it logically follows that
jciB :_jciA: (7)

which means that in the Z,, Z, loop a circulating current flows.
The equalizing current appears when the voltages at the ends of a two-

terminal line (Fig. 1) are not equal [4]. In a non-uniform loop this current (seen in

the A-direction) is:
Z, +Z,

®)
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The summary voltage drop resulting from circulating and equalizing currents
is:

4

m;U+Lﬂ5+zhn%—zzzdu¢ﬁhwv%y ©9)

1742

To prevent appearance of circulating current, in such a loop the EMF equal
to voltage drop U,z and opposed to the circulating current must be applied.

Now we should check whether expression (7) is true for a loop with two
loads. For this purpose a loop shown in Fig. lc is used, assuming n = 3; we thus
have branch impedances Z;; Z,; Z; and two node loads /;; and /;,.

For branch 4 we have:

2y Zy)+lnZy L (2 +23)+ a7
i, = 11( 2 ‘3) L1273 )= 11( .2/ ‘3/) ‘1/,2 3 (10)
Zy+ 2y + 2, Z, +Z, + 74

with the circulating current
Poo—ioj = 1112y +11) 2y + 1152y 112y + 1,25+ 1,7,
A — 44714~ L/ G 7 - D 0 0 =..=
“ Z, +7Zy, +7Z, Zy+ 2y + 24
, , (1D
11 1Z1(Zz +Z3 )+, 223 (Z)+Zy)- [1 121 (Zz +Z3) 11,25(Z, + 2, )

(ZI+ZZ+Z3)(Z1 +22 +Z3)

For branch B these expressions will be:

i 2+ 15 (2 + Zy) i v Lz + 152 v Zy) 1
B — . . . ’ B — NG L7 L7 H ( )
Zy+ 2y + 24 Z, +7Z, +Z4

o= 122y + 102y + 1102y 12y + 1102+ 1152,
ciB ‘B ~ 1B — G T T - 0 0 T =...=
Z, +2, +Z3 Zy+ 2y + 24

(13)
11121 (Zz +Z3)+Il 223(21 +Zz )— 11121(22 +Z3 )— [l 2Z3 (Zl +Zz)

(Z1 +22 +Z3 )(ZI+Z2 +Z3)

At two loads, similar to the one-load case, it makes no difference in what
terminal branch the circulating current is calculated; its sign in one of them is
opposite to that in the other. If regularity (7) is in force for one and two loads, then
it also is valid for any number of loads, provided they are connected to a loop
1solated from the rest of a network; this also follows from the first Kirchhof’s law.
Hence, further on, current /., will stand for circulating current, and the loop-
tracing will be made in the 4-direction.

3. THE INSIGHT INTO A CLOSED LOOP OF POWER LINES

Any loop consists of nodes and branches connecting adjacent nodes. The
branch impedance consists of distributed quantities (a power line) or a concentrated
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quantity (a transformer, a current limiting reactor) or both of them, and can be
presented as some quantity proportional to its module or to some of its components

(real or imaginary) multiplied by corresponding complex factor b. For example,

impedance can be shown as a product of its module z and factor BZ :

Z=R+jX =zb_, (14)
where
z=AR*+X?; b, =§+j§ (15)

When the component which characterizes the magnitude of impedance is its
active resistance, we can write:

Z = Rby, (16)
where
by :1+j%=1+jtgaz. (17)

In uniform grids these complex factors are equal for all branches:

b.z,l = 62,2 == bz,n = buz >
bR,l = bR,Z T = bR,n = buR . (18)
In a non-uniform grid, each of the impedances Z,, Z,, ..., Zi, ... Zn, Znss

(Fig. 1¢) of loop branches can be presented as the sum of the uniform impedance
and the so-called delta reactance:

