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A Critical Cross-Examination on Load-Balancing
Transformers for Distribution Systems

D. Ahmadi, M. Tavakoli Bina, Senior Member, IEEE, and M. Golkar

Abstract—A load balancing transformer (LBT) has already been
suggested for improving the unbalance of three-phase primary cur-
rents. Each phase includes one extra pair of coupling windings in
addition to the usual primary and secondary windings. Two cou-
pling windings, located on two different phases, are made in series,
where the resulting circuit is then reversely paralleled with the sec-
ondary winding placed on the third phase. Under unbalanced con-
ditions, the load currents are distributed between the coupling and
secondary windings that are supplied through different primary
phases. This paper proposes a method in order to define all pos-
sible LBTs, which paves the way to cross-examine and select the
best connections of windings for the LBT. Starting from the orig-
inal LBT, it is shown that the best LBT is practically connected,
such as a zig-zag winding. Then, a novel idea is suggested in which
a controller and some four-quadrant semiconductor switches con-
tribute to the improvement of the performance of the LBT. These
switches should control the amount of current transfer from one
phase to another. A combinatorial selection problem is arranged
to find the best way of switching modulation. Both simulations and
experimental works (using a designed 12-kVA laboratory proto-
type) verify the studied examination and proposals, showing the
switch-mode zig-zag LBT as having the best performance.

Index  Terms—Load-balancing transformer, optimized
switching, unbalanced condition.
NOMENCLATURE
CVv Configuration vector.
81, B2, B3 Coefficients of the CV.
A1, A2, As Elements of the connection
matrix.
i,j,k Three per-unit phasors

sequentially having 120°
phase difference.

Zero, negative, and positive
sequence of the primary

Ipo,Ip,Ipy

currents.
Is1,Ig9, 153 Secondary load currents.
Z Transformation matrix

that connects primary and
secondary currents.
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C1,C5,C4 Switching values related to
the six coupling windings of
a single-stage switch-mode
LBT.

51,892,853 Switching values related

to the three secondary
windings of a single-stage
switch-mode LBT.

C11,C12,0%1,C5,C31,C32  Switching values related
to the twelve coupling
windings of a two-stage

switch-mode LBT.

Switching values related to
the six secondary windings
of a two-stage switch-mode

511,512, 521, $22, §31, $32

LBT.
RC Released capacity by the
LBT in percent.
CUF Current unbalance factor.
Mag Magnitude of zero and

negative unbalance factor.

NWp, NWg, NW ¢ Number of windings
assigned to the primary,

secondary, and coupling.

NTp,NTg,NT¢ Number of turns assigned to
the primary, secondary, and

coupling windings.
1. INTRODUCTION

NBALANCED condition is coined with the operation of

distribution networks. It may cause one phase of the sub-
station transformer (20 kV/400 V) to reach its rated value ear-
lier, while the other two phases operate well below their nominal
ratings. Hence, the capacity of the substation transformer has to
be increased, which raises the investment cost along with the
variable cost of substation transformers because of the unused
available capacity. Unbalancing in distribution networks also
increases the power losses of the conductors, creates zero-se-
quence voltage drop on the neutral wire, as well as voltage drop
across the network.

It is noticeable that the variation of single-phase loads can
be regarded as a fuzzy-random behavior across the distribution
network [1]. Also, since single-phase loads are not uniformly
distributed, it is almost inconceivable to manage a complete
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balance for a distribution network. However, some techniques
have been previously proposed to reduce the unbalance and its
side effects. One approach is the usage of static compensators in
order to modify the network admittances [2], [3]. Single-phase
loads can be switched ON/OFF in a way that constantly changes
the network admittances. While this method could be expensive
for distribution networks, it would be practically hard to achieve
too.

Synchronous condensers and induction motors can also
absorb negative components of current as rotating balancers.
This approach might be expensive due to the high cost and
power losses. The use of flexible ac transmission (FACTS)
controllers is another technique that recently has made promi-
nent theoretical progress [4]-[8]. The employment of these
devices relies on advances of technology in order to deal with
technical issues, such as harmonics, efficiency, and implemen-
tation process. Also, active filters [9]-[14] or a combination of
FACTS controllers and active filters [13] have been proposed
which are expensive that have complications in design, control,
and implementation. In the meantime, all of these devices are
unable to supply energy to the load unless the required energy
is supplied by an external source into these static compensators.

This paper proposes some modifications on the structure of
the originally suggested load balancing transformer (LBT) in
order to improve the balancing performance. Suggestions in-
clude a number of additional coupling windings along with a
number of four-quadrant switches in series with those coupling
windings. Hence, a controller is designed to examine the best
switching combination. In fact, a combinatorial optimization
program will manage this task by looking for the most desir-
able balanced situation for the LBT. Both the balancing trans-
former and the suggested switches along with the controller are
simulated with MATLAB. Simulations confirm that the modi-
fied switch-mode balancing transformer introduces a better bal-
ancing outcome compared to the original LBT. Furthermore, a
modulated 12-kVA LBT (including 12 switches) was designed
and developed to examine the performance of the modified LBT.
Three AVRATMEGAS8 monitors the unbalanced current, and an
AVRATMEGA16 microcontroller was used to manage the se-
lection of the best switching status. Experimental results verify
the capability of the switch-mode best LBT over the earlier
cross-examined versions in terms of tackling the load unbal-
ance. In brief, simulations and experiments show that the final
suggestion, the switch-mode best LBT, offers several advan-
tages such as the lowest unbalance of the primary currents, the
highest released capacity for the distribution transformer, lower
cost, weight, and volume compared to the other kinds of the
LBT, and capable of simultaneous mitigation of the negative-
and zero-sequence components.

