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Abstract—This paper presents three new contributions to
power flow analysis of unbalanced three-phase distribution sys-
tems. First, a complex vector based model in a0 stationary
reference frame is developed to state the power flow equations
using a compact matrix formulation. The proposed model is based
on Kirchhoff’ s current law (KCL) and Kirchhoff’ s voltage law
(KVL). Then, a general and exact power transformer model in
the a0 reference frame is proposed. Finally, this transformer
model is incorporated into the power flow problem. It will be
shown that the use of an orthogonal reference frame simplifies
the modeling of the distribution network components. In this
work, both the network and the power transformer, as well as
PQ type loads, PQ and PV type generators and a slack bus
are modeled. By using the node incidence matrix instead of the
admittance matrix, the information about the grid topology and
the grid parameters (including power transformers) is separately
organized. As it will be demonstrated, the proposed formulation is
ready to incorporate other complex models of loads, generators
or storage devices. The model is tested by using the IEEE 4
and the IEEE 123 Node Test Feeders with different transformer
connections and balanced and unbalanced lines and loads.

Index Terms—Power flow, three-phase unbalanced power flow,
distribution system, unbalanced loads, transformer modeling.

NOMENCLATURE
Acronyms
AC Alternating current.
BFS Backward/Forward sweep.
DC Direct current.
KCL Kirchhoff’s current law.
KVL Kirchhoff’s voltage law.
PCC Point of common coupling.
PhSh  Phase shift.

pu Per unit.

PWM  Pulse width modulation.

VSC Voltage source converter.

Functions

) Delta function (phase shift and connection depen-
dant).

Matrices

A abc to a0 transformation matrix.

G Rotation matrix.

r Node incidence matrix.

Iy Identity matrix.

L Inductance matrix.
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M Power system matrix.

N Transformer rotation matrix.

R Resistance matrix.

Tpy Wye to delta transformation matrix.

Tgr Primary to secondary transformation matrix.
V/ Impedance matrix.

Reference frames

a0 Stationary orthogonal reference.

abc Stationary three phase reference.

dq0 Synchronous rotating orthogonal reference.
Subscripts

A, B, C Transformer primary phases.

a, b, ¢ Transformer secondary phases.

Br Branch (line) currents.

a, B, 0 Stationary reference frame components.

T, Real and imaginary parts.

G Generator.

Ito IV Type of transformer rotation matrix.

L Load.

N Transformer neutral.

ph — ph Phase to phase.

trans  Transformer.

Superscripts

! Ideal transformer primary phases.

* Extended to the whole system.

P, S Primary, secondary.

PS Secondary for AY, connection and primary for other
connections.

T Transposed.

Variables

AV Voltage drop.

~y Transformer rotation angle.

I Current.

w Pulsation.

\%4 Voltage.

%) Transformer phase shift.

Z Transformer impedance per phase.

Vectors

AV Voltage drop vector (real and/or imaginary parts).

Av Instantaneous three phase voltage drop vector.

I Current vector (real and/or imaginary parts).

i Instantaneous three phase current vector.

P Active power vector (three components).

Q Reactive power vector (three components).

A\ Voltage vector (real and/or imaginary parts).

zZ Whole power system vector (voltages and currents).
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1. INTRODUCTION

P to the date, many works have been carried out to

accurately model unbalanced distribution power systems.
Developed models include different components, such as lines
and cables, capacitors, loads, voltage regulators and power
transformers, see for instance [1], [2].

Due to the increase of distributed generation (DG) in power
systems, there have been significant advances in the unba-
lanced load flow analysis techniques in distribution networks.
Most of these advances deal with the inclusion of distributed
generators and their controls in power flow calculations. Some
related works were presented in [3]-[5], in which single-
phase and three-phase voltage source converters (VSC) were
modeled. Moreover, recent studies related to DG controls are
focused on the use of DG devices working under unbalanced
conditions [6]—[8], since it is a common situation in distributed
systems. In most of these cases, the control of such devices is
implemented in an orthogonal-stationary reference frame. To
state the power flow problem, some of these works employed
more than one reference frame to solve the different parts of
the system [3], [4].

In the literature the authors have found that there is no
previous work combining the traditional power flow problem
with the new distributed technologies in a unique reference
frame. To include these emerging technologies into distri-
bution system power flow analyses (where the presence of
transformers is really important), an unbalanced power flow
model in 50 stationary reference frame, capable of handling
distributed generators and loads, and power transformers in an
easy way would be very useful. This is the aim of the present
work.

The main characteristics of a distribution system that must
be taken into account for power flow calculations can be
summarized as follows [3], [9], [10]:

« Radially or weakly meshed topology.

o Extremely large number of nodes and branches with a
wide X/R ratio.

o Unbalanced operation basically derived from untrans-
posed lines and unbalanced loading formed by the users.

« Presence of DGs and distributed storage systems.

The first two features may cause the traditional power
flow algorithms based on Newton-Raphson or Gauss-Seidel
approaches to fail due to ill-conditioning problems [10]. How-
ever, some authors still defend power flow algorithms with a
solver derived from Newton-Raphson. For instance in [11] a
network-based distributed slack bus model was proposed and
good results were obtained in a 394-bus radial system.

Most authors agree that the special characteristics of dis-
tribution systems require different algorithms based on the
application of KCL and KVL. This is the case of the Back-
ward/Forward sweep (BFS) sequential methods and some
direct methods, as for instance [12], [13]. In [14] the BFS
method was applied to develop a general four-wire distribu-
tion network approach. The Kron’s reduction to merge the
neutral and the ground into the phases was not employed,
thus neutral and ground currents and voltages had to be
explicitly represented. In [15] the BFS method was applied

using the Kron’s reduction. In this case, the mutual coupling
was simulated through equivalent branch voltage sources or
current injections. More recently, the authors in [9] propose a
modified BFS algorithm to solve weakly meshed distribution
systems. They break the meshes and apply a compensation
technique based on current injection.

