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1. Introduction 
The SEI Project aims to support distribution network operators in their processes for assessing the 
impact of proposed PV embedded generation systems in their networks. This is achieved by providing 
them with a better understanding of the operational conditions of their networks through the 
implementation of a State Estimation Algorithm (SEA). The SEA uses existing network and 
measurement data as well as existing static data characterising the structure and nature of the 
supplied customer base within the networks. These results are passed on to a semi-automated 
power-flow analysis based simulation tool in which the likely impact of the additional PV system is 
assessed. 

Phase 3 of the SEI Project commenced in June 2018 and concluded at the end November 2018. 
Phase 3 was primarily focused on establishing a prototype for the semi-automated analysis tool and 
readying the real-time deployment (RTD) of the SEA for use in export limitation signalling in Phase 4. 
The project also continued to develop the performance and reliability of the SEA and dashboard front 
end. Importantly at least one feeder from each of the partner DNSPs has been successfully run with a 
time series of historical state estimation. 

1.1. Purpose 
The purpose of this report is to document the technical progress of the SEI Project, providing an 
updated summary of the current state estimation execution approach and key technical 
achievements. This report focuses on the technical areas of implementation achieved, with the 
identification of some of the key activities planned for the next phase in the project.  

1.2. Scope  
The scope of this report includes any technical content related to the application of the State 
Estimator, as applied to the three DNSP’s partner networks. 

1.3. Audience 
The intended audience of this report is any party interested in the technical aspects of the 
implementation of the State Estimator to the DNSP’s networks. 

  



2. Report Overview 
The functionality and capability of the State Estimator has improved across the life of the project. This 
report is provided as a progress report on the technical areas of the project. 
Sections 3 – 7 of the report cover the functional parts of the State Estimator such as 

 the network models; 
 measurement data; 
 data management; 
 the SEA; and 
 the dashboard. 

Section 8, 9 and 10 cover the key results from the project. These were, the first prototype of the 
Analysis tool and case study results using the tool, and analysis for each of the NSP test feeders. 
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3. Modelling Principles 
The network element modelling continued to develop during the project, with existing models further updated 
and new elements being modelled. Key developments have been: 

 Two-phase lines and transformers; 
 Closed-delta voltage regulators; and 
 Shunt reactors and capacitors. 

This section of the report provides details into the progress made in the models. 

3.1. Nodes 
Extensions of functionality have been made to the node class, which allows for two-phase network nodes to 
be created. These nodes still contain four single-phase node elements; however, the two nodes that are not 
connected to the network are initialised with a voltage of magnitude 0 V, and angle 0 degrees. 
To ensure that the network state is fully determined for all network parameters, connectors with 0 V should 
be applied to these node phases at the input system/measurement system setup stage. This process for 
application of connectors to unconnected phases is discussed in section 4.1. 

3.2. Branch Elements 
The lines, cables, regulators and transformers which make up the branch elements of the network models 
were further developed. As well as some extensions to the existing models the addition of two-phase and 
single-phase models was an area of significant effort. 

3.2.1. Lines and Cables 
The line and cable class has been extended to allow the creation of two-phase lines and cables through 
either: 

1. the geometry and properties of the conductors, or  
2. the input of sequence impedance and admittance parameters1. 

Geometry Instantiation 

The geometry instantiation is set up in a similar manner to that for a four-wire line; however, in this instance 
there are only two phases to be connected and so the primitive impedance and admittance matrices are 
created as 2x2 systems. 
Considering the four-port transmission line model, with the two phases to be connected arbitrarily denoted as 
x and y. With z representing the unconnected phase, and neutral represented by phase n. 

 

 

As with the four-wire model, the self and mutual impedances are calculated using Carson’s equations as: 

 
                                                      
1To date the geometry instantiation approach has only been tested for the creation of lines. This approach should not 
ever be required to instantiate a cable as the sequence impedance cable properties are generally provided in equipment 
data sheets and should be stored in an asset management system. If these details are not available, then it is likely to be 
challenging to determine the specific details of the cables at any rate and certain assumptions will be required. 
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In development of the primitive shunt admittance matrix, a similar approach is applied with a primitive 
potential matrix developed from the geometry of the network. 
The primitive potential matrix is defined as: 

 

Where the self-primitive potential is defined as  
1

2
log

2
 

The mutual primitive potential between conductor x and y is defined as  
1

2
log  

With  

 Dxx as the distance of conductor x above the ground; 
 rx as the radius of conductor x; 
 Sxy as the distance between conductor x, and the mirror of conductor y; 
 Dxy as the distance between conductor x, and conductor y. 

The primitive capacitance matrix as the inverse of the primitive potential matrix. 
 

And the shunt admittance matrix is determined by multiplying the primitive capacitance matrix by 2πf and the 
line length, L. 

2  

Sequence Impedance Instantiation 

The sequence impedance approach for two wire lines is very similar to that for a four-wire line, however a 
slightly differently approach is required as there is no negative sequence component for a two-phase system.  
The primitive sequence impedance matrix is constructed as  

 ∙
0

0  

With Z1 = (r1+jx1) and Z0 = (r0+jx0). 
The primitive sequence admittance matrix is constructed as  

∙
0

0  

With Y1 = (2πfc1) and Y0 = (2πfc0). 
As with the three-phase model, the primitive impedance and admittance matrices are determined from these 
sequence impedance and admittance matrices by pre and post multiplying  

∙ ∙  
∙ ∙  

Where  

√
1 1
1 1

 

Constructing the admittance matrix 

Once the primitive impedance and admittance matrices have been constructed using one of the above 
methods, the 8x8 element admittance matrix is developed from first principals.  
Considering the four-port transmission line model, with the two phases to be connected arbitrarily denoted as 
x and y. With z representing the unconnected phase, and neutral represented by phase n. 

   ... (1) 

Where  
1
2
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1
4

 

1
2

 

1 0
0 1

 

Equation 1 in the four-port transmission line model may be rearranged to form the equation  
 

With the placement of the voltages reversed for the other primary side of the network element. 
 

With columns and rows relating to phases z and neutral set to zero 
Which can be represented as the following matrix. 

0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

 

Any of the four phases can arbitrarily be assigned to phases x and y, achieved through the swapping of rows 
and columns as required. 

The result is an admittance matrix similar to that applied in the four-wire model, but with the application of 
zeros in the rows and columns relating to the removed network phases. 