II. BACKGROUND DISCUSSIONS AND ANALYSIS

A special distribution transformer is suggested in [15] to bal-
ance the source-end current of an unbalanced load. In this trans-
former, the three-phase secondary windings are connected to-
gether in a special way such as the topology shown in Fig. 1.
This connection is arranged in a way that the secondary of each
phase consists of three windings; for example, a winding on
column T1 (A) is in series with a winding on column T2 (E),
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Fig. 2. Current distribution for the ordinary load balancing transformer. (a) A
specific current distribution. (b) Various possible distributions.

where the resultant combination is inversely paralleled with a
winding on column T3 (Y3). In this kind of transformer, two-
thirds of the load current flow through one winding and the re-
maining one-third through a set of two series windings. For ex-
ample, according to Fig. 1, two-thirds of the load current that
is connected to point 3 of the secondary side are supplied by
winding Y3 and one-third by the two windings A and E. Hence,
the load current at each phase is not equally supplied from three
primary phases [shown in Fig. 2(a) and (b)].

A. Expansion of the Idea of the LBT

The proposed configuration of Fig. 1 ([15]) can be further
generalized. Here, a general procedure is suggested to create
new configurations for the LBT. Assume three windings are lo-
cated on three separate arms of the transformer. Furthermore, let
us consider three per-unit phasors i, j, and k sequentially having
120° phase difference. Then, a linear combination of these vec-
tors can be formed as the configuration vector (CV) as the sec-
ondary-side load voltage

CV = Bii + Baj + B3k (1

where three real parameters [31, 32, 3] represent the configu-
ration vector. Hence, the number of required windings for each
CV is smaller than or equal to three. Since further CV's can
also be paralleled with the available CV, the larger the number
of C'Vs, the larger the number of the necessary secondary wind-
ings. For example, the original LBT includes two CVs; the first
CV is represented by [0, —1, —1], paralleled with the second
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CYV described by [1, 0, 0]. The number of nonzero elements of
all CV's shows the number of the needed secondary windings
for each phase; here, 3 x 3 gives nine secondary windings for
three phases in total.

Further, it is noticeable that three-phase systems need three
different phasors having the same magnitudes along with iden-
tical 120° phase differences for each selected CV in order to
be regarded as an acceptable configuration for the balancing
transformer. Fig. 3(a) and (b) shows 15 different possible CV's
(listed in the Appendix). Nevertheless, these acceptable config-
urations should be evaluated based on their eventual balancing
performances, their costs, weights, and dimensions. Here, four
possible CV's among many possible designs are listed (the Ap-
pendix lists other CVs related to Fig. 3(a) and (b)) as

[0, —1, —1][|[1,0,0] or — (j + k)|[i
Type 1: ¢ [-1,0,—1]]|[0,1,0] or — (i + k)] )
[~1,-1,0]]|[0,0,1] or — (i + j)||k
[V3,1,—1] or (vV3i+j — k)
Type 2: ¢ [1,—1,v3] or (v3k +i—j) 3)
[-1, V3, 1] or (V3j + k — i)
[0,1,—1] or (j — k)
Type 3 : {[17—170] r(i—j) 4
[-1,0,1] or (k — 1)
[V3, 1, —1]]|[1,0, 2] or (V/3i +j — k)||(i - 2k)
Type 41§ [1, 1, v3]|[[0. ~2,1] or (v3k +i — j)]|(k — 2j)
[1,V3,1][|[2, 1,0] or (V3j + k — )]|(j — 2i)

)

Then, the relationship between the primary-side current
vector (ip) and the secondary-side current (ig) for each choice
can be worked out as follows:

ip = Zis (6)

where the transformation matrix Z relates the three-phase pri-
mary currents (ip) to those of the secondary (ig). The matrix Z
was calculated for connecting configurations shown by (2)—(5)
as follows:

( 2 -1 -1
Z(Conncction type(1)) — % -1 2 -1
-1 -1 2
(057 1 -1
Z(Connection type(2)) = -1 0.57 1
1 -1 057
-1 0 1
Z(Conncction type(3)) — 1 -1 0
0 1 -1
[ 141 —1.43 0.5625
Z(Connection type(4)) = | 0.5625  1.41 —1.43
\ | —1.43  0.5625 1.41

)
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Fig. 3. (a)—(b) Several possible connection ways (CV's) for producing LBT.

