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ABSTRACT:

The main task of a network-connected SOP is to improve power quality in an active distribution network. In the
references, two control modes are created for SOP operation using back-to-back voltage source converters. Using
these two modes depends on the distribution network conditions in which the SOP is located. The independent control
of real and reactive power provides power control at first mode. The second mode is source restoration which with a
voltage controller makes it possible to feed isolated loads due to network faults. In this research, an optimal method is
presented based on the several SOPs’ performance for active distribution networks and with the help of it, it is
presented using self-healing capability based on energy optimization that is presented. Compared to conventional
switches, the coordination of multiple SOPs is capable of providing voltage support and effectively raising the source
restoration range so as to enhance the load restoration level. Surveys and simulations in the standard IEEE 33-bus
network in various scenarios show that if network reconfiguration are used with SOPs, loads in the power outage area

are completely restored, which effectively improves the flexibility of distribution networks.
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1. INTRODUCTION

The main purpose of energy management is to
minimize system operating costs such as maintenance,
fuel, and the cost of power purchased from the main
grid. It should be noted that the micro grid exchanges
energy with the main network. Taking energy from
high voltage levels and distributing it in lower voltage
networks conventionally design power systems, and
regarding that, there are large production units
connected to transmission networks. This leads to high
energy losses as well as significant cost increases.
Thus, a large number of small generators must be
connected to distribution networks. The main task of
the SOP connected to the network is to improve the
quality of power in the active distribution network.
Regarding this purpose, some standards have been
developed and the most famous standard is IEEE1547-
2018 which is related to the operation of power
electronics in the power grid. In the references, two
control modes are created for SOP operation using
back-to-back voltage source converters. Using these
two modes depends on the distribution network
conditions in which the SOP is located. The
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independent control of real and reactive power provides
power control at first mode. The second mode is source
restoration, which, with a voltage controller, makes it
possible to feed isolated loads due to network faults. In
the following, more details will be provided about each
of these two control modes. In case of any faults
occurring, faulty network elements must be located and
the network must be reconfigured to disconnect them
from the network and return as many customers as
possible to the network. In this study, automatic
restoration is considered, in which reconfiguration is
performed by remote control switches. In the case of
any faults, the SOP can adjust the power distribution
between the feeders with acceptable accuracy as well as
high speed and provide the necessary support to supply
voltage. Therefore, maximum restoration can be
achieved in the area where the load has been
interrupted due to a fault as well as network reliability
can be improved significantly. SOP with its control
logic can improve power flow regulation in distribution
network feeders. Thus, it can solve one of the problems
of these networks regarding power regulation.
Conventional networks use mechanical equipment and
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load break switches, but SOPs with electronic switches
are able to respond to network needs at a very high
speed. The capability of this equipment in unbalanced
compensation as well as its capacity to supply voltage
sources has caused SOP to significantly improve the
quality of power in the distribution network. Due to its
high speed, it can limit the fault occurrence in a few
milliseconds as well as limit the fault occurrence in
other parts of the network [1].

2. Self-Healing in Distribution Network

Power grids now have to operate in more random
environments and under different operating conditions,
while still ensuring system reliability and security. The
automation of a smart distribution system provides
optimal control under normal operating conditions and
the ability to quickly self-heal to restore services in
case of a power outage. Optimal energy management
and self-healing are crucial features of a smart
distribution system. Due to the fact that self-healing
task is usually used in post-fault emergencies,
operational and time constraints can add to the
complexity of the problem. Regarding the level
increase of penetration of distributed generation
resources, the randomness of their production and
irreversible loads, new challenges are created for the
operation and self-healing process of distribution
systems. The ability to operate independently and
individually is one of the important features of active
distribution systems. In conventional distribution
systems, loads are often supplied from the transmission
network. Thus, following the disruption or fault, all or a
part of the connected loads of the distribution systems
are disconnected from the main network [2]. However,
due to the presence of distributed energy sources in
active distribution systems, these networks are more
flexible than conventional networks. In these systems,
if the network is equipped with appropriate control and
management systems, distributed energy sources can
provide and support areas that have been disconnected
from the network due to the fault [3]. On the other
hand, smart grids offer new capabilities to increase the
performance of distribution systems. One of them is
self-healing which can increase network reliability [4].
To provide such a capability, it is necessary to design
software tools and devices for active distribution
systems to enable the self-healing process to be
automated  if  necessary.  Accordingly, the
implementation of appropriate methods can increase
the continuity of power supply operation when a part of
the network is disconnected from the rest. An
appropriate restoration scheme optimizes certain
parameters under existing constraints. The primary goal
is to resupply as many customers as possible and to
prioritize critical customers such as hospitals.
Secondary goals are to minimize the number of
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switching operations (or their overall cost for
equipment), to keep the final network configuration
close to the nominal condition, and to balance the load
to prevent congestion during peak demand. Self-
healing methods in both centralized and distributed (or
decentralized) algorithms are presented in the reference
[5]. In centralized methods, all elements of the self-
healing system are connected to a “centralized
management unit" through communication links.
Therefore, these methods require an appropriate
communication infrastructure, which may include long
communication links.