3.2.2. Transformers 

Two-phase transformers were also implemented in this phase of the project. The two-phase model was 
derived from the three-phase transformer model.  

The two-phase transformer model allows for any two phases to be connected on the primary or high voltage 
side and any other two phases to be connected on the secondary or low voltage side with a third phase as 
the centre tap, earthed. A general arrangement is given in Figure 3-1 below. 

 

 

Figure 3-1Two-phase transformer with centre tap. Source: SINCAL documentation. 

 
In normal configurations this centre tap would be the neutral wire; however, if required any phase can be 
used. 
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3.2.3. Regulators – Closed-delta 

In addition to the existing open-delta voltage step regulator, a new closed-delta step regulator model has 
been created. The regulators are set up as three auto transformer banks connected in ‘Type-B’ set-up as 
illustrated in Figure 3-2 below. 
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Figure 3-2 Three-phase closed-delta regulator - Type B configuration. Source: Western Power web site. 

Attachment I – Closed-delta Regulator Formulation provides the details of the formulation of the regulator 
admittance matrix. 

One of these regulators is used in the Bridgewater feeder in Tasmania which is one of the test feeders for 
this project. These testing of these regulator models is still ongoing. 

3.3. Shunt Elements 

Passive shunt elements (capacitors and reactors) can now be modelled in the State Estimator. 

The ShuntElement class has been created which can model either a single-phase, multi-phase, or three-
phase capacitor or reactor.  

The class currently requires the user to provide the size of the reactor or capacitor in kVar. A future 
implementation will provide users the option to provide physical parameters farads (F) or henrys (H) if that is 
preferred. 

3.4. Testing of Models 

The testing of the network models is ongoing. Benchmark tests against SINCAL for the two-phase models 
(lines and transformers) has showed accuracy of better than 1% for the tests undertaken. 

The closed-delta regulator benchmark tests have shown similar results to SINCAL under normal and light 
operating loads and tap positions not near the extremes. However, at or near maximum taps and heavy load 
conditions, the results so far have been different to SINCAL. Investigation and development are ongoing and 
site tests results have been sought as a comparison. 

3.5. Future work 

Although the critical network elements (lines, cables and transformers) have been modelled to a high degree 
of accuracy, there are still some further activities to be undertaken in the modelling space. All of these 
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activities have been registered in the project’s Redmine server, the system used for management of the 
project’s technical issues and activities.  

For each activity, a priority/criticality has been assigned, corresponding to the urgency with which it will be 
addressed. 

Testing and verification of the regulators will be ongoing as well as extension of the transformer models to 
handle different winding configurations.  

The models will also eventually be extended to take different inputs depending on the user’s preference; 
however, this is outside the scope of this project.  
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4. Network Instantiation 
As the network is constructed, a series of methods are executed to instantiate the network. This section 
outlines some of the particular decisions and assumptions that are used in the process of network 
instantiation. 

The focus of this milestone period has been on the development of two-phase network element and node 
models that are particularly required for feeders on TasNetworks’ network. A set of “Multiphase” classes 
have been developed that extend the functionality of three-phase set-up classes, specifically where two-
phase elements and nodes are required. 

By default, a two-phase network will be created using these two-phase class extensions; however, 
functionality has been implemented to force the creation of the network model as a three-phase model. 

4.1. Nodes 
The process for instantiation of HV and LV two-phase nodes is described. 

4.1.1. HV Node two-phase 

HV two-phase nodes are created where there are connected to network elements that only contain two-
phase connections. 

This occurs where a two-phase tee is taken from a three-phase supply to deliver power to one or more two-
phase distribution transformers. The tee-off node is considered as a three-phase node, as there is still an 
electrical connection between the third phase and the rest of the network and is designated with phasing 
“ABC”. For all subsequent nodes, their phasing is designated as either “AB”, “BC”, or “CA” depending on the 
elements connected to the node. 

As the network and the input system for the network is established, the phasing of nodes is checked by 
considering the phasing of all elements connected to each node. Three-phase nodes will be treated as 
previously described. Two-phase nodes will have zero current connectors applied to each of the active 
phases, but the third active phase with no elements connected will be treated similarly to the neutral phase 
and have 0 V connectors applied between the phase and ground. 

4.1.2. LV Node two-phase 

LV two-phase nodes are treated very similarly to HV two-phase nodes, with the third unconnected phase 
having 0 V connector applied between it and ground. The two-phase LV node is arbitrarily set up to have the 
same phasing as the HV nodes of the transformer to which it was connected and with the centre tap set as 
the neutral phase.  

For example, a two-phase transformer connected on the HV between phases A and C, will have an LV node 
created which has active phases of A and C and a centre tap connected to neutral. To facilitate this, the two-
phase node is instantiated with the appropriate nominal phase rotation that occurs as a result of the 
transformation by the two-phase transformer. 

 

4.2. Two-phase Elements 

All elements are designated with a TerminalPhase variable that created from an attribute stored against the 
element in SINCAL. The TerminalPhase values relate to a string of actual phasing as follows: 

1. A 
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2. B 
3. C 
4. AB 
5. BC 
6. CA 
7. ABC 

For two-phase lines and cables, input parameter have been provided that designate the two active phases to 
be used in the construction of the line. For two-phase transformers, input parameters have been created that 
allow the designation of the two primary phases, the two secondary active phases, and the centre tapped 
phase. 

Internal to the class, the appropriate rotations are applied to the admittance matrix to produce the required 
phasing. 

4.3. Future Work 

At this stage, there is no further work planned for network instantiation. 
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5. Measurement Data 
One of the core inputs to the State Estimator is the actual measurement data received from each of the 
DNSP’s. As with the size and number of nodes in each of the NSP’s networks, there is a significant range in 
the nature and extent of data available for performing state estimation runs. 

This section provides an overview of the types of measurements that have been applied since the last 
milestone report and the key challenges associated with the use of this data in the State Estimator. 

5.1. Devices 

5.1.1. Aggregated Customer Measurements 

The main source of measurement data to be used as an input to the State Estimator from United Energy’s 
network is aggregated customer measurements, sourced from customer smart meter data. In addition to 
these customer measurement values, there are measurements from three Automatic Circuit Reclosers 
installed across the two feeders that are applied in the same manner as previous reclosers. 

 The customer smart meter data comprises: 

 Half hourly average P and Q (as calculated from consumption) from customer smart meters, 
aggregated to their distribution transformers; and 

 Five minute voltage measurements from smart meter customers, located closest to the distribution 
transformers.  