The Appendix shows the remaining 11 connecting configu-
rations, where some of them require larger weights and vol-
umes. Also, all 15 combinations shown in Fig. 3 were simulated
by SIMULINK; comparing their resulting primary currents in
terms of their balancing condition singles out the best design
for the LBT as shown in Fig. 4. Interestingly, the secondary
winding of the best design for the LBT is basically the same
as that of a zig-zag winding. This conclusion is obtained based
on the suggested general configuration for the LBT, where here
it is analytically shown as well.

Here, it is shown mathematically that the resulting LBT of
Fig. 4 is the best among all possible CV's. To show this, assume
the relationship between components in the matrix Z for each
choice can be worked out as follows:

A1 A3 Ao
Z(Connection) = /\2 )‘1 A3 . (8)
A3 Ao A
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Fig. 4. Best LBT.

Also, let the secondary currents /g1, Is2, Is3 in (6) relate to
the well-known symmetrical components such as (o = ¢7120")
[16]-[18]

Ipg |ttt 1 Isq
Ip_ | = 3 1 o al|Z)|Is )
Ipy I a o Iss

where Ipg,Ip_,Ipy are zero—, negative—, and positive-se-
quence currents related to the three-phase primary currents
Ipa, Ipp, Ipe. Substituting (8) in (9) and assuming A = Ao/
and B = A3/ result in

Ipo
Ip_
Ip+
1+A+B 1+A+B 1+A+B
= 1—-A B—-1 A-B
1-B B—-A A-1
0 0 0 I
+a|B—-A A-1 1-B I (10)
A-B 1-A4 B-1 I

Then, partial differentiations of |Ip_| with respect to A and
B are set to zero to achieve the minimum value for |Tp_|. Sim-
plifying the equations will eventually result in |[A — B| = 1.
At the same time, according to (10), |Ipo| will be zero, when
A+ B+ 1 = 0. The combination of these two outcomes sug-
gests two possibilities for A and B as shown in Table I.

Hence, considering either the first or the second row (Ay = Ay
and A3 = 0), the resulting impedance matrix matches the third
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TABLE 1
POSSIBLE VALUES FOR A AND B
A B
-1 0
0 -1

connection type presented in (7) that matches Fig. 4. Therefore,
Fig. 4 is the best connection arrangement for windings of the
LBT in line with the performed simulations.

To compare the original LBT (see Fig. 1) with the best LBT
(see Fig. 4), the resulting relationship (9) can be worked out for
the two cases introduced by (2) and (4) as follows:

Clearly, (11), shown at the bottom of the page, indicates
that some connecting structures (such as (2) and (4)), unlike
other possible connections, have the advantage of transferring
no zero-sequence current from the load to the primary side
of the transformer. This also shows that the resulting best
LBT performs like the original LBT in terms of zero-sequence
unbalance, providing a slightly better current unbalance factor
as well as identical released capacity as shown in Section V.
However, the cost, weight, and volume of the best LBTs are less
than those of the original LBT because of fewer windings for
the optimal LBT. The next question is whether the performance
of the best LBT can be improved further. The following section
studies a switched-mode proposal to address this question.

III. SUGGESTING MODIFICATIONS TO THE LBT

The LBT can compensate the unbalance of grid networks,
lowering the unusable capacity of the distribution transformer.
This freed capacity of the distribution transformer can then be
made available for selling to the consumers. One disadvantage
of these transformers, however, is that the level of unbalance
distribution of primary currents is only decided by the inflex-
ible distribution of secondary load currents as shown typically
by the constant connecting matrices in (7). This issue will not
only lower the performance of the balancing transformer, it can
also accentuate the current unbalance of the primary side. Thus,
to distribute the currents among the three primary phases more
evenly, a switch-mode proposal is presented here to enhance
the flexibility in selecting the path of secondary currents. It
is noticeable that each secondary phase includes two parallel
branches, as shown in the equivalent circuit of Fig. 5, which
essentially makes both branches have identical voltage magni-
tudes and phase angles.

([ Ipo ] [0 0 0
Ip_ =1 |1 —-05-;0.866 —0.5+;0.866 | Is
:IP+: Connection type (1) I 1 —0.5+50.866 —0.5— j0.866 an
Ipo 0 0 0
Ip_ =1 1 —0.5 — j0.866 —0.5+ j0.866 | Ig
| L2P+ ] Gonnection type ) | 0.5—0.866 0.5+ j0.866 -1
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Fig. 5. Equivalent circuit of the LBT for each phase.
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Fig. 6. Suggested switch-mode topology including six additional switches.

A. Modified LBT

To control the primary currents, the structure of the LBT
is modified, as shown in Fig. 6 by adding two switches to
each secondary phase. Considering Fig. 5, the inclusion of one
switch per branch (both secondary winding and series coupling
winding) needs two switches per phase. In total, six switches
are responsible for the regulation of primary currents. While
two switches of each phase can be turned ON simultaneously, at
least one branch must supply current to the load. Otherwise, the
continuity of the load current will not be satisfied in practice
(i.e., simultaneous turnoff is not allowed for the two switches
of each phase).

