Downloaded from orbit.dtu.dk on: Apr 10, 2024

DTU DTU Library

i

Method and system for estimation and monitoring of distributed network conditions

Rasmussen, Theis Bo; Yang, Guangya

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Rasmussen, T. B., & Yang, G. (2020). Method and system for estimation and monitoring of distributed network
conditions. (Patent No. WO2020260257).

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://orbit.dtu.dk/en/publications/b4457609-1f46-484f-ab22-d8dbb9bbbafc

w0 20207260257 A1 | NI 0000 KO0 0 0O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
30 December 2020 (30.12.2020)

(10) International Publication Number

WO 2020/260257 Al

WIPO I PCT

(51) International Patent Classification:
H02J 3/04 (2006.01) H02J 13/00 (2006.01)
H02J 3/38 (2006.01)

(21) International Application Number:
PCT/EP2020/067457

(22) International Filing Date:
23 June 2020 (23.06.2020)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

19182001.8 24 June 2019 (24.06.2019) EP

(71) Applicant: DANMARKS TEKNISKE UNIVERSITET
[DK/DK]; Anker Engelunds Vej 101 A, 2800 Kgs. Lyngby
(DK).

(72) Inventors: RASMUSSEN, Theis Bo; Majsmarken 12,
2680 Solrod Strand (DK). YANG, Guangya, Lin-
degirdsvej 28C, st.th, 2920 Charlottenlund (DK).

(74) Agent: HGIBERG P/S; Adelgade 12, 1304 Copenhagen K
(DK).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(54) Title: METHOD AND SYSTEM FOR ESTIMATION AND MONITORING OF DISTRIBUTED NETWORK CONDITIONS

Periodic

1)

= B
= e
> / Ve
g

10

| - :

o

wn :

(1] :

@

=

Tim

FIG. 1

(57) Abstract: The present disclosure relates to a method of estimating distribution system conditions in a low-voltage network of
a distribution system, said low-voltage network having a plurality of local nodes, wherein one or more of the local nodes comprise
distributed energy resources, the method comprising: acquiring periodic measurements of periodic node voltages and/or branch currents
from one or more of the local nodes in the low- voltage network, wherein the periodic measurements are acquired periodically with
fixed time intervals; acquiring event-driven measurements of event-driven data based on node voltages and/or branch currents from the
distributed energy resources and/or other event-driven data sources, wherein the event-driven measurement are acquired when a power
operating point and/or other measured quantity changes more than a predefined threshold for one of the distributed energy resources; in
a primary process, executing a distribution system state estimation (DSSE) for the low-voltage network based on a data set comprising
the periodic measurements; in a secondary process, estimating impacts on the node voltages and/or branch currents in the plurality of
local nodes based on the event-driven measurements; wherein the estimated impacts on the node voltages and/or branch currents in the
plurality of local nodes from the secondary process are used to update the data set in the primary process. The disclosure further relates
to a monitoring system for estimation and monitoring of operating conditions of low-voltage network feeder conditions.
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Method and system for estimation and monitoring of distributed network

conditions

The present disclosure relates to a method of estimating distribution system conditions
in low-voltage networks. The disclosure further relates to a system in the form of a bi-
level estimation platform for estimation of operating conditions of low-voltage network

feeder conditions.

Background of invention

Electric power distribution systems are designed to serve their users with power. A low-
voltage network or secondary network is a part of electric power distribution which
carries electric energy from distribution transformers to electricity meters of end users.

These networks are operated at a low voltage level, typically mains voltage.

Traditional consumption has been unidirectional and limited by fuse ratings of electrical
installations. Under these conditions, design of distribution networks has been
straightforward. No real need for advanced monitoring of operational conditions
existed. However, with the introduction of distributed energy resources (DER), such as
roof-top solar photovoltaic (PV) plants, electric vehicles (EV) and heat pumps (HP), the

volatility of operation in the electric power distribution systems has increased.

For this reason distribution network operators have an increasing need to closely
monitor the operational conditions. Low-voltage network monitoring has become critical
for the implementation of smart grid technologies, which enables control and
coordination of distributed energy resources. These technologies require sensible
monitoring of the network operating conditions in order to avoid violations of voltage

and current limits.

The characteristics of distribution networks differ from transmission networks in that
many distribution networks have a radial construction, in that they often have more
measurement points, in that the measurements are not necessarily direct voltage and
current measurements and in that they may have significant phase imbalances.
Distribution system state estimation (DSSE) itself is a well-known concept within
electric power distribution systems and therefore not explained in detail in the present

application.
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More recently, the conventional residential meters have been replaced in large parts of
Europe, America and Asia by smart meters. The smart meters enable digital
measurements and automatic communication of data to the utilities. Typically, the
distributed energy resources also have embedded measurement and communication
functions. The deployment of smart meters and distributed energy resources have
increased the number of observation points that can be utilized in distribution network

monitoring.

For the presently available low-voltage network monitoring there are a number of
challenges. The distribution system state estimation (DSSE) requires a considerable
amount of time to execute. Delay caused by such computations means less valuable
results since the system is dynamic. Another issue is that the data sets may be
incomplete for various reasons, including communication reliability issues and
confidentiality concerns, hence existing monitoring solutions require heavy investments

in in information and communication technology (ICT).

