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A three-phase power flow approach for integrated 3-wire MV and 4-wire
multigrounded LV networks with rooftop Solar PV

Abstract

With increasing level of rooftop solar photovoltaic (PV) penetration into low voltage (LV) distribution
networks, analysis with realistic network models is necessary for adequate capturing of network behavior.
Traditional three-phase 3-wire power flow approach lacks the capability of exact analysis of 4-wire
multigrounded LV networks due to the approximation of merging the neutral wire admittance into the
phase wire admittances. Such an approximation may not be desirable when neutral wire and grounding
effects need to be assessed, especially in the presence of single-phase solar power injection that may
cause a significant level of network unbalance. This paper proposes a three-phase power flow approach
for distribution networks while preserving the original 3-wire and 4-wire configurations for more accurate
estimation of rooftop PV impacts on different phases and neutrals. A three-phase transformer model is
developed to interface between the 3-wire medium voltage (MV) and the 4-wire LV networks. Also an
integrated network model is developed for an explicit representation of different phases, neutral wires and
groundings of a distribution system. A series of power flow calculations have been performed using the
proposed approach to investigate the impacts of single-phase variable PV generation on an Australian
distribution system and results are presented.
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A Three-Phase Power Flow Approach for Integrated

3-Wire MV and 4-Wire Multigrounded LV
Networks with Rooftop Solar PV

M J E Alam, Student Member, IEEE, K M Muttaqi, Senior Member, IEEE, and D Sutanto, Senior Member, IEEE

Abstract—With increasing level of rooftop solar PV penetration
into LV distribution networks, analysis with realistic network
models is necessary for adequate capturing of network behavior.
Traditional three-phase 3-wire power flow approach lacks the
capability of exact analysis of 4-wire multigrounded LV networks
due to the approximation of merging the neutral wire admittance
into the phase wire admittances. Such an approximation may not
be desirable when neutral wire and grounding effects need to be
assessed, especially in the presence of single-phase solar power
injection that may cause a significant level of network unbalance.
This paper proposes a three-phase power flow approach for
distribution networks while preserving the original 3-wire and
4-wire configurations for more accurate estimation of rooftop
PV impacts on different phases and neutrals. A three-phase
transformer model is developed to interface between the 3-wire
MYV and the 4-wire LV networks. Also an integrated network
model is developed for an explicit representation of different
phases, neutral wires and groundings of a distribution system.
A series of power flow calculations have been performed using
the proposed approach to investigate the impacts of single-phase
variable PV generation on an Australian distribution system and
results are presented.

Index Terms—Thee-phase distribution networks, 3-wire and
4-wire multigrounded systems, Three-phase power flow, Rooftop
solar PV impacts.

I. INTRODUCTION

Integration of solar photovoltaic (PV) resources in high
penetration level may introduce a multitude of adverse impacts
[1], [2] on distribution networks. Voltage rise [3], reverse
power flow [4], voltage unbalance [2] can be listed as some
of the major impacts. Analysis of network behavior under PV
penetration is essential for understanding these impacts. Three
phase power flow is often deployed as a tool for the analysis
of network asymmetry and load imbalance in distribution
networks. With an increasing level of single phase rooftop
solar PV penetration, phase domain analysis is essential not
only for incorporating the load unbalance and network asym-
metries, but also to assess the impacts of single-phase solar
PV units installed in the three phase distribution networks.
Without the direct control of distribution utilities over the
sizes and locations of customer-installed rooftop PV units,
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unbalanced allocation of PV resources will produce different
level of impacts on different phases of a feeder, such as
unbalanced impacts of voltage rise [3] and reverse power
flow [4]. Unbalanced operation of networks can also affect
induction motors, power electronic converters [5], and, may
also decrease network voltage stability margins [6].

