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Abstract: This paper proposes an optimal power flow calculation method of minimum three-phase unbalance of distribu-
tion network based on split-phase SNOP breakers. First, a new circuit design of split-phase SNOP breakers is proposed, and
its corresponding mathematical modeling is also established. Then, an optimal power flow calculation model of minimum
three-phase unbalance of distribution network is developed, based on split-phase SNOP mathematical modeling. The mod-
el has 3 objective functions, minimum unbalanced three-phase active load, minimum unbalanced three-phase voltage
magnitudes and minimum active power loss of distribution systems. The constraints are included power flow constraints
and split-phase SNOP operation constraints. And the relative dominant method is used for transforming dual objectives to
one objective, and the immune genetic algorithm is hired for solving. Finally, the effectiveness of the proposed model is
verified by simulation analysis of a practical distribution network with 5 feeders.

1. Introduction

The unbalanced three-phase voltage problem of distri-
bution systems, unbalanced load may cause asymmetric
operation of the distribution network. Asymmetric operation
of the distribution network not only increases the power loss
and decreases transfer efficiency, but also causes bad im-
pacts on voltage quality of overloading phases in the distri-
bution network. Reactive power compensation can deal with
three-phase unbalanced problems of the distribution network,
and it’s mainly including two ways. The first is the split-
phase reactive compensation at the low voltage sides of dis-
tribution transformers, and the other one is these reactive
power sources at the distribution network. But for the first
manner, it has limited compensation for unbalanced voltage
and can’t compensate for three-phase unbalanced load at the
low pressure side completely. And the second method offers
three-phase symmetric compensations for non-neutral
grounding system by using static compensator, but it can
neither cope with power source unbalanced, nor deal with
coordinated inhibition of unbalanced voltage at many buses
in the distribution network. Currently, we can take full ad-
vantage of advanced power electronic technology, and de-
velop a flexible, reliable, high-efficiency and high-quality
soft distribution network for increasing the high operation
efficiency and power distribution reliability, and maintaining
high power quality like voltage unbalanced and harmonic
wave.

Soft normally open point (SNOP) is the key soft control
device in the distribution network. This SNOP device is an
all-computer-controlled power electronic device, which can
be instead of the traditional interconnection switch. And,
SNOP can realize flexible regulation of active transmission

among 10kV feeders and provide independent reactive com-
pensation for multiple 10kV feeders. Moreover, SNOP has
certain independent control for three-phase power, which
can do split-phase control on active power transmission and
reactive power compensation at two sides. Flexible adjust-
ment of three-phase power based on split-phase SNOP
among 10kV feeders can relieve unbalanced three-phase
power flow and three-phase voltage magnitudes in the dis-
tribution network effectively, and eliminating overloading
problems of single-phase lines, equipment damages caused
by over-high phase voltage magnitude, etc.

The future distribution network is developing toward
electronic power generation and flexible regulation. 10kV
feeders in the soft distribution network are connected by
split-phase SNOP breakers, which can achieve mutual active
and reactive power support among feeders and thereby re-
lieve the unbalanced three-phase active problem and the
unbalanced bus voltage magnitude problem. In this paper,
the three-phase power control ability of split-phase SNOP
breakers is analyzed, and we then deduce the active and re-
active power regulation range of split-phase SNOP breakers.
Furthermore, a three-phase power control optimization
model of distribution network based on split-phase SNOP
breakers is established. In this model, we proposes a three-
phase power control for minimizing the sum of unbalanced
three-phase active power and unbalanced three-phase volt-
age. The immune genetic algorithm is hired for solving this
optimization model. Finally, it is verified effectively by a
practical 10 kV distribution network.

2. Three-phase power control characteristics and
ranges of a split-phase SNOP



2.1. Three-phase power control characteristics of a
split-phase SNOP breaker

SNOP breakers have excellent control ability and flexible
power regulation ability because of embedded power elec-
tronic components. In Fig.1, two feeders are connected by a
split-phase SNOP. There are two voltage source converters
(VSCs) at two sides of this split-phase SNOP, which share
one DC bus. VSC-I and VSC-II are composed by the modu-
larized multilevel structure. Each phase is formed by a series
connection of 1 electric reactor and N sub-modules. It can
be seen from Fig.1 that active and reactive power which are
injected by VSC-I and VSC-II into feeders are P'rsnop and
O'r,snop, where 7=I or II which are corresponding to VSC-I
and VSC-II, and 7=A, B and C, which are corresponding to
the three phases. When three-phase network and load pa-
rameters are unbalanced, the SNOP breakers can make split-
phase regulation of active and reactive power for enhancing
power quality and operation efficiency.

