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ABSTRACT Reliable and accurate distribution system modeling, including the secondary network,
is essential in examining distribution system performance with high penetration of distributed energy
resources (DERSs). This paper presents a highly automated, novel method to enhance the accuracy of utility
distribution feeder models to capture their performance by matching simulation results with corresponding
field measurements. The method is demonstrated using an actual feeder from an electrical utility with high
penetration of DERs. The method proposed uses advanced metering infrastructure (AMI) voltage and derived
active power measurements at the customer level, and data acquisition systems (DAS) measurements at
the feeder-head, in conjunction with an AC optimal power flow (ACOPF) to estimate customer active and
reactive power consumption over a time horizon, while accounting for unmetered loads. The ACOPF uses
the measured voltage magnitudes, derived active power measurements, and the feeder head measurements
to obtain a complete active power and reactive power capture of the feeder loads. Additionally, the method
proposed estimates both voltage magnitude and angle for each phase at the unbalanced distribution substation.
The accuracy of the method developed is verified in two stages: by comparing the time-series power flow
results obtained from the enhancement algorithm with OpenDSS results and with the field measurements
available. The proposed approach seamlessly manages the data available from the optimization procedure
through the final model verification automatically.

INDEX TERMS  AC optimal power flow (ACOPF), distributed energy resources, distribution system, load
modeling, power system modeling, power system measurements, smart grids.

NOMENCLATURE Qsp  Set of substation buses.
A. SETS AND INDICES Q;  Set of distribution lines.
Qn Set of buses. Qpy  Set of feeder-head buses.
Qp Subset of buses with load. Qr  Set of distribution transformers.
Qapmr,  Subset of load buses with AMI voltage W Set of phases, i.e., {a, b, c}.
information. 3(i))  Set of bus nodes connected to bus i.

Qami, Subset of load buses with AMI active
power information.

Qp1 Subset of load buses without AMI B. PARAMETERS

information (2p — Qami,)- B. 4 Capacitance of capacitor bank ¢ on phase ¢.
Qpy Subset of buses with PV resources. dlD Gross load at bus [ with AMI active power
Qeap Subset of buses with capacitor banks. measurements.
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pP AMI active power delivered to bus /.

Pf AMI active power received at bus /.

Pf vy Qf V' AMI active/reactive power produced by
the solar PV at bus /.

pIr No-load loss of transformer m.

PH 0 DAS active/reactive power data at
feeder-head.

\A/i,¢‘ AMI voltage magnitude data at phase ¢ at
bus i.

Rfj’.p Resistance of distribution line (i, j) between

phases ¢ and p.

Xf’j’p Reactance of distribution line (i, j) between
phases ¢ and p.

y?’]’.p Admittance of distribution line (i, j) between
phases ¢ and p.

PF/" @x/min N faximum/minimum power factor for load /.

C. VARIABLES

}VS,¢| /LVs4 Magnitude/angle of voltage at phase ¢
at substation s.

Vig/ Vi”’g Real/imaginary part of voltage at phase ¢
at bus i.

1 :;nj /1 :”Zs " Real/imaginary part of injected current at
phase ¢ at bus i.

Iy i / Il."’]’.f @ Real/imaginary part of line flow current at
phase ¢ at bus i.

Pfd, / ng) Active/reactive power output at phase ¢
at substation s.

Pf o/ Q? P Active/reactive power at phase ¢ for
load [.

QE @ Reactive power output of capacitor bank ¢
at phase ¢.

I. INTRODUCTION

HE increased penetration of distributed energy
Tresources (DERs) — which include renewable energy
resources, distributed energy storage, and electric vehicles
(EVs) — in the electric grid has resulted in unprecedented
changes to power system operation, such as bidirectional
power flows and increased voltage fluctuations [1]. As the
DER penetration level continues to increase, these issues
would further impact the planning and operation of the power
distribution systems, increasing the need to monitor and
control these resources [2].

Conventionally, distribution systems with just one source
at the substation have relied on significant model approx-
imations, avoiding detail extending to the secondary cir-
cuits [3], [4]. However, a large share of DERs is located at
the distribution system secondary at on-site customer loca-
tions, creating the need for a paradigm shift to model dis-
tribution systems with more accuracy [5]. Several authors
have proposed methods to create approximate models of the
secondary circuit [6]-[9]. Nevertheless, an inaccurate model
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of the secondary network can misrepresent the effects of
DERs, resulting in different voltages and incorrect power
calculation across the secondary network when conducting
power flow analysis [10]. Therefore, reliable and accurate
distribution system modeling, including the secondary net-
work and the various components such as load and DER,
is essential for distribution system operational analysis while
accommodating a high level of DERs.

Due to the recent emphasis on a more accurate representa-
tion of the grid, many utilities now have extensive geographic
information system (GIS) databases on feeder equipment and
conductor segments. Additionally, the utilities are looking
to expand the advanced metering infrastructure (AMI) and
data acquisition systems (DAS) on the distribution network.
By leveraging these data, a high-fidelity feeder model can
be developed to address the needs of the utilities to improve
distribution system modeling to effectively plan and operate
for future smart distribution systems with DERs.

This increase in distribution system observability due to
AMI and other emerging sensors has raised the interest in new
methods to model the distribution network accurately [11].
A distribution system parameter estimation (DSPE) method
using optimal linear regression model and AMI data is pro-
posed in [12]. However, the authors validated their method
using a small 66-nodes three-phase test circuit and a single-
phase secondary circuit. Additionally, the authors assumed
the availability of reactive power measurements or power fac-
tors. In reality, this assumption is not always true; therefore,
this method portrays an approximate representation of the
secondary. Similarly, the authors in [13], [14] use GIS and
AMI data to model single-phase loads and high penetration
of DERs. However, the authors only modeled loads where
measurements exist and assumed a constant power factor for
all loads.