Medium voltage (MV) segments of distribution networks
are typically constructed with 3-wire configuration whereas
low voltage (LV) segments are constructed with 4-wire con-
figuration, where the fourth wire is the neutral wire which
is grounded at multiple locations along the feeder. Using the
assumption of zero neutral voltage with a perfectly grounded
neutral in the LV part, matrix reduction technique is typically
applied to reduce the 4x4 admittance matrices correspond-
ing to LV line-segments into 3x3 matrices [7]. However, in
practical LV distribution feeders, neutral grounding resistances
can vary from less than 1 ohm to several tens of ohms
depending on the type and condition of grounding system
[8]-[10]. Further, the unbalance in load and line impedance
and the unbalanced allocation of PV resources can produce
high neutral current in LV feeders, sometimes even higher than
the phase currents [7], [11]. High neutral current can produce
significant neutral-to-ground voltage in the presence of neutral
grounding resistance. Therefore, the traditional assumption
that the neutral-to-ground voltage is zero and merging the
neutral line admittances into the phase line admittances in
the modeling may not be realistic. High neutral current may
produce voltage distortion, and may overload neutral con-
ductor [12]. Further, the neutral-to-ground voltage can act
as a common-mode noise in sensitive electronic equipment
[13]. Neutral-to-ground voltage beyond manufacturer specified
tolerance level [13] may cause mal-operation [14] of sensitive
equipment. To avoid such issues, the accurate determination
of neutral current and voltage is essential, especially for
planning distribution networks with PV integration. Therefore,
preserving the 4-wire configuration in the network model
would be desirable and development of a power flow approach
capable of retaining the original wiring configurations of the
MYV and LV network segments is necessary.

Extensive research has been performed on 3-phase power
flow algorithms for distribution networks with distributed
resources [15], however, most of those are based on a 3-wire
power flow approach. A forward-backward substitution based
4-wire power flow method is developed in [11] considering
the ground-wire impedance. A three-phase 3-wire power flow
based on a current-mismatch variant of Newton-Raphson



algorithm is presented in [16]. Authors in [17] have devel-
oped a current-mismatch based 4-wire power flow approach.
However, in [17], a combined 3-wire and 4-wire power flow
formulation corresponding to MV and LV networks is not
explicitly presented.

This paper proposes a three-phase power flow approach
developed for the analysis of single phase rooftop solar PV
impacts on distribution networks by preserving the realistic
configurations of MV and LV networks. With this technique,
the PV impacts on the host LV network and the upstream MV
network can be performed without modifying the model of
the original wiring configurations. LV network modeling will
be performed based on the original 4x4 matrix representation
of LV line segments, and MV networks will be modeled
using 3x3 matrices. A primitive admittance model of delta-
wye transformer will be developed based on the technique
presented in [18] to satisfy the modeling requirements of
the 3-wire (MV) and 4-wire (LV) systems. The integrated
system of power flow equations corresponding to the 3-
wire and 4-wire networks will be solved using the current-
mismatch variant of Newton-Raphson algorithm. It is worth
mentioning that a network model retaining the original 3-
wire and 4-wire configurations could be solved using other
power flow solution algorithms with minor adjustments to
incorporate 3- and 4-wire configuration where the neutral line
and ground resistances need to be included. To investigate
the impacts of single-phase variable PV generation, a series
of power flow calculations will be performed over a 24-hour
period. A practical distribution system in Australia will be
used to verify the applicability of the proposed approach
in real-world distribution networks. Though this paper has
concentrated on rooftop PV systems, the problems presented
can be experienced with any type of distributed generation
resources, such as small residential wind power units or fuel
cells, installed in an unbalanced pattern in a distribution feeder.
Therefore, the proposed approach can be extended to other
distributed generation resources.

This paper is organized into five sections. Section I provides
an introduction of the problem of using a three-phase 3-wire
power flow approach to analyze 3- and 4-wire configuration
often found in MV and LV distribution network. This is
particularly important when neutral wire and grounding ef-
fects need to be assessed. Network modeling approach with
multigrounded LV feeder with rooftop solar PV is discussed
in Section II. Formulation of the power flow problem for an
integrated 3-wire MV and 4-wire LV network is presented in
Section III. The application of the approach has been verified
in Section IV using a practical distribution system. Section V
concludes the paper by summarizing the works performed and
observations made.

II. SYSTEM MODELING

A distribution feeder can be represented as a combination
of series elements (overhead and underground line segments,
transformers etc.) connected between, and shunt elements (line
susceptances, grounding impedance, capacitor / reactor banks,
etc.) connected at, different system nodes. Admittance matrix

Delta-Wye
MV section A

Ttransformer T+ LV section
1 2 3 Neutral Grounding 4ﬂ
:& Impedance 27
(a) 4-bus, 3-wire and 4-wire test system
Delta-Wye
MV section VAN Ttransformer Y_|__ LV section
1 2 X

x+1 E X+2 y

(b) A general extended form of 3-wire and 4-wire test system

Fig. 1. Three Wire and Four Wire Test System

models of the series and shunt components assembled in the
form of a total system admittance matrix are used for network
analysis. A simple 4-bus distribution test feeder shown in Fig.
1(a), similar to the IEEE 4-bus test system [19] will be used in
this paper to formulate the modeling approach of 3-wire and
4-wire systems; a similar approach can be followed for the
general extended form of the test system shown in Fig. 1(b).
The 4-bus feeder is configured to have a 3-wire MV section
from bus 1 to 2, a delta-wye step-down transformer from bus
2 to 3, and a 4-wire LV section from bus 3 to 4. Detailed
modeling aspects of the network components are discussed
below.