Currently, these measured values are treated in a similar manner to the application of transformer monitor 
measurements (as applied on TasNetworks and Energex’s networks). There are some minor issues with 
using the aggregated customer data in this way being: 

 the assumption of no voltage drop between the transformer and the customer; 
 half hour values of P and Q to be used with 5 minute values of voltage, and recloser measurement 

points. 
 the assumption of no real and reactive losses in the LV circuits and service wires; 

The assumption of real and reactive losses is acceptable, as the losses are likely in the ballpark of the 
uncertainty of the P and Q measurement values.  

The difference of sampling period between aggregated P and Q values and the other measurements in the 
network requires that the other measurements in the network are converted to half hour values. This is 
achieved by averaging each of the measured values over the half hour period. The estimated state of the 
network is therefore the “half hour” average state. 

Measurement Applications  

With respect to the half hourly P and Q values, it was not possible for the values to by split by phase; these 
are total values across the three-phases. To apply single-phase measurements, the three-phase values 
have been divided by three. 

With respect to the voltage measurements, where possible, these have been provided as three single-phase 
measurements that reside on different phases. However in some instances, only a single voltage 
measurement is available, that is applied as the voltage measurement across each of the three phases. 
There is no mapping of these phases from each distribution transformer to a global reference and so 
assignment of the phasing of these voltage measurements is arbitrary. 

Connectors applied in the State Estimator’s input system are: 

1. Three single-phase to neutral voltage measurements; 
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2. Three phase to neutral P measurements; 
3. Three phase to neutral Q measurements. 

5.2. Data Structure 

Significant work has been undertaken in defining a modified database structure that supports and facilitates 
additional functionality in the application of measurements. This includes: 

 Capability for new measurements with arbitrary points to be added to the network, and linked to 
different SINCAL elements/terminals; 

 Capability for measurements to be phase mapped from originally provided values; and 

 Capability for measurements to be blanked out over certain time ranges. 

5.3. Future Work 
Future activities to be undertaken in the network measurement space are: 

1. Tuning of aggregated customer measurements from United Energy measurement datasets – 
Medium. 

2. Automatic association of errors with measurements – Medium. 
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6. State Estimator 
Documentation of the State Estimator is ongoing and is planned to correlate with migration of the underlying 
core functions to more efficient platforms and languages throughout the project. A summary of the progress 
on the SEA during the project has been separated into performance improvements and additions of 
functionality, and are presented below. 

6.1. Performance  

The performance of the State Estimator has dramatically improved during Phase 3. Single solution iterations 
of the largest test feeder, have reduced from 20 min to down to = 400 ms. The total solution time of historical 
state estimations has also been improved as the scheduler has been developed, allowing for parallel 
processing of time steps.  

Performance improvements that have been applied since the last milestone submission include: 

 Parallelisation of the Jacobian generation; 
 Replacement of singular value decomposition with regular matrix inversion (DGELS), using Intel 

MKL hardware optimised functions for all but the last iteration; 
 Implementation of Kron reduction algorithm to eliminate nodes in the network that do not act as 

sources/sinks of real or reactive power; 
 Caching of Kron reduced network, to eliminate the need for Kron reduction on the same network 

more than once. 

6.2. Functionality 
Functionality that has been added to the State Estimator includes: 

 Capability to execute time series of estimations in the dashboard environment as Estimation Runs. 
 Implementation of scheduling to multiple estimation runs to be created, queued and executed in 

parallel; 
 Option for output of left and right singular vector decompositions of the Jacobian for identification of 

potentially conflicting measurements; 
 Implementation of functionality to calculate impedance from any node to the source; 
 Update of convergence criteria to reference delta(V), but continue to use mismatch as indicator of 

solution “closeness”; 
 Output of Jacobian dimensions for validating the input system and network setup. 
 Capability to determine output uncertainty calculated from input uncertainty values. 
 Capability for the estimator to be run locally on the same code base as that deployed on the server. 

This includes: 
o Specifications of particular networks and time steps; 
o Collection of input data from the database; 
o JSON output and JSON read in; 
o Retention of the kron reduced network for subsequent time steps; 
o Definition of arguments alter options in the estimator execution. 

 Additionally, prototype functionality has been added to develop constraint systems from defined 
network limits and then perform optimisation on these systems 
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6.3. Estimation Diagnosis 

6.3.1. Tap Position Identification Example 

Functionality has been added to assist with the identification of tap positions that have been incorrectly 
applied in the estimator inputs. 

Following any Estimation Run, the residuals of any input system connector can be viewed as a histogram. 
This provides value in identifying potentially incorrect input system data for a number of input system 
connector types, but is particularly valuable for the identification of incorrectly tap positions through the LV 
voltage measurements. 

Figure 6-1 presents the histogram of LV voltage residuals for all measured transformers, prior to the 
correction of tap positions from the network. 

In this histogram, there are three transformers whose residual means have a significant bias from 0, and as 
a result likely have incorrect tap positions. 

Two units have residuals with mean values of about -6 V, which means that the estimated value is about 6 V 
higher than the measured value. As one tap position corresponds to about 6 V on transformer secondaries, 
this can be rectified by changing the primary tap ratio in the estimator input dataset from tap 5 of 7 to tap 4 of 
7; corresponding to a change of primary voltage from 1.0 to 1.025 per unit. 

For unit one unit, the voltage residuals have a mean of about + 4.5 V. Through analysis of the input data it 
was identified that the nominal secondary voltage of this unit was defined as 415 V; where all other units 
were listed as having nominal secondary voltages of 433 V. Changing the nominal secondary voltage to 433 
V resulted in a shift of the residuals from +4.5 V to - 6 V, as the difference of 18 V in the phase to phase 
voltage corresponds to a 10.4 V change in phase to neutral voltage. This could then be brought back to zero 
by changing the tap position in the input dataset from tap 5 of 7 to tap 4 of 7, as performed on the other two 
units. 
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Figure 6-1: Histogram of LV voltage measurement residuals, prior to tap position correction. 

Figure 6-2 presents a histogram of residuals on LV voltage measurements for an estimation run on the same 
time period after applying these changes to the input data. 
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Figure 6-2: Histogram of LV voltage measurement residuals, subsequent to tap position correction. 