Meanwhile, turning one switch off would lead to the discon-
nection of either the series coupling windings or the secondary
winding; this implies a change in the distribution of load cur-
rents among the primary phases of the LBT. Then, the problem
is narrowed down to the selection of the best possible switching
states in performing the balancing task of the transformer.

1) Analysis and Operation of the Modified LBT: Fig. 6 shows
that three switches s1, s2, and s3 connect the secondary wind-
ings Y1, Yo, and Y3 to the three phases numbered as 1, 2, and
3. Also, coupling windings B and F are connected through the
switch C; to phase 1, C and D through the switch C to phase 2;
finally, A and E are through the switch C3 to phase 3. Consid-
ering phase 1, when the switch C is turned ON and s; is OFF,
the secondary current at phase 1 is supplied through the cou-
pling windings B and F by the primary phases a and b. When
the two switches C and s; are turned OFF and ON, respectively,
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TABLE II
ALL COMBINATIONS OF THE TWO SWITCHES PER PHASE
C, S Ipa Ipy, Ipc
1 1 -0.33i -0.33iy 0.66i
0 1 0 0 i)
1 0 - g - g 0
0 0 Not allowed

then the secondary current at phase 1 is totally supplied by the
primary phase c. At last, when switches Cy and s; are turned
ON, two-thirds of the secondary current at phase 1 are supplied
by primary phase c, and the remaining one-third is through B
and F by the other two primary phases a and b (see Table II).

Hence, considering possible switching states for the other two
phases, primary and secondary currents can be described by
using the following relationship:

Ipa ]{}1—1 k’g—l k’g 151
Ipy | = | k1 —1 ko ks —1 Iso (12)
Ip. kq ko—1 k3—1 Is3
where three values k1, k2, and k3 can be given as follows:
251
ki = 22+01
k2 = 2+Sé‘2 (13)
_ 2s
ks - 2-‘,—53

where the six switching states si, ss, s3, C1,Co, and Cy are
equal to 1 when they are turned ON, and O for OFF position. It
is noticeable that (12) still holds for the original LBT if k1 =
ko = ks = 2/3 (see Fig. 4).

Since there are three possible switching states for the two
switches of each phase in practice, 27 possible switching sta-
tuses are available for a three-phase combination in total. A
real-time control program can be arranged to perform the se-
lection of the best switching status based on the load condi-
tion. Thus, samples of the load currents are taken and supplied
to a microcontroller. Then, based on a preset objective func-
tion (e.g., lowering primary current unbalance percent, power
losses minimization, or the used capacity maximization), all 27
switching states are examined and the most suitable switching
combination is selected. This algorithm would start by selecting
another switching status whenever the differential peak of the
three-phase currents during two consecutive samples goes be-
yond a certain adjustable level. It can also be adjusted to repeat
the whole algorithm every 5 min (adjustable) in the case that
the load varies smoothly (the daily load profile of distribution
feeders usually changes smoothly).

In brief, the advantages obtained from including switches can
be named as having control of the distribution of currents among
the three primary phases along with affecting the released ca-
pacity by the LBT (see Tables IV and V, which summarize the
outcomes of simulations and experiments).

B. Generalization of the Proposed Modification to the
Multistage LBT

Another suggestion could be the increase of the number of
secondary or coupling windings. Thus, the number of switches
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Fig. 7. Generalized switch-mode topology proposed for the LBT.

Fig. 8. Equivalent circuit of the two-stage switch-mode LBT for each phase.

per phase can be increased, arranging a significant number
of possible switching states for the controller. However, it is
noticeable that increasing the number of windings and switches
affects the cost of the transformer as well as the protection
and maintenance of the LBT. Fig. 7 shows a typical two-stage
switch-mode LBT. Six switches s11, $12, S21, S22, S31, and S3o
connect six secondary windings Y11, Yo1, Y12, Yoo, Y31, and
Y 32 to three phases numbered from 1 to 3, respectively. Also,
six switches Cq1,C1a,Cs1, Cog, C31, 32 connect six set of
two coupling windings in series (By,F1), (B2, F2), (Cy, Dy,)
(Cs, Da,) (A1, Eq), and (As, Es) to three phases numbered
from 1 to 3, respectively.

An equivalent circuit for phase 1 of the two-stage LBT in
Fig. 7 is shown in Fig. 8. There are different switching com-
binations for controlling the unbalance of the primary-side cur-
rents. For example, when only the switch C7; is turned ON, the
secondary current at phase 1 is supplied through the series cou-
pling windings (B, F1), balancing this secondary flux through
the primary currents in phases ¢ and b. When only the switch
S12 is ON, then the secondary current at phase 1 is totally sup-
plied by the primary phase c. When two switches (either C14
or C12) and (either S1;1 or Si2) are turned ON, two-thirds of the
secondary current at phase 1 is supplied by primary phase c,
and the remaining one-third are through primary phases a and
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TABLE III
POSSIBLE COMBINATIONS OF THE FOUR SWITCHES PER PHASE IN FIG. 7

Ci | Cia | s | S12 | Ipa Ipp Ip.