Some of the most sophisticated analyses were presented in
[3], [4]. In these works, a sequential power flow analysis,
which combines a BFS approach for single phase laterals
with sequence-components for three phase networks, is pro-
posed. The authors apply steady-state sequence components
to different kind of DGs based on VSC. They also consider
different control modes and operational constraints, including
phase current limit, modulation index or voltage limit at the
point of common coupling (PCC). They solve the power flow
problem in the sequence component frame, but they need the
dq0 synchronous frame to calculate the internal parameters and
operational limits of DGs. In that case it would have been very
helpful a unique reference frame to model the whole system.

The application of the dqO reference frame to the power
flow formulation is not new [16], and it has been recently
used in microgrids steady-state modeling [12], and in unified
AC/DC power flow analysis [13]. However, in those cases the
dqO reference frame is applied to balanced systems, so the dgq0
components are constant in steady state analysis. This is not
a valid assumption when working with unbalanced systems.

In [5], the dqO reference frame was employed to solve the
power flow problem in unbalanced three-phase power systems
containing PWM converters. However in that case, the zero
and negative sequences caused pulsating terms to appear, so
the obtained expressions were quite intricate.

Regarding the unbalanced three phase power flow problem,
the use of the B0 reference frame and a complex vector
model are proposed in this paper. The use of this reference
frame includes the benefits provided by an orthogonal ref-
erence frame, avoiding the pulsating terms derived from the
existence of sequence components.

Related to the power transformer modeling for power-flow
analysis, most authors have developed models based on the
primitive admittance matrix and the nodal admittance matrix
[1], [17], [18]. A number of authors proposed methods to
incorporate such models into the BFS problem [19]-[22]. In
[23] the primitive admittance based model was formulated in
sequence components. In [24] a positive sequence component
model of a power transformer with different connections was
described and tested with a Newton based power flow solver.

In [25] an exact method satisfying KVL, KCL and the ideal
relationship between voltages and currents in both transformer
windings was proposed in abc coordinates, but the authors only
described the ungrounded wye-delta connection.

As this last one, some of the cited works present a model
for a specific connection, while others describe general models
valid for several connections. The former lack of standardiza-
tion, and the latter use quite complex matrices.

As it will be demonstrated in Section III, in this paper the
power transformer is modeled as an exact approach in the
same 30 stationary reference frame employed for the power
flow problem. Moreover, the model is stated in a way that,
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unlike in [25], the formulation does not need to be rewritten
for each connection type and phase shift.

Summarizing, the present work states a power flow for-
mulation conjugating the use of the a0 coordinates and
the node incidence matrix instead of the admittance matrix.
On one hand, the use of the a0 reference frame allows
the authors to obtain a general but simple power transformer
model, applicable to any connection or phase shift. It must also
be remarked that the model is ready to incorporate any other
device controlled into the same reference frame, as for instance
some DG’s designed to be used in unbalanced conditions [6]—
[8]. On the other hand, the use of the node incidence matrix,
instead of the admittance matrix, will prevent some serious
drawbacks [26]:

o The admittance matrix merges together all parallel lines
and shunt devices. It is not possible unequivocally go
back to the line and transformer parameters. With the
proposed method, the information regarding the system
parameters and topology is separately organized.

« Any change in the system topology or parameters requires
rebuilding the whole admittance matrix. In this proposal,
the transformer connection or phase shift, as well as any
other system parameter, can be independently modified
without restoring the node incidence matrix.

To the authors’ knowledge there are no previous power
flow models that simultaneously permit the inclusion of three
phase unbalanced lines, loads, transformers and distributed
generators in a unique reference frame, that is a rectangular
reference frame, without need for reference transformations.
The authors would like to emphasize that what it is proposed
in this paper is a model, or formulation, to be used in power
flow analysis, so different methods (algorithms) could be
applied to solve the problem. The proposed formulation is
based on the application of KCL and KVL like the BFS
methods. In this particular case, the authors chose a direct
approach [12], [13] to simultaneously solve the whole system
of equations by means of the trust-region dogleg algorithm
[27]. However, other algorithms could be used to solve the
proposed formulation.

The paper is structured as follows. Sections II and III will
respectively describe the complex vector model in 50 frame
of an RL element and a three-phase power transformer. In
Section IV, these models will be incorporated into the whole
grid by using a compact matrix formulation. In Section V
the models are validated by means of the IEEE 4 Node Test
Feeder benchmark [28]. Several cases based on the IEEE
123 Node Test Feeder [28] are also solved to evaluate the
model performance in large distribution systems. Ultimately,
in Section VI the conclusions are presented.

II. COMPLEX VECTOR MODEL OF A THREE-PHASE
UNBALANCED RL ELEMENT IN a30

The voltage drop Avg,. in the abc reference frame for a
series RL element, depending on the branch current iz, when
voltages and currents are time dependant, is:

d iabc

AVabc = Rabc iabc + Labc 7

ey

Where R, and L. are the resistance and the inductance
matrices considering coupling effects. These matrices are ob-
tained through Carlson’s equations [29] and Kron’s reduction
[30].

The a0 to abc transformation for a generic three complex
component vector X is defined as:

Xabe = AXaBO (2)

Where A is the invertible matrix:

1
5 1 0 V2
A=4/2 _1 V3 1
3 2 2 V2
1 V3 1
2 2 V2

The choice of this matrix was made to be easily inverted. As
it can be checked A™! = AT, By replacing (2) into (1) the
voltage drop in 30 is obtained:

dinpo

dt )

Avago = Rapo iago + Lago

Where R,g0 and L,go are the transformed resistance and
inductance matrices:

A71 Rabc A (4)
A 'Lae A )

Ra,BO
LaﬁO =

Equation (3) represents the general dynamic model for an RL
element in 80 reference frame. In the steady state analysis,
the differential equation (3) can be replaced by an algebraic
equation by means of phasor theory. Thus, each sine wave
x(t), with time invariant amplitude and angular frequency w,

and its time derivative dfig) are represented by two phasors

X and X respectively as shown in equations (6) and (7):

Xy +7X; (6)
—wX; +jwX, (7)

- A
|

Where subscripts 7 and ¢ stand for real and imaginary parts
respectively. With the above mentioned assumptions, equation
(3) becomes:

[AVago]" =Zapo [lapo]” ®)

Where:
[AVaso] = [AVi, AV AVy. AVa, AV AV ](9)
Mapo] = [la, Is, To, Lo, I, Io/] (10)
e = (w ) o

To implement shunt capacitors, that means RC type elements,
the same procedure could be employed to obtain the dual
equation of (8). An example of RC type elements in a
rectangular reference frame can be seen in [31].
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Fig. 1: Wye-delta step-up.