6.3.2. Measurement Phasing Identification 

Additional functionality has been added to support the identification of incorrect measurement phasing 
(beyond visual inspection of the measurement heat maps presented previously). As a part of estimation run 
diagnosis, the user now has the capability to view the variance of the residuals for a given parameter, for 
each measurement device over the range of six possible phase mapping scenarios.  

As there is a strong correlation between voltages on the same phase between spatially proximal 
transformers, the variance of the voltage residuals provides the clearest opportunity to identify incorrect 
phasing. 

In Figure 6-3, the variance of voltage residuals for each measurement for a feeder is presented prior to any 
phase corrections being applied. In this table, there are three units whose residuals under “no rotation” 
phasing are significantly increased, compared to the others in the network. All three of these units would see 
a reduction in the variance of their residuals through application of a positive phase rotation. 
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Figure 6-3: Variance of voltage residuals prior to phase alignment. 

Figure 6-4 presents the variance of the residuals from an estimation run after applying a positive phase 
rotation to these three units. Not only does this result in a reduction in residuals of the three incorrectly 
phased units, but also in the residuals of the remainder of the measurements in the network as there is no 
longer conflict between these measurements and the others. 

This demonstrates the capability of the State Estimator to identify and validate network phasing, however 
further work is required to automate some of this functionality and provide estimates as to the certainty of a 
particular set of network phasing being correct. 

 

Figure 6-4: Variance of voltage residuals subsequent to phase alignment. 

6.4. Future Work 

The most critical bottle neck now is writing the results from large estimation runs back to the database. A 
plan is in place to procure a new database sever that is optimised for the large number of read/write 
operations that the database interaction requires. 

Other plans for performance improvements include: 

 Reducing number of iterations by using starting points from the previous time step; 
 Refactoring parts of the SEA code for more efficient operation; and 
 Re-implementation of the SEA in C. 
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7. Dashboard 
The Dashboard is a web-based user interface to the State Estimation Algorithm and the Analysis Tool. The 
interface front end and back end are currently accessible via Virtual Private Network with the following URL 
address - https://dashboard-arena-sei.eait.uq.edu.au 

A summary of the latest key completed items are: 

 Dashboard provides integration between the user interface, data sets and State Estimator; 
 SINCAL files can be uploaded and managed in the dashboard; 
 Measurement data can be viewed and manipulated on the dashboard, and integrated with State 

Estimator; 
 Scheduled parallel state estimation runs are enabled with individual controls to start, pause and 

delete of each run. A progress bar has also been included; 
 Various visualisation tools have been developed for estimation result, diagnostics and analysis; 
 The Clustering analysis tool is integrated into the dashboard; 
 Estimation result can be downloaded in SINCAL and CSV formats. 

 
The following screenshots demonstrate some of the features of the dashboard as well as its general look 
and feel. 
 

 

Figure 7-1 Adding phase mapping for a specific date range. 
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Figure 7-2 Editing the network description. 

 
 

 

Figure 7-3 Starting an estimation run over an historical data range. 
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Figure 7-4 View a list of estimation results. 

 
 

 

Figure 7-5 Estimation Results – 2D time series heat map (branch active power). 
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Figure 7-6 Estimation Results – 3D surface plot (branch active power). 

 
 

 

Figure 7-7 Diagnostics – Residuals. Voltage magnitude line plot stands out from an estimation run 
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Figure 7-8 Diagnostics – Residuals. Voltage magnitude histogram from an estimation run – for tap position 
identification and validation. 

 
 

 

Figure 7-9 Diagnostics - Variance table for voltage magnitude from an estimation run - for measurement 
phase identification and validation. 
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Figure 7-10 Residuals node graph for voltage magnitude from an estimation run. 
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8. Analysis Tool 
One of the key outcomes of the SEI Project is the development of a semi-automated analysis tool that can 
help DNSPs improve their Medium Voltage (MV) PV connection assessment processes. The ultimate aim is 
to increase solar PV penetration levels and reduce solar PV connection costs for customers. 

The new developed Analysis Tool was provided to the partner DNSPs for their feedback, in order to improve 
the tool in so that DNSPs can employ it in their current process.  

8.1. Approach  

Determining the maximum hosting capacity for new PV installations based on the historical data is an 
essential task for distribution networks. Depending on the sampling period of the measurements this could 
be a significant number of cases, hence studying all available data would be extremely time consuming and 
impractical for large distribution networks. 

To provide an efficient but sufficiently accurate assessment the number of cases required to be studied must 
be limited but those cases must represent the most critical network conditions depending on the criteria of 
interest (e.g. over voltage or under voltage). 

This section describes a data processing approach to optimally identify the critical cases out of the historical 
state estimation results for determining the maximum capacity of lumped rooftop PVs in distribution 
networks. This approach was used to select cases for use in the Analysis tool so that the studies could be 
undertaken in SINCAL on a limited number of representative cases rather than the entire historical time 
series. 

To implement the MV Network Analysis Tool using SINCAL, the operational data of the critical cases are 
automatically sent to the PSS®SINCAL (SINCAL) to add Variants (as defined by SINCAL) to the distribution 
network models. A Visual Basic script is provided to undertake the power flow analysis to find the maximum 
hosting capacity of the new connected PVs from the snapshots of the critical estimated system states.   

To implement the MV network analysis tool, scripts are provided to: 

 Send the estimated data to the SINCAL models as load profiles 
 Send the estimated data at critical time periods to the SINCAL models as Variants 
 Give the user the option for choosing a node with PV, and automatically add PV to the SINCAL 

model 
 Give the user the option for adding MV/LV transformers in the SINCAL models 
 Choose power factor for PV’s inverter to maximize the limit of the new connected PVs.  

Figure 8-1 represents the flow chart of the analysis tool.  
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Figure 8-1 Analysis Tool flowchart 

8.2. Critical Case Identification (Grouping and Clustering) 
In this section the data processing approach for finding the critical cases is outlined. The developed method 
consists of several steps to find the minimum number of critical cases, which are comprehensive enough for 
assessing new PV connections. A comprehensive description of the grouping and clustering methods used 
is was published as part of the project.  

8.2.1. Bad Data Detection 

The first step of the algorithm, bad data are identified and removed. Investigations were undertaken that 
show a Gaussian distribution with an acceptable error can be fitted on MV node voltage values (in the study 
period) with a mean ( ) and a standard deviation ( ). 

For a normally distributed random variable, 99.7% of the nodes’ voltage values lie within the band of 
3 . Usually, data out of this range can be considered as bad data. However, to avoid removing important 
information from these datasets, 7  is considered as a reliable marginal band for bad data. 