For three-phase active power of VSC-I and VSC-II, active
power input and output of SNOP breakers are balanced,
which maintaining steady voltage of the DC bus. Besides,
active power loss of SNOP breakers is also considered.
Therefore, active balance equations of SNOP breakers are:
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where P snor and S'snop are the active power loss and

complex power of VSC-I and VSC-II. a and b are active
power loss coefficients. Prosnop is the inherent active power
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Fig. 1 Two feeders connected by a split-phase SNOP break-
er

In three-phase power control process of split-phase
SNOP breakers, active power balance equations at two sides
need be satisfied. Reactive control can absorb or inject reac-
tive power under practical operation demand. However,
complex power in different phases should not exceed the
capacity of SNOP breakers.

S"lr',SNOP = \/ f?l"r,SNOPZ + Q"lr',SNOP2 < Sn,SNOP > T:A’ B’ C (2)

where Snsnop is three phases of VSC capacities in this SNOP.
In Fig.1, Ua, Up and Uc are the three-phase voltage magni-

tudes at the feeder side. U'a snop, U'ssnor and U'csnop are
the voltage magnitudes at the VSC side, respectively. X; is
the equivalent reactance at two sides. Actually, SNOP’s
three-phase power control is by adjusting the three-phase
voltage at the VSC side. If the voltage’s phase at the feeder
side is taken as the reference, the active and reactive power
which are injected by VSC are
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where Jr is the phase for the VSC voltage of a SNOP
breaker which is leading than the voltage phase at the feeder
side. To ensure safe operation of VSC, the voltage magni-
tude and phase of VSC must be constrained in the given
ranges.

4)

U{:,SNOPmin < U';,SNOP < U’?,SNOPmax
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where U't,snopmax, U'TsNOPmin, OTmax and Jtmin are the upper
and lower limits of voltage magnitude and phase of VSC,
respectively. The upper and lower limits of active and reac-
tive power can be gained by substituting the equation (4)
into the equation (3). In the following, they can be combined
with SNOP capacity as determined by equation (2), and thus
the active and reactive capacity constraints of SNOP could
be obtained, as shown in Fig.2.
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Fig. 2 Active and reactive capacity constraints of a SNOP
breaker

It can be seen from Fig.2 that the active power constraint
of SNOP is determined by capacity, while the reactive pow-
er constraint is determined by capacity, voltage magnitude
and voltage phase at the side of VSC. This is because the
active power injected by VSC into feeders is proportional to
voltage magnitude and voltage phase of VSC, according to
the equation (3). The equivalent reactance X; is generally
0.1~0.25p.u. The corresponding upper and lower bounda-
ries of active power are far higher than the capacity of VSC.
And the injected reactive power is proportional to the differ-
ence in voltage magnitudes between the VSC and the 10kV
feeder. The determined upper and lower boundary of reac-
tive power are lower than capacity of VSC. Hence, the out-
put reactive power constraint of SNOP is

Q"lr",SNOP < Q‘;,SNOP < Q"lr",SNOP’ T=A,B,C ()
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The upper boundary (Q”l{,SNOP,i ) and the lower boundary
(Q”l{,SNOP,i ) of the reactive power in the equation (5) could

be gained by substituting upper and lower boundaries of
VSC voltage magnitude and voltage phase into the equation
(3). In the three-phase asymmetric distribution system, the
three-phase active power and reactive power of SNOP
breakers may not be balanced. This may cause the asymmet-
ric currents injecting into 10kV feeders.