A. Modeling of the MV Lines

Three wire MV distribution lines can be represented using
3 X 3 admittance matrices consisting of the self admittances of
three phases a, b and c as the diagonal elements and the mutual
coupling admittances among them as off-diagonal elements.
Following this model, the MV line admittance of the 4-bus
test system, Y24V, can be written as,
T i
= vy wy v (D
iy i
where, the subscripts ¢ and j are used for generic modeling
purpose, that represents the buses 1 and 2, respectively, in the
network given in Fig. 1(a). It is to be noted that to construct the
total system admittance matrix with 3-wire and 4-wire lines,
the MV line admittance model needs to be accommodated
into the 4-wire line model. Therefore, order of the admittance
matrix in (1) is increased to 4 x 4 using all zero elements, as
given below.

MV __ _ abc
Y5 =Yij

Yyl oyl 0
av _ vl w0 )
YV = |
S I A

0 0 0 0

B. Modeling of the LV Lines

Low voltage distribution feeders are typically constructed
with four wire line segments where the fourth wire is the
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Fig. 2. Terminal connection and currents of delta-wye transformer

neutral wire. Similar to the phase conductors, the neutral
conductor has self and mutual impedance components with
the other phase wires, and these need to be included in the
admittance model. The LV line admittance matrix, Y% of
the test system is given below using a 4 X 4 matrix model.

aa ab ac an
Yi; Yy Yy Y
ba bb be bn
yvLV — yaben _ |Yij  Yij  Yij  Yig 3)
34 — yij - ca cb cc cn
Yij yijb Yij  Yij
na s nc nn
Yii  Yii  Yij  Yiy

Here, 7 and j are used as subscripts for the generic modeling
purpose, similarly as described for (1), which represents buses
3, and 4, respectively. The neutral wire is explicitly modeled
in this matrix model, as reflected in the 4" row and column.

C. Modeling of the MV/LV Transformer

A primitive admittance matrix model of a delta-wye trans-
former is developed based on the relationship of transformer
terminal currents with the internal winding currents, in a
similar fashion discussed for wye-delta connection in [18]. The
per unit impedance matrix model of a three phase transformer
with three phase short circuit impedances, z%, z% and 25, can
be described in a matrix form as,

2% 0 0
Z¥e =10 25 0 4)
0 0 25

The ground referenced nodal admittance matrix [18], Yk,
can be obtained using the incidence matrix, B, relating the
short circuit currents with the terminal currents [18], as given
below.

1 0 0

-1 0 0

L abe\ 1 pT 0 1 0
Yi=B(Z) BTadB=| | | ©

0 0 1

0 0 -1

The winding admittance matrix YV can be obtained from
YL by using the following equation,

Y)Y = NYLZNT (6)

where, N=|0 N’ 0O @)
0 0 N¢
1 0
a __ b c __ -1 0
and N = N> = N°= 0 1 )
0 -1

In (7), O denotes a 4 x 2 matrix of zero elements, and in (8)
1 corresponds to nominal per unit turns ratio. The terminal
currents in the delta-wye transformer shown in Fig. 2 can be
related to the winding currents by,
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It is to be noted that the 4" row of A, corresponding to the
neutral current of delta side, is a vector of all zero elements
as there is no neutral current for the delta side. This row is
inserted for making the 3-wire side of the admittance matrix
compatible with the 4-wire system calculation, as discussed
earlier in the MV and LV line modeling. The primitive
admittance matrix of the transformer, Y4 ", is found as,

pri WAT [Yﬁp Y?T
YO =AY AT = (10)
T T YEP yss
where,
YEP is the primary (delta) side self admittance matrix
Y39 is the secondary (wye) side self admittance ma-

trix
YES Y2 are the mutual admittance matrices between pri-
mary and secondary sides
To develop the per-unit model, Y2 and Y2, each has
to be divided by v/3 and YL has to be divided by 3, as
described in [20].