Summary of invention

Accordingly, it is an object of the present disclosure to overcome one or more of the
above mentioned disadvantages of the existing methods and systems. The present
disclosure relates to, in a first embodiment, a method for estimating distribution system
conditions of a low-voltage network of a distribution system, said low-voltage network
having a plurality of local nodes, wherein one or more of the local nodes comprise
distributed energy resources, the method comprising:

- acquiring periodic measurements of periodic node voltages and/or branch
currents from one or more of the local nodes in the low-voltage network;

- acquiring event-driven measurements of event-driven data based on node
voltages and/or branch currents from the distributed energy resources
and/or other event-driven data sources;

- in a primary process, executing a distribution system state estimation for the
low-voltage network based on a data set comprising the periodic
measurements;

- in a secondary process, estimating impacts on the node voltages and/or
branch currents in the plurality of local nodes based on the event-driven

measurements;
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wherein the estimated impacts on the node voltages and/or branch currents in the
plurality of local nodes from the secondary process are used to update the data setin

the primary process.

The method is based on processing of measurements through distinction between data
sources. The method can be used to utilize existing information and communication
infrastructure to access periodic and event-driven data from smart meters and
distributed energy resources. The method inherently compensates for incomplete
datasets by performing an event-driven update of network conditions. The event-driven
data is data acquired when a power operating point and/or other measured quantity
changes more than a predefined threshold for one of the distributed energy resources.
The event-driven data is based on node voltages and/or branch currents from the
distributed energy resources and/or other event-driven data sources. Typically, the
event-driven data comprises active and reactive power injection and/or the voltage
magnitude from the distributed energy resources. The method can be implemented in a
platform that can be installed in a secondary substation cabinet at the low-voltage side
of the transformer without the need for additional ICT investment. The method may be
referred to as a bi-level processing method due to the primary and secondary

processes.

A three-phase DSSE algorithm may be executed using acquisition of periodic smart
meter readings. As mentioned, one challenge is to ensure high data quality due to
operational issues and confidentiality issues. In the presently disclosed method, a
second processing layer may use event-driven measurements from DERs update to
estimate impacts on the node voltages and/or branch currents in the local nodes. In
contrast to the DSSE, these updates may be substantially real-time and may be used
improve the datasets of the primary process. The output of the secondary process may
be provided in network conditions as ranges rather than specific values. The updated
view on network conditions form the secondary process may be used to ensure high-

quality data input to the estimation of the primary process.

In one embodiment, the step of estimating impacts in the secondary process is
performed upon execution of the distributed system state estimation in the primary
process in order to re-evaluate the distributed system state estimation for the low-

voltage network.
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4
In one embodiment, the secondary process is used to update the data set in the
primary process, taking into account operating conditions in the low-voltage network

and adding missing data to the data set.

The present disclosure further relates to a monitoring system for estimation and
monitoring of low-voltage network feeder operating conditions, comprising:
- atleast a communication unit configured for:

o acquiring periodic measurements of periodic node voltages and/or
branch currents from one or more local nodes in the low-voltage
network;

o acquiring event-driven measurements of event-driven node voltages
and/or branch currents from one or more distributed energy
resources in the low-voltage network;

- atleast a processing unit configured for:

o ina primary process, executing a distributed system state estimation
for the low-voltage network based on a data set comprising the
periodic measurements;

o ina secondary process, estimating impacts on the node voltages
and/or branch currents in the local nodes based on the event-driven
measurements;

wherein the estimated impacts on the node voltages and/or branch currents in the local
nodes from the secondary process are used to update the data set in the primary

process.

The system may be implemented on two processors, wherein a first processing unit is
configured for handing the primary process and a second processing unit is configured
for handling the secondary process. The distribution system monitoring system may be
implemented in secondary substations where low-voltage (LV) radial feeders are
connected to the higher voltage level distribution network. It may comprise a
configuration of the data source (smart meters, DERSs) transmission settings and a

routing of the information flow to the distribution network operator.

These and other aspects of the invention are set forth in the following detailed

description of the invention.
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Description of drawings

Fig. 1 shows an example of acquisition of periodic and event-driven measurements.
Fig. 2 shows a possible implementation of the presently disclosed method and platform
in a secondary substation cabinet.

Fig. 3 shows an embodiment of the steps of the presently disclosed method of
estimating distribution system conditions in a low-voltage network.

Fig. 4 shows an embodiment of the presently disclosed distribution system monitoring
system for estimation of operating conditions of low-voltage network feeder conditions.
Fig. 5 shows an example of low-voltage network having a low-voltage feeder and a
number of local nodes.

Fig. 6 shows impacts on the node voltage in one of the local nodes, computed by the
secondary process, and DSSE, computed by the primary process.

Fig. 7 shows a further example of impacts on the node voltage in one of the local
nodes, computed by the secondary process, and DSSE values, computed by the
primary process.

Fig. 8 shows a comparison of individually/stand-alone estimated ranges (8A) and
narrower estimates through aggregation of estimates within a 1-minute time period

(8B). The comparisons are shown as a number of quantiles for the two approaches.