Since a large amount of distribution networks are non-
neutral grounding systems in China, the zero-sequence
components of the injected currents by SNOP breakers are
zero. This can be expressed as
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PA,SNOP + JQA,SNOP " PB,SNOP + JQB,SNOP " PC,SNOP + JQC,SNOP
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=0

(6)

Under this circumstance, the three-phase active power
and reactive power of SNOP breakers couldn’t be controlled
independently. Instead, they have a strong relationship be-
tween active power and reactive power of SNOP breakers. It
is assumed that there is an infinite power source connected
to the beginning of a 10kV feeder, and the corresponding
three-phase voltage is defined as Ux=U, Up=Ue#™ and
Uc=Ue*™3, The three-phase active power and reactive pow-
er of SNOP breakers can meet the following equation (7) if
the three-phase voltage is substituted into the equation (6).
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where the difference between phase A and phase B in active
power and reactive power are AP"'ag=P"a snop- P snop and
AQ'AB=0"a snor-O's snop. Among three phases injected by
SNOP breakers, only two phases could be adjusted inde-
pendently. Both active power and reactive power of the rest
one phase must be coordinated with those of previous two
phases, which is in order to ensure no zero-sequence com-
ponents in the currents injected by SNOP breakers. In the
equation (7), the active power and reactive power from the
phase C is the same with from phase A and phase B, when

"as=0 and AQ"ag=0. Similarly, there is also a relationship
in the active power and reactive power between from the
phase B and active power and from both phase A and phase
C could be deduced below.

{ PBr,SNOP = P/:,SNOP + 1/Q’APCrA + \/3/2 AQEA (8)

Q];,SNOP = Q/:,SNOP + 1/ 2AQ€A _\/E/ 2 APcrA
When both three-phase active power and reactive power

of SNOP breakers meet capacity constraints of VSC simul-
taneously, active and reactive capacities of phase A have to

meet not only constraints in equations (2) and (5), but also
the capacity constraint of phase C in the equation (7) and the
capacity constraint of phase B in the equation (8). Similarly,
active power and reactive power of the rest two phases have
to meet multiple capacity constraints, as seen in Fig.3. As a
result, the injected three-phase unbalanced power to 10kV
feeders by SNOP breakers can improve power quality and
enhance operation efficiency of the asymmetric distribution
network. However, it may narrow the allowable regulating
power ranges of different phases. Therefore, we need to ful-
ly consider there have differences in active and reactive ca-
pacity constraints of different phases, and we could better
obtain how much active power and compensated reactive
power can be specified by SNOP breakers.

2.2. Regulating ranges of split-phase SNOP
breakers under unbalanced voltages

We suppose that there are Ua=U, U’p=1/nsUci®™3-9p)
and U’ c=1/ncUel®¥3*9) when a SNOP breaker is connected
into a 10kVfeeder with unbalanced three phase voltage. And
thus, they are substituted into the equation (6), and we get

Py snor + IO% snop + mge 7 (B Bsnor T 106 snop)
U, Uy
+ 77c67UC (PéSNOP + jQé,SNOP) _
Ue

(€))
0

By multiplying the asymmetry factors 773e7°p and 7jce°c
and corresponding complex power, updated power of phases
B and C could be gained

(10)
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If power of phases B and C is updated in the equation (9),
the equation (9) is the same with the equation (6). Hence,
the power of phase A and updated power of phases B and C
are satisfied with equation (7) and equation (8). The power
constraint of phase A of the SNOP under unbalanced voltage
is

(P/;SNOP - 1/2 APA; + \/3/2 AQXB )2

; - oy ST1cS, snop
+(QA,SNOP - I/ZAQAB - \/5/2 AQAB) (1 1)
(Blovor V208, +33/2800° ¢

. - v <2 — IBPnsNoP
+HOh.snop + 1/2A0(, - \/5/2 AQ( )2

where AP ap and AQ"ap are differences between active
power and reactive power of phase A and updated active
power and reactive power of phases B and C.

In addition, power constraints of phases B and C of the
SNOP under unbalanced voltage can be further deduced. We
suppose that AP'ag=0.1pu, AQ"as=0.2pu, Snsnor=1pu, 1se
i°p=0.95¢7%" and 7cei°c=1.1e7*. Then, regulating ranges of
active power and reactive power under balanced voltages
and unbalanced voltages can be concluded, as seen in Fig.3.