A method to estimate the impedance of secondary branches
using AMI measurements of voltage and active and reactive
power is proposed in [15]. The authors presented an optimiza-
tion algorithm based on gradient search to calculate the volt-
age of the upstream node from a measured load. However, this
approach requires complete observability of all the loads in
the feeder to create an accurate model and may be inaccurate
for the feeders with unmetered loads. Another drawback of
[11]-[15] is that the authors assumed the source at the feeder-
head to be balanced, which does not reflect the unbalanced
nature of distribution substations in practical utility feeders.

Reliable and accurate modeling of distribution feeders is
important to efficiently manage DERs, especially renewable
energy sources, with advanced Volt/VAr optimization and
other distribution system automation schemes [12], [16]. This
paper focuses on the accurate modeling of unbalanced multi-
phase distribution feeder based on the available measurement
data, such as AMI voltage and derived active power measure-
ments at the customer level and DAS measurements data.
This paper develops a distribution system model enhance-
ment method to model distribution systems, including the
secondary network, to capture the feeder performance by
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matching feeder model power flow results with correspond-
ing field measurements across the entire feeder. The proposed
enhancement method can serve as a benchmark for utilities
and academics to improve the model accuracy and reliability
of distribution systems for analysis and operation at the utility
level with high penetration of DERs. At the same time, the
proposed model enhancement method provides a guide for
utilities to use automated AMI and DAS measurement to
model their distribution feeders with less human intervention.

For the distribution system model enhancement method,
this paper proposes an approach based on nonlinear AC
optimal power flow (ACOPF) for unbalanced multi-phase
distribution systems to increase the system observability and
estimate the unmetered loads using available field measure-
ments. The proposed method is based on the rectangular
current-voltage (IV) power flow formulation and an extension
of the ACOPF model presented in [17]. It is important to note
that goal of this paper is different from that of [17]; con-
sequently, the proposed models are different. The approach
presented in this paper models the unbalanced multi-phase
distribution system in detail and accurately since it considers
the impact of distribution lines’ mutual impedance and shunt
elements on the voltage profile and power loss. Furthermore,
compared with the unmetered load estimation function in
some commercial software that equally distribute unmetered
loads, the proposed ACOPF estimates the unmetered loads by
minimizing the norm of the difference between bus voltage
magnitudes and the corresponding AMI voltage measure-
ment data. The method developed in this paper seamlessly
transfers the available data through the optimization-based
method to the final model verification, with limited human
intervention.

The effectiveness of the proposed approach is validated on
an actual three-phase feeder with high penetration of DERs
from an electric utility. The validation is performed in two
stages: the first stage compares the power flow solutions
obtained in the ACOPF with an OpenDSS (Open Distribution
System Simulator) [18] model with the same network, load,
and source data — a very good match between the two solu-
tions at this stage of validation highlights that the ACOPF for-
mulation accurately represents the distribution system power
flow. The second stage involves comparing the time-series
power flow results from the OpenDSS model enhanced using
the proposed method with the DAS and AMI measurements
in terms of quantities at the substation and the voltages along
the feeder at individual residences — a good match at this stage
emphasizes that the distribution feeder model is successfully
enhanced and accurately matches the actual feeder.

The key contributions of this paper are three-fold:

1) This paper presents a novel computationally efficient
method for estimating customer active and reactive
power time-series consumption, including unmetered
loads, using AMI voltage and derived power measure-
ments available at some customer locations along the
feeder. The reactive power for each premise is calcu-
lated instead of assuming a constant power factor for

all the loads in the feeder, providing a more accurate
feeder model.

2) An unbalanced substation model is proposed and
implemented to capture the unbalanced nature of dis-
tribution substations in practical utility feeders. For
phases at the substation with no available voltage mea-
surements, both the voltage magnitude and angle are
estimated.

3) This method provides a complete power flow solution,
including the secondary circuit representation, using
sparse measurements along a feeder, extending the
observability and planning capabilities of the feeder
under study.

This paper is structured as follows. Section II describes the
modeling data resources available at the utility level and their
implementation in the development of a detailed distribution
system model. Section III presents the proposed distribution
system model enhancement algorithm, the data implemen-
tation to create the input data for the algorithm, the formu-
lation of the proposed ACOPF approach, the enhancement
algorithm output, and its simulation capabilities. Section IV
presents the validation between the enhancement algorithm
power flow output and OpenDSS power flow and the valida-
tion between the enhancement algorithm power flow output
and the field measurements. Section V presents some feeder
characteristics derived from the enhanced feeder model
developed. Section VI provides a discussion, and Section VII
concludes the paper.

Il. MODELING DATA RESOURCES

The objective of the proposed model enhancement method
is to obtain an accurately detailed distribution system model
to capture the performance of the feeder by matching
simulation results with corresponding field measurements.

Available Data
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FIGURE 1. Modeling data resources for distribution system
model enhancement.
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Fig. 1 illustrates the modeling data resources for the
proposed distribution system model enhancement method.
The GIS database contains conductor details and the lat-
itude and the longitude of both endpoints of all the cir-
cuit sections, including the secondary network. Addition-
ally, equipment ratings of transformers and capacitors and
locations of the system elements such as loads, and PV
units are available. These data are used to create the dis-
tribution system topology, including load allocation, using
the approach presented in [19] and [20]. The DAS database
contains hourly feeder-head measurements, which are used
for the construction and validation of the distribution
feeder model.