D. Admittance Matrix of the Integrated System

The total system admittance matrix, Y, for a k-bus three
phase power system can be constructed as a 4k x 4k matrix
to accommodate both 3-wire and 4-wire admittance matrices.
The diagonal and off-diagonal elements of Y are obtained by,

k
Y, = E y?;)cn and, Yij — _y?;)cn

=1

Y

where, 7 and j =1,2,--- k.
Self admittance matrices of the transformer primary and
secondary are added with the self admittance matrices of



the primary bus and the secondary bus, respectively, and the
mutual admittances are added with the mutual admittances
between primary and secondary buses. Following this method,
the system admittance matrix for the 4-bus test system with
integrated MV and LV networks can be written as,

YV -Y}V 0 0
v |Yn Yy +SY§P -YELS o
0 -YFF Yi+YFS —YhY
0 0 -YLV YLV
(12)

Buses with grounded neutral, such as bus 3 and 4 in Fig.
1(a), are modeled by adding the neutral grounding admittances
with the self admittances of the neutral wire at the respective
buses. This is given in the equation below for an arbitrary bus
i, where the neutral grounding admittance is yg -G,

000 0
00 0

Yi=Y;+ 00 0 0 (13)
00 0 yh ¢

E. Modeling of Loads

Realistic modeling of distribution network loads is a com-
plex task involving comprehensive study of the types, ratings
and consumption trends of electrical appliances. Lighting,
cooking, cooling, heating, use of computer, telecommunication
and entertainment systems are some of the common types of
electricity usage in residential households and all of these
applications vary throughout the day based on consumer
behavior. Practical modeling of distribution feeder loads, es-
pecially at LV level, would therefore require modeling of load
variations of each of the individual end-use applications. Total
load profile of the households then could be performed by
aggregation of the individual load profiles. ZIP representation
of typical residential loads [21], [22] will be used for modeling
the loads in this paper. A ZIP load model includes proportions
of constant power, constant current, and constant impedance
loads as given below.

Vpn_ Venon|?

PZIP PO (pp ’ Pho N ‘ pI ’ Pho N pz) (143.)
B - 2

QZIP QO (qp ’ Ipho N| 1 ’ Vpho N qz) (l4b)

where, p¥ +pl +pZ =1and ¢ +¢' +¢% =1 (14c)

Here, Py and @)y are the nominal real and reactive power
at nominal voltage Vp; and p%, p', p%, and ¢¥, ¢!, ¢% are
respectively the constant power, constant current and constant
impedance proportions of active and reactive load and termed
as ZIP parameters, and Vpj_ is the phase-to-neutral volt-
age. To obtain the aggregate load model for the household,
aggregate ZIP parameters for active and reactive components
of loads, ZIPang and ZIPang, where ZIPF ¢ {pP,pI,pZ}
and ZIP? € {qP, q, qZ}, will be determined using weighted
average of individual ZIP parameters, as given below.
) VAL

n

P;
Pl =>" <P

i—1 total

(15a)

Phase a Phase b Phase ¢

I I I
I I I
I/‘nvIJ /invb Imvc

Neutral

Fig. 3. Current injection model of solar PV

- Qi ) Q
ZIPQ = ( Z1P¢ (15b)
99 ; Qtotal '

Here, 1 = 1,2, ...n, for n number of loads corresponding to
different household activities.

F. Modeling of Rooftop Solar PV

Solar PV systems installed in LV feeders typically contain
rooftop PV modules and associated single phase inverter
modules. The inverter output is connected between the phase
and neutral conductor, as shown in Fig. 3 for three single phase
PV sources connected at phases a, b ands c. Current injection
of PV inverter, I;,,, depends on the complex output power of
the inverter, P;,,+j oy fm, where, P;,,, is the inverter
real power, Si,, is the PV inverter apparent power capacity,
and Vp;,_ is the phase-to-neutral voltage.

I _ Pi"” +] Si27w 7 Pzznv ’
o Vph-N

Here, * represents complex conjugate. It is to be noted that
Sinv 18 not directly related to the DC power coming out from
the PV modules. The P;,, is the AC power generated by the
inverter for a given value of DC power generated by the PV
modules, Pp¢, taking into account efficiency of the inverter,
Ninv, Mismatch among multiple PV modules, 7,,, and dirt
effects, ng, as given below [23].

(16)

Py = Ninv X Nm X Nd X Ppc 17

The inverter controls the amount of reactive power output
that can be generated from the inverter, and is given by
3 5 . .