ITII. COMPLEX VECTOR MODEL OF A THREE-PHASE
TRANSFORMER IN a0 REFERENCE FRAME

To describe the 80 transformer model, the step-up YA
ungrounded three-phase transformer of the IEEE 4 Node Test
Feeder benchmark [28] will be employed. The primary and
secondary windings are connected as it is shown in Fig. 1. The
chosen currents are also depicted. The transformer impedance
is concentrated in the primary side of the model, but other
considerations may be made without many modifications. As
it can be seen in the figure, the real transformer (primary nodes
A, B and C) is partitioned in a line impedance and an ideal
transformer (primary nodes A’, B’ and C”).

When working in the per unit (pu) system of representa-
tion, and choosing the appropriate voltage base for primary
and secondary voltages, the turns ratio becomes 1:1, so the
relationship between primary and secondary voltages in Fig.
1 can be expressed as:

Varn Vab
Ven| =Tgr | Vic (12)
Vorn Vea

Where the matrix Tr in pu depends only on the transformer
connection and phase shift. In the present case T g is deduced
from Fig. 1 and the dot convention:

0 0 -1
Tr=| -1 0 O
0 -1 0
Tr is a nonsingular matrix that satisfies Th = Tgl. In

(12), phase-to-neutral voltages are employed in the primary
side of the ideal transformer and phase-to-phase voltages are
employed in the secondary side. Uppercase characters denote
primary voltages or currents, and lowercase characters are used
for the secondary ones.

Due to the fact that there is no neutral conductor available
in the primary side of the transformer, a fictitious neutral point
should be chosen as a reference point to determine phase-to-
neutral voltages in the real transformer (primary nodes A, B
and C'). To avoid this problem the authors have worked with
phase-to-phase voltages both in primary and secondary sides
of the real transformer.

The phase-to-phase voltages in the primary side of the ideal
transformer are calculated from phase-to-neutral voltages and

the matrix Tpy:

Varpr Varn
Vec| =Tpy |VaN (13)

Vc/A/ VC/N

1 -1 0

Tpy = 0 1 -1

—1 0 1

Tpy is a singular matrix. This implies that phase-to-neutral
voltages can not be obtained from phase-to-phase voltages.
However, when working with phase-to-phase voltages, this
problem is overcome. In others cases the applied criteria
is as follows: phase-to-phase voltages are used in delta or
ungrounded wye connections and phase-to-ground voltages are
chosen for grounded wye connections.

Replacing (12) into (13), the primary voltages in the ideal
transformer can be rewritten as a function of the secondary
voltages:

VA’B’ vab
Veror| = Tpy Tr | Vae (14)
VC'A’ ‘/ca

The voltage drops in the power transformer impedances are
obtained as:

Vaar 14
VBB' = Zt’r‘a’ns IB (15)
Voo Ic
Where
Zn 0 0 1 0 0
Ztrans - 0 ZB 0 =7 01 0
0 0 Zc 0 0 1

The transformer windings are equal and balanced, thus the
three impedances might be represented by Z. In the next equa-
tion, the voltage drops in the power transformer impedances
are related to the phase-to-phase voltages in the primary side
of the real and the ideal transformers.

Vap — Varp Vaar — Vep Vaar
Ve —Veior | = |VBp —Vee | =Tpy |V | (16)
Vea —Verar Veer — Vaar Veer

Combining (14), (15) and (16) the relationship between pri-
mary voltages, secondary voltages and primary line currents
can be written as:

Vap Vab T4
VBC = TDY TR ‘/bc + TDY Zt’runs IB (17)
Vea Vea Ic

Equation (17) relates primary voltages and currents to sec-
ondary voltages in abc coordinates. It can be rewritten in a
more compact way:

P
abe

S

abc
P

abc

[‘/phfph} TDY TR [vahfph] +

+ TDY Zt'ra,ns [IBT] (]8)
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TABLE I: Matrices for all connections and phase shifts.

Connection

PhSh

N; Ni Nt Niv b
Y. Y, La(3x3) (=) ( ~G(e) Li (3x3) ®
o(v) —4(7)
AA V3 ( G(30°) ‘ ) G(—) ( —G(p) L (sx5) v
|0 5(7) —3(7)
%)
YgA Iy (3x3) G(itp -0 ) \/g ( 7G(Lp) I (3%x3) © + 30°
5(7) 0
YA V3 ( 6(30%) ) V3 ( G(=¢) V3 ( —Gle) Li(3x3) ¢ +30°
0 0 0
AY, ( G307 —¢) ‘ ) ( G307 —¢) ) —La(3x3) V3 ( Gl=e) ) ¢ — 30°
[ (") o(v) 0
Where G(6) — ( cos(f)  —sin(9) ) I _ (1) 1 8 4 5y = 1 if (735 + 1) is an integer
ere — \ sin(9) cos(6) d(Bx3) = o 0 1 an T/ Z =1 any other case
Where: This formulation can be extended to any other transformer

[Vph_ph] anC are phase to phase primary voltages in abc.

[Vph,ph]fbc are phase to phase secondary voltages in abc.

P
[IBT} abc

are line primary currents in abc.