The AMI database contains measurements of energy (kWh)
from PV (production) meters and load (billing) meters.
These measurements are given as aggregated values every
15 minutes or each hour, depending on the meter. The
hourly average active power (kW) (henceforth termed “‘active
power” in this paper) is derived for each meter by aggregat-
ing the measurements of energy consumption for one hour.
The AMI database includes voltage magnitude measurements
from various load meters given each 15 minutes. These con-
siderations are taken after discussions with the utility, who
provided the measurements and information about how they
manage their data.

There are two cases for load modeling: metered loads
(S24p1,,) and unmetered loads (€2p). For the metered loads,
the active power definition is based on the AMI mea-
surements of the derived active power available at that
premise. Fig. 2 shows the metering infrastructure installed
at a typical metered premise, where the household has sep-
arate meters for PV production and billing. The load active
power definition for metered loads is represented by the
gross load (d”, I € Qawmz,), which is the total active power
demand at a household. The production meter measure-
ments are used to derive the active power produced by the
PVs (P/V, | € Qpy) and to define the PV generation. The
billing meter is a bi-directional meter whose measurements
are used to derive the power delivered by the utility to the
customer (P? ) and the power received by the utility from the

[ ] Production meter

1
1
1
1
1
1
______ PV :
=== 1 roduction
House 3 1 Power lp PV :
Lo S22 .
received P R P, 1 1
Distribution Net-load , < l Billing meter '
Transf 1 > pD
ranstormer 1 Power PI (/,D :
it 1 I delivered Gross 1
House 4 1 1
e s i 0 \ load :
: 1 House 1
- L
Housen 1

FIGURE 2. Metering infrastructure at a typical premise: available
measurements are in blue, estimated values are in green.
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customer (Pf). Hence, (1) is used to estimate the gross load
of a metered premise.

dll,j<i> = P?¢ — Pﬁ, +P£g, VieQamp, pevd) (1)

On the other hand, the power definition for unmetered
loads (P? , I € Qpp)is set as a variable to be estimated by
the enhancement method.

The proposed method relies on the following assumptions
regarding the available data:

1) The secondary network topology is assumed to be
known. If the topology is unknown, the approach pre-
sented in [19] can be used to estimate the system
topology.

2) The following feeder-head measurements are assumed
to be available and accurate: feeder-head total three-
phase active power (PH) and reactive power (QH ) and
feeder-head voltage magnitude ’\A/i,qb , i € Qp ) forat
least one phase, ¢.

3) The gross load of the metered loads (dlD , le QAMID)
is assumed to be available or derivable from the AMI
measurements available in the system.

4) The active/reactive powers of the DERs (PYV/QfV,
[ € Qapy) are assumed to be available from the AMI
measurements available in the system. In the system
considered, the reactive power of the DERs (Q;D Ve
Qamr) is assumed to be zero - at present, all DERs in
the system operate at unity power factor and do not
participate in any reactive power support of the system.

5) Load voltage measurements (’\7,¢r Vie SZAMIV) are
assumed to be available for some of the loads. However,
it is not necessary to have these voltage measurements
for the same loads as in Assumption 3.

6) The field measurements available are assumed to be
accurate.

The system topology, feeder-head measurements, load
voltage measurements available, DERs power definition, and
the initial power definition of the loads are processed in
MATLAB to create the input data to the optimization-based
method. The ACOPF based on an IV formulation for dis-
tribution system model enhancement is programmed using
Pyomo, which is a Python-based, open-source optimization
modeling language [21], [22]. IPOPT is used as the nonlinear
solver for the proposed ACOPF approach [23]. The output
from the distribution system model enhancement includes
time-series substation voltage magnitudes and angles, load
active and reactive power demand, and power flow solution.
The power flow from the resulting enhanced distribution sys-
tem model is compared with the power flow from OpenDSS
to validate the accuracy of the proposed optimization-based
method.

lll. DISTRIBUTION SYSTEM MODEL

ENHANCEMENT ALGORITHM

This section presents the formulation of the proposed method,
the data implementation to create the input data for the algo-
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FIGURE 3. Flowchart for distribution system model
enhancement algorithm.

rithm, the formulation of the proposed ACOPF approach,
the algorithm output and simulation capabilities. A flowchart
explaining the optimization technique proposed is summa-
rized in Fig. 3.

A. INPUT DATA AND INITIALIZATION

The input data contains the feeder topology information
and AMI/DAS measurement data. The feeder topology data
includes the information to create the subset of buses with
load, PV, capacitor and transformers, and impedance infor-
mation of each distribution line. The AMI measurement
data includes the energy measurements (kWh) used to derive
the hourly active power (kW) for the metered load. The
AMI database also includes voltage magnitude measurements
for some loads in the feeder. The DAS measurement data
includes total active/reactive power at the feeder-head and the
voltage magnitude of one phase. The detailed procedure for
creating the input data is described in Algorithm 1.

Most nonlinear solvers only find local optimal solutions
for nonconvex problems [24]. Therefore, a good initializa-
tion is essential to find a solution that meets the problem
requirements. After the input data is created, the parameters
and variables are defined. The parameters are listed under the
assumptions in Section II. The variables in the enhancement
algorithm include bus voltages, unmetered load active power
definitions, load reactive power definitions, bus injection
currents, line flow currents, reactive power production of
capacitors, and per phase substation active/reactive powers
and voltages. The bus voltage magnitudes, bus injection cur-
rents, and line flow currents are initialized using a flat start:
balanced voltages of magnitude 1.0 p.u. and line currents
of magnitude O p.u. for all the buses and lines. The active
powers for unmetered loads may be initialized based on
the type of load (residential/commercial/industrial) and the
feeder location or based on the active power measurements
from other metered loads available. However, this initial-

6

Algorithm 1 Input Data Creation

Input: Feeder topology and AMI/DAS measurements.
Output: Distribution system model enhancement algorithm
input data.
1: Read feeder topology and line
CREY X500,
2: Create topology sets (v, Qp, Qpv, Qcap, Q2s8, 2L,
Qu, Qr).
3: Read equipment information (B, ¢, PI").
4: Read DAS measurements (PH s QH , |\A/H,¢|).
5: Read AMI measurements of energy (kWh) and voltage

impedances

magnitude ( ) \A/,;q; D .