Z, =R+ jX; =R+ jX,; + jAX; =

. . : . (19)
=Z,;+JAX; =Rb,p + jAX;.
We can see from (19) that

For factor 5u r » hence for tge,p of the uniform component of a non-uniform
grid, we can take any value convenient for further consideration. Indeed, for any
factor b, , the real component is 1, but the imaginary component does not influen-

ce impedance Z; when the delta reactance AX; is expressed as

Now we shall consider the loop with n loads (Fig. 1¢). One energy source
feeds S',)l ; Sl,z I Sl,n loads from directions 4 and B through branch impedances

20325, oy Zi ooy Zyy Zys1. The current through impedance Z; (branch A) is [4]:
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jl,l(Z2 +Z3 +"‘+Zn+1)+j1,2(23 +"'+Zn+1)+"'+j1,nzn+1

. n+l .
lek 2 Z (22)
k 1 i=k+1

n+l

27z,

m=1

If the active resistance of a branch is taken as the basic quantity, for a
uniform loop, observing (16) and (18), we obtain:

n+l . . n+l

zi,k Y Z,,; Z[,k SR,
7 k=1 =k+1 k 1 =k+1
IA n+ll . n+ll : (23)
z Zu,m ZRm
m=1 m=1

In a non-uniform grid we shall have current /,, which, observing (16), (18)
and (19), is:

n+l n+l
_ lek( Y Z,+J] LAX)
IAI k=1 i=k+1 i=k+1 ) (24)

n+l . _n+l
2 ZymtJ 2AX,
m=1

m=1

For currents I and [ formulas (23) and (24) are valid if loads and loop
branches are counted in the direction from B to 4.

The circulating current is the difference between currents I'A/, and I
observing (19), we have:

n+l n+l . n+l
lek(ZZ +j 2AX)) lekZZ
I' _I' v_I' k=1 i=k+1 i=k+l1 k=1 i=k+1
i A 4~ n+l . n+l n+l .
X ZymtJ2AX, 2 Zum
m=1 m=1 m=1
n+l
n+l ZAX’” no. n+l (25)
Si, Y AX, - ml ¥ I YR
k=1 i=k+1 ZR k=1 i=k+1
m
_ s m=1
=J . n+l n+l
b,r Z R, +j2YAX,
m=1

From (25) it can be seen that the circulating current depends on all loads in a
PL loop. The expression can be simplified if it is assumed that
n+l
Y>AX,, =0. (26)

m=1

In accordance with (21), Eq. (26) can be rewritten as
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n+l n+l n+l n+l
ZAXm:z A‘XZ)C,m: z Xm_tgaZx ZRmZO’ (27)
m=1 m=1

m=1 m=1
from which we find tangent tgas . of the branch reactance sum:

n+l
XX,
tgorg, =2 (28)

n+l
2R,

m=1

Now, each branch impedance Z; can be presented by (19), where the factor

b,s. , which, in the similar manner as in (17), can be presented as
buse =1+ J tgors, (29)

can be substituted for 5, ; we therefore will have:

Zm :ZuZx,m +jAXZx,m’ (30)
where
ZuZx,m = Rmbuﬁx; A"YZ)c,m = Xm - Rm tgaZx . (31)

Applying preceding formulas to expression (25), we obtain:

n+l

n .
_ kZ_ll L1k '_% IAXZX,I'
Iy =] =—51 : (32)

buZx z Rm

m=1

It can be seen that the circulating current is proportional to the module of the

n . n+l
summary delta moment of load currents in the 4-direction |3 /;, > AXyy ;| and
k=1 T i=k+l1

n . n+l
is directed relatively to this summary delta moment 3 /;;, > AXy,; with the
k=1 " i=k+1

angle w/2—arctgay, .
The voltage drop which appears as a result of circulating current is defined
by the expression:

n+l . n+l | n+l

Uci :jci Z Zm :jci( Z Zu,m +j ZAXm):
m=1 m=1 m=1 (33)
.o n+l no. n+l
:[cibuZx ZRm =J Z [l,k Z A‘XZJC,I' .
m=1 k=1 i=k+1

In a uniform loop, the voltage drop is U,; = 0, which complies with express-
ion (33), since in this case all delta reactances according to (19) are zero.