8.2.2. Nodal Grouping-Voltage Differences  

In MV distribution networks, the voltage differences between neighbouring nodes are very small. Hence, 
neighbouring nodes without substantial voltage differences are considered to be in the same group, and the 
critical cases in each group are considered for PV analysis. Figure 8-2 represents a graphical algorithm for 
nodal grouping in MV distribution networks. In this algorithm,  and  represent nodes, ∆  is the voltage 

difference between nodes  and , and  is the nominal operating voltage of MV network. The limit for the 
∆  represents the range of nodal voltage grouping. The measurement error is considered as the limit of 
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∆ . This measurement error is between 0.2% and 0.5% of   (Instrument transformers, Part 5: Capacitor 

voltage transformers, 2004). 

 

Figure 8-2: Nodal Grouping logic 

8.2.3. Nodal Grouping-Customer Loads Correlation Analysis  

Nodal grouping based on the voltage differences between neighbouring nodes is not comprehensive enough 
in distribution networks with different types of customer loads. Hence, the cross-correlation between 
customer loads in each group needs to be considered as a part of the nodal grouping algorithm. A customer 
load with a low cross-correlation with other group members needs to be considered in a separate group.  

8.2.4. Gaussian Distribution Analysis 

Nodal grouping puts neighbouring nodes with a similar load type and voltage responses in the same group. 
Our e empirical investigations show that a Gaussian distribution with a negligible error can be fitted on the 
nodal voltage values in the same group. Figure 8-3 shows a typical Gaussian distribution with mean ( ) and 
standard deviation ( ). Voltage values greater than 2  are selected as critical cases for the PV analysis 
study. To determine the maximum limit for the new lumped PV generation in an MV distribution network, the 
critical cases in the upper tail of the fitted Gaussian distribution are considered.  

 

 

Figure 8-3: A typical Gaussian distribution. 

8.2.5. Two Dimensional K-Means Clustering Based on the Voltage Magnitudes and 
Time 

Due to solar PV’s time-varying output – that is, its dependence on irradiation from sunlight – studying the 
critical cases in different times of the day is necessary for finding the maximum allowable PV penetration. To 
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find these critical cases, two dimensional K-mean clustering is employed to represent several sets of data at 
different voltage levels and time windows of a day. In this part the optimal number of the required clusters 
are determined by the Elbow method. K-mean clustering is employed on each group of the nodes to label 
the critical cases in different time period of a day. 

8.3. SINCAL Tool/Integration 

SINCAL’s open approach to data management simplifies the approach for state estimation results to be 
published back into the SINCAL file. Functionality has been developed that automatically creates distribution 
transformers if desired (from the transformer specifications stored in the estimator databases), and inserts a 
PV system at a specified node.  

Two approaches have been developed for estimation results to be written back to SINCAL; 

1. Load Profile – for export of time series State Estimator results to be used in SINCAL’s inbuilt load profile 
functionality. 

2. Variants – for export of State Estimator results at critical time periods, as identified by the network 
analysis package.  

Both approaches take all required inputs from the State Estimator to reproduce network states from the State 
Estimator for one or multiple time steps. This is achieved by providing SINCAL with the network conditions 
required for a Newton Raphson power flow, with voltage defined at the feeder’s connection to the sub-station 
(InFeed) and active (P) and reactive (Q) powers defined at all load buses. 

Finally, a Visual Basic script has been developed that can be executed from SINCAL’s user interface to 
determine the maximum allowable PV (or any other generation type) that may be connected at a particular 
node in the network. 

8.3.1. Adding PV 

The functionality to give the users this opportunity to automatically add PV to the node has been developed 
and added to the SEA dashboard. In the dashboard, users can choose the node where they would like to 
assess a new PV connection, then they can download the SINCAL model w the PV is added automatically. 

8.3.2. Adding MV//LV transformer 

To model LV sides of the networks in the SINCAL models, a Java script is provided to add MV/LV 
transformers. Also, the modelled loads are automatically added to the secondary side of the transformers as 
shown in Figure 8-4. 
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Figure 8-4: Adding MV/LV transformers to the SINCAL 
model. 

8.3.3. Publishing critical cases as SINCAL Variants 

The variant approach takes its inputs from the outputs of the clustering analysis, to populate SINCAL 
variants with particular network states that have been identified as critical. 

The critical cases are identified based on the clustering analysis that groups nodes in the network together to 
determine the worst case voltage for each group. The intended application of this approach is where a user 
is interested in only the worst case (under and over voltages) at a particular node in the network for further 
studies. 

8.3.4. Publishing time series as SINCAL Load profiles 

The load profile approach takes all required inputs from the State Estimator to create a SINCAL load profile 
that reproduces all network states from the State Estimator for an entire estimation run. This could be over 
the period of a day, week, year or month. With a load profile loaded in SINCAL, users can configure the load 
profile functionality and execute the power flow over a defined time period with a single click. The intended 
application of the load profile functionality is where there is interest in the whole set of network states (e.g. 
load profiles curves) for further analysis. 

An example of the results from the State Estimator for active power and voltage are provided in Figure 8-5 
and Figure 8-6 below with comparison to the corresponding parameter value in SINCAL. This shows an 
exact match between the estimator and SINCAL, indicating the transfer from the SEA to SINCAL was 
successfully implemented.  
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Figure 8-5: Estimated and power flow power (SINCAL) supplied from the Infeed. 

 

Figure 8-6: Estimated and power flow voltage (SINCAL) at remote node in the network. 
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8.3.5. Bisection method  

To find the maximum capacity of PV penetration, the visual basic script is provided based on the concept of 
the Bisection method. In this method the maximum voltage level and a range for an installed PV is imported 
(This range should be large enough to contain the maximum limit of PV penetration). In each iteration based 
on the results of the power flow, this range becomes smaller and smaller and converges to a number, which 
represents the maximum hosting capacity of the installed PVs. 

8.4. Case Study  
To demonstrate the functionality of the Analysis Tool prototype, three studies are presented in the following 
sections. They are: 

1. An application of clustering on HPK5A to find the critical cases 
2. An assessment of a proposed connection to SFC12A 
3. A test case assessing the impact of power factor on hosting capacity 

8.4.1. Clustering in a distribution network 

In this section, the developed clustering algorithm is employed to find the critical cases of an 11 kV 
distribution network. The measured and estimated data in the summer season (01/12/2017 until 28/03/2018) 
are considered in this section. Ten minutes interval measurements, estimated nodal voltages, and injected 
currents are available for this network.  