6: Create sets of buses with measurements
Qamry» S2amip)-
7. Write line/transformer data (Rf?/ip ,X;{)j’p , yfj’.p ) for the
algorithm.
8: for hour = 1to 24 do
9:  Derive hourly active power measurements at each
meter by aggregating the measurements of energy con-
sumption (PP, Pf, PfV,Vl € Qamip)-
10:  Derive the gross load (dlD, le QAMID) using (1).
11:  Read the PV active power (Pf V.l € Qpy).
12:  Write gross load and PV active power data.

13:  Write equipment data (B, 4, PI7) for the algorithm.
14:  Write voltage measurement data (‘ ‘A/,‘,d) ‘ ) for the algo-

rithm.
15: end for

ization can be adjusted without loss of generality, knowing
whether the load is residential, commercial, or industrial. The
reactive power for all the loads is initialized using a constant
power factor of 0.9 lagging. The reactive power for all the
capacitor banks is initialized using a terminal voltage of 1 p.u.
and the nominal capacitance using (9). The substation per
phase active/reactive powers are initialized using one-third
of the total three-phase measurement at the feeder-head. The
substation voltage is initialized at the same voltage as the
feeder-head measurement.

B. ENHANCEMENT ALGORITHM: ACOPF BASED

ON IV FORMULATION

This subsection formulates the optimization-based problem
proposed for the distribution system model enhancement
method as an ACOPF formulation based on a three-phase
IV model for unbalanced distribution networks with mutual
impedance, which is more appropriate for distribution net-
works [17], [25]. The IV formulation solves a linear system
of equations without decomposition, unnecessary constraints,
or omissions, and it may be computationally easier to solve
than the traditional quadratic power flow formulations [24].
The ACOPF presented in this paper co-optimizes active and
reactive power along the distribution feeder. The nonlinear
formulation is carried out in rectangular coordinates. The pro-
posed model enhancement algorithm reads the input data and

VOLUME 9, 2022
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initial values of the variables and transfers the information
through the engineering constraints while optimizing the sys-
tem performance according to the objective function, shown
in Fig. 3.

The objective of this formulation is to minimize the norm
of the difference between bus voltage magnitudes and the cor-
responding AMI voltage measurement data. Since the rect-
angular representation of currents and voltages is considered,
the square of the voltage magnitude is used, which is equal to
the summation of the squares of the real part and imaginary
parts of the voltage. The formulation of the objective function
is shown in (2).

2

mn Y Y <vl{¢2 — (Oi,qb’z) )

I€Qpmn, PV

Let i and j be the indices of the sending and receiving

buses of a line (i, j). For line flow equations, the mathematical

relation between the voltage difference between the two buses

(i, ) for each phase (¢) of a line and the current flow for

each phase of a line in an unbalanced three-phase distribution
system are expressed in (3)-(4).

1
b.p k
Vig ]¢_ZR ’Lﬁgzyf,j

PEY key
1
¢.p im kysr
ZX Il/p_izyf,j Vik ]
peY key
V(i) eQL, ¢ ey (€)]
. . 1
m im __ b.p | yim Ky
vo = Vie = 2R 1 — 5 2005 Vik
PEY key
1 ,
op | gr Ky rim
ZX ItJP"'QnyJ Vik |-
PEY key
V(i,)eQ, ¢y 4)

The real and imaginary parts of the current injection con-
straint are defined using (5) and (6), respectively.

rmj ZI’/‘P’ Vie Qny,p ey (@)
jes(i)
I,»f'Z’i"j =S 1n,. VieQu.pey ©)

Jjed(@)

The active power balance constraint is defined in (7). The
reactive power balance constraint is defined in (8), consider-
ing capacitor output (Qc,¢).

r rm/ zm im,inj
Vi, +V l¢ i,¢
Tr
Z Y= 2 P
VSEQSB VmEQ_T
PV D
2 Plot D Plg= D diy
VlEQp] VIEQPV VIGQAMID

I=i I=i 1=i
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Unbalanced
Source Model

Source
Impedance
&,p &,p
R,s“,ll’Xs,H
—
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Feeder-head
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12.47 kV |
S ()/‘:[](;I

FIGURE 4. Source and feeder-head representation in the
proposed framework: available measurements are in blue,
estimated values are in green. Three independent single-phase
voltage sources are implemented in the unbalanced source bus
to model an unbalanced circuit.

Remaining
network

PH/QH, ‘VH,L/;

VieQn,p ey @)

im y7,inj roopim,inj
Vielig™ — Vielig

Z Qs,¢+ Z Q£¢

VSGQSB VeeQeap

=300+ Y oy vieQu. ey )
VieQp VieQpy
I=i I=i
where the reactive power output of a connected capacitor is
modeled using a constant capacitance model. Therefore, the
reactive power is expressed as follows:

r im 2
Qf,qb =By (Vc.,¢2 + C”Z) ) ’

The substation model shown in Fig. 4 is proposed and
implemented to capture the unbalanced nature of distribution
substations in practical utility feeders (Section III-C). The
voltage magnitude limits at the feeder-head are expressed
in (10).

