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Abstract: This paper presents a hierarchically distributed algorithm for the execution of distribution
state estimation function in active networks equipped with some phasor measurement units. The
proposed algorithm employs voltage-based state estimation in rectangular form and is well-designed
for large-scale active distribution networks. For this purpose, as the first step, the distribution network
is supposed to be divided into some overlapped zones and local state estimations are executed in
parallel for extracting operating states of these zones. Then, using coordinators in the feeders and
the substation, the estimated local voltage profiles of all zones are coordinated with the local state
estimation results of their neighboring zones. In this regard, each coordinator runs a state estimation
process for the border buses (overlapped buses and buses with tie-lines) of its zones and based on
the results for voltage phasor of border buses, the local voltage profiles in non-border buses of its
zones are modified. The performance of the proposed algorithm is tested with an active distribution
network, considering different combinations of operating conditions, network topologies, network
decompositions, and measurement scenarios, and the results are presented and discussed.

Keywords: active distribution networks; decentralized control strategy; multi-area state estimation;
phasor measurement units; weighted least square

1. Introduction

Over recent years, distribution networks are encountering some new events, i.e.,
the existence of distributed generating (DG) units, local energy markets, the presence of
new distributed energy resources, and prosumers [1]. These events can be translated to
a gradual evolution from passive into active distribution networks. In this condition, the
flow of distribution feeders will be bi-directional and the advantages of radial topology
will be diminished. Therefore, the structure of distribution networks gradually should be
reshaped from a mainly radial to a more meshed topology aimed to keep the reliability
level of the system [2]. On the other hand, the stochastic and intermittent nature of the
renewable energy sources (solar and wind) with the significant and continuous growth
rate primarily due to the environmental concerns, can lead to abrupt changes in the net
load of the distribution network and, as a result, flexibility issues (generation capacity
adequacy) [1,3,4]. As a result, the system operators and planners need to deal with highly
complex active distribution networks (ADNs) [2].

In this situation, the distribution management system (DMS) with low visibility and
automation levels cannot meet the challenges of the ADNs. Therefore, active DMSs need
to be developed to effectively monitor, control, and protect the network [5]. These systems
are based on situation awareness of the network. Taking into consideration the fact that it
is not economical to equip all buses of the distribution network with measurement devices,
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distribution state estimation plays an inevitable role in the effective performance of active
DMS. State estimation (SE) is a process of applying inaccurate and available measurements
and information to extract the best estimation of system operational conditions [6]. How-
ever, most of the SE algorithms use the centralized approach and due to the large number
of network buses and the growing amount of available information in ADNs, they may
face the following issues [7]

• Requiring high computational speed processors;
• Requiring large data storage units;
• Requiring a low latency communication system to transfer large amounts of data

among the field agents and control center;
• Subjecting to a single point of failure risk.

In contrast, decentralized strategies are more popular in the case of large networks
and besides the elimination of centralized strategy’s weaknesses, they can increase the
reliability, flexibility, and efficiency of SE (and also DMS) [7]. As a result, regarding
the main features accounted for decentralized strategies, several algorithms have been
proposed in the literature [8–13]. However, most of these proposed methods are designed
for transmission systems, and according to the following reasons, they cannot be used
directly in the distribution system:

• Usually, real-time measurements in the distribution network are limited;
• Unlike transmission systems, a large share of consumed energy in the distribution

network is fed through the upstream substations. Consequently, despite the existence
of normally closed tie-lines in ADNs with meshed topology, hierarchical strategies
will play an effective role in the coordination phase of decentralized SE procedures;

• Generally, the division of the network is mainly performed according to the topological
and geographical criteria. On the other hand, there is a flexible topology in the ADNs
by switching tie-lines. However, the base topology of the network is radial, and the
internal buses of zones resulting from the division of the network should belong to
the same feeder.

In response, a few methods have been proposed in the literature to perform decentral-
ized SE in distribution networks [14–18]. In [14], a differential evolution algorithm-based
SE is suggested, which leads to its global estimation through information exchange be-
tween local estimators in each iteration. Additionally, an overlapping zone approach for
the parallelization of SE is presented in [15]. This method, however, requires many zonal
information exchanges and consequently needs strong communication support. More
recently, some two-step multi-area SE procedures that employ distributed strategy, have
been proposed in [16–18]. For this purpose, as the first step, each local estimator approxi-
mates the currents of its local branches along with its reference node voltage. Then, the
coordination between calculated local states is performed on the second step by running
another SE process for all zones in parallel after information exchange between neighboring
areas. However, in these approaches, it is assumed that the network topology is radial and
their performance in the ADNs with mesh topology has not been investigated.