The 80 model is then obtained by using equation (2) into

(18):

{Vph—ph]ggo

A7 'Tpy TRA [Vph—ph]
+ A_lTDYZtransA I:IBT}

S

a0 +

P
@80 (19)

To establish the relationship between primary and secondary
line currents in the same pu system than the one used for
voltages, it can be considered (see Fig. 1):

L4 Iy ]
Ig| = —Tr |Ipc (20)
IC'_ _Ica_
Ia_ _[ab_
L| = -Thy | he 1)
IC_ _Ica_
From the above equations it can be stated that:
1, I
Iy| = (TrTpy)" |Ip (22)

I,

Ic

The currents model of the power transformer in 50 reference
frame is summarized in:

M550 = A N(TrTpy) Al s (23)

connection. Thus, a generalized equation similar to (19) can
be expressed as follows:

[VPh*Ph]ZBO = Nn [V;Dh*ph] jgo +Z Np [IBT] 550

(24)

Where N; and Ny are the rotation matrices shown in Table
I. The line currents [IB,.}Z?O are primary currents in all
connections except in AY, connection, in which it is easier
to consider secondary currents with no need for modifications
in (24).

Due to the fact that [Ip,] 5350 are only defined as secondary
currents in AY, connection, equation (23) is generalized by
means of two expressions:

— (5] +Nuv [T o =0 (25)
[5:]7 5o + N [Ts,] L =0 (26)

Where Ny and Nyy are the rotation matrices shown in Table
L.

An inspection of Table I reveals that to obtain the rotation
matrices Ny, Nyr, Niir and Ny, it is not necessary to use Tg
or Tpy matrices. Only the phase shift and the connection
type are required to define the exact model of the power
transformer. Equations (25) and (26) are the same for all
connections and phase shifts. Only matrices Nj, Ny, Ny and
Niv need to be defined. Table I gives the generalization of the
model because, unlike the transformer model in [25], in the
present work all the possibilities are presented.

The a0 transformer model can be easily included in the
network model as it will be explained in next section.
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IV. NETWORK MODELING IN a0 REFERENCE FRAME

To obtain a compact matrix expression, the formulation
developed in [13] is going to be adapted to the a0 reference
frame. The formulation is based on the node incidence matrix
T, which is associated to the graph describing the system
topology. To obtain the matrix I' , the electrical network is re-
presented by an oriented-type graph. Firstly, the network nodes
are numbered. The graph edges represent the connections
between numbered network nodes. Under this assumption, and
considering that the oriented edges always go from the lower
node number to the higher, the matrix I' can be formed as:

1 when the tail of the edge ¢ is node j.
I';; = ¢ —1 when the head of the edge 7 is node j.
0 otherwise.

This section is divided into subsections A and B. In the
first one, it will be described how the formulation is adapted
to an electrical network without power transformers. In the se-
cond subsection, the accommodation of the power transformer
model in the proposed formulation will be explained.

A. Network description without power transformers

With the use of I', each component in (8) can be expressed
for a whole network as follows:

T [Var]" = Roa[lar] +Rag [Is]” +

+ Rao [Tor]" —wLoa [Tn]”

— Whag [I5i]" = whao [Toi] (28)
L [Vai]" = o [lar]” +wlag [In] " +

+ whoo [Tor]” 4 Raq [Tui]” +

+ Rop[Ta]" + Rao [T]” (29)

Where V., I,, are vectors containing the o component real
parts of all node voltages and line currents respectively, and
Vi, Iy are vectors including the o component imaginary
parts of the same voltages and currents. Analogous definitions
are also applicable to Vg,, Vo,, Vgi, Voi, Igr, Ior, Ig; and
Ip;. R, and L. are diagonal matrices extended to all network
lines. They are formed with the *x elements of the transformed
resistance and inductance matrices Ro30 and Logo described
in (4) and (5) for each system line.

Similar expressions might be obtained for 5 and zero
voltage components. However, by defining a new extended
node incidence matrix T'* in which each element is replaced
by itself multiplied by the identity matrix I;(gx¢), the KVL
for all system lines can be readily formulated:

T
[T5:] 460

Where [V*]o50 and (I, ]ago are the extended node volt-
ages and branch currents vectors for the whole power system,
respectively. [V*]a0 is constructed by adding 6 components
with the same structure as the one defined in expression (9) for
each node, and [I5,]og0 is formed by adding 6 components
with the same structure as the one defined in expression (10)
for each branch. Z7 5, is the extended impedance matrix for

T V00 = Zigo (30)

the whole system, so it is a block diagonal matrix in which
each line adds a block as the one in (11).

In a similar manner, KCL for all system nodes is expressed
as follows:

T * « 1T
}aBO +Id [IG]aBO
Where I; is a block diagonal matrix. Each node will add
a new block, which is the identity matrix Igxe). [I7.]aso
and [If]apo are respectively the currents demanded by the
loads and the currents injected by the generators at each
network node. The structure of these vectors will be equal
to the structure of [I5,]ag0 » since each node will add the six
components described in (10).

Expressions (30) and (31) can be rewritten in a really
compact matrix form, including all linear KVL and KCL
equations:

15,0 = -1 I 31)

Mz =0 (32)

Where z is the vector representing voltage and current mag-
nitudes and it is constructed as follows:

= [[I*BT]aﬁO [Iz] aB0 [IE] a0 [V*] a0 i| (33)
The structure of M is represented in expression (34).
* —F*
M= | 2B | | 34
( oo 1| G

Loads and generators will add the non linear equations to
the power flow problem. Each PQ load will add the next
expressions:

Pabc =
Qabc

Py and Q. are vectors including respectively the active
and reactive powers demanded by the loads in abc coordinates.
Since these powers can be balanced or not, they can always be
calculated by means of these general expressions (35) and (36).
In the present case, for the sake of simplicity, the active and
reactive power are given in abc coordinates, as the problem
input data. The operation ® is defined as the element-wise
product of two vectors.

A slack bus imposes the node voltage as shown in (37) (pu
system).

real (AVqp0 ® conj[AlL,_,, ])
imag (AVQBO ® COnj [AILQEU ])

(35)
(36)

e%i

AVaz0 = |e 377 (37)

e
¥

A PQ generator can be added in the same way as the PQ
load just by substituting Ir,_,, by Ig,,, -

A PV node is modeled by replacing I, ,, by Ig,,, in (35),
and introducing (38) to state the voltage magnitude constraint
in the pu system.