Ve € Qeaprd €Y (9)

VIgCS VIV < Vgt vie Quia# g ey (10)

The upper and lower bounds in (10) are established accord-
ing to the feeder-head available measurements of voltage

(‘\7,;4;‘, i€ QH). The feeder modeled in this paper has

available hourly measurements of voltage magnitude at the
feeder-head for phase a <’\A/H,a , which is considered a

parameter for this phase by the model enhancement algo-
rithm. On the other hand, the voltage magnitude at the feeder-
head of phases b and ¢ are calculated individually by the
algorithm proposed. Hence, the voltage magnitudes of phases
b and c are allowed a deviation of 2% from the measured
phase a voltage via (10) — the limits V’"’" and V/§* should
be set based on the available measurements for the feeder
modeled. For a distribution feeder with separate voltage mag-
nitude measurements available for all three phases ¢, all three
feeder-head voltages (“A/H,d,‘ , € 1//) would be considered
as parameters.

The voltage magnitude limits for the source behind the
equivalent impedance are expressed in (11). The voltage
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magnitudes of the three phases for the source are calculated
individually by the algorithm proposed with a maximum
deviation of 2.5% from \A/H’a. The limits in (11) are
determined based on the order of magnitude of the source
impedance and to facilitate higher feasibility for the
optimization.

Vi < | Vig| VY, Vse Qs ey (11)

The real and imaginary parts of the source voltage are given
by (12) - (13), respectively.

Vi = |Vsg|cos (LVsg),
Vi = Vi | sin (LVig),

Vse Qsp, dpev (12)
VseQsp, pev  (13)

where the voltage angles are limited using (14). The limits
in (14) are set to allow the consideration of an unbalanced
source while still maintaining a roughly 120° angle difference
between any two phases.

LV < [V < LV, VseQup, gy (14)

The reactive power of each load is limited by its maximum
and minimum power factor using (15)-(16).

1
4P . )<
l,¢ ((PF;”“X)Z ) - le¢

1
<dpPy (—2 - 1), Vi € Qamry, ¢ € ¥ (15)
’ (Pme)

1
<P |[———-1). VieQp.g¢ecv 16
’ (Plen)

where PF"* and PF 7’”" are the limits on the power factors
of the loads. These limits should be selected to be suitable
for the modeled feeder. Since DAS measurements of the
total three-phase active and reactive power are available at
the feeder-head, the summation of power injections at the
different phases at the feeder-head is assumed to be equal to
the measured value.

> wh e e ¢1;l”;’”f) =P VYheQy (17)
pey
S vimnt — v Lty = 0 Vhe Qy (18)
pey

C. ALGORITHM OUTPUT AND SIMULATION
CAPABILITIES

The algorithm developed solves a three-phase distribution
system power flow problem. The power flow can be solved
in standard single snapshot mode and daily variable time-
interval mode. The time interval can be any time period. The
feeder model developed in this paper is solved for each day

8

using 24-hourly steps. When the power flow is solved, the
losses, voltages, flows, and other information are available
for the total system and each element.

For each instant in time, the algorithm automati-
cally exports the power flow solution of the system,
as well as the active and reactive power definition of the
loads (P o/ oP ¢ V1 € Qp), distributed generators output
(PP V.vi e Qp,), and source voltage magnitudes and angles
(\VS ¢,| /LVs., d) € ), as shown in Fig. 3. These data are
then used to complete the OpenDSS model, as explained in
the next section.

D. OpenDSS OPTIMAL FEEDER MODEL

An OpenDSS time-series feeder model is constructed based
on the optimization algorithm results as the output of the
feeder model enhancement method. This enhanced OpenDSS
model is then used for any further studies involving the distri-
bution feeder modeled. For this time series model, the voltage
source and each load and PV generator follow hourly profiles
obtained from the enhancement algorithm and transferred to
OpenDSS through shape files. The profiles are created for
active and reactive power for each load/PV generator and
the voltage magnitude of each of the three phases at the
unbalanced source. The loads are modeled using constant P
and constant Q to preserve the power flow obtained from
the enhancement algorithm. The solar PV units are mod-
eled as electronically coupled generators using the current-
limited constant kW OpenDSS model and based on the AMI
measurements.

OpenDSS models a three-phase voltage source as a
balanced voltage source behind a Thévenin equivalent
impedance. However, balanced sources at the distribution
network are not accurate enough to represent the unbalanced
voltages common in practical utility feeders [26]. Therefore,
to model the unbalanced distribution system more accu-
rately, the optimization-based method proposed implements
three independent single-phase voltage sources to model an
unbalanced substation source, as shown in Fig. 4. Since the
feeder-head measurement of voltage is available only for the

) for the modeled feeder,

the feeder-head voltage for the remaining phases and the
source voltages are obtained by the ACOPF formulation
proposed.

The voltage source and feeder-head representation shown
in Fig. 4 and used in the algorithm corresponds to the
Thévenin equivalent impedance representing the substation
transformer and the sub-transmission/transmission system.
In the enhancement algorithm, this source impedance is rep-
resented as a line with no capacitance (Rf 7 X ¢ ,5 o.pEY).
As a result, three shapefiles corresponding to the voltage
magnitude for each of the three phases at the substation are
created for the OpenDSS model. On the other hand, while the
enhancement algorithm provides the voltage angle for each
phase at each step of the time series simulation, OpenDSS
does not allow voltage source angle variation through shape-

magnitude of one phase (‘VH,a
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FIGURE 5. Arizona utility feeder circuit diagram with all the elements.

files. Therefore, unbalanced angles are defined at each of the
three single-phase sources at the substation bus and hence are
kept constant while solving a time series power flow problem
in OpenDSS.

Monitors are then set at the feeder-head bus and every
load bus in the system to capture the results of voltages
and powers at those points. Then, the results of the mon-
itors are compared against the AMI measurements at the
loads and DAS measurements at the feeder-head to val-
idate the system. The model validation is discussed in
Section IV.