S:., — Pr.,. For a larger reactive power output required
from the inverter, S;,, should be made larger, for the same
P;,.,. Ppc can be obtained from the I — V' characteristic of

the solar PV module as given by the following equation,

PDC = max (VDC X Ipc) (18)

where, Vpo is the PV module voltage, Ipc is the PV
module current and mazx (-) implements the Maximum Power
Point Tracking (MPPT) function. The function max(.) given
in (18), is a function used to select the maximum value from
a series of Vp¢ times Ipc values to obtain the maximum
power point of the P — V characteristic, as shown in Fig.
4. PV module voltage Vpc, depends on ambient conditions
and PV module electrical parameters, whereas the PV module
current /pc depends on the ambient conditions, the module
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voltage, and the PV current itself [24]. Mathematically this
can be described as,

Vbe = ¢ (L, p) (19)
Ipc =% (t,G,p,Vpc, Ipc) (20)
where,
t is the ambient temperature
G is the ambient sun irradiance level
P is a vector of PV module electrical parameters,
such as module resistances, short-circuit current,
voltage-temperature and current-temperature co-
efficients etc.
1) is a function to determine the PV module voltage
from ambient conditions and PV parameters
P is a function to determine the PV module current

from ambient conditions, PV parameters, module

voltage and module current
An observation of (20) indicates that it is a transcendental

expression and an analytical form of solution is not available
[24]. Therefore, numerical technique is applied to solve (20) to
find the I-V characteristic of PV modules at any given ambient
conditions. The I-V characteristic is then used to find out the
current injection from PV inverters into the network.

III. PROPOSED 3-PHASE POWER FLOW FOR INTEGRATED
3-WIRE AND 4-WIRE SYSTEMS WITH SOLAR PV

For a converged power flow problem, the mismatch between
specified current and calculated current should be nearly zero.
Such mismatch, denoted by AL, at an arbitrary bus m of a
three phase feeder can be expressed as,

AL, = (I,)*"* — (I,,)°"“ ~ 0 1)

Here, (I,,)°P°“ is the vector of specified currents and
(I,,)°“! is the vector of calculated currents at the bus m. If the
three phase bus m is of 3-wire configuration, then the length
of the mismatch vector and the current vectors is 3, and, for
a 4-wire configuration the length is 4, where the 4'" element
corresponds to the neutral current. Specified currents at bus
m can be obtained from current contributions from ZIP load
and solar PV as given in (22) based on the current injection
model shown in Fig. 5.

e T (22)

From (m-1)" bus m" Bus, Phase a To (m+1)" bus

I aZIP @
" m™ Bus, Phase b
© O

1, )
m™ Bus, Phase ¢

e

bPV
In

7IP cPV
I In

| I E—

m™ Bus, Neutral

Fig. 5. Current injection model of load and PV for power flow formulation
PZIP +jQZIP *
ZIP
where, I)" = <mm (23)
Vi
PPV+ PV *
and, TPV — (m JQum (24)
Vi
where,
v is the vector of phase currents con-

tributed by solar PV at phases a, b, ¢
is the vector of complex powers corre-
sponding to loads at phases a,b, ¢
is the vector of complex powers corre-
sponding to solar PV inverters at phases
a,b,c
is the vector of complex voltages at
phases a, b, ¢

The minus sign in (22) with T2IF represents the difference
in the direction of current injections from the ZIP load and
solar PV. In (24), QLY will be zero if unity power factor
operation of PV is considered. It is to be noted that for 3-wire
networks, V,,, comprises of the phase voltages, whereas, for
4-wire networks it contains the phase-to-neutral voltages. The
specified current through the neutral wire, (I)™“ can be
found by adding the specified phase currents 2, Ib and I¢,,

mITm

obtained from the vector of specified phase currents, (I,,,)*““.

PZIP + jQZIP

PIY Q1Y

Vi

(IN)P = — (18, + 1%, + 1S,) (25)

The calculated currents can be obtained using the total
system admittance matrix and the vector of system voltages
using the following classical network current equation.

k
(Im)calc _ Z YmnVn

n=1

(26)

Here, Y,,, is the admittance matrix from bus m to n,
where, n = 1,2,....k, and k is the total number of system
buses. Mismatch in the specified and calculated current injec-
tion components in phase and neutral nodes of a three phase



feeder can be expressed in terms of their real and imaginary
components using the following equations.

_ PmeRe + vamIm

T (Vg + Vs )
k
- Z (GmnVnRe - anvnh”) (27)
n=1
AImIm _ PmeIm _(‘Qm\/vmgC
(IVinge +3Vms,.l)
k
- Z (Gm,nVnIm + anVnRe) (28)
n=1
AI%RC == (IgnRe + I7bch +I:7LRC)
k
- Z (G’INnnvnRe - B’II‘YannITn> (29)
n=1
AITNVLIm == (Ignlm, + Il;nlm + Ifnlm,)

k
= (GN Vi, + BN, Va)  (30)
n=1

The subscripts e and j,, in (27)-(30) stand for Real and
Imaginary, respectively. In (27) and (28), G,,,, and B,,,
are 3 X 4 matrices consisting of the corresponding real and
imaginary parts of the admittance matrix from bus m to n,
with respect to the phase conductors. In (29) and (30), Gfxn
and BY  are 1 x 4 vectors consisting of the respective real
and imaginary parts of the admittance matrix from bus m
to n corresponding to the neutral conductor. The system of
non-linear equations (27)-(30) can be solved using Newton-
Raphson (N-R) iterative algorithm that needs to relate the
incremental changes in voltages with incremental changes in
currents in terms of real and imaginary components, as given
below.