When active power and reactive power of each of three-
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phase is different, the corresponding regulating ranges are
all narrowed into the irregular intersection area, which is
truncated in the circles of three-phase power constraints.
Under three-phase balanced voltage circumstance as seen in
Fig.3(a), the upper and lower reactive power truncated lines
of three-phase power regulating area are the reactive power
boundaries of phase B and A, respectively. Likewise, the
regulating areas of three phases are the same. However,
these centers of regulating ranges of split-phase SNOP
breakers could be deviated, if regulating ranges of three-
phase power are changed. The relative positions of their
centers are determined by power differences between phase
A and phase B as well as the zero-sequence current.
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Under three-phase unbalanced voltage in Fig.3(b), due to
unbalanced voltage magnitudes and phases between phase B
and phase C, these three-phase regulating ranges are the
intersection area of three truncated circles with different
lengths of radius. Actually, the regulating power areas of
phase B and phase C are gained by expanding or narrowing
the corresponding regulating power ranges by 1/75 or 1/75c
(m8<1 and nc>1), respectively. Under unbalanced voltage
circumstance, the regulating power range will be narrowed
if this phase’s voltage grows up, while the regulating power
range will be expanded if this phase’s voltage gets down.
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(b) Unbalanced three-phase voltage
Fig. 3 Regulating power ranges of a split-phase SNOP breaker under balanced and unbalanced voltage conditions
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Fig. 4 Structure of feeders with M split-phase SNOP breakers

3. Three-phase power optimal control model
based on split-phase SNOP breakers

An optimal power flow model of distribution networks
based on split-phase SNOP breakers is established, accord-
ing to power regulating characteristics of split-phase SNOP
breakers and the required minimum three-phase unbalanced

- | SNOPy.
. ¢ 1 .+4'—T—1
BN-3 [ | N2 -
-
SNOP,,

of distribution network operation. As a result, this model not
only can satisfy distributing load balance and provide effec-
tive reactive power supporting, but also can deal with the
three-phase asymmetry problems in the distribution net-
works as well. The Fig.4 shows N 10kV feeders which are
connected by M split-phase SNOP breakers in the distribu-
tion network. Combined with this figure, we use three-phase
active power P"a snop, P'ssnop and P'csnop and three-phase
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reactive power O"asnop, O's,snop and O'ssnop of M split-
phase SNOP breakers as optimization variables. Besides, the
total unbalanced amounts of three-phase active power of N
feeders and three-phase voltage should be minimized as
optimization objectives. Therefore, a three-phase power
optimal control model based on the split-phase SNOP can be
established below.
1) Objective functions

Unbalanced three-phase load, unbalanced network pa-
rameters or unbalanced power sources in high level voltages
may have many influences on three-phase voltages. Thus,
we have established three objective functions. The 1% objec-
tive function is to minimize the total unbalanced amounts of
three-phase active power, and the 2™ objective function is
used for decreasing unbalanced amounts of three-phase
voltage magnitudes. Moreover, split-phase SNOP breakers
can also provide reactive power compensation, and lead to
reduce active power loss of distribution networks. Hence,
the third objective function is the minimization of active
power loss.

The unbalanced amounts of three-phase active power in N
feeders is expressed by Fi. Then, the 1% objective function is

min £, =G

N
G= Z‘ PJ,LOAD + z PA/,SNOP - (IJB/,LOAD + ZIJB/,SNOP) ‘

J=1
N

+ Z| PB/,LOAD + z PB/,SNOP - (IJCJ,LOAD + z PC/,SNOP) ‘

J=1
N

+ Z| PAj,LOAD + ZPAI,SNOP - (})CJ,LOAD + Z })CJ,SNOP) |

Jj= 1)

J J J :
where PA’LOAD R PB’LOAD and PQLOAD are the total active

power loads of phase A and phase C of the 10kV feeder j in

; J J J
the region. ZPA,SNOP , ZPB,SNOP and ZPC’SNOP are the

outputting active power of phase A, B and C of all SNOP
breakers connecting to the feeder .

The unbalanced amounts of three-phase voltage magni-
tudes in this region are expressed by F». Then, the corre-
sponding 2" objective function is

min F, = H

by Ny

N N
H:Z ‘Uli,i_Ué,i‘+ZZ|U1<,1'_U£,[|

j=1 i=1 j=1 i=1

j=1 i=l ' ' (13)

where U i’i is the voltage magnitude of phase A at bus i of
the 10kV feeder j, U]';J. and Ué!l. are voltage magnitudes of
phase B and phase C at bus i of the 10kV feeder ;. n,, is the

total number of buses in the feeder ;.