3. Performance Basics

The SOP is a powerful electronic device installed in
power distribution networks instead of ordinary open
points. This device is able to control the real power
flow, reactive power compensation and voltage
regulation in normal network operation conditions, as
well as fast fault isolation and source healing in
abnormal conditions. SOPs are power converters that
consist of two AC and DC converters connected via a
DC link capacitor. The SOP structure consists of two
back-to-back H-Bridge inverters and a DC link
capacitor that can be used as a voltage-controlled-
current-source. By controlling the two back-to-back
converters, the current amplitude can be equalized
between the two feeders by transferring the active
power, and also reactive and harmonic power
compensation can be done for the two feeders. Thus,
the isolated section is fed. The main function of the
SOP is to transfer the active and reactive power of the
isolated section. In the central part of this power
transfer is the DC link capacitor, which is located
between the two converters. Since the output power of
the capacitor is equal to the product of the voltage and
current of the capacitor, if the voltage of the capacitor
and consequently the capacitor current is disturbed and
fluctuates, the transmission performance is completely
affected. SOP is capable of improving local voltage
profiles, controlling real power and reactive power
flow, or even limiting fault current to maximize the
capacity of using distributed generation resources in the
distribution network. Circular distribution networks are
less preferred regarding the need for complex and
expensive protection systems. In contrary; in radial
networks, simplicity makes them more preferable.
Placing the SOP at the end of the radial feeders is a
suitable fit, as it enables them to provide maximum
loads during fault isolation. Additionally, while taking
advantage of radial networks with a simple protection
system, it also provides high reliability of ring
networks. The main purpose of SOP is to balance the
load on the connected feeders by keeping the voltage
level within the allowable range and restoring the
source after fault in the intact parts of the feeders.
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Source restoration is the process by which the power
supply, after isolating the faulty part of the feeders,
provides the power required for the intact part which
was immediately taken out of service when a system
fault occurred. After removing the faulty part, the SOP
speeds up the restoration process; because they can
restore the power supply in a few milliseconds. But in
conventional systems, it takes hundreds of
milliseconds. SOP can function similarly to other
power electronics. For example, “Static Synchronous
Compensator (STATCOM)", active filters or “Unified
Power Flow Controller (UPFC) " can be mentioned [6].
It should be considered that there are differences in
performance basics of these equipment, which are
discussed in details in [7]. The Comparison of SOP
with static transformer and D-UPFC is shown in tablel.

Table 1. Comparison of SOP with static transformer

and D-UPFC.
Performance D-UPFC SOP ST
Reactive
power 4 4 v
compensation
Real power v v v
control
Load v v v
balancing
Number of v 2o0r 1103
converters more
_ Ability to “ v o
isolate faults
Number of
20r
connectable Y or more 1 or more
more
feeders
. Typically
Position in At the at the Alternative
the convention end of to
distribution al the conventional
network transformer transformers
feeders
Two-way
power x v v
transmission

4. Control Mode

The SOP performance is such that one of the
converters always acts as a rectifier depending on the
load conditions and delivers power to the capacitor. In
other words, it charges the capacitor and the other
converter acts as an inverter and receives power from
the capacitor. If, for any reason, the inverter cannot
receive power from the capacitor, it will increase the
capacitor voltage and in critical conditions will lead to
system instability. On the other hand, if the power
exchange is done simultaneously, due to the presence
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of harmonics (especially second-order harmonics), the
capacitor voltage will ripple and fluctuate. Thus, it will
lead to poor power transmission. Also, a voltage drop
will reduce the transmission power and on the other
hand, capacitor overvoltage will increase the power or
in other words increase the converter current.
Therefore, failure to stabilize the DC link capacitor
voltage will cause the SOP system instability. Two
control modes for SOP operation are created using
"back-to-back voltage source converters”. Using these
two modes depends on the distribution network
conditions in which the SOP is located. One of the two
converters always plays the same role, but the latter
changes state in control logic depending on the
situation, which can be normal or faulty. In the first
mode(Power Flow Control Mode), power control by
controlling the flow allows independent control of real
and reactive power. In the second mode(Supply
Restoration Mode), source restoration with a voltage
controller makes it possible to feed the isolated loads
due to network faults [8].