Va

abs(AVago ) = | Vb
Ve

(38)

Where V,, V,, and V. are the specified voltage magnitudes that
are usually given in abc coordinates.
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z%, 1| Iy
2250 N —la | Nu
Z3%, 1 | Iy
M= Id Id —Id (27)
-1y Niy Iy -1y
Ni I | ) -1y
—1; I, -1,
infini ... . s
" u‘é‘te at the same column block (node 2, second position) as Nj in
Z. 50 > and at row blocks 2 and 3 respectively.
1 2000 ft 2 ? 2500 ft. ‘|1 The resulting matrix M for the study case is represented in
| | (27), it is formed by 7 row blocks and 15 column blocks. The
Io Ips I3 l structure of this matrix is the same as in (34). The transformer

Fig. 2: IEEE 4 Node Test Feeder system.

In a similar way as the above mentioned loads and genera-
tors, other models of loads and/or generators can be included
into the problem by adding the element equations. The great
advantage of the proposed formulation is that the general
matrix M (34) and the grid equation (32) depend only on the
grid interconnections (nodes and lines). As it will be explained
later, a change in the location of loads or generators does not
modify this matrix.

B. Network description with power transformers

To describe the inclusion of the power transformer model
into the grid model, the IEEE 4 Node Test Feeder benchmark
in Fig. 2 will be used as an example.

The transformer addition requires some modifications in
matrices Z7,5,, —I'" and 7 in (34). As it was previously
mentioned, Z; 5, is a block diagonal matrix where each
network line will add a block. These blocks are sorted through
the line (edge) enumeration criteria established by I'. A
transformer is then considered as a new diagonal block to be
included in the matrix Z, 80 - For example, in the IEEE 4 Node
Test Feeder case, there are two lines and a power transformer,
so the resulting Z;, 5, matrix is formed by three blocks. Since
the transformer is connected between nodes 2 and 3, it will add
a block matrix (Zi%o N;) at the second position as it can be
observed in (27). Zi%o is the transformer impedance matrix,
with the same structure as (11) and Ny is defined as follows:

. (N
N ()

In the same way, the block matrices Ny, Nj; and Njy can
be built. Such matrices will modify —I'* and T'*7" following
equations (24), (25) and (26). Due to the fact that the primary
side of the transformer is connected to node 2 and the
secondary to node 3, Nj; is embedded in —I'* at the same
row block (node 2, second position) as Ny in Z; 5, and at
the third column (node 3). Nj, and Nj; are embedded in T*7

(39)

is similar to a line but including matrices Ny to Nyy. As it can
be deducted from the matrix, for each node, load and generator
currents are included (there are four I; block matrices and
four —I; block matrices) although there are no actual loads
and generators in all nodes. Contrary to what it seem this
procedure will make the system to be easily modified, as it
will be demonstrated in Section V.

The inclusion or elimination of a transformer or a line is
quite simple because it is only needed to add or remove the
corresponding row and column blocks from the system matrix.
For example, to eliminate the transformer from the system,
the second row block and the second column block should
be removed from M. Since a node should be eliminated too,
then two more block matrices I; and —I; would be removed
too. The resulting system would have 2 lines and 3 nodes,
and matrix M would be formed by 5 row blocks and 11
column blocks. To change the transformer connection and/or
phase shift instead of removing it, just matrices Ny to Ny
need to be modified following the instructions in Table I. This
demonstrated the simplicity and generalization of the proposed
formulation.

V. VALIDATION

The authors have employed the IEEE 4 Node Test Feeder
and the IEEE 123 Node Test Feeder [28] as guides to validate
the model. As it was stated by the Distribution Test Feeder
Working Group that developed this set of standards, the pur-
pose of publishing the data was to make available a common
set of data that could be used by program developers and users
to verify the correctness of their solutions, so the authors have
considered these standards as the most appropriate to validate
and evaluate the proposed model.

A. IEEE 4 Node Test Feeder

The model was tested by means of the IEEE 4 Node
Test Feeder. This is the most adequate feeder to represent
transformers of various configurations, full three phase lines
and unbalanced loads [28]. The system is represented in Fig. 2.
All power transformer connections were analyzed for step-up
and step-down configurations under balanced and unbalanced
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TABLE II: Test results:

step-up unbalanced loading.

Connection Y Y, Yy A YA AY, AA

Voltage Node 2

1% 7161/ — 0.1° 7121/ — 0.4° 12348 /29.7° 12364 /29.8° 12362£29.8°
Va 7120/ — 120.3° 7146/ — 120.3° 12393/ — 90.3° 12391/ — 90.5° 12392/ — 90.4°
Vs 7128/119.3° 7149/119.5° 12354 /149.5° 12333/149.6° 12334/149.5°

Voltage Node 3

Vi 138394 — 2.1° 23703457.2°
Va 136632 — 123.3° 24040/ — 63.6°
Vs 13655£115.1° 235764176.1°