It is possible to reduce active power loss of all 10kV
feeders in the network, and increase economic operation by
using the split-phase reactive compensation of SNOP break-
ers. The third objective function is

mln F;; = PIOSS (14)

where B

in the network.
2) Constraints

Three-phase power flow constraints of distribution net-
works and split-phase voltage security constraints are shown
below.

is the total active power loss of all 10kV feeders

g (Rf/,SNOP,i > Ql/',SNOP,i B T/,LOAD,i > Q{,LOAD,i )=0  (15)
U,<U{,<U, (16)

where g is the three-phase power flow equation of distribu-

tion network in this region. Pl op: > Ofsnors o Biioap,
and O oap, are the outputting power and absorbing power

of the SNOP breaker at bus i of the 10kV feeder j. U{’i is
the voltage magnitude at bus i of the 10kV feeder j, and T=A,

B or C. ﬂ and U, are the lower and upper security
boundary of voltage magnitudes, respectively.

Besides, M split-phase SNOP breakers in the distribution
network have to satisfy active power balance constraints (1),
three-phase capacity constraint (3), and reactive power
compensation constraint (5). Additionally, the three-phase
power unbalanced constraint which is deduced by the zero-
sequence currents of SNOP breakers under unbalanced volt-
age condition.

APC'/A,SNOP,I' +1/2AP, AiB,SNOP,i - \/g/ 2 AQ/{B,SNOP,:’ =0

: ) ) 17)
AQ¢a snors + 1/2 AQxp snors + \/5/ 2AB{ snop; =0

where AP ouop; > AOspsnor, » Afaroan; and AQsg oap, are
power differences between phase A and B and between
phase C and phase A by asymmetric factors of SNOP break-
ers at bus i of the 10kV feeder j, respectively.

AP, /{B,SNOP,:‘ + jAQ}iB,SNOP,i
=1,e " (P, /{,SNOP,I' + jQ/{,SNOP,i) /A (fE{SNOP,i + jQé,SNOP,i)
AR CjA,SNOP‘f + jAQéA,SNOP,i
=1ce ™ (PCJ;SNOP,i + jQé,SNOP,i) —15e (B'\j,SNOP,i + jQ/{,SNOP,i )

(18)

In the established optimal three-phase power control
model in the distribution network, three-phase active power
and reactive power at two sides of each SNOP breakers are
used as optimization variables. The minimizing objectives
are unbalanced amounts of three-phase active load of all
feeders and unbalanced amounts of three-phase voltage of
all buses. The constraints are included nonlinear power flow
constraints and SNOP breaker capacity constraints as well as
unbalanced power constraint of SNOP breakers.



4. Case Study
4.1. Basic data

The optimal three-phase power control of split-phase
SNOP breakers in a 10kV urban distribution network was
analyzed on MATLAB R2012a. This network covered five
feeders which were connected by four interconnection
switches, as shown in Fig.5. These four interconnection
switches were replaced by split-phase SNOP breakers. All
buses at five feeders were numbered by the uniform se-
quence. Maximum reactive power compensation and rated
capacity of split-phase SNOP breakers were shown in Table
1. In this case, the base power and nominal voltage were set
at 1.0OMVA and 10kV, respectively. The first bus number of
each feeders was used as the balancing node.

Table 1 Capacities of split-phase SNOP breakers

SNOP . Upper boundary of ~ Lower boundary of
No. Capacity/ MVA reactive power/MVar reactive power/M Var
1 3.0 0.5 -0.5
2 3.0 0.5 -0.5
3 3.0 0.5 -0.5
4 3.0 0.5 -0.5

The measured load data of five feeders were came from
11:35 a.m., July 26%, 2016 on the monitoring control system
(SCADA). The total loads of all feeders were shown in Ta-
ble 2. In the simulation, the safe 220V single-phase voltage
range was between +7% ~-10% of the nominal voltage,
which is between 0.9~1.07 p.u.. Additionally, the immune
genetic algorithm (IGA) was adopted. The total number of
antibodies, the mutation probability, the selective probability
and the maximum generations of immune genetic evolution
were set as 40, 0.15, 0.5 and 100, respectively.
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Fig. 5 An urban distribution system with split-phase SNOP
breakers