To address these issues and reach a more efficient scheme, a new Hierarchically
Distributed SE (HDSE) procedure is presented to assess network states. As will be shown in
later sections, the proposed method leads to the SE results with lower levels of uncertainty
at efficient execution time and improves the reliability and latency of the communication
infrastructures (CIs) due to employment of the hierarchical strategy. The proposed method
employs voltage-based SE in the rectangular form, which is completely suited for ADNs. In
this regard, at first, a distribution network is supposed to be divided into some overlapped
zones, and each zone estimator (ZE) calculates its local states in parallel without any
information exchange between neighboring zones. Then, the local voltage estimations
in neighboring zones are coordinated using the substation coordinator (SC) and feeder
coordinators (FCs). Indeed, all zones in each feeder of the network are divided into two
groups: FCR zones (zones that are revised by FCs) and SCR zones (zones that are revised



Energies 2021, 14, 1772 3 of 19

by SC). Then, the FC and SC attend to coordinate the local voltage estimation of their
related ZEs. To reach this goal, as the first step, the SC and FCs revise the results of ZEs in
border buses by running another SE on their corresponding sub-networks, which include
only overlapped elements and tie-lines. Finally, a new algorithm for modifying the voltage
profile of non-border buses (internal buses) in each zone is proposed using coordinated
voltage estimations of border buses. The accuracy and running time of the proposed
algorithm are put under investigation by comparing this method with integrated SE, local
SE without coordination phase, and traditional methods in the literature, considering
different operating conditions.

The main contributions of this paper can be summarized as follow:

• Introducing a new HDSE procedure for improving the accuracy of SE results and the
reliability and latency of CISs’ in ADNs;

• Proposing a new approach for modifying the local voltage estimation of the zone’s
internal buses according to the coordinated results of border buses;

• Considering the existence of normally closed tie-lines (networks with meshed topol-
ogy) in the proposed decentralized SE method for ADNs.

The rest of this paper is organized as follows. Section 2 describes the process of SE
in ADN. The proposed procedure for decentralized implementation of SE in ADNs is
described in Section 3. The information related to the case study, simulation assump-
tions, load flow results of the test case, accuracies of the SE results, and the performance
evaluation of the proposed and traditional methods in different considered scenarios are
presented in Section 4. Finally, after the discussion about the obtained simulation results in
Section 5, the conclusion is presented in Section 6.

2. Active Distribution Networks State Estimation

State estimation is the process of employing real-time noisy measurements and avail-
able information of the network to optimally estimate the condition of the power system
usually in form of the network voltage profile. In the distribution network, the basic
input data of the SE process are historical and forecasted data (pseudo-measurements)
and traditional measurements that are available on the substation. However, due to the
inappropriate reporting rate and accuracy, this type of real-time measurement is not suit-
able for the SE process of ADNs and may lead to undesirable results. In this situation,
accurate synchrophasors obtained from phasor measurement units (PMUs) and µPMUs
can be employed [19,20].

In a distribution network, the procedure of SE is mainly based on weighted least
squares (WLS), which tries to minimize the sum of the squares of weighted differences
between actual measurements and the estimated ones [21]. The set of actual measurements
in this method is considered by vector z

z = h(x) + e, (1)

where hT = [h1(x), h2(x), . . . , hm(x)], hi(x) is the function relating measurement i to the
system state vector xT = [x1, x2, . . . , xn], and eT = [e1, e2, . . . , em] is the vector of measure-
ment errors.

In linear SE, hi(x) is the linear function of state variables (h(x) = Hx), and the
following objective function is minimized [22]

J(x) = [z− Hx]T R−1[z− Hx], (2)

where R is the matrix of covariance measurement error.
Finally, the state vector can be estimated as:

x̂ = (HT R−1H)
−1

HT R−1z. (3)
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In the SE problem, the key factor for optimizing the computational burden of the
process is state variable selection. From this viewpoint, two types of SE process formulation
generally exist in the literature: bus voltage-based and branch current-based formulations.
Both of these estimators can be developed in both rectangular and polar coordinates, each
one with some unique properties [23]. Based on the features of the voltage-based SE formu-
lation in the rectangular form, i.e., matching with meshed topology, linear measurement
function, and low computational burden as presented in [24], this type of estimator is
employed for the extraction of system conditions.