1 1 1 1 -0.33 iy -0.33 iy 0.66 i
1 0 1 0 -0.33 iy -0.33 iy 0.66 iy
1 0 0 1 -0.33 iy -0.33 iy 0.66 iy
0 1 0 1 -0.33 iy -0.33 iy 0.66 iy
0 1 1 0 -0.33 iy -0.33 iy 0.66 iy
1 1 1 0 -0.5 iy -0.5 iy 0.5
1 1 0 1 -0.5 iy -0.5 iy 0.51
1 1 0 0 - g - g 0

1 0 0 0 - ig - iy 0

0 1 0 0 - iy - iy 0

1 0 1 1 -0.2 iy -0.2 iy 0.8 i
0 1 1 1 -0.2 iy -0.2 i 0.8 i
0 0 1 1 0 0 isi

0 0 1 0 0 0 isl

0 0 0 1 0 0 isi

0 0 0 0 Not allowed

b. Details of all possible switching combinations and their re-
lated primary and secondary currents are listed in Table III.

Considering the single-stage LBT, it can be seen from Fig. 5
that two-thirds of the secondary current is supplied by one of the
primary windings and the remaining one-third is supplied by the
other two primary windings. Meanwhile, the secondary side of
the two-stage LBT (see Fig. 7) includes two secondary windings
along with four coupling windings per phase as shown by the
equivalent circuit in Fig. 8. Five switching states can be found
for each phase with which the primary currents can be regulated
toward a desirable unbalance level. Hence, considering possible
switching states for all three phases, still primary and secondary
currents can be described by using Z in (12), where the values
of k1, ko, and k3 can be given as

— 2811 2812
k1= 2+5124+C11+C12 + 2+511-|2-011+C12
— S21 S22
ko = 2+s522+C21+Ca2 + 2+s21+C21+Co2 * (14)

S31 S32

T 2+4s32+C31+C3z2 + 2+4531+C31+C32

>
w
I

Practically, five possible switching states for the four switches
per phase makes 125 switching statuses for a three-phase com-
bination in total. Combining (6) and (9) with (12) will result in

Ipg 3k —2 3ke—2 3k3—2 Isy
Ip_ = 1 012 (07 ISQ (15)
Ipy 1 o o? Iss

According to (11), while the original LBT has no effects on
positive- and negative-sequence currents, it significantly miti-
gates the zero-sequence components. This can also be achieved
by using conventional delta-star distribution transformers, re-
quiring no extra coupling windings that increase the weight and
volume of the transformer. Moreover, according to (15), the ad-
dition of extra switches to the original LBT (both single stage
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and two stage) not only has no effects on positive- and nega-
tive-sequence components, it also imposes zero-sequence com-
ponents to the primary side of the transformer. These discussed
LBTs are only capable of distributing the overload of the sec-
ondary phases over the primary phases. In fact, the only advan-
tage of the original as well as the modified LBT is the possi-
bility of releasing the unusable capacity of transformer under
overloaded unbalanced conditions compared to the conventional
distribution transformer. Hence, the following section examines
further modifications to the best LBT in order to compare its im-
provement in terms of its primary negative-sequence unbalance
factor, released capacity of transformers, as well as their costs.

C. Modified Optimal LBT

While the obtained best (optimal) LBT (see Fig. 4) also suf-
fers the lack of control on the primary currents, a multistage pro-
posal can be applied to the best LBT as shown in Fig. 9. Six cou-
pling windings along with six switches are added to the available
optimal LBT shown in Fig. 4 in order to achieve a switch-mode
single-stage optimal LBT. Itis noticeable that the additional par-
allel branches are essential to control primary currents. At the
same time, instantaneous voltages of these branches, which are
connected to each secondary phase, have to be equal. Thus, the
CV of the single-stage optimal LBT can be given as follows:

[1/27170]”[_1/2707_1] or (J i)“(_k_
[1,0,1/2]]|[0,—1,—1/2] or ( k)||||(—j

1
i+ 3
[07 1/27 1]”[_17 _1/270] or (k+ %j) (_1

— 3J)
(16)

This combination enables the controller to regulate the cur-
rent through the secondary and coupling windings.

1) Analysis and Operation of the Modified Best LBT: Here,
the modified best LBT is suggested to improve the unbalance of
primary currents. Assume the turn ratio between the secondary
winding and the coupling winding is equal to two. Fig. 9 shows
that windings Y17 and B, are connected through the switch S
to phase 2, Y3z and Fo through the switch Sss to phase 2, Yo
and Bj through the switch Si5 to phase 1, Yoo and F3 through
the switch Sos to phase 1, windings Y271 and B are connected
through the switch S5, to phase 3, where Y31, F; are connected
through the switch S3; to phase 3. Thus, when the two switches
S12 and So9 are turned ON and OFF, respectively, the secondary
current Ig; is supplied through the secondary winding Y15 and
the coupling winding B3 by the primary phases a and c¢; when
S12 is OFF and S is ON, the secondary current Ig; is supplied
through the secondary winding Yo and the coupling winding
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Fig. 9. Single-stage switch-mode proposed topology for the best LBT.