5. Proposed Logic and Objective Function

SOP control is different from other network-
connected converters; because it is connected with at
least two feeders. The real power control depends
closely on the DC link capacitor voltage and is
therefore very crucial for normal and abnormal SOP
operating conditions. Fluctuations in this voltage will
cause fluctuations in the power delivered to the SOP,
which is not acceptable. System load distribution
constraints and topology constraints need to be
considered in the final formulation. Additionally, SOP
implementation is largely controlled by power-based
electronic devices. Since these devices are high-priced,
power switches in distribution networks cannot be fully
substituted with SOP in a short period of time. Source
restoration in active distribution networks should be
considered a combination of SOPs and network
reconfiguration. Using SOPs can not only help network
restoration, but also create reactive power to decrease
power losses and prevent recurring switching actions.
Therefore, the objective functions are considered to be
a weighted linear combination of the maximum active
power of the restored loads, the minimum cost of
power losses and the switching operation, which are
formulated as (1), (2), (3).

fr = iesn 4 T1;P" 2
fL = CL (Zijesb Rij I ij ? + Ziesn PSOP?L) (3)
Where;
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[ The objective function used, which is the amount of
load disconnected from the network in the area where
the fault occurred.

fi:1t is part of the objective function used economically
and it models the cost of power outages.

fz:The part of the objective function used that indicates
the amount of load restored by the SOP.

C;: Load cost on the under-review network

ey And ;1 Weight coefficients used

;. Weight coefficient of load importance on the bus i

4. The coefficient related to the level of load
restoration in node i, which is a number in the range
from zero to one.

5. A collection of all system branches.

Sn: A collection of all system buses.

I;;: Branch current between bus i and bus j

6. Combination with Network Reconfiguration

SOP implementation is largely controlled by power-
based electronic devices. Since these devices are high-
priced, power switches in distribution networks cannot
be fully substituted with SOP in a short period of time.
Source restoration in active distribution networks
should be considered a combination of SOPs and
network reconfiguration. Related restrictions are added
as relations(4), (5),(6),(7) [9].

UZ -UF +(RE + XI5 —2(Ry Py + X;Q;) @)
+M(@-a;)>0
UZ-U5+(RE+ XI5 —2(Ry Py + X3Qy) ()
-M(1-4a;)<0

—Ma;; < Bj <My ©®)
Where;

a;;: A binary variable indicating the state of the line
between two buses i and j. When the line is connected,
the value of this parameter will be one.

F;;: The real power transmitted from bus i to bus j in
kilowatts

@;;: Reactive power transmitted from bus i to bus j in
reactive kV

R;;: The real part (resistance) of the line between bus i
and bus j

X;; The imaginary part (reactance) of the line between
bus i and bus j

U;U;: Bus voltage i and

M: A very large coefficient
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7. Used Test Network

SOP implementation is largely controlled by
power-based electronic devices. Since these devices are
high-priced, power switches in distribution networks
cannot be fully substituted with SOP in a short period
of time. Source restoration in active distribution
networks should be considered a combination of SOPs
and network reconfiguration. Related restrictions are
added as relations(4), (5),(6),(7) [9].

Table 2. Restoration results for different scenarios.

Quanti Scenario Unit
ty
Restore Eour Seco
| ; .
d load h Third nd First
Ratio
of
restore KW 1216.98 2%216. 172132. w
d load .
to total
Ratio
of
restore
d perc perc
critical | ent 66.42 7148 | 5260 | '
load to
total
Critical
load
perc 98.50 98.73 | 97.89 | PerC
ent ent
Nodes 5 4
without 23,
full o4
23,4, !
re?:f;]rat ] 3332313029, | 24, gg ]
25,244 25, 30'
30 !
31,
32,
33

The results of voltage profile studies after
maneuvering in four scenarios are shown in Figure 1.
The assumption in this figure is that a fault occurs
between nodes 2 and 3 in the network.
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Fig. 1. Results of voltage profile studies after
maneuvering in four scenarios.

8. Conclusions and Suggestions

SOP control is different from other network-
connected converters; because it is connected with at
least two feeders. Real power control depends closely
on the DC link capacitor voltage and is therefore very
important for normal and abnormal SOP operating
conditions. Fluctuations in this voltage will cause
fluctuations in the power delivered to the SOP, which is
not acceptable. Compared to conventional switches, the
coordination of multiple SOPs is capable of providing
voltage support and effectively raising the source
restoration range so as to enhance the load restoration
level. Four schemes have been chosen to examine the
effectiveness of the proposed load restoration method
with SOP. Surveys and simulations show that with a
combination of network reconfiguration and SOPs,
loads are fully restored in the area, which effectively
improves the flexibility of distribution networks. Due
to the very high cost required to build power
electronics, locating and determining the optimal size
of SOPs can be considered to further improve the
reliability of active distribution networks.
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