23703457.2°
24040/ — 63.6°
23576£176.1°

13792£27.7°
137334 — 93.5°
13641/4145.4°

23675£27.2°
24060/ — 93.6°
23573.,146°

Voltage Node 4

Vi 138152 — 2.2° 23637£57.1° 23637£57.1° 13768£27.7° 23610£27.2°
Va 13614/ — 123.4° 23995/ — 63.8° 23995/ — 63.8° 13684/ —93.6° 24015/ — 93.7°
Vs 13615/114.9° 23495/£175.9° 23495£175.9° 13600£145.2° 23492/145.9°
Current 12
T 216.8/ — 34° 332.6/ —28.1°  333.5/ —28.2°  309.3/ —35.2°  312.3/ — 34.8°
I 293.3/ — 149.2°  269.5/ — 155.6°  269.6/ — 155.4°  249.5/ — 146.5°  248.1/ — 147.2°
I. 366.7.96.7° 275.5£100.3° 274.3£100.2° 319.2£98.1° 319.5/98.7°
Current 34
Ta 108.6/ — 34° 156.4/ — 4.8° 156.4/ — 4.8° 108.9/ — 4.1° 156.4/ — 34.8°
Iy 146.94 — 149.2°  124.2/ — 117.2°  124.2/ — 117.2°  146.2/ — 119.4°  124.2/ — 147.2°
I. 183.6/96.7° 158.4/128.7° 158.4/128.7° 183.8£127.0° 158.5£98.7°
Where V1, V5 and V3 are phase to phase voltages in delta and ungrounded
wye connections and phase to ground voltages in grounded wye connections.
.\ . . & 13 112 114 115 116
load conditions. As an example, in Table II the results obtained + Zonel o Zone5 9
for the power transformer step-up connections with unbalanced v+ Zone 2% Zone 6 110 " 100
load are presented. It must be pointed out that for three o Zone 3~ Zone7 o o8
wire configurations the voltages in Table II (V;, V, and V53) = Zone 4 5 * Tos 106
103
are phase-to-phase voltages and phase to neutral voltages are 120 17
. . . ) 31 5162 150 101122
considered in four wire configurations. 49 © 100 .
It is established by the Distribution Test Feeder Working PABA 0T s g o LR
Group in [28] that a good match would have an error less than 29 7 48 45 J67 o5 69 6 7
. . . . 28
0.05%. In view of the results in Table II, and comparing with " 2 412 43 468 44 5/ \re B
the results presented in the website, it is demonstrated that the oa W3 15 A % 647 (& o 803
model has been properly validated. In the next subsection the ’ & x5 8 & o
evaluation of the formulation in a more complex and larger 22 . 20 &\ OGBS Ara s
. 13 K
system is conducted. o ) 83
1T 26 1 5 %5 00 7 »
@ 10 84 85
B. IEEE 123 Node Test Feeder 2 9 Ay wB a9 89
O
. 5 91
To evaluate the performance of the proposed model in large A 17 e 90
. . . 8
power systems, extensive tests have been carried out in a £ s 0o 9
system based in the IEEE 123 Node Test Feeder (see Fig. e o4
3). The following considerations were taken into account: 196
o The voltage regulators and shunt capacitors were not 5%

included.

o 6 power transformer were placed in a way that they divide
the network in 7 different zones, as it is shown in Fig. 3.
The load flow was performed using pu system on a phase-
to-phase voltage basis of 115 kV for zone 1 and 4160
V for other zones. Depending on the zone type (three
wire or four wire) phase-to-neutral voltage basis might
be needed instead of phase-to-phase. The base power
is 5 MVA. Several study cases were solved changing
the power transformer connections and phase shifts. The
resistance and reactance of the power transformers are
respectively considered as 1% and 6% in all cases. In Ta-
ble III three different combinations of power transformer
connections and phase shifts are presented.

e A case without transformers, named base case, was also
considered. In such case, each transformer was replaced

Fig. 3: Modified IEEE 123 Node Test Feeder.

by a 200 feet line.

e Each zone has 3 or 4 wires depending on the power
transformer connection feeding the zone, so a given zone
can be a three or a four wire zone depending on the study
case. When a line is four wire type the configuration 1
described in the IEEE 123 Node Test Feeder is considered
while configuration 12 is used for 3 wires zones.

« Regarding the loads, two different scenarios were con-
templated. The former uses spot PQ balanced loads of 20
kW and 10 kVAr per phase placed in the same nodes as
the standard case (IEEE 123 Node Test Feeder, input data
extracted from [28]). The latter uses the same unbalanced
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transformers & loads nodes
currents currents voltages
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Fig. 4: Matrix M. Case 3 IEEE 123 Node Test Feeder. (See
equation (34)).

load configuration described in the standard.

Eight study cases were examined: six combining the above
described load scenarios with the three different power trans-
former configurations, and two combining the base case with
the two load scenarios. The formulation was solved by means
of the optimization toolbox of MATLAB and the algorithm
called trust-region-dogleg, which is specifically designed for
non linear systems. The algorithm is an iterative method for
nonlinear minimization. Although an initial guess is needed,
the trust-region methods improve robustness when starting far
from the solution [27]. In all cases the initial guess vector was
the null vector. All study cases are reflected in Table IV, in
which the number of iterations required to solve the system
are shown.

Fig. 4 presents the matrix M obtained for the study case 3,
where blanks stand for zeros. The structure of this matrix is
the same as that in (34). The rows at the top correspond to the
KVL equations applied to all system branches and transform-
ers. In this case there are 113 lines and 6 transformers, so the
number of KVL equations is 714 ((113 + 6) X 6). Due to the
fact that these are the voltage drops at the lines (including the
real transformers) there are only elements different from zero
pointing at the branches and transformers currents (columns,
matrix ZZBO ) and node voltages (matrix —I').

The rows at the bottom are the KCL equations, so the
unknowns involved are the branch currents and the transformer
currents (matrix I‘*T), the generator currents (matrix I’}) and
the load currents (matrix —I).

In this case, for the sake of simplicity, the authors have
included generator currents and load currents in all system
nodes, so the dimension of matrices I; and —I; are the same
for all the study cases. When building the nonlinear equations
in the nodes with no actual generators it is stated that the
vector of generator currents equals to zero (Ig, 4, =[0]). The
same procedure is applied to the load currents at nodes with
no actual connected loads (Ir,, 5, =[0]).

This matrix is the same for the eight study cases. To change
from a transformer configuration to a different one, only
matrices Nj, Nj;, Nj;; and Njy need to be defined accordingly
to Table I. The obtained node incidence matrix is always
the same, so in case of changes in branch parameters, just

TABLE III: Transformers configurations.

Conf 1 Conf 2 Conf 3

Conn. PhSh Conn. PhSh Conn. PhSh
T1 | YgYg 0 AY, 150 AA 180
T2 | YgYg 0 Y A -30 AY, -30
T3 | YgYg 0 Yy A 150 YA 150
T4 | YgYg 0 AA 0 AYy, 150
T5 | YgYg 0 YA 150 AA 0
T6 | YgYg 0 AA 180 Y, Y, 0

TABLE 1V: Tests in the IEEE 123 Node Test Feeder.