IV. MODEL VALIDATION: UTILITY FEEDER RESULTS
This section presents the validation between the enhancement
algorithm power flow output and OpenDSS power flow and
the validation between the enhancement algorithm power
flow output and the field measurements.

The proposed algorithm is tested on an actual 12.47kV,
nine km—Ilong utility feeder in Arizona that serves residential
customers. Fig. 5 shows the circuit diagram of the feeder
with all its elements. The peak net load on the feeder was
7.35 MW on 07/15/2019. The feeder has one of the highest
PV penetrations among the utility’s operational feeders, with
3.8 MW of residential rooftop PV installed. Hence, a pen-
etration level of more than 200% compared to the feeder
total gross load (3.8 MW total solar PV generation/1.6 MW
total gross load) is observed during peak solar PV pro-
duction hours. The OpenDSS model for this feeder has an
unbalanced 69/12.47 kV source representing the substation,
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7864 buses, 1790 primary sections, 5782 secondary sections,
371 distribution transformers, four capacitor banks of
1.2 MVAr rating each, 1737 loads, and 766 PV units. There
are 784 PV (production) and 1652 load (billing) meters
installed on the system, and 1194 meters of these also report
voltage magnitudes.

Since the modeled feeder is a residential feeder in Arizona,
and since a typical household peak load in Arizona lies
between 4 —7 kW due to the need for air conditioning, a value
of 5kW is chosen to initialize the unmetered loads’ active
power. For loads connected to a distribution transformer
with other measured loads, similar values as those measured
loads are used to initialize their active power instead. For the
feeder modeled, the limits of the power factors of the loads
(PF" and PF }""’) are selected to include the power fac-
tor at the feeder-head - obtained from the measurements of
active and reactive power at the feeder-head for a time-step.
Most solar PV units installed on this feeder operate with
unity power factor in practice. Therefore, the reactive power
exchanged by the solar PV units (Qﬁ g) with the rest of the
distribution system is set to zero in (8).

The presented optimization algorithm is implemented
using Pyomo (version 5.7) and solved using IPOPT solver
(version 3.11.1.). The optimizations are carried out on a
computer with a 4-core 1.8 GHz Intel Core i7-8550U CPU
and 16 GB of RAM. On this machine, optimizing the feeder
model for one snapshot (once loaded) requires approximately
32 seconds and involves 134,623 variables and 133,264
equality and inequality constraints.
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A. ALGORITHM-OpenDSS POWER FLOW COMPARISON
This section presents the validation between the enhance-
ment algorithm power flow output and OpenDSS power flow.
To perform the validation, the actual historical feeder peak
load snapshot on 07/15/2019 (high load and relatively
low PV) is chosen for the analysis. The resultant load active
and reactive powers, the per unit voltages at the three phases
of the source, and the input data such as the network topol-
ogy and parameters, capacitors, and solar PV generation are
implemented in an OpenDSS model. Then, the power flow
obtained from the optimization algorithm and the power flow
solution obtained from OpenDSS for the same operating
point are compared to validate the representation of the power
flow equations in the optimization algorithm. A good match
between the two would imply that the optimization algorithm
accurately represents the power flow equations.

For this comparison, the consumed/produced active and
reactive power for each element in the feeder are calcu-
lated from the algorithm power flow solution and compared
against the corresponding power element losses exported
from OpenDSS. The consumed/produced active and reactive
power for each element in the feeder is calculated according
to the type of the element.

For all the lines (2;) in the feeder, where i and j are
the sending and receiving bus indices, the active and reactive
power consumption (inductive lines) and reactive power pro-
duction (capacitive underground lines) are calculated as the
power difference between the sending and receiving ends.

Similarly, for all the transformers (27) in the feeder, the
active and reactive power consumption is calculated as the
power difference between the sending and receiving ends plus
the no-load loss (Pz;’ , Vm € Qr), which represents a resistive
branch in parallel with the magnetizing inductance. For all the
capacitors (2¢4p), (9) is used to calculate the reactive power
injections.

The algorithm wuses (7)-(8) to calculate the load
active power (dlD , V1€ Qamip; PID , VIl e Qpi )and reactive
power (Q? , Yl € p). The active and reactive power
production from the solar PV units (Pf v, Qf V.Vl e Qpy)
are input from the AMI data and are held to be the same
between the optimization algorithm and the OpenDSS model.

The source active and reactive powers are calculated by
using the receiving end (feeder-head end) of the line that
connects the substation with the feeder-head, that is,

pey (19
Ofp = Villing —Viglitig ¢€v (0

The comparison between the consumed/produced active
and reactive power for each type of element in the optimiza-
tion algorithm power flow solution and the corresponding
power element losses exported from OpenDSS model during
a single snapshot (historical feeder load peak) is shown in
TABLE 1. For instance, the row corresponding to “Lines”
lists the total power consumed by all the lines in the system
for both the optimization algorithm and the OpenDSS model

. -
Pos = Vigling + Vielin ¢

10

TABLE 1. Comparison of active and reactive power from power
flow solution for a single snapshot.