3. Proposed Hierarchically Distributed SE

As explained before, decentralized control approaches are more efficient in the case
of large-scale ADNs compared to centralized control strategies. To implement SE in a
decentralized way, several strategies can be followed. The main differences between
these strategies are the network splitting method, level of zone overlapping, computing
architecture (series or parallel), and the way of local estimation coordination. Therefore,
these strategies differ in terms of accuracy, amount of data exchange, characteristics of
CIs, and computational speed. In this paper, a hierarchically distributed algorithm for
performing decentralized SE in ADNs based on the following assumption is proposed:

1. The number and boundaries of zones in the network are predefined [16–18];
2. Each zone is equipped with adequate measurement devices to guarantee the observ-

ability of its local sub-network. Therefore, in the case of communication failure and
loss of coordination phase, the states of each zone can be calculated with the minimum
required data;

3. According to the proposed method in [21,25,26], bad data presence can be checked in
each run of the local SE process. Elaborating on this issue in this paper is out of scope
and interested readers can refer to these references for detailed information;

4. All voltage measurements in the overlapped buses (shared bus between neighboring
zones) are taken by the PMUs or µPMUs. If only traditional measurements are
used, due to lack of phase angle synchronization between zones, each zone estimator
considers one of its internal buses as a slack bus, and the local SE process estimates
the voltage phase angles of its local buses refer to this phase angle reference. Then,
in the coordination phase, the zone which includes the substation bus is considered
as the phase angle reference for other zones and according to the difference between
voltage phase angle estimations in common buses of neighboring zones, the estimated
voltage phase angles of the neighboring zone can be shifted sequentially.

Before introducing the architecture of the proposed method, some explanations about
the network decomposition and the level of zone overlapping are presented in the follow-
ing subsections.

3.1. Level of Zone Overlapping

Generally, the decentralized SE procedure is based on the splitting network to sev-
eral overlapped zones. To perform this decomposition, some factors should be taken
into consideration:

• Topological and geographical criteria;
• The similarity of the zones size (for minimizing SE execution time);
• Existence of overlapped bus and/or branch between zones for coordination of lo-

cal estimates;
• Existence of measurement devices in common buses to minimize the information

exchange between neighboring zones.

In this paper, as shown in Figure 1a, the level of zone overlapping is restricted to
a branch with its end buses (bus i and bus j). Besides, only voltage and power flow
measurement devices are considered on one side of the common branch for minimizing
the measurement and communication cost. In this situation, as shown in Figure 1b,c,
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the process of SE in each zone is independent of its neighboring zones. Therefore, the
local states of each zone can be estimated without any information exchange between
neighboring zones during the SE process.
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Figure 1. Shared elements between neighboring zones and their separation method to perform
independent local SEs: (a) level of zone overlapping between neighboring zones, (b) boundary of
Zone 1 and (c) boundary of Zone 2.

In the proposed method, the boundary of each zone is limited to the buses and
branches of only one feeder. In the case of tie-lines, each side of the tie-line should be
equipped with a power flow measurement device. Consequently, in order to consider the
power flow measurement of tie-lines in the SE process of the zone, virtual buses should be
considered for each zone with tie-lines. In Figure 1a, the tie-line that connects bus i to bus k
(in the neighboring feeder) is presented by the dashed line and considered in both zone 1
and zone 2 (Figure 1b,c), since it is connected to the common bus of these zones. In this
situation, according to Figure 1, the measurement vectors, which are related to the bus i
and bus j in the integrated SE (zcom), local SE of zone 1 (zcom1), and local SE of zone 2 (zcom2),
can be represented by the following equations

zcom = [

Voltage Meas.
{

|Vi|,]Vi ,

Power Flow Meas.
{

Pij, Qij, Pik, Qik,

Pseudo-meas.
{

Pi, Qi, Pj, Qj] (4)

zcom1 = [|Vi|,]Vi, Pij, Qij, Pik, Qik, Pi, Qi] (5)

zcom2 = [|Vi|,]Vi, Pij, Qij, Pik, Qik, Pj, Qj], (6)

where |Vi| and ]Vi are the voltage magnitude and phase angle in bus i, respectively;
Pim and Qim are active and reactive power flows between bus i and m for m ∈ {j, k},
respectively; Additionally, Pn and Qn denote the injected active and reactive powers in bus
n for n ∈ {i, j}, respectively.