Detailed description of the invention

The present disclosure relates to a method of estimating distribution system conditions
of a low-voltage network of a distribution system. The low-voltage network has a
plurality of local nodes, wherein the local nodes may comprise both smart meters and
distributed energy resources. The method comprises at least the steps of:
- acquiring periodic measurements of periodic node voltages and/or branch
currents from one or more of the local nodes in the low-voltage network; and
- acquiring event-driven measurements of event-driven data based on node
voltages and/or branch currents from the distributed energy resources
and/or other event-driven data sources.
The steps do not have to be sequential, but may be executed in parallel and triggered

by periodic measurements and events, respectively.

State estimation is crucial in the development of models for power system monitoring
and analysis. Power System State Estimation (PSSE) is a well-known concept, which

has been researched and applied in power transmission systems since the 1970s. The
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need for Distribution system state estimation (DSSE) is important since the introduction
of distributed energy resources (DER), such as roof-top solar photovoltaic (PV) plants,
electric vehicles (EV) and heat pumps (HP), has increased the volatility of operation in
the electric power distribution systems. As would be appreciated by a person skilled in
the art, the term distribution system state estimation (DSSE) is well-known in the field.
The person skilled in the art will thus also understand what it means to execute a
distribution system state estimation. The present disclosure provides a number of

examples of specific estimations of a distribution system state.

As described in further detail below, the present disclosure bi-level processing method
and platform for estimation of distribution network condition may operate through
application of DSSE, wherein both periodic and event-driven measurements are used
in a two-layered data processing strategy. On one level, in a primary process, a three-
phase DSSE algorithm may be executed using acquisition of periodic smart meter
readings. In the second processing layer, in a secondary process, event-driven
measurements from DERs are processed after acquisition. This event-driven update of
network conditions may provide a potentially substantially real-time monitoring and may
capture system dynamics, which can be used by the operator for LV as input to control
decision making. One embodiment of the presently disclosed method therefore further
comprises the step of communicating the estimated network conditions to a central
entity of a power distribution network operator. The estimation may comprise an
estimation of the operation range of three-phase network and current. The DSSE may
be a three-phase DSSE. Variables of interest when estimating distribution system
conditions may be indicative of, for example, parameters like margins to operating
limits. State estimators allow the calculation of these variables of interest. The state
estimator is an integral part of the overall monitoring and control systems for a network.

It is mainly aimed at providing a reliable estimate of the system currents/voltages.

The second layer processing may involve an interval-arithmetic consideration of
measurement inaccuracy and a calculation of the impact on branch currents and/or
node voltages. With the interval-arithmetic approach, the network conditions may be
given as a range rather than a specific value. This has the benefit of giving an
indication of uncertainty not provided by DSSE itself, which typically provides
deterministic results. In one embodiment of the presently disclosed method, the step of

estimating impacts on the node voltages and/or branch currents in the local nodes
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comprises estimating voltage magnitude ranges and or branch current ranges for all

local nodes of the low-voltage network.

In the primary process, a distributed system state estimation may be executed for the
low-voltage network based on a data set comprising the periodic measurements. The
DSSE execution may take a considerable amount of time, in particular if implemented
on a relatively low-cost processor. The DSSE result may therefore represent the
estimated network conditions at the time when the process was started since the
dataset was acquired at that time. According to one embodiment of the presently
disclosed method, the step of estimating impacts in the secondary process is
performed upon execution of the distributed system state estimation in the primary
process in order to re-evaluate the distributed system conditions for the low-voltage

network.

In the secondary process, impacts on the node voltages and/or branch currents may be
estimated in the local nodes based on the event-driven measurements. The estimated
impacts on the node voltages and/or branch currents in the local nodes from the
secondary process may be used to update the data set in the primary process. The
combination of two processing layers can be used to update results that can replace
missing entities in the periodic DSSE data set. Therefore, in one embodiment, the
estimated impacts from the secondary process are used to supplement incomplete

data sets in the primary process.

One advantage of the present invention is that it can be implemented as a platform
directly in a secondary substation cabinet utilizing the existing infrastructure. Therefore,
the periodic and/or event-driven measurements may be acquired in the secondary
substation cabinet, wherein the primary and secondary processes are also performed
in the secondary substation cabinet. The periodic and/or event-driven measurements
may be acquired using for example power line carrier and/or cellular and/or radio
frequency communication. Additional sensor readings of systems that affect the
network conditions can be included. These sensors include loT sensors of traffic and
residential activities, as well as weather sensors and forecasts. With the addition of
more sensors, the event-driven updates of network conditions may be more frequent,

meaning the network conditions can be monitored with higher granularity.
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Most European smart meters form data packages according to the DLMS/COSEM
protocol and are primarily used for electrical billing purposes. Adjusting the
DLMS/COSEM settings through the OBIS codes allow customizing the data package
content and the communication settings, meaning the smart meters can be adjusted to

fit additional applications.