AVmRe AImlm
AV | — Al
AV, | = inv (J) x AL, (31)
AV, Ay,

The incremental voltage vector in (31) refers to the updates
in voltages to be used in the power flow iterations of N-R
algorithm, and the incremental current vector refers to the
current mismatches. The 1°¢ and 3"¢ row of voltage vector
contains the real and imaginary components of phase voltage
updates, respectively, and the 2" and 4*" row contains the
updates of neutral voltage; J is the Jacobian matrix. For 3-wire
segments of distribution networks, the neutral components
are not present and therefore, the 2" and 4" rows are
not included in the N-R equations. Following this, the N-R
equation for the 4-bus test system under consideration can
written as,

abc abc aben aben abc
AVQb J2b2 JQ% JQ% AIQb

aben | _ aben aben aben aben
AV3b = inv J3% J3% ‘]34é X AI3b

aben aben abcn aben aben
AV4 J42 J43 J44 AI4

(32)

is the 6-element incremental voltage vec-
tor consisting of [AV4Y  AV4be 17 corre-
sponding to the 3-wire bus, Bus-2. T' repre-
sents transpose.

is the 8-element incremental Volta§e vector
consisting of [AV§bm  AVEPer]” corre-
sponding to the 4-wire bus, Bus-3. The similar
notations hold for the other 4-wire bus, bus 4.
is the 6-element current mismatch vector con-
sisting of [AI gfc AT gi);e]T, corresponding
to the 3-wire bus, Bus-2.

is the 8-element current misrr%gtch vector con-
sisting of [AI gffn” Al gf:e”] , corresponding
to the 4-wire bus, Bus-3. The similar notations
hold for the other 4-wire bus, bus 4.

The first element in the Jacobian matrix, Jgga is a 6x6
matrix block corresponding to the 3 wire section of the
system, while J35, Jg4en, J4en and J¢4em are 8x8 matrix
blocks corresponding to the four wire section. The remaining,
Jgben, Jgben and Jabem, J45em are, respectively, 6x8 and 8x6
matrices, corresponding to the delta-wye transformer between
the three wire and four wire network segments. It is to be
noted that Bus 1, being the slack bus, has been excluded from
(32). Following a similar type of notations, the N-R equation
of the general form of 3-wire and 4-wire feeder in fig. 1(b)
containing = number of 3-wire buses and (y — x) number of
4-wire buses can be developed as given below.

AIgbe

Algbcn

[ AVgbe T AL
Avabe | Arabe
e | =1nv (J) X Hen (33)
avele | =MD Arddy
.abcn z.lbcn
[AVEoen ] FAVEe
where,
r Jggc ce. Jggc ‘]g?g}rl) - ngcn
abc- B abce aben C aben
J= Jab‘c]nw2 - jilfcn Jabi?f(z+1) - thlzlbcn (34)
(z+1)2 """ (z+ D)z (z+1)(z+1) " Y (z+1)y
abcn- a aben aben C aben
L ‘]y2 e Jyw Jy(erl) T Jyy i

Methods of calculating Jacobian elements described in [16],
[17] will be deployed in this paper. Updates of real and
imaginary components of voltages are found using (33) in each
iteration of the N-R algorithm that continues until the current
mismatch in (21) is satisfied with an acceptable tolerance.
This power flow approach using N-R algorithm works for both
mesh and radial networks.



IV. APPLICATION OF THE PROPOSED 3-PHASE POWER
FLOW APPROACH TO ASSESS PV IMPACTS

A. The IEEE 4-bus Test Case

The IEEE 4-bus system [19] is a standard distribution test
feeder to verify power flow programs with different trans-
former connections. The unbalanced loading with delta-wye
step-down transformer connection is used in this paper. The
12.47 kV line segment is configured as 3-wire and the 4.16 kV
segment is configured as 4-wire. Power flow results for the 3-
wire and 4-wire segments of the test system obtained using the
proposed approach are presented in Table I. Neutral voltages in
the order of 10~2 V are obtained for a solidly grounded neutral
(10~* ohm) and are assumed as zero, as shown in Table I for
the 4-wire buses, 3 and 4. On the other hand, even a low
grounding resistance of 0.3 ohm, which is within acceptable
limit [7], produced a 74 V of neutral voltages at bus 3 and 4 in
the presence of high unbalance in loads. The neutral voltages
presented in Table I cannot be directly obtained as a power
flow result using a traditional 3-wire power flow approach.
This neutral voltage calculation capability would be useful
for distribution feeders with imperfect neutral grounding and
containing unbalanced integration of solar PV.