Proposed
Algorithm OpenDSS % Error
P Q P Q
Component  \rur Ay MW) Mvar) © Q
Source -5.978 -0.522 -5979 -0.523 0.01 0.13
Lines 0.083 -0.423 0.083 -0.423 0.17 0.06
Capacitors  0.000 -1.261 0.000 -1.260 0.00 0.01
Loads 7.725 2.166 7.728 2.167 0.03 0.02
Transformers 0.073 0.040 0.070 0.040 2.95 0.01
PVs -1.903 0.000 -1.903 0.000 0.00 0.00
3
3
A 2500
S 2000
E 1500 - -— -_— Phase C
€ 1000 V- 4 - _— Phase B
E 508 A —_—— V4 Phase A
[0-0.05) [0.05-0.1) [0.1-0.15) [0.15 - 0.2)
% % % %
Bus Voltage Error

FIGURE 6. Bus voltage magnitude error per phase between
enhancement algorithm power flow and OpenDSS solution for a
single snapshot for the historical feeder load peak hour for the
modeled feeder.

power flow, as well as the percentage difference between
both. The corresponding comparisons match under 0.13%
error (except for the transformer active power comparison,
which has an error of 2.95%, equivalent to 3kW — still
relatively low considering that this 3 kW difference is the
combined losses for all the distribution transformers).

0.5F - |
R : !

9 | *7: e T T
SRS TN RN AR BURRE FRRRE:
E ofinadsdebsainsigtlafnns
g yw#%%fﬁg;‘%:}' FERERE
: : . L!Ll$%
0.5 :

1234567 89101112131415161718192021222324
Hour

FIGURE 7. Voltage errors between OpenDSS and the
optimization-based algorithm for different hours of a single day
(historical feeder load peak day) for the modeled feeder. The red
line in the middle in each case indicates the median error, the
box indicates the interquartile range, and the whiskers are
defined as 1.5 times the interquartile range away from the box.

For the same snapshot (historical feeder load peak), Fig. 6
shows a per phase comparison of the voltage magnitude of
all the buses (2y) between the enhancement algorithm and
OpenDSS solution. Fig. 7 shows the voltage errors between
OpenDSS and the enhancement algorithm for time-series
analysis (using the same load demands, solar PV genera-
tion, and source voltage) for different hours of a single day
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FIGURE 8. Active and reactive power feeder-head comparison
between the enhanced OpenDSS model and DAS
measurements for the historical feeder load peak day.
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FIGURE 9. Active and reactive power feeder-head comparison
between the enhanced OpenDSS detailed model and DAS
measurements for the maximum generation condition day.

(historical feeder load peak day). The low errors show that the
enhancement algorithm models the power flow constraints
correctly and that the results obtained from the enhance-
ment algorithm match closely with the electrical model and
assumptions employed in a state-of-the-art distribution sys-
tem power flow solver such as OpenDSS. Therefore, the
OpenDSS time-series feeder model constructed based on the
optimization algorithm results reflects the enhanced feeder
model accurately and can be used for further studies involving
the distribution feeder modeled.

B. ENHANCED DISTRIBUTION FEEDER

MODEL VALIDATION

This section presents the validation between the enhancement
algorithm power flow output and the field measurements.
Two days corresponding to the actual historical feeder load
peak on 07/15/2019 (high load and relatively low PV) and
the maximum generation condition on 03/15/2019 (high PV)
were chosen for the analysis to validate the feeder enhance-
ment algorithm power flow.
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FIGURE 10. Voltage comparison results between OpenDSS and
AMI data for some premises along the feeder for the historical
feeder load peak day.
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FIGURE 11. Voltage comparison results between OpenDSS and
AMI data for some premises along the feeder for the maximum
generation condition day.

Using the OpenDSS time-series feeder model constructed
based on the optimization algorithm results from the previous
sections, a time series power flow yielded a good match with
the measured values. The OpenDSS feeder-head active and
reactive powers are compared with the corresponding feeder-
head measurements for both days in Fig. 8 and Fig. 9. For
the historical feeder load peak day, the feeder-head active
and reactive powers have root mean square (RMS) errors
over a day of 0.104% and 0.234%, respectively. For the
day with the maximum generation, the feeder-head active
and reactive powers have RMS errors over a day of 1.897%
and 0.0493%, respectively. The small RMS errors imply that
the powers at the feeder-head from the enhanced OpenDSS
time-series feeder model power flow accurately represents
the field-measured values. Note that the reactive power along
the feeder is completely calculated by the optimization-based
technique by minimizing the objective function (2) and under
the constraints of Section III-B, as there are no reactive power
measurements available at any point along the feeder aside
from the feeder-head values. The active power is varied for
a subset of the loads (2p;) by the enhancement algorithm;
therefore, a small error at the feeder-head active power indi-
cates the model successfully being tuned to represent the
measurements and, by proxy, the actual feeder status.

As further validation, the voltages at the premises along the
feeder where AMI measurements are available are compared
against these measurements. The comparison between the
AMI measurements and model voltages for three represen-
tative meters at different locations along the feeder for the
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FIGURE 12. For the two scenarios considered, the RMS errors
calculated over one day between the field-measured voltages
and the voltages obtained from the enhanced OpenDSS model
for all the voltage meters in the system are plot using a box and
whisker plot. The red line in the middle in each case indicates
the median error, the box indicates the interquartile range, and
the whiskers are defined as 1.5 times the interquartile range
away from the box.
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enhancement algorithm for the historical feeder load peak.
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FIGURE 14. AMI measurements from the utility compared against
the corresponding voltage profile obtained from the
enhancement algorithm for the maximum generation condition.

historical feeder peak load day and maximum generation con-
dition day are shown in Fig. 10 and Fig. 11, respectively. The
distances from the substation of the locations corresponding
to the plot are shown above each plot. The RMS error over
a day is also calculated for all the meters along the feeder.
Fig. 12 shows the RMS error calculated over a day for both
days in a box-and-whisker plot. As observed, the average
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FIGURE 17. Power factor for some premises along the feeder for
the historical feeder load peak day.

RMS error along the feeder length is around 0.4%, for the
historical feeder load peak day and 0.2% for the maximum
generation condition day, which shows that the proposed
method achieves a very good match when compared against
field measurements and that the enhanced feeder model accu-
rately represents the actual field measurements.