F3 by the primary phases b and c¢; when S12 and S5, are turned
ON, the secondary current Ig; is totally supplied through the
secondary windings Y12 and Y3, by the primary phases a and b.
This design and analysis can also be generalized to a multistage
topology as described earlier in Section III-B for the optimal
LBT.

Hence, considering all possible switching statues for the three
phases, primary and secondary currents can be related as fol-
lows:

IPa 5125-11-2522 51_1i15132 2(521 - 531)
Ipy | = 51:+25222 2(532 o 511) 521511531
Ipe 2(512 - 522) Si 15-?3532 52_1-7-35131
Is:
X | Iso a7
Iss

where Ip,, Ipy, and Ip. are three-phase primary currents; and
Is1, Iss, and Ig3 are three-phase secondary currents. Also, the
values of Si1, 512,921, S22, 531, and Sss are equal to 1 when
they are in the ON state, and O in the OFF position. Applying
the same approach as that given for the modified LBT [see
(12)- (15)] to the modified best LBT leads to the following
relationship:

While the original and switch-mode LBT were unable to im-
prove the current unbalance factor (CUF) worked out according
to the IEEE definition, the modified best LBT is capable of im-
proving the CUF in a flexible manner based on (18), shown at
the bottom of the page.

(512—522)><2(Sf2—552)

(S32—511)x2(S3,—57,)

(S21—S5a1) X2(S3, —53,)

Ipg (512+52§ , ) S11+S32 Sa1+S31 Is1
2(9a2 2 2 2
Ipo | = | 4o o(smtosiim2st) | | aesto2st—sw) _q, 2Sh-25h-asu | |, (18)
I 1+ S12+S22 ‘) 1+ S11+S32 + 5 521-12'531 5 I
P+ 1+ 042(522'1’25%2_2552) —1+4 (282,257, —5S32) -1+ 255, =255, —a” Sos S3
S12+S22 S11+532 Sa1+S31
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TABLE 1V
SIMULATED RANGE OF RC', CUF, AND EFFICIENCY FOR DIFFERENT LBTS

Released NEMA - n
Capacity Standard IEEE standard (%)
Excludi
k% | pero TE | WAL | W] | Mag
0, 0, 0,
Sequence (/0) ( /0) ( A))
Load _ 26.79 3780 | 37.80 | 53.45 -
Original 18.46 2679 | 37.80 0 3780 | 99.4
LBE : 4 . . 4
Best LBT | g 5 26.79 359 0 359 | 995
(Zig-zag)
One-
stage
Switch- 27.37 26.79 3780 | 1230 | 39.70 | 99.3
Mode
LBT
Two-
stage
Switch- 18.96 26.79 3780 | 1512 | 4070 | 98.8
Mode
LBT
Switch-
Mode 27.76 11.16 1280 | 2329 | 2657 | 99.1
Best LBT

0.04 0.06

(c) Time(s)

0.04
(@ Tirme(s)

s

0.06

0.02

0.04
Time(s)

0.08

Fig. 10. (a) Simulated secondary-side unbalanced load currents (3.03¢~9-28°
(A), 12.09¢77120-66° (A) §.04¢7119-63° (A)), and resulting primary cur-
rents under four different proposed LBT topologies. (b) Original LBT (see
Fig. 1: (10.22¢79118:63° (A), 7.88¢795:65° (A), 5.78¢/11-22° (A))). (c)
Single-stage switch-mode LBT (see Fig. 6: (8.78€90-8° (A), 5.56¢7144.76°
(A), 7.98¢77144.62° (A))) (d) Two-stage switch-mode LBT (see Fig. 7:
(6.09€799-57° (A), 10.16e—911883% (A), 5.5¢95-83° (A))). (¢) Switch-mode
optimal LBT (see Fig. 9: (5.52¢3221-8° (A), 8.48¢7102-57° (A), 9 58¢~712.78°
(A))).

IV. TYPICAL SIMULATIONS

Assume three single-phase resistive loads (66 2, 16.5 €2, and
33 2) are connected to secondary-side phases 1, 2, and 3. This
three-phase load combination consumes purely active power,
where no pure reactive compensators (neither switch-mode
nor passive inductors/capacitors) are capable of distributing
pure active power among the three phases directly. Further, the
values of unbalanced resistors are identical for both simulations

and experimental work. Four different simulations are arranged
with MATLAB in which the unbalanced load is examined by
using the original LBT (Fig. 1), the single-stage switch-mode
LBT (Fig. 6), the multistage switch-mode LBT (Fig. 7) and
the switch-mode optimal LBT (Fig. 9). Fig. 10(a) shows the
three-phase unbalanced load currents. It can be seen from
Table IV that the magnitude of the unbalance factor for the
load currents (Mag = [(I_/11)* + (Io/11)?]"/?) is 53.45%
calculated based on the IEEE definitions [19], and 26.79%
based on the NEMA definition [20] (excluding zero-sequence
unbalance). Also, the released capacity (RC) of the four de-
signs is calculated based on the formulation given in [21]

3 maX(pavpbvpC) - Zj:a,b,cpj

RC% =
! 3max(pa7pb7pc)

x 100.