As noted in 8.2.1 above, bad data in both measured and estimated data decrease the accuracy of the 
proposed method. To have a more reliable set of data for the next data processing steps, bad data are 
removed in the first step. Figure 8-7 represents the quantile-quantile (QQ) of the set of data. As shown in this 
figure, the data out of the 7  band are labelled as bad data and removed. 

 

 Figure 8-7: QQ plot-set of data. 

The result of nodal grouping is demonstrated in Figure 8-8. As shown in this figure, loads at node 7 and node 
38 have low correlation with those in Group 1 and Group 4. Hence, two individual groups (Group 2 and 
Group 5) are assigned to these two nodes to consider their customer loads behaviours for determining the 
maximum allowable rooftop PVs. 
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Figure 8-8: Nodal grouping 

As described in section 8.2.4, the voltage of the nodes more than the limit of  2  provides the time steps 
that needs to be considered for PV analysis study. Figure 8-9 illustrates the result of the fitted Gaussian 
distribution on the available voltage values in Group 1. The red dashed line represents the 2 . 

 
 

 

 Figure 8-9: Fitted Gaussian-set of data in Group 1. 

Solar PV’s time-varying output is the main reason that studying the critical cases in different time intervals of 
a day is necessary for finding the maximum allowable PV penetration. The results of K-means clustering in 
Group 1 and Group 3 are visualized in Figure 8-10 and Figure 8-11, respectively. The data points in the 
cluster 3 of Group 1 and cluster 4 of Group 3 are after sunset, so these do not need to be considered for PV 
system analysis. It is worth noting that the reason why there are critical cases after sunset is due to the MV 
substation transformer operating at a higher tap at night.  
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Figure 8-10: K-means clustering result-Group 1. Figure 8-11: K-means clustering result-Group 3. 

Now, the critical cases in each group can be imported into the SINCAL file for PV analysis study or any other 
critical case study analysis that the user may need to undertake. 

8.4.2. Impact of inverters power factors in the maximum hosting capacity  

Inverter power factor plays an important role in determining the maximum PV hosting capacity of distribution 
networks. In this section, the critical cases a feeder are considered to find the maximum limit of PV 
penetration on a particular node (1.01 pu is considered as the maximum limit for the node voltage). Figure 
8-12 visualizes the impact of inverters power factors for determining the maximum limit of PV penetration. A 
power factor range from 0.85 lead to 0.85 lag is considered in this study. As shown in Figure 8-12, there is a 
substantial difference between operating with power factor 0.85 lead and 1. As a result, by changing the 
power factors of the customers’ rooftop PVs the limit of PV penetration may increase in distribution networks.       

 

Figure 8-12: The impact of power factor in maximum hosting capacity.  

Operating rooftop PVs with lead power factors may however cause under voltage issues. To study the 
impact of the lead power factor, four scenarios with 0.85 lead power factor are considered 
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1. No PV 
2. 10% of maximum hosting capacity 
3. 50% of maximum hosting capacity 
4. 100% of maximum hosting capacity 

As shown in Figure 8-13, the maximum hosting capacity with 0.85 lead power factor is 7.18 MW. Figure 8-13 
represents the voltage profile. Although, reactive power absorption from the inverter causes a voltage drop, 
the impact of active power injection increase the level of the voltage in the network to prevent under voltage 
issues.  

 

Figure 8-13: Voltage profile.  

8.4.3. Limitations and Conclusion 

In these studies, only voltage constraint were considered. The rating of the MV/LV transformers and the 
thermal rating of distribution feeder would restrict the maximum hosting capacity in this case. To reach the 
full capacity, upgrading the transformers and distribution cables and lines would be required. 

It should also be noted that if the full capacity was installed at this one site, it will likely result in no further PV 
connections being feasible for export on the feeder. 
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9. State Estimation Results 
This section provides an overview of the state estimation results on the eight of the designated feeders 
details have been removed for reasons of confidentiality. As such the feeders have been broken into five 
groups 

1. Very Long feeder, sparse measurements 

2. High measurement penetration, LV customer meters 

3. High measurement penetration, distribution transformers 

4. Short feeder, large industrial connection 

5. Medium measurement penetration, distribution transformers 

 

For each feeder, a brief overview of the feeder details is provided, including a description of the 
measurement coverage, for the purposes of state estimation.  

The results provided are comparisons between the estimated values, and measured values from a device 
that has not been used as an input to the state estimation (where those values are unsuitable for use in state 
estimation). For most networks, this is a single-phase value of voltage (V) and current (I), as measured at the 
Infeeder supply. Additionally, histograms of voltage residuals are provided, which are a good indicator of 
estimation run health. 

Some brief discussion is provided on the health of the estimation runs for each of the networks. 

9.1. Very Long Feeder. Sparse Measurements 

9.1.1. Overview 

On this urban rural feeder supplied there are 290 distribution transformers on the feeder ranging in size from 
5 kVA up to 750 kVA. A significant percentage of the load connected to the feeder is through single-phase 
transformers with two-phase secondary voltage supply. 

9.1.2. Measurement Coverage 

As well as the two existing transformer monitors, four new transformer monitors have were installed that 
provide 3 phase active power (P), reactive power (Q) and voltage (V) measurements for use as inputs to the 
State Estimator. 

Whereas previously all units were reporting on 10 minute averaged values, all units have now been 
configured to report back 5 minute averaged values. Further analysis will be undertaken to assess the 
impact of this change on the quality of the estimation results. 

The vast majority of energy consumption on the feeder is residential, with a small amount of commercial and 
industrial customers. Approximately 10% of energy consumed by residential commercial customer groups 
are measured, with no measurements installed on the small volume of industrial customers. 
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Figure 9-1: Measurement coverage of loads by energy consumption. 

At this stage, functionality has not been developed to allow the generic application of two-phase 
measurements and so values from the two-phase measurement on are not currently being used as inputs to 
the estimator. This does have the benefit of being able to use this measurement as an independent point for 
comparison, with estimated and measured voltage plots presented below. 

Additionally, at the time that the new measurements were made available, the voltage regulator was 
bypassed and so measurements from this unit were also unavailable as inputs to the estimator. 