26



4. CIRCULATING CURRENT:
WHY SHOULD IT BE ELIMINATED?

To eliminate circulating currents is rather costly, since it usually requires the
use of a booster transformer, current reactors, capacitors for series and shunt
compensation — i.e. high-voltage strong-current equipment with regulating and
commutating facilities. Communication means are needed to send the load data to
the control devices of a PL loop, whereas a microprocessor device is required to
process the data and to control the high-voltage equipment. In medium-voltage
networks even more sophisticated relay protection should be installed, at the same
time a reserve switching device can be removed. However, all this can be
outweighed by elimination of energy losses due to circulating current.

The energy losses arise in all branches of the circulating current path. In a
uniform 1opp in Fig. 1¢ AX; ... AX,+ = 0, the branch impedances are uniform Z;=

=21 «.. Zys1 = Zy,n+1 and the branch currents are those which flow in a uniform

loop, (i.e. they do not contain circulating current): I, = 1',,,1 eoo Lyry = 1, 141, TESpECti-
vely. Power losses Py, in a uniform loop are:

n+l . 2
Plou = Z leu,m (34)
m=1
In a non-uniform loop the branch currents are:
Ilzlci+lu,1 ]n+1=Ici+Iu,n+l' (35)
The power loss in the m-th branch will be:
. . . - - 2 N
Plo,m = lemlm = Rm (Ici + Iu,m)(lci + ]u,m) = leci + Rilu,m (36)
+ Rm (Ici[u,m + [cilu,m) = Ploci,m + Plou,m + Plociu,m ’
where Pjim 18 the power loss due to circulating current L
Pi.m 1s the power loss due to current I'l,,m in a uniform loop;
Piocium is the power loss due to interaction of currents I.; and 7, .
Power loss in the entire non-uniform loop is
n+l1 n+1 n+l
Plos = Z Ploci,m + Z Plou,m + z Plociu,m :Ploci + Plou + Plociu H (37)
m=1 m=1 m=1
where loop losses P,; due to circulating current are
n+l B ) n+l
Ploci = Z Rm[ci :Ici ZRm . (38)
m=1 m=1

Losses Py, are found by Eq. (34), and the losses Pj,.;, — by the expression:

n+l ~ . .o~ ~ n+l . . n+l -
Ploc[u = lem(Ici]u,m +Icilu,m)zlci Zlleu,m +Ici ZlRm]u,m' (39)
m= m= m+

In an isolated loop, however, in accordance with the second Kirchhof’s law
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n+l . n+l ~

Z leu,m = Z leu,m :0; (40)
m=1 m=1

hence

Bocin =0 (41)

The power losses due to interaction of currents I.; and ['u,m are zero, which
means that in a non-uniform loop the power losses are greater than in a uniform
one only by the losses Pj,; due to circulating current I, These losses are calculated
as the product of the summary active resistance of a loop and the squared
circulating power module.

The advisability of measures to be taken to reduce losses depends on the
savings that could be obtained due to elimination of losses Pj,;.

5. MEASURES TO RAISE THE EFFICIENCY
OF CLOSED NON-UNIFORM LOOPS

According to expression (33) the voltage drop in a PL loop as a result of
circulating current is equal to the summary delta moment of load currents in the 4-

no. n+l
direction 3. I;, > AXy,; , being in phase quadrature to it. To upgrade a loop, the
k=1 i=k+]

circulating current is to be eliminated, and for this reason the opposing voltage is
applied (in the opposite direction to the voltage drop, hence also in quadrature to
the mentioned delta moment of load currents). Its direction relatively to the
circulating current can be determined using Egs. (32) and (33):