Case 1 2 3 4 5 6 7 8
Trafo Conf. base base 1 2 3 1 2 3
Load Scennario Bal. Unb. | Bal Unb. Bal. Unb. | Bal. Unb.
Iterations 11 11 13 13 14 14 15 15
1
= 0.9r = 1
Q- Il M —
N
() - 4
8 0.8
207
2
= 0.6 1
o
en 0.5 i
<
3 04
o 4
> .
0.3

1 2 3 4 5 6 7 8
Study case

Fig. 5: Voltage magnitude (pu) per phase at node 116 (Zone
6) for all study cases. Black: phase A, grey: phase B, white:
phase C.

parameters in matrix Z7, 5, should be updated. In this way, it
has been demonstrate the simplicity and the generalization of
the proposed model.

It has to be remarked that the authors propose a model
for power flow studies. In this work, the trust-region dogleg
algorithm [27] was employed to solve the system of equations
but other solving methods could be applied to the same
formulation.

In Fig. 5 the voltage magnitudes per phase at node 116, far
from the slack node, are presented for all study cases. As it
was expected the voltage unbalances are mostly displayed in
cases with unbalanced loading (cases 2, 4, 6 and 8). However
unbalanced voltages are also present in balanced loading
scenarios. This is derived from the non transposed unbalanced
distributed lines. The different transformer configurations have
an important effect on the unbalanced too. The worst case
in terms of voltage drop is case 5. Although this case has
the same balanced loading level as cases 1, 3, 5 and 7, the
transformer configurations have an influence on the voltage
drops in the whole system.

Fig. 6 shows the voltage profile for the whole grid in study
case 8, that is an unbalanced loading case. The figure is divided
into six subplots corresponding to zones from 2 to 6. Zone 1
has been removed because it is only formed by the slack node
1 so it does not give any additional information. As it was
expected, the zones near the slack bus present less voltage
unbalances than the distant zones.
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% Phase A

Phase B -8-Phase C

Fig. 6: Voltage per phase in pu, case of study 8. In z = 0 plane the node numbers are displayed.

VI. CONCLUSION

In the present work it has been demonstrated how a simple
model of an AC network for three-phase unbalanced power
flow studies, with embedded transformers, can be obtained
conjugating the use of a complex vector based model in
a0 stationary reference frame and the node incidence matrix
based formulation. The orthogonal frame simplifies the accom-
modation of different kind of devices in the network, as power
transformers or distributed generators, and the node incidence
matrix overcomes all the admittance matrix drawbacks. A
power transformer model was also proposed and tested. With
the suggested formulation, an exact power transformer model
can be implemented just by using the connection type and the
phase shift. Models of PQ loads, PQ, PV and slack generators
were described.

The proposed formulation separately organizes the linear
and the non-linear equations. All the linear equations rep-
resenting the KVL and the KCL for the whole network are
expressed in a compact matrix form and will be independent of
load or generator models. For this reason, the authors can state
that the model allows the inclusion of other complex models of
loads or generators just by adding the corresponding non-linear
equations, without modifying the compact matrix formulation
that represents the core of the power flow problem.

The proposed model has been validated by comparing the
obtained results for the IEEE 4 Node Test Feeder with those
presented in [28], and evaluated in a larger distribution system,
the IEEE 123 Node Test Feeder. The authors obtained appro-
priated results in all cases. To solve the proposed formulation
the trust-region dogleg algorithm was used. However, other
algorithms could be applied.

In future works, the use of an orthogonal reference frame
will allow the modeling of power converters controls and
constraints for distributed generators, lines and loads, in the

same reference frame as the one used for the power flow
analysis.

REFERENCES

[1] R. Dugan, “A perspective on transformer modeling for distribution
system analysis,” in Power Engineering Society General Meeting, 2003,
IEEE, vol. 1, july 2003, p. 4 vol. 2666.

[2] J. Martinez and J. Mahseredjian, “Load flow calculations in distribution
systems with distributed resources. a review,” in Power and Energy
Society General Meeting, 2011 IEEE, july 2011, pp. 1 -8.

[3] M. Kamh and R. Iravani, “Unbalanced model and power-flow analysis
of microgrids and active distribution systems,” Power Delivery, IEEE
Transactions on, vol. 25, no. 4, pp. 2851 -2858, oct. 2010.

, “Steady-state model and power-flow analysis of single-phase
electronically coupled distributed energy resources,” Power Delivery,
IEEE Transactions on, vol. 27, no. 1, pp. 131 —139, jan. 2012.

[5] C. Jacobina, M. de Rossiter Correa, R. Pinheiro, E. da Silva, and
A. Lima, “Modeling and control of unbalanced three-phase systems
containing pwm converters,” Industry Applications, IEEE Transactions
on, vol. 37, no. 6, pp. 1807 —1816, nov/dec 2001.

[6] J. M. Guerrero, P. C. Loh, T.-L. Lee, and M. Chandorkar, “Advanced
control architectures for intelligent microgrids —;part ii: Power quality,
energy storage, and ac/dc microgrids,” Industrial Electronics, IEEE
Transactions on, vol. 60, no. 4, pp. 1263 —1270, april 2013.

[7]1 J. C. Vasquez, J. M. Guerrero, M. Savaghebi, J. Eloy-Garcia, and
R. Teodorescu, “Modeling, analysis, and design of stationary-reference-
frame droop-controlled parallel three-phase voltage source inverters,”
Industrial Electronics, IEEE Transactions on, vol. 60, no. 4, pp. 1271
—1280, april 2013.

[8] M. Savaghebi, A. Jalilian, J. C. Vasquez, and J. M. Guerrero, “Au-
tonomous voltage unbalance compensation in an islanded droop-
controlled microgrid,” Industrial Electronics, IEEE Transactions on,
vol. 60, no. 4, pp. 1390 —1402, april 2013.

[9] G. Chang, S.-Y. Chu, M.-F. Hsu, C.-S. Chuang, and H.-L. Wang, “An
efficient power flow algorithm for weakly meshed distribution systems,”
Electric Power Systems Research, vol. 84, no. 1, pp. 90 — 99, 2012.

[10] J.-H. Teng, “A direct approach for distribution system load flow solu-

tions,” Power Delivery, IEEE Transactions on, vol. 18, no. 3, pp. 882 —

887, july 2003.