The set of measurements available for input to the State Estimator for this analysis are: 

 Five transformer monitors reporting three phases of P, Q and V. 
 Three automatic circuit reclosers reporting three phase-phase voltages and a three-phase P and Q. 

 



 

Project Progress Report 39
 

9.1.3. Results 

 

Figure 9-2: Estimated and measured real power  
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Figure 9-3: Estimated and measured reactive power 

 

Figure 9-4: Estimated and measured voltage  
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Figure 9-5: Estimated and measured voltage at remote node. 

9.1.4. Estimation Health 

The addition of three new transformer monitor measurements have provided significant benefits to the 
quality of results obtained in estimation runs. In particular, measurement of power and voltage at the unit at 
the beginning of the feeder provides significant improvements to the estimated voltage profile before the 
recloser, where a significant amount of load resides (see Figure 9-4). This has resulted in improvements to 
the quality of the estimated P and Q at the substation supply point, which can be observed in the power 
profile (see Figure 9-2 and Figure 9-3). 

Additionally, comparison between estimated and measured voltages at the remote node demonstrates the 
quality of the voltage estimates towards the end of the feeder (see Figure 9-5).  

An additional benefit of the new measurements has been a reduction in the iterations required to solve. 
Where previously the network required between 9 and 14 iterations for a complete solve, the network usually 
solves in between 4-6 iterations with a maximum of 10 iterations required for convergence. 
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9.2. High measurement penetration. LV customer meters 

9.2.1. Overview 

This feeder is a suburban-rural feeder comprising of 111 distribution transformers of sizes ranging from 10 
kVA to 1500 kVA. It also has one 900 kVAr capacitor bank that is permanently switched in for voltage 
support. 

The State Estimator has been successfully applied for the two weeks over which data has been provided. 
This is a clear demonstration of the State Estimator’s compatibility with different sets of measurement data 
inputs, as compared to feeders from the other two DNSPs.  

9.2.2. Measurement Coverage 
The measurement data comprised of: 

 Half hourly average P and Q (as calculated from consumption) from customer smart meters, 
aggregated to their distribution transformers; 

 Five minute voltage measurements from smart meter customers, located closest to the distribution 
transformers; and 

 Five minute P and Q and V values from two Automatic Circuit Reclosers (ACRs) situated on the 
feeder. 

 

Of the 111 distribution transformers installed on the network, half hourly P and Q values are available for 80 
of these units. Historical energy consumption values are only available for 100 of the 111 units, with some 
ballpark estimates made as to the consumption on the remainder of the units. 

Based on energy consumption (supplied and assumed) the feeder is largely made up of an approximately 
60-40 split of residential and commercial customers, with 80% coverage on the residential customers but 
only 40% coverage on the commercial customers. Figure 9-6 shows the measurement coverage (measured 
vs unmeasured) of loads by energy consumption, by NMI class. 
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Figure 9-6: Measurement coverage of loads by energy consumption. 

9.2.3. Results 

 

Figure 9-7: Estimated and measured current at Infeed. 
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Figure 9-8: Estimated and measured voltage at Infeed. 

  

 

Figure 9-9: Histogram of LV voltage residuals from 2 weeks of state estimate results. 
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9.2.4. Estimation Health 

Both the estimated voltage and current at the InFeeder supply closely track measured values over a 1 week 
estimation run period (see Figure 9-7 and Figure 9-8). 

Additionally, once calibrated, the voltage residuals on the feeder all reside between -2 V and +2 V (see 
Figure 9-9). This increased residuals (as compared to the results on the Energex feeders) is likely introduced 
by the unknown voltage drop between the LV of the transformers and the customer connection point where 
the measurement is taken from. 

For this set of estimation runs the network typically solves in between 5 and 9 iterations with a maximum of 
14 iterations required. As the estimator typically solves in between 2-6 iterations on healthy networks, 
solutions obtained from estimation run steps requiring 14 iterations should be treated with care. 

There were no instances of non-convergence. 

9.3. High measurement penetration. Distribution transformer 
measurements 

9.3.1. Overview 

This urban feeder is comprised of 16 distribution transformers of sizes ranging from 300 kVA to 500 kVA, 
supplying predominantly residential load. 

There is one recloser connected between this and a neighbouring feeder. However, this recloser has not 
been configured to provide values useful for state estimation. 

 

9.3.2. Measurement Coverage 

Of the 16 distribution transformers, 13 have transformer monitors installed that provide three-phase sets of 
P, Q and V as 10 minute averaged values. There is excellent coverage of loads by energy consumption 
which are largely residential with a small commercial component. 
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Figure 9-10: Measurement coverage of loads by energy consumption by NMI class. 
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9.3.3. Results 

 

Figure 9-11: Estimated and measured current at Infeed. 

 

Figure 9-12: Estimated and measured voltage at Infeed. 
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Figure 9-13: Histogram of LV voltage residuals from 1 week of state estimate results 

9.3.1. Estimation Health 
Estimation on this feeder is extremely healthy with over 75% measurement coverage. The estimated voltage 
and current track the measured values very closely (see Figure 9-11 and Figure 9-12) and all residuals lie 
within +/- 0.6 V (see Figure 9-13). The estimator consistently solves in 3 iterations. 

9.4. Short feeder, large industrial connection 

9.4.1. Overview 

This feeder is a commercial industrial feeder that comprises 11 distribution transformers of sizes ranging 
from 100 kVA to 1500 kVA, with all energy on the feeder consumed by commercial/industrial customers. 

9.4.2. Measurement Coverage 

Of the 11 distribution transformers, 7 have transformer monitors installed that provide three-phase sets of P, 
Q and V as 10 minute averaged values. However, 90% of energy on this feeder is consumed by 3 
transformers that are not covered by measurements (see Figure 9-14). 
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Figure 9-14 Measurement coverage of loads by energy consumption by NMI class. 

9.4.3. Results 

 

Figure 9-15: Estimated and measured current at Infeed. 



 

Project Progress Report 50
 

 

Figure 9-16: Estimated and measured voltage at Infeed. 

 

Figure 9-17: Histogram of LV voltage residuals from 1 week of state estimate results. 