3.2. The Architecture of Proposed HDSE

In this paper, as shown in Figure 2, a hierarchically distributed architecture is intro-
duced to run the SE process in a decentralized way using three autonomous computational
units, i.e., Zone Estimator (ZE), Feeder Coordinator (FC), and Substation Coordinator (SC).
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According to Figure 2, the final estimated states are attained based on two different
steps: local voltage estimations and coordination of the local SE results. The ZEs in all
zones of the network perform the first step of the proposed HDSE process. However, the
duty of coordinating the local SE results is assigned to FCs and SCs units. Information ex-
change in the proposed structure is a combination of centralized and distributed strategies.
Therefore, it is expected that this method integrates the advantages of both centralized and
decentralized strategies and results in better accuracy than a distributed strategy. All of the
FCs and the SC for each substation are proposed to be placed in the substation and use one
shared database. Moreover, due to exploiting the hierarchical structure in the proposed
method, in the cases that one of ZEs or FCs/SC units fails to perform its performance, their
related FC/SC and the control center can be used as the backup unit, respectively.

In addition, due to the application of SE results in other functions of the DMS (like fault
management and Volt/Var control), the estimated voltages in all decentralized approaches
should be transmitted to the control center. Thus, the hierarchical part of the proposed
architecture has no negative effect on the reliability and the latency of CIs. On the other
hand, due to the elimination of data exchange between neighboring ZEs in different feeder
or substation, the proposed scheme can improve these features in ADNs. Indeed, according
to [27], the latency and reliability of CIs between sending and receiving units depend on
the length of line sections and the number of buses that connect them (the route with
minimum length). In the distributed implementation of SE, the local voltage estimation of
border buses (overlapped buses and buses with tie-lines) should be exchanged between
neighboring zones in two different feeders or substations for revising local voltage profiles
in the coordination phase. However, as will be discussed later, these data exchanges in the
proposed HDSE are limited between corresponding FCs/SCs.

3.3. Local Voltage Estimation

To execute the SE process in a decentralized way, this paper like most of the proposed
strategies in the literature attends to estimate the voltage phasors of local buses in all zones
independently. Indeed, after the division of the distribution feeder into some zones, each
ZE estimates its local voltage profile in parallel without any information exchange between
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neighboring zones. The ZE executes the SE process for its local sub-network using local
voltage measurements, power flow measurements and pseudo-measurements as inputs.

Also, according to the fact that estimated states on border buses are used as equivalent
measurements in the coordination phase, the covariance matrix of estimated local states
should be calculated in the last iteration of local SE as follows [7]

Cov(x) = diag([HT R−1H]
−1

). (7)

3.4. Coordination of the Local SE Results

Generally, due to the local processing of the network and its measured values, the
accuracy of the voltage estimations in the local SE procedure (executed by ZE in the pro-
posed method) is decreased in comparison with the centralized SE approach. In response,
for improving the accuracy of the local SE results, coordination phases are considered in
the decentralized applications of the SE process. According to the fact that neighboring
local networks of the zones’ border buses are eliminated in the local SE process, the volt-
age estimation accuracy in these buses would be decreased. However, the situation for
non-border buses of each zone is completely different. Indeed, as previously mentioned,
the border buses of zones are equipped with accurate measuring elements to minimize
the information exchange between neighboring zones. In this situation, due to the lack of
measuring elements (or utilization of pseudo-measurements) in the non-border buses of
zones, the voltage profile of each zone is estimated in a way that the measured values in
the border buses are satisfied as much as possible. As a consequence, errors in the voltage
estimation of border buses can cause inaccurate voltage estimation in non-border buses.
Therefore, revising the voltage estimation of border buses after the execution of the local
SE procedure plays an important role in the voltage profile improvement of all zones. In
this regard, one of the famous approaches in the literature (we call it “Method 1” in the
following sections) is to execute another SE process for the border buses of each zone after
exchanging the local SE results of common buses between neighboring zones [7,28,29].
Then, the buses with the most accurate voltage magnitude and phase angle estimations
in each zone are detected according to the results of the coordination phase in border
buses (one bus for magnitude and one bus for phase angle). Finally, the voltage profile
of non-border buses in each zone is shifted according to the differences between the local
estimated value and coordinated value for detected buses.