Periodic transmission option enables synchronous data acquisition. The synchronous
acquisition is valuable in processing data as complete data sets are updated in a
periodic fashion, which alleviates the need for aligning the information and simplifies
the evaluation of historic data. Such option may be initiated by the periodic triggering of
a timer inside the smart meter with a custom time-interval. Therefore, in one
embodiment, the step of acquiring periodic measurements is triggered by a timer in

fixed time intervals.

While the installation of DERs stretches across multiple technologies and numerous
manufacturers, international efforts are made to ensure technology and manufacturer
neutral standards. The IEEE 1547 aims to standardize interconnection and
interoperability requirements of DER capabilities and the IEC 61850 aims to
standardize the communication between distributed IEDs and digital substations. In
one embodiment of the presently disclosed method of estimating distribution system
conditions of a low-voltage network, the distributed energy resources comprise at least
one photovoltaic plant and/or at least one battery and/or at least one electric vehicle.
These DERs may use some of the above standards to transfer data to the presently
disclosed method and system. Event-driven measurements will typically be acquired
when a power operating point and/or other measured quantity changes more than a

predefined threshold for one of the distributed energy resources.

Upon acquisition of event-driven measurements, the changed physical conditions may
be evaluated through an estimation of the resulting change in network branch currents.
These changes can be evaluated to update voltage magnitude ranges of all local
nodes within the network. This can be used to replace missing data in the primary
process, thereby ensuring that the DSSE is given a complete data set every time it
executes. The utilization of such regularly updated pseudo measurements, that do not
depend on the integrity and availability of historic information, entails a consideration of
network operation compared to using either forecasts or historic data directly. As stated

above, when the DSSE execution finishes, event-driven updates performed during the
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DSSE execution may be re-evaluated in the secondary process with the new DSSE

results.

For each node in a radial feeder of the low-voltage network, the DSSE data set in the
primary process may include three measurements for each of the three phases, that is
active and reactive power injection, and the voltage magnitude. Similarly, the received
estimated impacts from the secondary process may comprise active and reactive
power, and voltage magnitude for all connected phases. The step of executing the
distributed system state estimation may comprise an estimation of three-phase
conditions of the low-voltage network. The step of executing the distributed system
state estimation may also comprise an estimation of voltage phasors and branch
current phasors in the local nodes. The step of executing the distributed system state
estimation may also comprise an estimation of voltages and/or currents and/or
consumption and/or generation of power in the local nodes. The DSSE may typically
run based on reception of periodic measurements. Hence, in one embodiment of the
presently disclosed method of estimating distribution system conditions of a low-
voltage network, the step of executing the distributed system state estimation in the

primary process is performed upon every reception of periodic measurements.

The secondary process uses the event-driven measurements. The secondary process
is typically much faster than the primary process. The step of estimating impacts on the
node voltages and/or branch currents in the local nodes in the secondary process may
be substantially real-time. The secondary process may involve inclusion of forecasted
information. Hence, in one embodiment of the presently disclosed method, the step of
estimating impacts on the node voltages and/or branch currents in the local nodes in
the secondary process comprises information from forecasts. The step of estimating
impacts on the node voltages and/or branch currents in the local nodes in the
secondary process may be performed individually for every change of power operating
point and/or other measured quantity more than a predefined threshold for one of the
distributed energy resources. During a DSSE, a number of updates in the secondary
may therefore be processed and accumulated in parallel and taken into account in the

primary process when the DSSE has finished.

The periodically acquired information may be sent to a data set formulation process
before being used in the DSSE execution since there is a risk of missing data. Besides

the periodic readings that arrive at the platform, the data set may be formulated
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through the inclusion of network condition information that is updated when event-
driven measurements are processed in the secondary process. With the acquisition of
event-driven measurements, the changed physical conditions may be evaluated
through estimating the resulting change in network branch currents. Based on these
the voltage magnitude interval of all phases and nodes within the network can be
updated. In one embodiment of the presently disclosed method, the primary process
comprises the step of formulating the data set based on the periodic measurements.
The primary process may further comprise the step of adding missing data based on
the secondary process. The replacement of missing measurements in the data set

formulation ensures that the DSSE is given a complete data set every time it executes.

The present disclosure further relates to a method for monitoring of a low-voltage
network of a distribution system comprising the method of estimating distribution
system conditions. The monitoring may include an estimation of the operation range of

three-phase network and current.

The presently disclosed method may be implemented as a computer program. The
computer program has instructions which when executed by a computing device or
system causes the computing device or system to perform a distribution system state
estimation. The computer program may run on the presently disclosed monitoring or

estimation platform.

The present disclosure further relates to a monitoring system for estimation and
monitoring of low-voltage network feeder operating conditions, comprising:
- at least a communication unit configured for:

o acquiring periodic measurements of periodic node voltages and/or
branch currents from one or more local nodes in the low-voltage
network;

o acquiring event-driven measurements of event-driven node voltages
and/or branch currents from one or more distributed energy
resources in the low-voltage network;

- atleast a processing unit configured for:

o ina primary process, executing a distributed system state estimation

for the low-voltage network based on a data set comprising the

periodic measurements;
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o in a secondary process, estimating impacts on the node voltages
and/or branch currents in the local nodes based on the event-driven
measurements;

wherein the estimated impacts on the node voltages and/or branch currents in

the local nodes from the secondary process are used to update the data set in

the primary process.
The monitoring system may be adapted to carry out any embodiment of the presently
disclosed distribution system estimation or monitoring method. The system may be
adapted to be installed in a secondary substation cabinet, preferably at the low-voltage
side of a distribution transformer of the low-voltage network. The primary and
secondary processes may run on two different processing units: a first processing unit
and a second processing unit. The monitoring platform may be implemented at
secondary substations where low-voltage radial feeders are connected to the higher
voltage level distribution network. It may require a configuration data source

transmission settings i.e. smart meters and DERs and a routing of the information flow.