U, . n+l
I'Cl = Dyzx ZRm . (42)
m=1

ci

The angle between these values, observing (28), is found from the ex-
pression:

n+l

U . 2y,
arg(—=<) = arg(b,s, ) = arctg ”r’:r} . (43)
ci sz
m=1

However, this angle is poorly informative, so we shall proceed further. If the
place for installation of a booster transformer is at points 4 or B, through it current
I or I flows instead of I, or I . By virtue of (33) and (23) we obtain:

i, S A
&_ 'nilR k=1 l,ki:kJrl i (44)
j _Jm71 I n+l . n+l :
4 B X1 2R
k=1 i=k+1

From (44) it follows that the angle between the A-direction current in a
uniform (or upgraded) loop and the opposing voltage is:
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no. n+l
U 2l X AXyy
ﬂzalrg[.—c’=7r/2+arg(k:1 - l:k+}'ll+l ). (45)
4 Xl LR
k=1 i=k+l

It is assumed that the phase 4 voltage is a real quantity. Then angle ¢
between current /, and the phase voltage is

p=arg(l,). (46)

Angle J between voltage drop U, and phase voltage U s 1s the sum:

o=p+¢. 47

It is obvious that the opposing voltage is not in quadrature to the phase
voltage (as is sometimes asserted in literature, see, e.g. [5; 9; 10]), which is proved
by the examples using previous formulas. The opposing voltage is in quadrature
to the phase voltage exclusively when all loads are fully shunt-compensated (in
this case there is no reactive current in the branches). This can reduce the
effectiveness of measures against circulating current using a quadrature booster in
the cases of poorly compensated reactive loads.

As concerns the opposing voltage magnitude, it depends on a PL loop’s
parameters, which manifest themselves in AXy, ;and in the complex values of load

currents /;;, k= 1...n. This means that the communication tools should be ready to
transmit these load quantities to a control device, which would process the
incoming data and issue the necessary command to a booster transformer to match
the magnitude of opposing voltage and its direction.

The place for installation of a booster transformer in the loop should be
chosen in such a way that the rated total power is the minimum. This means that
the booster transformer is to be installed at one of the two points, 4 or B, at which
the module of current is smaller.

The opposing voltage is oriented towards a feeding terminal current (i,
or i) at 90° only when all loads are fully compensated or compensated to the
same degree. If this voltage is not in quadrature to the terminal current, the booster
transformer has to transmit both reactive and active power. If installed at some
point inside a loop, its power can be lower but the opposing voltage will be still
more dependent on the loads in the loop.

The measure based on the use of a quadrature booster has, however, a
shortcoming: for its successfulness two quantities should be regulated — the
magnitude and the angle of opposing voltage. The booster transformer method is
rather expensive even when it has only the magnitude regulation, to leave alone the
angle regulation.

As an alternative option, we will consider the one involving circulating
voltage, with the use of Eq. (25) for the circulating current and Eq. (19) for branch
impedance Z;, i.e.:
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. . on+l o, no. n+l1 Z—l m p n+l
Ui=14 2 Z, =12 L1 X AX;=25—3% 1) XR]. (48)
m=1 k=1 i=k+1 ZR k=1 i=k+1
m
m=1

We will try to make useless circulating voltage by changing the parameters
of'a PL loop. So, when

U, =0, (49)
we have
n+l n . n+l
2AX, X Il’k 2AX;
m=1 _ k=1 i=k+l
n+l T oon . n+l : (50)
2R, Xl 2R
m=1 k=1 i=k+1

The right-hand side of Eq. (50) depends on the load currents and on the
parameters of 2 ... n+1 branches and will remain unchanged. It is convenient to
present this side as

no. n+l

Y I TAX,

S = e, G
Xl 2R

k=1 i=k+1

With the existing line loop parameters equity (50) is not fulfilled, so it would
be worthwhile to change the numerator or the denominator. The active resistance
cannot be reduced; at the same time, it would obviously be contra-productive to
raise it. Therefore we will change the numerator by adding to it some comple-
mentary reactance X..