On the other hand, since the procedure for harmonizing the voltage profile of zones’
non-border buses in Method 1 is the easiest approach, not the best one in terms of the
results’ accuracy, some new approaches in the literature are proposed [16,17]. In these
approaches, after exchanging the local SE results of shared buses between neighboring
zones, another local SE process is executed for local networks using the estimated results
of the considered zone and neighboring zones as new measurement inputs. However, the
role of border buses in improving the voltage profile of zones is missed in these approaches
and it seems that the execution of another local SE for local networks is unnecessary. This
method for performing coordination is indicated as “Method 2” in the following sections.

In response, this paper attends to revise “Method 1” to improve the accuracy of voltage
estimation in non-border buses. For this purpose, all zones in each feeder of the network
are divided into two groups: FC’s revisable (FCR) zones and SC’s revisable (SCR) zones.
Then, the FCs and SCs attend to coordinate the local voltage estimation of their related
ZEs. Indeed, the first group of zones is coordinated by the related FC (there is one FC for
each feeder). These zones do not include the substation bus or the buses that are connected
to the neighboring substations (by tie-lines). However, the zones that fall into the second
group include the aforementioned buses as a part of their border buses and are coordinated
by the SC. In Figure 3, Zone 3 is the FCR zone of Feeder 1, and Zones 5 and 6 represent the
FCR zones of Feeder 2 in a typical ADN; However, other zones of the network (Zones 1, 2,
and 4) fall into the second group of zones (SCR zones).
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The main responsibility of a FC/SC is to coordinate the local estimated voltage profile
of its FCR/SCR zones with the outputs of ZEs in their neighboring zones using two
different steps. The first coordination step of each FC/SC is to execute a SE process for a
specific sub-network of the distribution network including the border buses of its related
zones and the branches which connect them (as represented in Figure 3). It should be noted
that the substation bus is a common bus between the first zone of feeders (which are SCR
zones). As a result, the first branch of all feeders together with their end buses should be
added to the sub-network of corresponding SCR zones.

The data which are used as a measurement input in the SE process of these coor-
dinators are the local voltage estimations and estimated power flows that are related to
the corresponding sub-networks. Therefore, before the execution of the SE process, each
FC/SC should communicate with the neighboring FCs/SCs to receive its required data
(outputs of their ZEs that are related to the tie-line connected buses). Final outputs of the
first coordination step of each FC/SC are used as the final voltage estimation of the border
buses of zones.

The second coordination step of each FC/SC is to harmonize the local SE outputs in
the non-border buses of the FCR/SCR zones. For this purpose, the values of injected active
and reactive powers in the non-border buses of the zones are evaluated using the local
voltage estimation (outputs of ZEs) as follows:

Pest
m,i = ∑

j∈Ωm
|VZEm ,i| ·

∣∣Ym,ij
∣∣ · ∣∣VZEm ,j

∣∣ cos(γij)

Qest
m,i = ∑

j∈Ωm
|VZEm ,i| ·

∣∣Ym,ij
∣∣ · ∣∣VZEm ,j

∣∣ sin(γij)
, (8)

where
γij = δZEm ,i − δZEm ,j − θm,ij

m ∈ ΩFCR, f /ΩSCR, i ∈ Ωm,nb . (9)

In the previous equations, Pest
m,i and Qest

m,i are the estimated injected active and reactive
powers in the ith non-border of the mth FCR/SCR zone. Additionally, |VZEm | and δZEm are
the local estimated voltage magnitude and phase angle (by mth ZE). Moreover,

∣∣Ym,ij
∣∣ and

θm,ij are the magnitude and phase angle of admittance for the line section between bus i
and j in the mth zone. Additionally, ΩFCR, f , ΩSCR, Ωm, and Ωm,nb are sets of the FCR zones
for the f th FC, sets of the SCR zones, and the local buses and non-border buses in the mth
zone, respectively.
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After estimating Pest
m and Qest

m for the non-border buses of all zones in the substation,
their voltages can be harmonized so that their injected powers are equal to these estimated
values. For this purpose, the obtained results in the first coordination step of FC/SC
(border buses’ voltages) are considered as the fix values. To solve this problem, since
injected powers are non-linear functions of voltages’ magnitude and phase angle, the
Newton method can be employed. In this situation, the vector of f as a system of 2× Nnb
equations (Nnb is the total number of non-border buses in the mth FCR/SCR zone) in
2× Nnb unknowns is used as follows

f (vm,nb) = [

∆Pm,nb
{

∆Pm,1 . . . ∆Pm,Nnb

∆Qm,nb
{

∆Qm,1 . . . ∆Qm,Nnb] = 0 (10)