Table 2 Total loads of each feeder
Loads of phase A Loads of phase B Loads of phase C

Feeder No.
/pu /pu /pu
1 1.426 +j1.125 2.749 +j1.312 1.206 +j0.415
2 0 0 4.725 +j0.513
3 8.203 +j1.015 4.263 +j1.002 0
4 3.796 +j0.431 5.51 +j0.692 3.209 +j0.73
5 0 5.075 +j0.243 1.519+j0.997

4.2. Analysis of test results
@ Simulation power results of SNOP breakers

Optimal outputting active power of SNOP #1, #2, #3 and
#4 gained from the proposed model are shown in Fig.6. In
this figure, positive active power were absorbed from 10kV
feeders, which was indicated as loads; negative active power
were injected by 10kV feeders, which was indicated as pow-
er sources. It can be seen from Fig.6(a) and Table 2 that
SNOP#1 injected active power of phase B and phase C at
bus 7 of the 10kV feeder 1. And it absorbed active power of
phase A and phase B at bus 8 of the 10kV feeder 2, and in-
jected active power of phase C. In fact, the feeder 2 only had
load of phase C. Therefore, this solution had injected into
active power of phase C, and absorbed active power of
phase A and B. This had finally balanced three-phase load of
the 10kV feeder 2 as much as possible.

We could also found that active power of phase A injected
from SNOP#2 was successfully dealt with overloading prob-
lem of phase A in the feeder 3, according to active power
transmission solution of the 10kV feeder 1 and 3. Mean-
while, because the 10kV feeder 3 had no load of phase C,
SNOP#2 had to output active power of phase C in order to
maintain three-phase load balance of the 10kV feeder 3 as
much as possible.
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Fig. 6 Optimal three-phase active power solution

As for SNOP#3, it injected active power of phase B at bus
20, and absorbed active power of phase A and C, owing that
the active total load of phase B in the feeder 4 was higher
than the active load of phase A and C. This had eventually
balanced the three-phase load of the feeder 4.

From Fig. 6, we saw that SNOP#2 had absorbed abundant
load of phase C at bus 15. And there was appearing overload
problems of phase A and B in the feeder 3. Therefore,
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SNOP#4 injected active power of phase A and C at bus 27 in
the feeder 3.

From Fig. 6, the feeder 5 had heavy active power of phase
B and no active power of phase A. This was leading
SNOP#4 to absorbing active power of phase A and injecting
active power of phase B at bus 28. This finally relieved
three-phase load unbalanced of the feeder 5.

Three-phase complex power of SNOP#land #2 without
and with constraints (17) and (18), were as shown in Fig. 7.
The left sub-figure was the optimal solution without three-
phase unbalanced constraints, while the right sub-figure was
considered with unbalanced three-phase power constraints.

The optimization results showed that the three-phase
complex power difference of SNOP#land #2 was smaller
when unbalanced three-phase power constraints were con-
sidered. SNOP#1 between bus 7 and 8 and SNOP #2 be-
tween bus 14 and 15 were all achieved the biggest power
difference in phase C. Similarly, SNOP#3 and #4 achieved
better balance of three-phase power when unbalanced three-
phase power constraints were considered. This reflected that
the three-phase unbalanced power constraints were helpful
for balancing three-phase power of split-phase SNOP break-
ers. On the contrary, three-phase power control orders of
SNOP breakers might be changed frequently if these unbal-
anced constraints were overlooked. This directly led SNOP
breakers to be regulated out of themselves security ranges,
and affected balanced control of three-phase load and three-
phase voltage.
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Fig. 7 Optimal three-phase complex power solution
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Fig. 8 Relationship between load and SNOP capacity

The increasing relationship between three-phase unbal-
anced load of five feeders and SNOP breakers’ capacity is
shown in Fig.8. In the figure, a interconnection switch is not
replaced by a SNOP breaker if the SNOP breaker capacity is
0. With continuous growth of SNOP breaker capacity, the
unbalanced percentage of three-phase load of five feeders
decreases continuously and eventually tends to be a stable
point. From this point, we see that the three-phase unbal-
anced load can be relieved if split-phase SNOP breakers
were applied in distribution networks. Due to differences in
network structures and unbalanced load distributions, the
unbalanced load of the feeder 3 fluctuated significantly with
the increasing SNOP capacity, and the following significant
fluctuation was feeder 4, 1 and 5 successively. And the un-
balance load of feeder 2 was changed at the least. Therefore,
we could draw a conclusion that SNOP capacity ought to be
installed reasonably for active power transmission, and to be
distributed effectively for reactive power compensation.
® Simulation results of unbalanced three-phase load