Detailed description of drawings

The invention will in the following be described in greater detail with reference to the
accompanying drawings. The drawings are exemplary and are intended to illustrate
some of the features of the presently disclosed method and system for estimation
and/or monitoring of a low-voltage network, and are not to be construed as limiting to

the presently disclosed invention.

Fig. 1 shows an example of acquisition of periodic and event-driven measurements.
The ‘X’s indicate event-driven measurement, which are typically asynchronous and
triggered by events in the network. The ‘O’s indicate periodic measurements which are

typically synchronous and may be triggered by, for example, an internal timer.

Fig. 2 shows a possible implementation of the presently disclosed method and platform
in a secondary substation cabinet (210) (LV/MV substation). A data concentrator (208)
bundles data from multiple sources. The low voltage network has a local
communication infrastructure (209) for communication of data to/from the presently
disclosed system. As shown in the flowchart, the gathered measurements are initially
sorted (105) as periodic and event-driven acquisitions and used in the execution of the
two processing units (204, 205). A first processing unit (204) is responsible for DSSE

execution (103). A second processing unit (205) is responsible for updating the network
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conditions (104) through estimation of impacts. Both processing units includes
buffering (106) of the incoming data. Periodically acquired information is send to the
data set formulation process (107) before being used in the DSSE execution since
there is a risk of missing data for the DSSE process. The acquisition of periodic
measurements is triggered by an internal timer (206). Data from the second processing
unit can also be sent to an output collection unit (207). Besides the periodic readings
that do arrive at the platform, the data set is formulated through the inclusion of
network condition information that is updated when event-driven measurements are
routed through processor 2 (205). With the acquisition of event-driven measurements,
the changed physical conditions are evaluated through estimating the resulting change
in network branch currents. The results and/or any intermediate results may be stored
in an internal storage device (203). These are analyzed to update the voltage
magnitude interval of all phases and nodes within the network. Solid line arrows in fig.

2 denote information flow. Dotted line arrows denote trigger flows.

Fig. 3 shows an embodiment of the steps of the presently disclosed method (100) of
estimating distribution system conditions, in particular of a low-voltage network. The
processes, acquisition of periodic measurements (101) and acquisition of event-driven
measurements (102) are executed. The acquisition of periodic measurements (101)
may trigger the DSSE execution (103). The acquisition of event-driven measurements
(102) may trigger the estimation of impacts (104). The estimated impacts (104) may be
used in the DSSE execution (103). When a DSSE (103) has been finished it may

trigger an update of impact estimation (104).

Fig. 4 shows an embodiment of the presently disclosed distribution system monitoring
system (200) for estimation of operating conditions of low-voltage network feeder
conditions. The system has a communication unit (201) for communication, such as
wireless communication, with smart meters and DERs. The communication unit (201),
or a different communication unit, may also be responsible for communicating the
distribution system conditions to a central entity of a power distribution network
operator. At least a processing unit (202) may execute the method and/or computer
program. The processing unit (202) may have a dedicated first processing unit (204) for
carrying out the primary process and a dedicated second processing unit (205) for
carrying out the secondary process. The result and/or any intermediate results may be
stored in a storage device (203). As a person skilled in the art would recognize, the

system may further comprise other peripherals for handling data and communication.
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Example

The invention will in the following be described in a non-limiting example of an

implementation.

In one example the presently disclosed method and/or system is implemented in
MATLAB and tested with a simulation of a LV distribution feeder according to fig. 5.
Both residential consumption and DERs may be present in the nodes. The distribution
of DERs represents a future scenario where 100% of the households have installed
energy systems consisting of a PV plant and a battery storage unit. The batteries are
assumed to store excess PV production and discharge when household consumption
exceeds the local production. Furthermore, approximately 68% of the residential load

points are assumed to have EVs connected.

All loads are considered three phase and operate in unbalanced conditions. Each EV is
considered to charge through three-phase chargers with rated currents of either 16 or
32 A. All PV plants and batteries are rated at 5 kVA and are set to operate with cos¢(P)
reactive power following a linear relationship from unity power factor at 50% rated
active power to 0.9 lagging power factor, from a generator perspective, at 100% rated
active power. Furthermore, the event-based DER readings are send every time the
active power operating point changes with more than predefined thresholds. These
thresholds are assumed £50Wfor PV plants and batteries, and £100 W for the EV
chargers. For the latter DER type, the threshold is chosen arbitrarily as the EV
chargers are modelled to either charge at 0 or 100% of the rated charging current. For
both PV and battery inverters, the sensitivity threshold is chosen equal to the assumed
metering accuracy of £1% of the rated power. In the following simulation based
scenarios, all load points and DERs are assumed to follow generic load and generation

curves that are randomized for the different distributed units.