(19)

Then, using the concept of mutual inductances in [22], four
different simulations were performed to look into the perfor-
mances of the four different LBTSs, concentrating on reducing
the unbalance of primary currents. Fig. 10(b) introduces simu-
lations for the original LBT, Fig. 10(c) those of the single-stage
switch-mode LBT, Fig. 10(d) those of the two-stage switch-
mode LBT, and Fig. 10(e) for those of the single-stage switch-
mode optimal LBT. Table IV lists the resulting unbalance fac-
tors of the four LBTs using the IEEE and NEMA definitions.
The efficiency (7), the released capacity (RC), and the calcu-
lated unbalance percents show some facts about various exam-
ined LBTs in comparison with the available load unbalance per-
cent as follows.

* The original LBT cancels zero-sequence currents, having

no effect on the negative-sequence component.

e The proposed single-stage and two-stage switch-mode

topologies make the unbalance even worse than the orig-
inal LBT.
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TABLE V
EXPERIMENTAL COMPARISONS OF RC' AND CUF FOR DIFFERENT LBTS

/
£

Fig. 11. Developed modular design of the LBT for practical examination of the
four various cases.

* The single-stage switch-mode best LBT not only lowers
zero sequence, but also lowers the negative-sequence com-
ponent of the primary currents.

* The magnitude of the IEEE unbalance percent (M ag%)
for the switch-mode best LBT proposal is much better than
other examined cases.

* The released capacity of the switch-mode best LBT is
higher than other examined cases.

» The high efficiency of the switch-mode best LBT is lower
than the original LBT of about 0.3%.

* The best LBT (see Fig. 4) was also simulated, showing
somehow better performance than the original LBT (see
the third case in Table IV).

V. EXPERIMENTAL VALIDATION

To verify the detailed performed analysis and simulations on
the proposed LBT and the original LBT (Fig. 1), both single and
two-stage switch-mode LBTs (Figs. 6 and 7) and the switch-
mode optimal LBT (Fig. 9) topologies were implemented as
shown in Fig. 11. This three-phase prototype is rated at 12 kVA,
380 V (20 A). The prototype is a modulated design in which
seven windings per branch (one input along with six center-
tapped (v/3 : 1) output windings) were located on each arm (for
a total of 21 windings). Then, the required number of windings
were used to connect each of the four studied designs according
to the proposed LBT. Twelve switches enable the modulated
design to be arranged in various kinds of the four examined
LBTs listed by Table V. The switches are electrical type solid
state, which are triggered with a dc voltage (18 V for ON state,
and below 3.5 V for the OFF state). Also, a three-phase load was
designed in which the VA of each phase can be regulated by
simple switches. Hence, unbalanced three-phase loads can be
applied to the LBT by adjusting the developed load.

An unbalanced three-phase condition was arranged by using
the developed load in which three resistances of 66 €2, 16.5
Q, and 33 Q (similar to those of the simulations) were con-
nected to secondary-side phases 1, 2, and 3 of the laboratory
prototype, respectively. The unbalanced three-phase load cur-
rents are shown in Fig. 12(a). Then, four different experiments
were arranged, connecting the unbalanced three-phase load to

Released NEMA
Capacity Standard IEEE standard
Excluding
LN |11+ Mag
RC% Zero | o o o
sequence (%) (*0) (%)
Load _ 27.81 42.02 3434 | 5427
Original LBT 18.16 27.47 40.01 6.87 40.59
One-stage
Switch-Mode 27.33 26.23 37.01 10.97 38.6
LBT
Two-stage
Switch-Mode 18.16 30.62 41.76 12.31 43.54
LBT
Switch-Mode
Best LBT 27.33 11.64 12.17 14.75 19.12

the original LBT (Fig. 1), the single-stage switch-mode LBT
(Fig. 6), the two-stage switch-mode LBT (Fig. 7), and the pro-
posed single-stage switch-mode optimal LBT (Fig. 9).

Fig. 12(b) introduces the resulting three-phase primary cur-
rents for the original LBT. One advantage is that the biggest
magnitude in the primary side is smaller than that of the sec-
ondary side [shown in Fig. 12(a)]; but, the primary-side phase
differences are bigger than those of the secondary side. Practical
outcomes of the primary side of the single-stage switch-mode
LBT are shown in Fig. 12(c), releasing higher capacity for the
switch-mode single-stage LBT compared to that of the original
LBT. The magnitude of the IEEE CUF is higher for the pri-
mary side of the single-stage switch-mode LBT than that of the
original LBT (see Table V). Note that six switches are added
to the one-stage switch-mode LBT. Fig. 12(d) demonstrates the
resulting three-phase primary currents of the two-stage switch-
mode LBT. Once again, the CUF has not improved despite the
addition of several windings along with 12 switches to the sec-
ondary side of the LBT. However, the released capacity of this
topology is higher than the other two LBTs [see Fig. 12(b) and
(c) and Table V].