∆Pm,i = Pm,i(vm,nb)− Pest
m,i

∆Qm,i = Qm,i(vm,nb)−Qest
m,i

i ∈ [1, Nnb]
(11)

vm,nb = [

|Vm,nb |
{

|Vm,1| . . .
∣∣Vm,Nnb

∣∣ δm,nb
{

δm,1 . . . δm,Nnb]
T , (12)

where
∣∣Vm,nb

∣∣ and δm,nb are the vector of voltage magnitude and phase angle in non-border
buses of the mth FCR/SCR zone, respectively, and Pm and Qm are the calculated injected
active and reactive powers of the non-border buses using the voltage vector of these buses
(vm,nb) in the mth FCR/SCR zone, respectively. In this situation, the Newton method uses
the following iterative procedure for solving the problem:

J f (vk
m,nb) =

 ∂∆Pm,nb
∂|Vm,nb|

∂∆Pm,nb
∂δm,nb

∂∆Qm,nb
∂|Vm,nb|

∂∆Qm,nb
∂δm,nb

 (13)

vk+1
m,nb = vk

m,nb + (J f (vk
m,nb))

−1 × f (vk
m,nb), k = 0, 1, . . . , (14)

where J f is the Jacobian matrix of the vector of f . In addition, the superscript k represents
the iteration number in the solving procedure. It should be highlighted that for improving
the convergence speed of the Newton method, local voltage estimation of non-border buses
is used for the initialization.

The flowchart of the proposed FC/SC algorithm for coordinating the local SE results
of the zones in a substation is represented in Figure 4.

As can be traced in Figure 4, the inputs of FCs and SC are obtained after the exe-
cution of zonal SEs (by ZEs). Therefore, the duties of SCs and FCs can be performed
simultaneously to minimize the total runtime of the proposed method.
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4. Test Case and Simulation Results

In this paper, the 77-bus UK generic distribution network [30] is selected as an active
test network for evaluating the proposed HDSE algorithm performance in the decentralized
implementation of the SE process. As presented in [31], using six tie-lines (dashed lines in
Figures 5 and 6), the base network with radial topology can be transformed into an ADN
with meshed topology. The parameters of the added tie lines and DGs’ power outputs can
be found in [31].

The reference values of all measurements are obtained from the power flow results of
the test case simulated in Open DSS software [32]. Then, the real noisy measurements data
in all considered network operating conditions are produced by adding measurement errors
following normal distribution to the obtained reference values. The assumed parameter
for the available measurements in the network (inputs of the SE process) are:

• Number of generated noisy measurements sets: 10,000;
• Maximum error of the measurements:

# Synchrophasor measurements: 0.7% for voltage magnitude and 0.7 centiradian
(crad) for voltage phase angle.

# Power flow measurements (active and reactive): 3%.
# Pseudo-measurement (DG power outputs and load power consumption): 50%.
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The proposed HDSE algorithm was implemented in the MATLAB software, and the
accuracy of the proposed method is assessed considering the following factors:

• Different pre-defined decompositions of the network: Generally, based on the amount
of available budget for equipping zones with the local processing units, communica-
tion infrastructures, and measurement devices, the number of zones and their sizes
(number of internal buses of zones) can be determined in the network. Obviously, the
number of zones and their sizes are inversely related to each other, and increasing the
number of zones leads to a decrease in their sizes. In this simulation, two predefined
network division types are assumed as follow:

# Type 1: According to Figure 5, the network is divided into 18 zones with an
average size (number of internal buses) of 6.44 buses.

# Type 2: According to Figure 6, the network is divided into 14 zones with an
average size of 7.43 buses.

• Different operating conditions of the network:

# Network topology (meshed or radial).
# Presence of distributed generations.

• Different measurement scenarios:

# Case I: Measurement points in the substation and overlapped buses are consid-
ered as stated before (in Section 4).

# Case II: Measurement points in Case I plus voltage measurements in the end
buses of tie-lines are considered.
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To assess the performance of the HDSE method, the estimated voltage profile using the
proposed method is compared with the results of local SE (LSE), integrated SE (ISE), and
two famous methods in the literature for the coordination phase (Method 1 and Method 2).
All comparisons have been made on the same PC (4 core Intel Core i7-4700HQ processor
running at 2.4 GHz with 8 GB of RAM) with MATLAB R2018b installed.
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4.1. Accuracy of the Proposed HDSE

To evaluate the estimation accuracy of the proposed HDSE method, as the first step,
the average voltage magnitude percentage errors (AVMPE) and average voltage phase
angle absolute errors (AVPAE) in all network buses are assessed according to the Monte
Carlo simulation approach. For calculating these errors, the power flow results of the test
case, i.e., voltage magnitudes and phase angles of all buses, are considered as the true
values. The power flow results of the test case with the meshed topology are represented in
Figure 7. In addition, the calculated AVMPE and AVPAE values for different measurement
scenarios and network decomposition types are presented in Figure 8.