The demonstration of the proposed platform implemented for monitoring the LV feeder
in fig. 5 is performed at a time interval between 8:14 and 8:36 of the described
simulation study. As the DSSE is considered executed periodically every 15th minute,
this demonstration contains two executions of processor 1. Furthermore, a 1%
probability of data loss is assumed meaning there is a 1% risk of losing the periodic
and event-driven measurements as these are send through the ICT infrastructure. The

objective of this demonstration is to illustrate how the bi-level configuration of the
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proposed platform enables LV network monitoring with limited processing capabilities.
This is highlighted by showing the estimated conditions in a time series plots at time
instances where the DSSE algorithm on processor 1 is initiated and when it has
finished its execution. To demonstrate this capability, an observation of the node 6
phase a voltage magnitude is shown in fig. 6. The illustrations in fig. 6A-B are zoomed
to the time interval between 8:14 and 8:21, and fig. 6A show the first 5 estimated
ranges between 8:14 and 8:15. The ‘X’ 301 and 302 denotes the upper and lower
boundaries of the first range. These are calculated from the reporting of updated
conditions of 5 PV plants at nodes 14, 26, 21, 2, and 31, meaning their active power
generation has changed relative to the previously reported conditions by a quantity
larger than the predefined threshold as explained with the event-driven transmission
setting in fig. 1. At 8:15, the platform timer triggers processor 1 to start executing the
DSSE algorithm. With limited processing power, the DSSE execution takes a
considerable amount of time as seen by the time difference between the DSSE start
time 8:15 and the return of the deterministic voltage magnitude estimate represented
by the circle ‘O’ (303) in fig. 6B at approximate 8:20. It is worth remembering that the
deterministic DSSE results represent the estimated network conditions at 8:15 because
the input data set is based on periodic metering acquisition at 8:15. In addition, fig. 6C
show how the proposed platform is capable of estimating voltage magnitude intervals
during the DSSE execution because of the bi-level processing architecture. The
complete time series from 8:14 to 8:36 used in this demonstration is shown in fig. 6C
together with the power flow voltage profile results (304). Here the power flow results
are calculated every minute, between which the conditions are assumed to follow a
linear relationship. In the illustrated time period, two DSSE executions are initiated at
8:15 and 8:30, and finishes approximately 6 minutes after. For the first DSSE result
representation, the power flow voltage profile at 8:20 looks accurately estimated.
However, the DSSE estimation results represent the 8:15 power flow conditions and a
careful investigation shows a small estimation error is visible. The same conditions
apply for the evaluation of the second DSSE execution. For the demonstrated time
series, the network conditions are not severely volatile. But in modern distribution
networks, with many DG and electrified services, the changes can be severe as seen
in the illustration of node 6, phase a time series between 19:40 and 20:40 shown in fig.
7.

Evaluating the performance of the developed bi-level processing platform for LV

network monitoring is done through analyzing its ability to contain the voltage
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magnitude at all nodes and phases during a single day of operation. The performance
is therefore evaluated through the statistics of the estimated range at all nodes and
phases in the network. Furthermore, the information availability limitations are
considered through analyzing the platform performance with different scenarios of data
loss probability. A statistical overview of the platform performance compared to that of

the processor 1 DSSE algorithm itself is given in Table 1.

Registered Bi-level platform
Processor 1 DSSE
Data loss DER Interval
probability | changes errors Verror | Verror | Max. V error V error | Max.
(Intervals) <1% >1% error <1% >1% error
16,061 18,503 573V 1248V
0% 97.76% | 2.24% 90.87% | 9.13%
(1,541,856) (1.20%) (2.48%) (5.40%)
15,890 20,716 508V 1239V
1% 97.86% | 2.14% 90.52% | 9.48%
(1,525,440) (1.36%) (2.20%) (5.37%)
15,254 28,229 585V 1259V
5% 96.75% | 3.25% 89.01% | 10.99%
(1,464,384) (1.93%) (2.53%) (5.45%)
14,482 31,438 575V 1275V
10% 95.07% | 4.93% 88.04% | 11.96%
(1,390,272) (2.26%) (2.49%) (5.52%)
12,014 72,433 9.78V 1491V
25% 87.62% | 12.38% 78.79% | 21.21%
(1,153,344) (6.28%) (4.23%) (6.46%)

Table 1

Fig. 8 shows a comparison of individually/stand-alone estimated ranges (8A) and
narrower estimates through aggregation of estimates within a 1-minute time period
(8B). The comparisons are shown as a number of quantiles for the two approaches.

In fig. 8A individually estimated ranges are considered. In fig. 8B a narrower estimate is
considered through aggregation of estimates within 1-minute time periods.