The last picture, Fig. 12(e), depicts practical outcomes of the
primary side of the single-stage switch-mode best LBT. This
optimal topology improves the IEEE CUF as well as that of
the NEMA. Interestingly, it affects negative- and zero-sequence
components unlike the other three examined LBTs. Also, the
phase-angle balance between the three phases is improved com-
pared to other topologies. Practical results verify the optimal
switch-mode LBT as the best examined LBT under unbalanced
conditions. Experimental results shown in Figs. 12(a)—(e) (each
vertical unit is equal to 2.88 A) can also be compared with those
of the related simulations illustrated by Figs. 10(a)—(e). Table V
summarizes the experimental calculated released capacity, the
unbalance factor, and efficiencies of different LBTs in compar-
ison with those of Table IV.

Furthermore, the number of windings and turns as well as
the volume of different suggested switching-mode LBTs can be
compared for the developed prototype accordingly. Assume the
apparent power and the magnetic flux density are equal to 12
kVA and 1.2 Tesla, respectively. Then, using the worked out
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Fig. 12. (a) Unbalanced load currents, and experimental primary currents when
applying the unbalanced load to (b) the original LBT (Fig. 1), (c) the single-stage
switch-mode LBT (Fig. 6), (d) the two-stage switch-mode LBT (Fig. 7), and (e)
the single-stage switch-mode best LBT (Fig. 9).

cross-sectional area of the core (7.5 x 12 cm?), 50 Hz, and the
electromotive force (emf) equivalent to 220 V, the number of
turns for primary windings was calculated to be equal to 92.
Then, using a 1:1 turn ratio (for the laboratory prototype), the

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 25, NO. 3, JULY 2010

TABLE VI
NUMBER OF WINDINGS AND THEIR TURNS FOR THE EXAMINED TRANSFORMERS
NWp | NWs | NWe | NTp, | NTs | NTc
Ordinary 3 3 0 | 20000 38 | o
Transformer
Original LBT | 3 3 6 | 20000 | 380 | 380
One-Stage
Switch-Mode 3 3 6 | 20000 | 380 | 380
LBT
Two-Stage
Switch-Mode 3 6 12 | 20000 | 380 | 380
LBT
Best Switch-
Mode LBT 3 6 6 | 20000 | 224 | 112
TABLE VII
PHYSICAL DIMENSIONS AND COST OF VARIOUS EXAMINED LBTS
Height | Length | Width | Volume | Cost
(m) (m) (m) (m’) )
Ordinary
Transformer | 0.4056 | 0.68 0.16 | 0.04413 | 1158
Original LBT | 5368 | 0.68 0.16 | 0.05840 | 1553
One-stage
Switch-Mode | (5368 | 0.68 0.16 | 0.05840 | 1694
LBT
Two-Stage
Switch-Mode | () 7 0.68 016 | 007616 | 2257
LBT
Best Switch-
Mode LBT 04702 | 0.68 016 | 005116 | 1504

other six secondary and coupling windings also have 92 turns
(each center-taped at 55 turns like the ratio V3 : 1). Tables VI
and VII present the number of turns for the primary, secondary,
and coupling windings (N1',, NT's, and N'T';), dimensions of
various LBTs as well as the number of windings wound for the
primary, secondary, and coupling windings (NW,, NW , and
NW ) for a conventional distribution transformer, an original
LBT, the single stage, the two-stage LBT, and the switch-mode
optimal LBT. It can be seen from Table VI that the switch-
mode LBT is heavier than the ordinary distribution transformer.
The best switch-mode LBT, however, is the lightest transformer
among all proposed LBTs. Comparing the volumes of the trans-
formers in Table VII shows that the conventional transformer
introduces the lowest volume followed by the switch-mode best
LBT. The last column compares the cost of implementing var-
ious LBTs, showing the switch-mode best LBT followed by the
original LBT as the two lowest costs.

VI. CONCLUSION

An original LBT can improve the unbalance of distribution
systems despite one disadvantage that the distribution of pri-
mary currents cannot be properly balanced by the secondary
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currents. This paper proposes the addition of several switches
to the original LBT that are located on the secondary and cou-
pling windings. A microcontroller can be programmed to se-
lect the best possible switching status for balancing purposes.
Furthermore, the number of secondary windings is added by in-
troducing a multistage switch-mode LBT. Proposed LBTs are
then analyzed and compared with the original LBT. Then, the
concept of the LBT is generalized in order to obtain all pos-
sible configurations for the LBT. It is shown that the best LBT
can be analytically derived among all introduced LBTs. Simu-
lations related to the original LBT are compared with those of
the switch-mode LBT and the optimal LBT accordingly. To put
the analysis and simulations on a firmer basis, a 12-kVA fun-
damental structure transformer was implemented as a labora-
tory prototype. Four various studied LBTs are then tested one
by one on the developed modular prototype, introducing the
capability of each suggested topology on the balancing issue.
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Experimental outcomes confirm the analysis and the performed
simulations, verifying the optimal switch-mode LBT as the best
balancing configuration for distribution substations.

APPENDIX

Fig. 3 illustrates 15 CVs, where four CVs are shown in
(2)—(5). Here, another 11 CVs, related to those of Fig. 3, are
listed as follows:
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