Now, observing (51), we have

n+l n+l
X+ X AX, =tgayy 2R, (52)
m=1 m=1

which, observing (26), gives the sought-for complementary reactance as

n+l

m=1

The complementary reactances calculated for branch 4 and B have opposite
signs. It is so since currents I, and /; are directed oppositely, while the opposing
voltage is oriented in the same directions in branches 4 and B. If X, calculated at
terminal A4 is positive, it can be realized connecting the inductance in series with
branch A. The same result can be achieved if we calculate the complementary
reactance at terminal B and connect it in series with branch B. This reactance, being
negative, can however be provided by capacitors. If at terminal 4 the comple-
mentary reactance is negative, then at terminal B it will be positive. In practice, a
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more advantageous choice of complementary reactance (a current reactor or
capacitor) can be made. The option of involving both loop terminals, at one of
them being inductance and at the other — capacitance, can be considered as well.

When analyzing Eq. (51) it turns out that tgas, is real only when all load

currents are shunt-compensated to the same degree, since complementary reactance
X. also is real by this condition. In this case, the complementary reactance is more
advantageous as compared with a booster transformer, since the latter requires
regulating the magnitude and angle of the opposing voltage by the mentioned con-
dition. The complementary reactance should be regulated if all loads change in
time disproportionately with respect to each other.

6. CONCLUSIONS

1. In a non-uniform PL loop the power losses increase by the product of the
loop’s active resistance and the squared circulating current.

2. The voltage of a booster transformer should be in quadrature to the phase
voltage exclusively when all loads are fully shunt-compensated. There exists
dependence between the magnitude of a booster transformer’s voltage and its
orientation against the phase voltage on the one hand, and the loop branch
impedances and loop node load data on the other.

3. The booster transformer’s voltage is oriented towards the feeding terminal
current (I, or Iz) at 90° only when all loads are fully compensated or
compensated to the same degree. If this condition is not fulfilled, a booster
transformer transmits reactive and active power.

4. Complementary reactances connected in series with branch 4 or/and B are
calculated based on the parameters of PL loop branches.

5. Complementary reactances calculated for branches 4 and B have opposite
signs. A positive reactance is realized using inductance (e.g. a current reactor)
and a negative — using capacitance (capacitors). In practice, it is necessary to
make appropriate choice as to what reactance (positive or negative or both)
and, correspondingly, in what branch should be applied.

6. For the best results, complementary reactance can be regulated in the case
when loads change in time disproportionately.
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SLEGTIE GREDZENVEIDIGIE TIKLI,
TO EFEKTIVITATES PAAUGSTINASANA

J. Survilo
Kopsavilkums

Atskiriba no radialajam elektriskajam Ilmijam slégtaja gredzenveidiga tikla
patéretaji tiek baroti no divam pusém. PriekSrociba ir ta, ka ir lielaka elektro-
energijas piegades droSiba un labaka elektroenergijas kvalitate, ka ari mazaki
elektroenergijas zudumi. Bet zudumi ir mazaki tikai tad, ja tikls ir homogéns, kas
ne vienmer 1stenojas praksé. Nehomogegnajos tiklos ir cirkulgjosa strava, un zudumi
palielinas par lielumu, proporcionalu cirkuljosas stravas kvadratam. Lai samazi-
natu zudumus nehomogénaja gredzena, ir janovers cirkul&jo$a strava. Sim nolikam
lieto buistertransformatoru. Ir pienemts, ka biistertransformatora spriegums ir versts
taisna lenkT pret fazes spriegumu. Sie pétijumi paradija, ka §adi var iegiit vislaba-
kos rezultatus tikai tad, kad visas liniju gredzena slodzes ir aktivas, citadi lepkis ir
jaregul€. Ar1 sprieguma vértiba jaregulé atkariba no slodzém. CirkulgjoSo stravu
var arl novérst, ieslédzot sakuma zaros papildus reaktivo pretestibu. ST pretestiba ir
jaregulg, ja slodzes mainas laika neproporcionali sava starpa. Vislabakais rezultats
ir sasniegts, kad visam gredzena mezglu slodzém ir vienads cos ¢. Ja papildus
pretestiba, rekinata pie viena gredzena gala, ir pozitiva, tad papildus pretestiba,
rékinata otra gredzena gala, bils negativa un otradi. Jaizvelas labakais variants, tai
skaita izmantojot abus gredzena galus.
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