As can be seen in Figure 8, for the SE results related to the same decomposition
type, the Case 2 measurement scenario leads to the lower AVMPE and AVPAE values in
comparison with Case 1. Given that there are more measurement elements in the Case 2
measurement scenario, this result will be predictable. Moreover, for the SE results relating
to the same measurement scenario, due to the direct relationship between the number of
zones and the total number of overlapped buses equipped with PMUs in the network,
it is expected that considering the type 1 network decomposition method leads to lower
estimation error values. According to Figure 8, this superiority exists for most buses of the
network with the type 1 decomposition method.
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To compare the accuracy of the proposed HDSE method with other decentralized SE
procedures in the literature, the AVMPE and AVPAE values for all buses of the network are
assessed based on the obtained results from different decentralized SE methods. The values
of these errors for two combinations of different network topologies and decomposition
methods are represented in Figures 9 and 10.

As can be seen, ISE and LSE methods, respectively, have the lowest and maximum
error in both amplitude and phase angle of bus voltages. Indeed, due to the simultaneous
processing of all network measured values, the centralized SE method estimates the state
of the network more accurately. Additionally, due to the absence of coordination phase in
the local SE process, the LSE method has the lowest accuracy among others. Additionally,
as expected, on average, Method 1 has less accuracy in coordinating the local SE results
between the decentralized implementation approaches of SE.
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Figure 10. Evaluated errors in the test network with radial topology, case 2 measurement scenario and type 2 decomposition
method: (a) AVMPE and (b) AVPAE.

Besides, as shown in Figures 9 and 10, both of the proposed methods in the literature
and the HDSE method have not got any absolute superiority to the others in magnitude
and phase angle estimation. However, according to the results, in the case with meshed
topology and type 1 decomposition method, the proposed method (HDSE) has better
accuracy in comparison with traditional methods, respectively, in 69.5% and 65.8% of the
network buses voltage magnitude and phase angle estimation. Additionally, in this case,
the average AVMPE and AVPAE of all network buses are 0.0713% and 0.0674 crad for the
HDSE method, respectively. These values for Method 1 and Method 2 are 0.0868% and
0.0835 crad and 0.0793% and 0.0757 crad, respectively.

In the case with radial topology and type 2 network splitting approach, in 55.2%
and 75% of the network buses, the HDSE method has better accuracy in the AVMPE and
AVPAE, respectively. In addition, the average AVMPE and AVPAE for the HDSE approach
are 0.0940% and 0.0950 crad, respectively. These values for Method 1 and Method 2 are
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0.1084% and 0.1094 crad and 0.0994% and 0.1003 crad, respectively. It should be noted that
by eliminating tie-lines and their power flow measurements in radial topology, the average
values of AVMPE and AVPAE in meshed topology are lower than those associated with
radial topology.

Accuracies of different approaches are also compared in different scenarios including
various combinations of network operating conditions, network decomposition method,
and measured points according to Table 1. The accuracy comparison is performed in terms
of average AVMPE and average AVPAE of all the network buses, which are normalized
with their corresponding values in the ISE method. As shown in Figure 11, the proposed
HDSE method is more accurate than other decentralized SE approaches in both voltage
magnitude and phase angle estimation.

Table 1. Information related to the considered scenarios.

Case Network Topology DG Grid Connection Network Decomp.
Type Meas. Scenario

1 Mesh X 1 2
2 Mesh X 1 1
3 Mesh X 2 2
4 Mesh X 2 1
5 Radial X 1 2
6 Radial X 1 1
7 Radial X 2 2
8 Radial X 2 1
9 Radial 7 1 2

10 Radial 7 1 1
11 Radial 7 2 2
12 Radial 7 2 1
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4.2. Runtime of the Proposed HDSE

The other important feature of decentralized SE methods is their abilities in reducing
runtime. Therefore, with the following equations, the runtimes of the HDSE (RTHDSE)
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and traditional methods (RTMethod1 and RTMethod2) are calculated and compared with
each other.