A direct comparison between the stand-alone estimated ranges in fig 8A and those
aggregated across a 1-minute resolution in fig. 8B, reveals several characteristics. First
of all, more than 95% of all estimated intervals have a voltage magnitude range
narrower than 10% of rated LV network voltage magnitude, equal to 23.1 V. Secondly,
the narrowest possible range of estimated intervals at any node in the network is
approximately 2% of the rated voltage i.e. 5 V corresponding to the metering
infrastructure accuracy of 1% of rated voltage. Thirdly, the aggregated intervals have
much narrower voltage magnitude range, and finally, in less than 5% of the aggregated
intervals the minimum boundary is lower than the maximum boundary seen as negative

interval ranges in fig. 8B.
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Further details of the invention

1.

A method of estimating distribution system conditions in a low-voltage network
of a distribution system, said low-voltage network having a plurality of local
nodes, wherein one or more of the local nodes comprise distributed energy
resources, the method comprising:

- acquiring periodic measurements of periodic node voltages and/or branch
currents from one or more of the local nodes in the low-voltage network;

- acquiring event-driven measurements of event-driven data based on node
voltages and/or branch currents from the distributed energy resources
and/or other event-driven data sources;

- in a primary process, executing a distribution system state estimation for the
low-voltage network based on a data set comprising the periodic
measurements;

- in a secondary process, estimating impacts on the node voltages and/or
branch currents in the plurality of local nodes based on the event-driven
measurements;

wherein the estimated impacts on the node voltages and/or branch currents in

the plurality of local nodes from the secondary process are used to update the

data set in the primary process.

The method according to item 1, wherein the step of estimating impacts on the
node voltages and/or branch currents in the plurality of local nodes comprises
estimating voltage magnitude ranges and or branch current ranges for all of the

plurality of local nodes.

The method according to any of the preceding items, wherein the estimated
impacts from the secondary process are used to supplement incomplete data

sets in the primary process.

The method according to any of the preceding items, wherein the step of

acquiring periodic measurements is triggered by a timer in fixed time intervals.
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11.

12.

17

The method according to any of the preceding items, wherein the periodic
measurements are acquired from smart meters in one or more of the local

nodes.

The method according to any of the preceding items, wherein the distributed
energy resources comprise at least one photovoltaic plant and/or at least one

battery and/or at least one electric vehicle.

The method according to any of the preceding items, wherein an event-driven
measurement is acquired when a power operating point and/or other measured
guantity changes more than a predefined threshold for one of the distributed

energy resources.

The method according to any of the preceding items, wherein the step of
executing the distributed system state estimation in the primary process is

performed upon every reception of periodic measurements.

The method according to any of the preceding items, wherein the data set
comprise active power and/or reactive power and/or voltage magnitude and/or

current magnitude and/or current angles and/or voltage angles.

The method according to any of the preceding items, wherein the step of
executing a distributed system state estimation comprises an estimation of

three-phase conditions of the low-voltage network.

The method according to any of the preceding items, wherein the step of
executing a distributed system state estimation comprises an estimation of

voltage phasors and branch current phasors in the plurality of local nodes.

The method according to any of the preceding items, wherein the step of
executing a distributed system state estimation comprises estimation of
voltages and/or currents and/or consumption and/or generation of power in the

plurality of local nodes.
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14.

15.

16.

17.

18.

19.

20.

18

The method according to any of the preceding items, wherein the step of
estimating impacts on the node voltages and/or branch currents in the plurality

of local nodes in the secondary process is substantially real-time.

The method according to any of the preceding items, wherein the step of
estimating impacts on the node voltages and/or branch currents in the plurality
of local nodes in the secondary process is performed individually for every
change of power operating point and/or other measurable quantity more than a
predefined threshold for one of the distributed energy resources and/or for

changes of market data and/or weather data and/or traffic data.

The method according to any of the preceding items, wherein the step of
estimating impacts on the node voltages and/or branch currents in the plurality

of local nodes in the secondary process comprises forecasted information.

The method according to any of the preceding items, wherein the step of
estimating impacts in the secondary process is performed upon execution of the
distributed system state estimation in the primary process, thereby re-

evaluating the distributed system state estimation for the low-voltage network.

The method according to any of the preceding items, wherein the primary
process comprises the step of formulating the data set based on the periodic

measurements.

The method according to any of the preceding items, wherein the secondary
process is used to update the data set in the primary process, taking into
account operating conditions in the low-voltage network and adding missing

data to the data set.

The method according to any of the preceding items, wherein the periodic
and/or event-driven measurements are acquired using power line carrier and/or

cellular and/or radio frequency communication.

The method according to any of the preceding items, wherein the periodic

and/or event-driven measurements are acquired in a secondary substation
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cabinet and wherein the primary and secondary processes are performed in the

secondary substation cabinet.

21. The method according to any of the preceding items, further comprising the
step of communicating the distribution system conditions to a central entity of a

power distribution network operator.

22. A method for monitoring of a low-voltage network of a distribution system
comprising the method of estimating distribution system conditions according to

any of the preceding items.

23. A computer program having instructions which when executed by a computing
device or system causes the computing device or system to perform a

distribution system condition estimation according to any of items 1-21.