Simulation results of three-phase voltage magnitudes of
different feeders were shown in Fig.9. These 1~35 were the
numbers of buses in feeders 1~5. Each of the first bus in
different feeders was well-marked. The Fig.9 (a), (b) and (¢)
showed power control solutions under the initial state, pro-
posed model without and with unbalanced three-phase pow-
er constraints. We could see that there’s serious unbalanced
three-phase voltage in feeder 1 and feeder 3 before optimal
controls based on split-phase SNOP breakers. But it came to
be balanced after optimal controls. This demonstrated that
split-phase SNOP breakers can reduce unbalanced amounts
of three-phase reactive load and relieved unbalanced three-
phase voltage magnitudes in the distribution network.
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It also could be seen from Fig.9 (b) and Fig.9 (c) that
split-phase SNOP breakers could reduce unbalanced
amounts of three-phase voltage magnitudes significantly, no
matter with and without unbalanced three-phase power con-
straints. Combined with Fig.7, we found that outputting
three-phase power could be better balanced and approached
similar control effects on unbalanced three-phase voltage
magnitudes , from the optimal power control solution based
on SNOP breakers with unbalanced three-phase power con-
straints.

We selected three-phase voltage magnitudes in these two
situations for analyzing, to compare unbalanced amounts of
three-phase voltage magnitudes of different feeders before
and after this proposed optimal control with unbalanced
three-phase power constraints. The maximum unbalanced
voltage amounts of each feeder was shown in Fig.10. It was
calculated by the maximum phase-voltage magnitude minus
the minimum phase-voltage magnitude. In Fig.10, the max-
imum unbalanced three-phase voltage amount of feeder 1
and 3 had declined sharply after optimal control based on
SNOP breakers. The unbalanced three-phase voltage magni-
tudes of feeder 2, 4 and 5 were increased slightly after the
optimal control. We can see that four SNOP breakers in this
case offered reactive power compensation mainly for feeder
1 and 3 at the cost of slight unbalance growth of certain
three-phase voltage magnitudes of feeder 2, 4 and 5. But the
total amount of unbalanced voltage magnitudes in the distri-
bution network could be reduced as a result.
® Simulation results of active power loss

Active power losses of each feeder before and after the
optimal control were shown in Fig.11. It showed that there
was less active power loss after the optimal control. The
maximum reduction was about 21.53%. This was mainly
because split-phase SNOP breakers provided independent
three-phase reactive power compensations. In this way, ac-
tive power loss of each phase could be reduced and kept the
active power loss of each feeder being lower than the loss
before the optimal control.
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Based on analysis on unbalanced loads, unbalanced volt-
age magnitudes and active power loss of the distribution
network, it could significantly reduce three-phase unbal-
anced active load problems, unbalanced three-phase voltage
problems and high active power loss problems in the net-
work, if we used split-phase SNOP breakers to replace the
interconnection switches. Besides, split-phase SNOP break-
ers could still avoid many other operation problems, such as
burning of electric devices caused by unbalanced three-
phase active power or unbalanced three-phase voltage in the
practical distribution system.

5. Conclusion

With the soft interconnection technology development of
intelligent distribution networks, a three-phase power opti-
mization control method based on split-phase SNOP break-
ers is proposed. Research results demonstrate that the pro-
posed method has realized independent three-phase power
transmission control of active power and reactive power
among multiple-connected feeders by SNOP breakers. This
control pattern can eliminate three-phase power unbalance
among multiple-connected feeders as much as possible in
the final as well. Besides, the in-site reactive power com-
pensation of split-phase SNOP breakers works well and they
can really reduce active power losses of each feeder effec-
tively. Overall, split-phase SNOP breakers offer a feasible
solution to enhance reliability and maintain high power
quality, and provide important significance to keep safe and
reliable operation of intelligent distribution networks.
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