RTHDSE = tLSE + max(tFC, tSC) (15)

RTMethod1 = tLSE + tCPM1 (16)

RTMethod2 = tLSE + tCPM2, (17)

where, tLSE, tFC, and tSC are the runtimes of LSE, FCs, and SC, respectively. Moreover, tCPM1
and tCPM2 are the runtimes of the coordination phase in Method 1 and Method 2, respectively.

In Figure 12, the average runtimes of the HDSE and traditional methods, which
are normalized with respect to the average runtime of the integrated approach, have
been presented.
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As can be seen, Method 1 has the lowest average normalized runtime in comparison
with Method 2 and the HDSE method in all cases which roots from the straightforward
coordination phase applied in Method 1. Besides, in all cases, the proposed HDSE method
has better performance in terms of runtime compared to Method 2. Indeed, due to utilizing
the distributed processing in the coordination phase of Method 2, the number of considered
buses in the SE process of zones with the substation bus or buses which are connected to the
neighboring feeders/substations is increased. Owing to this reason, in cases, which a high
number of main feeders (like simulated test case) or a high number of tie-lines exist in the
network, the runtime of distributed SE approaches will be higher than the proposed HDSE.

Based on the results in the simulated scenarios, Method 1, the HDSE and Method 2
reduce the runtime of the centralized SE by an average of 87%, 85%, and 81%, respectively.

5. Discussion

According to the simulation results, the proposed HDSE method has an appropriate
performance in estimating the state of the ADN. As shown in Section 4, the accuracy
of the SE results increased with increasing the numbers of measurement elements and
network zones. Additionally, based on the accuracy and runtime comparison between
different methods of decentralized execution of SE, the proposed method has shown better
performance in different operating conditions. Another important point in the performance
of the decentralized SE methods is the characteristics of CIs, namely, reliability and latency.
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Generally, to estimate the state of the network as best as possible in a decentralized
way, all local real-time measured values (for local voltage estimation phase) and all of
the required local estimated values in the neighboring zones (for coordination phase)
should be transmitted to the related processing unit through communication links (wired
or wireless technologies). As previously presented, the latency and reliability of the CIs
between sending and receiving units depend on the total number of nodes and the length
of communication media that connect them. Therefore, different coordination algorithms
applied in the decentralized implementations of the SE process can lead to different overall
latencies and reliabilities of CIs.

In the distributed (parallel) SE methods, for coordinating the local SE results of zones,
various data from different neighboring zones (which can belong to different feeders
or substation) should be transmitted to the database of coordinators. In contrast with
the proposed methods in the literature, the coordination phase of the HDSE method
is performed using the FCs and SC units. Therefore, all of the local estimated results
are first transmitted to the shared database of FCs and SC units in the substation and
then the coordination phase is performed. Due to the application of the SE results in
other functions of the DMS (like fault management and Volt/Var control), the estimated
voltages in all decentralized approaches should be transmitted to the control center. Thus,
data transmission from downstream units to upstream units exist in all decentralized SE
methods and should not be taken into account in the latency and reliability assessment
of the CIs. Therefore, the required data of SC/FCs is easily accessible through the shared
database. In this situation, compared with Methods 1 and 2, the CIs in the coordination
phase of the proposed HDSE method can be considered as the system with maximum
reliability and minimum latency.

6. Conclusions

This paper presents a new hierarchically distributed SE procedure for improving
the performance of this important operating study in ADNs. To reach this goal, at first,
the network is supposed to be split into some overlapped zones and their local states
are calculated by performing parallel SE without any information exchange between
neighboring zones. Then, the coordination between obtained local states performs in two
different steps utilizing coordinators in the substation and feeders.

To evaluate the performance of the HDSE method, the 77-bus UK generic distribution
network is selected as a test ADN and different scenarios were implemented and simulated
on this test case. According to the simulated results, it is shown that the proposed HDSE
method leads to the SE results with appropriate accuracy. Additionally, in measurement
scenarios with a higher number of PMUs (or µPMUs) and decomposition type with a lower
size of zones, the accuracy of the SE results was higher than the other scenarios. Besides,
based on the comparative study results, the proposed method estimates the network state
with more accuracies than the traditional methods (Methods 1 and 2). Moreover, according
to the performance analysis, it is shown that the runtime ratio of HDSE to the ISE method
was 15% on average. These amounts were 13% and 19% for Method 1 and 2, respectively.
Finally, as presented in the discussion section (Section 5), the proposed method improves
the characteristics of the CIs, i.e., latency and reliability, in comparison with the distributed
SE approaches.
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