TABLE I
IEEE-4 BuUS TEST RESULTS WITH DIFFERENT GROUNDING OPTIONS

[[ Grounding Type [[Ph [[Bus 2 (V) [[Bus 3 (V) [[ Bus 4 (V) |

A 12350 2293 2163

. B 12360 2263 1939
Solidly Grounded C 12285 2206 1837
N N/A ~0 ~0

A 12350 2325 2161

. B 12363 2316 2012
Resistance Grounded C 12271 2105 1719
N N/A 74 74

B. A Practical Test Network

The proposed power flow approach is tested on a real
distribution feeder in New South Wales (NSW), Australia. It is
important to note that the introduction of non-metallic under-
ground water reticulation system in Australia is contributing
to increased grounding impedance in the LV feeders, as many
of the service drops are bonded with previously metallic water
piping system for neutral grounding purpose. Unbalanced PV
allocation at a high penetration level will produce increased
neutral current and hence will increase the neutral voltage
in the presence of elevated neutral impedance. Therefore,
the proposed power flow approach could be useful for PV
impact analysis on such a network with high neutral grounding
impedances. The test feeder is an 80 km long 11 kV rural
feeder with 3 series voltage regulators, as shown in Fig. 5.
The 0.4 kV LV feeders are connected at different buses along
the MV feeders through 11/0.4 kV delta-wye transformers.
Residential loads in the LV feeders are distributed in an
unbalanced pattern among the phases. Load data measured
on a practical Australian feeder are used for simulation. PV
resources are integrated in a clustered form, i.e., numerous PV
units are installed in a small geographical area. Transformer

40
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Fig. 6. A practical distribution feeder in NSW

symbols are used to identify the feeders that form the PV
clusters. Size of PV units at different residential households
ranges from 2 to 5 kW. PV outputs are generated using the
April irradiance data given in [23] and applied to obtain the
I-V characteristic of Kyocera KC200GT [25] PV module.
Numerical values of neutral grounding resistances in PV
cluster 1 have been set much higher than the ones in PV
cluster 2 for analyzing the effects of high neutral grounding
resistance. Analysis is performed using both idealistic and
realistic values of neutral to ground resistance in PV cluster 2.
IEEE Std. 182-1991 [8]suggests that neutrals of LV systems
are typically grounded solidly. For a solidly grounded neutral,
phase-to-ground fault current can be equal to 100% or greater
than the three-phase fault current [8]. Based on this criterion,
and using the MV/LV substation and LV feeder data of the
test system under study, an idealistic value of the neutral to
ground resistance for solidly grounded neutral was determined
as 0.05 ohm. A realistic value of 0.5 ohm is selected according
to the recommended value of neutral grounding resistance in
a Combined Multiple Earthed Neutral (CMEN) system for
Australian distribution utilities [9], [10]. To consider a 10-
times increase in neutral grounding resistance due to bonding
with non-metallic water piping system as discussed in [26],
neutral grounding resistance of 5 ohm is used in PV cluster 1.

C. PV Impacts on LV Networks

Solar PV resources generate at their peak capacity during
midday depending on the ambient sun insolation and temper-
ature. Household load demand is comparatively lower during
this time. Power generation from PV resources, therefore, may
exceed the load level at the PV connection point at this time,
and voltage rise may be observed. Such a scenario is shown
in Fig. 7 at one of the LV feeder ends selected from both of
the PV clusters in the network. The upper plot in Fig. 7(a)
shows voltage from PV cluster 1, which shows significant rise
in voltage at midday, and phase a voltage exceeds the upper
limit. The lower plot in Fig. 7(b) shows the voltage rise in PV
cluster 2, which is maintained within the limit by the action
of voltage regulator REG3 (in Fig. 6).