24. A monitoring system for estimation and monitoring of low-voltage network
feeder operating conditions, comprising:
- atleast a communication unit configured for:

o acquiring periodic measurements of periodic node voltages and/or
branch currents from one or more local nodes in the low-voltage
network;

o acquiring event-driven measurements of event-driven node voltages
and/or branch currents from one or more distributed energy
resources in the low-voltage network;

- atleast a processing unit configured for:

o ina primary process, executing a distributed system state estimation
for the low-voltage network based on a data set comprising the
periodic measurements;

o in asecondary process, estimating impacts on the node voltages
and/or branch currents in the local nodes based on the event-driven
measurements;

wherein the estimated impacts on the node voltages and/or branch currents in
the local nodes from the secondary process are used to update the data set in

the primary process.



WO 2020/260257 PCT/EP2020/067457
20

25. The monitoring system according to item 24, wherein the system is adapted to

be installed in a secondary substation cabinet.

26. The monitoring system according to item 25, wherein the system is installed at

5 the low-voltage side of a distribution transformer of the low-voltage network.

27. The monitoring system according to any of items 24-26 using the method

according to any of items 1-21.

10
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Claims

1. A method of estimating distribution system conditions in a low-voltage network
of a distribution system, said low-voltage network having a plurality of local
nodes, wherein one or more of the local nodes comprise distributed energy
resources, the method comprising:

- acquiring periodic measurements of periodic node voltages and/or branch
currents from one or more of the local nodes in the low-voltage network,
wherein the periodic measurements are acquired periodically with fixed time
intervals;

- acquiring event-driven measurements of event-driven data based on node
voltages and/or branch currents from the distributed energy resources
and/or other event-driven data sources, wherein the event-driven
measurement are acquired when a power operating point and/or other
measured quantity changes more than a predefined threshold for one of the
distributed energy resources;

- ina primary process, executing a distribution system state estimation
(DSSE) for the low-voltage network based on a data set comprising the
periodic measurements;

- in a secondary process, estimating impacts on the node voltages and/or
branch currents in the plurality of local nodes based on the event-driven
measurements;

wherein the estimated impacts on the node voltages and/or branch currents in

the plurality of local nodes from the secondary process are used to update the

data set in the primary process.

2. The method according to claim 1, wherein the step of estimating impacts on the
node voltages and/or branch currents in the plurality of local nodes comprises
estimating voltage magnitude ranges and or branch current ranges for all of the

plurality of local nodes.

3. The method according to any of the preceding claims, wherein the estimated
impacts from the secondary process are used to supplement incomplete data

sets in the primary process.
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The method according to any of the preceding claims, wherein the step of
executing the distributed system state estimation in the primary process is

performed upon every reception of periodic measurements.

The method according to any of the preceding claims, wherein the step of
executing a distributed system state estimation comprises an estimation of

three-phase conditions of the low-voltage network.

The method according to any of the preceding claims, wherein the step of
executing a distributed system state estimation comprises an estimation of

voltage phasors and branch current phasors in the plurality of local nodes.

The method according to any of the preceding claims, wherein the step of
executing a distributed system state estimation comprises estimation of
voltages and/or currents and/or consumption and/or generation of power in the

plurality of local nodes.

The method according to any of the preceding claims, wherein the step of
estimating impacts on the node voltages and/or branch currents in the plurality

of local nodes in the secondary process is substantially real-time.

The method according to any of the preceding claims, wherein the step of
estimating impacts on the node voltages and/or branch currents in the plurality
of local nodes in the secondary process is performed individually for every
change of power operating point and/or other measurable quantity more than a
predefined threshold for one of the distributed energy resources and/or for

changes of market data and/or weather data and/or traffic data.

The method according to any of the preceding claims, wherein the step of
estimating impacts in the secondary process is performed upon execution of the
distributed system state estimation in the primary process, thereby re-

evaluating the distributed system state estimation for the low-voltage network.

The method according to any of the preceding claims, wherein the secondary

process is used to update the data set in the primary process, taking into
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13.

14.

23

account operating conditions in the low-voltage network and adding missing

data to the data set.

The method according to any of the preceding claims, wherein the periodic
and/or event-driven measurements are acquired in a secondary substation
cabinet and wherein the primary and secondary processes are performed in the

secondary substation cabinet.

A computer program having instructions which when executed by a computing
device or system causes the computing device or system to perform a

distribution system condition estimation according to any of claims 1-12.

A monitoring system for estimation and monitoring of low-voltage network
feeder operating conditions, comprising:
- atleast a communication unit configured for:

o acquiring periodic measurements of periodic node voltages and/or
branch currents from one or more local nodes in the low-voltage
network, wherein the periodic measurements are acquired
periodically with fixed time intervals;

o acquiring event-driven measurements of event-driven node voltages
and/or branch currents from one or more distributed energy
resources in the low-voltage network, wherein the event-driven
measurements are acquired when a power operating point and/or
other measured quantity changes more than a predefined threshold
for one of the distributed energy resources;

- atleast a processing unit configured for:

o ina primary process, executing a distributed system state estimation
(DSSE) for the low-voltage network based on a data set comprising
the periodic measurements;

o in a secondary process, estimating impacts on the node voltages
and/or branch currents in the local nodes based on the event-driven
measurements;

wherein the estimated impacts on the node voltages and/or branch currents in
the local nodes from the secondary process are used to update the data set in

the primary process.
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