Fig. 13, 14 and 15, show the AMI measurements received
from the utility compared against the corresponding voltage
profile obtained from the enhancement algorithm for three
different snapshot conditions - historical feeder load peak,
the maximum generation condition, and during the night
(no PV production). The method proposed provides a com-
plete power flow solution for both the primary and the sec-
ondary sides by using sparse measurements at the secondary
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FIGURE 18. Customers’ power factors obtained from the enhanced feeder model for all the loads in the feeder for both cases, the
historical feeder load peak snapshot (a) and the maximum generation condition snapshot (b).

level along the feeder, extending the observability and plan-
ning capabilities of the feeder under study.

V. DETAILED FEEDER CHARACTERISTICS

This section presents some feeder characteristics derived
from the enhanced feeder model developed. Fig. 16 shows
the gross load, net-load, and PV production for the historical
feeder load peak day and maximum generation condition day.
For the maximum generation condition day, it is seen that
the PV production significantly impacts the net load of the
system. In this case, due to the significant penetration of solar
PV, the net load is negative between 10 AM — 3 PM. Hence
there is a large reverse active power flow from this feeder
during this time. Due to this behavior, the feeder experiences
large overvoltage during this time. The maximum solar PV
generation occurs around 1 PM. The voltage profile for this
time is shown in Fig. 14, showing a trend of increasing mag-
nitude moving away from the substation due to the reverse
active power flow as well as the capacitive nature of the distri-
bution cables. Note that the unbalance between the phases in
the feeder is successfully captured by the optimization-based
technique proposed.

As shown in Fig. 16, the historical feeder load peak day
has a high load, which is why there is no reverse flow at
the feeder-head — there is still a significant reduction in the
net load due to solar PV production. In Fig. 13, the voltage
profile of the feeder corresponding to an evening condition
(high load) for the historical feeder load peak day shows a
decreasing trend as we go away from the substation, which is
traditionally expected for distribution systems. Fig. 15 shows
a power flow snapshot at night (2 AM) on the maximum
generation day. In this case, because of the absence of solar
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PV generation and the presence of light load, the voltage
profile does not experience a large change as compared with
the other two cases.

The contrast in the feeder voltage profiles between the
snapshots presented in Fig. 13, 14 and 15 as well as the
gross and net loads presented in Fig. 16 highlight the fact
that a distribution system with a high solar PV penetration
can exhibit a wide range of behaviors, hence accurately
modeling the distribution system is important for any studies
involving it.

Fig. 17 shows the power factor for some premises along the
feeder for the historical feeder load peak day. The enhance-
ment algorithm estimates the power factor for each load
independently. Fig. 18 shows the customers power factor
obtained from the enhanced feeder model for all the loads
in the feeder for both cases, the historical feeder load peak
snapshot (a) and the maximum generation condition snapshot
(b). The difference in the two cases is reflected in the different
power factor levels — the power factors for the load peak are
lower than the maximum generation condition, due to the
high load demand.

VI. DISCUSSION

Using the method proposed in this paper, accurate and
detailed primary and secondary distribution system mod-
els can be created for distribution feeder analyses using
sparse field measurements. An accurate and detailed feeder
model is essential to capture the behavior of distribution
feeders for various studies such as snapshot/dynamic host-
ing capacity, snapshot/dynamic impact analysis, distribution
system integration costs of renewables analysis, as well as
to capture voltage and thermal violations accurately and to
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efficiently manage renewable energy sources with advanced
Volt/VAr optimization and other distribution system automa-
tion schemes.

The proposed method assumes that the network topology,
line impedances, and field measurements, i.e., AMI/DAS/
SCADA measurements, are known and accurate. Using these
measurements, the optimization-based method estimates the
reactive power demand for all the loads in the feeder — no
reactive power measurements are necessary along the feeder
but can be added to the model as parameters if available,
as well as the active power demands for the unmetered
loads.

In the absence of load reactive power measurements, the
method uses other available measurements such as active
power and voltage measurements to calculate the active and
reactive powers, i.e., power factor, for the loads. Since the
reactive power/power factor is estimated based on the avail-
able field measurements of active power and voltage, the
resulting model is more accurate than a model constructed
with the assumption of a single power factor for all the loads.
However, a possible source of inaccuracies is any potential
inconsistency arising due to different possible methods of
measuring various quantities (e.g., instantaneous value versus
moving average).

As discussed in Section IV, the proposed method takes
32 seconds to enhance the feeder model for one snapshot
for the selected distribution feeder. Hence, this method is
suitable for planning studies where a detailed model of the
feeder is desired. The enhanced feeder model can be updated
for operational analyses conducted once every minute/few
minutes. It is worth noting that the AMI measurements may
update only a few times an hour - or even a few times a day.
Therefore, the proposed method is suitable to continuously
calculate a detailed and accurate feeder model for each sys-
tem status.

VIl. CONCLUSION

To accurately represent the distribution systems in studies,
constructing a detailed model which corresponds to the actual
feeder(s) is essential. This paper describes a novel procedure
to enhance the model of a real distribution system feeder
using AMI and DAS data. This novel enhancement algorithm
formulates an ACOPF based on IV formulation for matching
the voltages at various nodes to AMI measurements, ensuring
that the tuned model closely reflects the real-life status of
the feeder for a snapshot. The model is validated using time-
series analysis in OpenDSS. Simulation results for voltages
have an average RMS error along the feeder under 0.5%, and
all RMS errors are under 1.4% compared to the field mea-
surements providing confidence in the developed method.
In the future, this modeling procedure can be used to create
comprehensive databases for further analysis and study of
the distribution networks when no AMI data is available to
construct the profiles and hence guide future extensions to
the distribution systems.
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