Due to unbalanced allocation of PV units, voltage rise is
different at different phases of the feeder. This unbalance in
power injection produces significant increase of neutral current
in the LV feeder at midday as shown in Fig. 8. The upper plot
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Fig. 7. Daily voltage profile at LV feeder end (a) PV cluster 1 (b) PV cluster
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in Fig. 8(a) shows the phase and neutral currents at an LV
substation bus in PV cluster 1, and the lower plot in Fig.
8(b) shows the same for PV cluster 2. It is observed that
in PV cluster 1, the neutral current exceeds phase b and c
currents, and nearly reaching the phase a current at midday.
The situation is less severe in PV cluster 2 with much lower
grounding resistance. The high neutral current produced by
unbalanced PV injection increases the neutral voltage as shown
in Fig. 9; the upper plot in Fig. 9(a) shows neutral voltage
in PV cluster 1 that remains nearly at 1 V during high PV
generation period. This is already higher than the common-
mode noise limit of 0.5 V [13] for sensitive equipment. With
the idealistic value of neutral resistance of 0.05 ohm in PV
cluster 2, the neutral voltage in cluster 2 does not exceed
0.15 V, as shown in Fig. 9(b). However, using the realistic
value of 0.5 ohm in PV cluster 2, the neutral voltage in cluster
2 slightly exceeds the common-mode voltage limit of 0.5 V.
Such neutral to ground voltages may exceed the tolerance level
with further increase in unbalanced PV allocation which would
impose potential safety hazards and may also cause damage
of sensitive equipments [13], [14].

A case study is conducted for a scenario where the total PV
generation in the feeder is higher than the feeder demand and
results are presented in Fig. 10. In this case, surplus power
from PV resources is injected into the upstream MV network.
This is shown in the upper plot of Fig. 10(a) with a reverse
power flow at one of the LV substation buses in a PV cluster.
This suggests that a voltage rise is created in the MV feeder at
the immediate upstream of the PV clusters due to the reverse
power flow. The reactive power flow at the substation bus,
however, remains nearly unchanged as shown in the lower
plot of Fig. 10(b), because the PV inverters are modeled to
operate at unity power factor.

It is to be noted, if the neutral grounding resistances are
approximated to zero, then the power flow results obtained
by including the neutral wire would not be different than
the results obtained using a 3-wire representation of a 4-wire
LV feeder. The grounding resistances need to be non-zero to
observe the effect of including neutral wire in network model.

D. PV Impacts Propagated to MV Networks

PV impact propagation into the MV network is presented in
this paper using MV level voltage profiles. Fig. 11 shows the
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voltage profiles of the MV feeder along the feeder length that
contains the two PV clusters. This voltage profile corresponds
to the time of peak PV generation in the cluster. Voltage
rise is observed along one of the spurs of the MV feeder
(through the buses 47, 66, 67 and 68 in Fig. 5) due to the
absence of voltage regulator at the immediate upstream. On
the other hand, voltage rise produced by the PV cluster 2 is
bucked down by REG3. This effect is also observed in Fig.
12 that shows the tap operations of the REG3; Fig. 12(a), (b)
and (c) shows the tappings of phase a,b, and ¢, respectively.
The positive tap numbers indicate voltage bucking operation,
whereas, the negative tap numbers mean voltage boosting. It
is observed that at midday, from about 11 AM to 1 PM, the
tapping of phase a is positive that indicates the action of
REG3 to reduce the voltage rise caused by the PV cluster
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downstream; phase b and ¢ however, remains mostly at the
neutral state as voltage in these phases remain within the
limits. In the evening, tap numbers in all the phases are
negative indicating a voltage boosting operation.

V. CONCLUSIONS

A three-phase power flow approach capable of distribution
network analysis by preserving the actual wiring configuration
of MV and LV networks has been proposed for realistic anal-
ysis of solar PV impacts. This approach would be particularly
useful for multigrounded LV networks where the neutral wire
needs to be modeled explicitly due to the presence of neutral
grounding impedances. A real distribution network, consisting
of 3-wire MV and 4-wire LV feeders with multiple neutral
groundings, has been used to verify the applicability of the
proposed power flow approach. Unlike the the traditional 3-
wire power flow, the proposed approach is able to provide the
neutral current and voltage caused by unbalanced allocation
of single-phase rooftop PV units, and hence would be able to
provide information regarding possible safety issues. With the
peak level of PV output during midday, the neutral current and
voltage impacts become more significant, as verified through
a series of power flow calculations corresponding to a 24-
hour load and PV output variations. Simultaneous modeling
of 3-wire and 4-wire systems using the proposed approach
enables the investigation the PV impacts propagated to the
upstream MV level. Further research can be carried out using
the proposed approach to investigate the voltage regulation co-
ordination and protection issues against high neutral to ground
voltage related to 3-wire MV and 4-wire multigrounded LV
systems with distributed resources.
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