9.4.4. Estimation Health 

Despite only having 10% of the load covered by measurements, the state estimation results are sensible, 
providing a result in the ballpark of measured values. In particular, it is likely that the unmeasured load on the 
feeder does not behave similarly to the measured loads resulting in distortion of the estimated profile. 
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Of particular interest are the increased residuals on one particular transformer. This unit lies upstream of the 
rest of the measurements and so larger residuals on this unit indicate that there are some inconsistencies 
between the estimated and actual power flow from this point in the network, downstream. Some tuning of the 
estimator, may be able to provide improvements to the quality of the estimates. This is also a large direct 
connected customer that measurements were not available for. Providing these measurements would great 
improve the results. The estimator consistently solves in 3 iterations. 

9.5. Medium measurement penetration. Distribution transformer 
measurements 

9.5.1. Overview 
This is a predominantly residential feeder that comprises 36 distribution transformers, ranging in size from 
315 kVA to 750 kVA.  
This feeder was nominated for the trial of real-time state estimation, which will be used as inputs for a control 
system providing export allowance signals to a PV system. To ensure that the outputs from the real-time 
state estimation are suitable for use in the calculation of export allowance signals, the feeder is first being 
studied in an offline context. 

9.5.2. Measurement Coverage 
Over the period of study, transformer monitors were installed on 8 of the 39 units.  
The majority of the load on the feeder is residential, with approximately 30% covered by distribution 
transformers.  
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Figure 9-18 Measurement coverage of loads by energy consumption by NMI class. 

9.5.3. Results 

 

Figure 9-19: Estimated and measured current at Infeed. 
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Figure 9-20: Estimated and measured voltage at Infeed. 

 

Figure 9-21: Histogram of LV voltage residuals from 1 week of state estimate results. 

9.5.4. Estimation Health 

The estimation is healthy with good estimates of voltage and current throughout the estimation period. There 
are minor deviations from measured values during the middle of the day, where the State Estimator is 
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overestimating the impact of PV in the network. This is likely caused by an over representation of PV in the 
set of measured systems, as compared to unmeasured systems. 

However, the residuals of voltages on the transformer LVs all lie within +/-0.8V for 99% of the time, which 
indicates a high degree of self-consistency in the network state. 

Since the time of analysis a further three transformer monitors were installed that will result in further 
improvements to the quality of the estimates on this feeder. 

The estimator consistently solves in 2-3 iterations. 

9.6. General Discussion  

State estimation has been successfully applied to the eight feeders nominated by the three DNSP project 
partners. 

Of these feeders, the State Estimator has been optimised completely for 5 of the 8 feeders with some work 
still required in the optimisation of remaining 3. 

As expected, the State Estimator performs better with a higher percentage of measured units on the 
network. However, as demonstrated with the long feeders, a very good result can still be achieved with very 
low measurement coverage. Factors that contributed to this results are: 

 relatively uniform spread of measurements throughout the network; 
 sectionalisation of the network with flow measurements; 
 relatively homogenous loads, of which the measured loads provide a representative sample. 

The same results were not achieved on the industrial feeder (despite having similar measurement coverage 
in terms of energy consumption), as the load profile of the unmeasured units are vastly different from the 
measured units.  

State estimation result using LV customer measurements demonstrated that optimisation of the network 
model can be undertaken to improve the quality of the results from the State Estimator. At this stage, this is 
largely a manual process, however plans are underway to automate the process. 

9.7. Recommendations  

For the purposes of state estimation (irrespective of which state estimation algorithm may be applied), there 
are some general activities that can be undertaken or at least considered for future implementation of state 
estimation by DNSPs. Undertaking these activities will provide the highest quality state estimate results, with 
minimal amount of manual intervention or “tuning” of the estimator. As an interim report, this list of 
recommendations is not yet complete, but will be expanded on in the final report. 

In no particular order, activities that should be undertaken or considered are: 

1. Establishment of quality asset records for transformers. The highest value information is transformer 
rating, rated Vprim, rated Vsec and actual tap position (with details on what transformation ratio this 
relates to). If possible, the leakage reactance, winding resistance and core losses should also be 
captured. One of the outputs of the State Estimator is estimated tap positions, which can be used as 
a basis for confirmation of record values. 

2. Establishment of measurement phasing records. Ideally, all measurements would be mapped to 
particular phasing that is consistent across the network. As with tap positions, the State Estimator 
can output estimated measurement phasing values that can confirm or be used to populate records. 

3. Definition of clear standards for all measurement devices. In particular clearly designating the 
parameter measured, including sign conventions, measurement sampling period, time zone and 
measurement accuracy. This should ideally be stored in an asset management record or database 
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system, where it can easily be retrieved and linked to the device as input configuration for state 
estimation. 

4. Measurement device time zones. All measurement devices should be configured to be on the same 
time zone, preferably AEST. 

5. Measurement sampling period. All measurements for a particular network should be configured to 
sample values over the same time period. Five or ten minute periods are sufficiently granular, 
however half hour periods appear to be slightly too coarse. 

6. Configuration of medium voltage flow devices. Use of reclosers and voltage regulators have been 
proven to be highly valuable inputs to the State Estimator, as they are able to provide 
sectionalisation of the network into “zones”. Although older reclosers have issues with accuracy 
(particular for voltage measurements), they are still highly valuable as the uncertainty associated 
with that measurement can be increased. Desired points to be passed into the recloser are signed 
kW and signed kVAr for each phase, and phase to phase voltages for all three-phase to phase sets. 

7. Aggregated customer consumption and export for each transformer. In the absence of 
measurements, having aggregated consumption and export details of all transformers (particularly 
units consuming significant load) are critical as inputs to the State Estimator. Ideally, consumption on 
all transformers would be split by NMI class. 

8. Installation of new measurement devices. When selecting sites for the installation of new 
measurement devices, key criteria to be considered are: 
 Contribution of device to overall network load, both where the load is representative of other 

loads in the network, but also where it is not. 
 Location of the device in the network. Devices should be spread throughout the network as 

uniformly as possible to ensure that the voltage profile of the network is covered uniformly.  
9. Establishment of LV network models. Where measurements are not taken from LV transformer 

terminals (for example at customer meters), the impedance between the customer and the 
transformer can have a detrimental effect on the quality of the state estimate. If some details of this 
impedance are known, this can be included in the construction of the network model and input 
system. 
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10. Key next steps 
The progress of the SEI Project to date has been as planned and is on target based on the deliverables 
required and expectation from ARENA. 
The key next steps will be developed in the December 2018 planning sessions that the project team will 
undertake. These will focus on: 

1. Taking the analysis tool to the NSP for feedback 
2. Refining the analysis tool 
3. Constraint development and export signalling for real-time deployment 
4. Restructuring the backend database 
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