S. Tong and K. Miu, “A network-based distributed slack bus model

for dgs in unbalanced power flow studies,” Power Systems, IEEE

Transactions on, vol. 20, no. 2, pp. 835 — 842, may 2005.

G. Diaz and C. Gonzalez-Moran, “Fischer-burmeister-based method for

calculating equilibrium points of droop-regulated microgrids,” Power

Systems, IEEE Transactions on, vol. 27, no. 2, pp. 959 =967, may 2012.

(4]

[11]

[12]



IEEE TRANSACTIONS ON POWER SYSTEMS, VOL.XX, NO.X, JULY 2012

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

P. Arboleya, G. Diaz, and M. Coto, “Unified ac/dc power flow for trac-
tion systems: A new concept,” Vehicular Technology, IEEE Transactions
on, vol. PP, no. 99, p. 1, 2012.

R. Ciric, A. Feltrin, and L. Ochoa, “Power flow in four-wire distribution
networks-general approach,” Power Systems, IEEE Transactions on,
vol. 18, no. 4, pp. 1283 — 1290, nov. 2003.

E. Ramos, A. Exposito, and G. Cordero, “Quasi-coupled three-phase
radial load flow,” Power Systems, IEEE Transactions on, vol. 19, no. 2,
pp. 776 — 781, may 2004.

J. Undrill, “Dynamic stability calculations for an arbitrary number of
interconnected synchronous machines,” Power Apparatus and Systems,
IEEE Transactions on, vol. PAS-87, no. 3, pp. 835 —844, march 1968.
T.-H. Chen, M.-S. Chen, T. Inoue, P. Kotas, and E. Chebli, “Three-phase
cogenerator and transformer models for distribution system analysis,”
Power Delivery, IEEE Transactions on, vol. 6, no. 4, pp. 1671 —-1681,
oct 1991.

M. Irving and A. Al-Othman, “Admittance matrix models of three-phase
transformers with various neutral grounding configurations,” Power
Systems, IEEE Transactions on, vol. 18, no. 3, pp. 1210 — 1212, aug.
2003.

M. Baran and E. Staton, “Distribution transformer models for branch
current based feeder analysis,” Power Systems, IEEE Transactions on,
vol. 12, no. 2, pp. 698 — 703, may 1997.

Z. Wang, F. Chen, and J. Li, “Implementing transformer nodal admit-
tance matrices into backward/forward sweep-based power flow analysis
for unbalanced radial distribution systems,” Power Systems, IEEE Trans-
actions on, vol. 19, no. 4, pp. 1831 — 1836, nov. 2004.

P. Xiao, D. Yu, and W. Yan, “A unified three-phase transformer model for
distribution load flow calculations,” Power Systems, IEEE Transactions
on, vol. 21, no. 1, pp. 153 — 159, feb. 2006.

L. Kocar and J.-S. Lacroix, “Implementation of a modified augmented
nodal analysis based transformer model into the backward forward
sweep solver,” Power Systems, IEEE Transactions on, vol. 27, no. 2,
pp. 663 =670, may 2012.

M. Abdel-Akher, K. Nor, and A. Rashid, “Improved three-phase power-
flow methods using sequence components,” Power Systems, IEEE Trans-
actions on, vol. 20, no. 3, pp. 1389 — 1397, aug. 2005.

J. Peralta, F. de Leon, and J. Mahseredjian, “Unbalanced multiphase
load-flow using a positive-sequence load-flow program,” Power Systems,
IEEE Transactions on, vol. 23, no. 2, pp. 469 —476, may 2008.

W. Kersting, W. Phillips, and W. Carr, “A new approach to mode-
ling three-phase transformer connections,” Industry Applications, IEEE
Transactions on, vol. 35, no. 1, pp. 169 —175, jan/feb 1999.

F. Milano, Power System Modelling and Scripting. ~Springer, 2010.

T. Steihaug, “The conjugate gradient method and trust regions in large
scale optimization,” SIAM Journal on Numerical Analysis, vol. 20, no. 3,
pp. 626-637, 1983.

Distribution Test Feeders: http://fewh.ieee.org/soc/pes/dsacom/testfeeders/,
IEEE PES Distribution System Analysis Subcommittee’s. Distribution
Test Feeder Working Group Std.

W. H. . Kersting, Distribution System Modeling and Analysis, C. Press,
Ed., 2001, vol. chapter 6.

G. Kron, “Tensorial analysis of integrated transmission systems part
i. the six basic reference frames,” American Institute of Electrical
Engineers, Transactions of the, vol. 70, no. 2, pp. 1239 —1248, july
1951.

G. Diaz, C. Gonzalez-Moran, J. Gomez-Aleixandre, and A. Diez,
“Complex-valued state matrices for simple representation of large au-
tonomous microgrids supplied by pq and v f generation,” leee Transac-
tions On Power Systems, vol. 24, no. 4, pp. 1720-1730, 2009.

Pablo Arboleya received the M.Eng. and Ph.D.
(with distinction) degrees from the University of
Oviedo, Gijén, Spain, in 2001 and 2005, respec-
tively, both in electrical engineering. Nowadays, he
works as Associate Professor in the Department of
Electrical Engineering at the University of Oviedo.
He worked several years in the field of design of
electrical machines and faults detection. Presently
his main research interests are focused in the micro-
grid modeling and operation techniques and com-
bined AC/DC power flow.

Cristina Gonzalez-Moran received the M.Eng. and
Ph.D. degrees from the University of Oviedo, Gijon,
Spain, in 2003 and 2010, respectively, both in elec-
trical engineering. She is currently an Associate Pro-
fessor in the Department of Electrical Engineering
at the University of Oviedo. Her areas of interest
include renewable energies, distributed generation
and microgrids modeling, simulation, design and
optimization.

Manuel Coto received the M.Eng. and the Ph.D.
degrees from the University of Oviedo in 2007
and 2012 respectively. He is currently with the
Department of Electrical Engineering, University of
Oviedo. His main research interests are in the area
of Power-flow and AC/DC power systems modeling
and simulation.



