IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received September 16,2019, accepted October 16,2019, date of publication October 24, 2019, date of current version November 8, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2949372

A Loop-Analysis Theory Based Linear Power
Flow Method for Three-Phase Distribution

Power System

HONGWEI LI'“12, HAILIN ZHOU', TONG LIU', AND QI CHEN!

!'School of Electrical Engineering and Information, Southwest Petroleum University, Chengdu 610500, China

2Energy Equipment Institute, Southwest Petroleum University, Chengdu 610500, China

Corresponding author: Hongwei Li (lhw @swpu.edu.cn)

This work was supported in part by the Chinese National Key Basic Research and Development Program under Grant 2013CB228203, and
in part by the National Key Research and Development Project under Grant 2017YFE0112600.

ABSTRACT The linear power flow (LPF) models are particularly important in the context of optimization
algorithms for three-phase distribution systems with the high penetration of distributed renewable
generations. With several approximations on network modelling, voltage drop calculation, link power
calculation, voltage controlled bus and ZIP loads, this paper proposed a three-phase LPF model for three-
phase unbalanced distribution networks based on loop-analysis theory. The method can deal with voltage-
controlled (PV) & Load (PQ) buses and ZIP loads. The approximations of the star and delta connections
ZIP loads are also analyzed. Test results based on several standard IEEE test feeders and an improved
615bus test system proved the effectiveness and accuracy of the proposed algorithm. The proposed LPF
solution gives a simple, more robust, and potentially faster solution for modern distribution power system.

INDEX TERMS Linear power flow (LPF), unbalanced distribution network, three-phase ZIP load, link

branch power, linear approximation.

LIST OF SYMBOLS
V means a diagonal matrix by putting the vector V on the
main diagonal of a square matrix.

o = exp(j27/3) and ® = diag([1, o2, «]).

R + jX are the coupled line parameters for a branch

R + _]A)A( are the modified coupled line parameters for a
branch, R +jX = &~ '(R + jX)®.

Ui = [Uia; Uiv; Uic] and 0; = [6ia; Oip; bic] are the three-
phase voltage magnitude and phase angle vectors for bus i.

dU = [dU,; dUy; dU.] and d§ = [éa; éb; éc]is the three-
phase voltage drop and angle difference vectors along a
branch.

Po = [Poa; Pob; Pocl and @, = [Qoa; Qob; Qocl are the
three-phase active and reactive power (load) vectors.

dP = [dP,; dPy; dP.] and dQ = [dQy; dQp; dQ.] are the
three-phase active and reactive power loss vectors along a
branch.

Pr = [Pap; Poc; Peal and Q1 = [Q,p; OQbe; Ocal are the
line load vector, the star load vector,
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P = [f’a; f)b; 130] and Q = [Qa; Qb; QC] are the equivalent
phase-ground load vectors corresponding to the delta connec-
tion load.

Pis = [Piyai Py v Piycl and Qjs = [Qjxa; Oy bs
Qjyc] are the equivalent phase-ground IP type load vectors
corresponding to the hybrid star and delta connection ZIP
loads.

T, is the 3N*3N path matrix corresponding to tree branches
for DPS.

B is the 3m™3N loop matrix corresponding to tree branches
for DPS.

Uy =[U;Up;---;Unland 0, = [01;0; --- ; On] are
the bus voltage magnitude and angle vectors.

dU; = [dU;dUy; --- ; dUnN] and d0; = [dO; dO; - - - ;

dfn] are the branch drop and angle difference
vectors.

O; = [0 Qul = [Qi1; @ -+ s Qingmy] and Py =
[Pr; Pyl = [Pi1; Pip; - - - ; Pin+m)] are the branch reactive

and active power vectors.

P = [Py;Py;--- Pl and @ = [Q; Qs -+ ; On] are
the bus consumption active and reactive power vectors for P
type load.
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Ppy = [Pipx; Popy ;- s Pnpy] and Opy, = [Qipy;
Qopy ;- -+ 5 Onpy ] are the bus consumption active and reac-
tive power vectors for ZIP type load.

I. INTRODUCTION

Robust power flow is very important for modern distribution
power system (DPS) management, especially with the high
penetration of distributed renewable generation into the tra-
ditional distribution networks. Because of the unbalance and
high R/X features of DPS, the conventional iterative power
flow methods are limited in speed and reliability for real-
time optimization and control [1]. In order to deal with the
nonlinear optimization problems of DPS, the non-iterative
and direct calculation of power flow, that is, the linear
power flow (LPF) solutions show many advantages and had
been studied by many researchers. Based on LPFs, the opti-
mization problems of DPS can be formulated and solved
more efficiently. The LPFs with the reasonable accuracy
and robustness have been applied to the ordered charging
of electric vehicle [2], [3], probabilistic load flow [4], [5],
Volt-VAR Optimization [6], and network reconfiguration [7]
etc..

Traditional DC power flow (DCPF) model has been widely
used as a LPF method. However, DCPF is limited with the
assumptions of the lossless branch power flows and the flat
bus voltage magnitudes [1]. But the voltage limits and reac-
tive load flows are vital constraints in the actual distribution
power systems and thus, cannot be omitted. Moreover, DCPF
cannot be directly applied in DPS due to the high R/X features
of DPS.

Three parts are important for LPF solutions in DPS. That
is, the model should be capable of applying to weakly meshed
three-phase unbalanced systems, can deal with the widely
used ZIP type load (consisting of a constant impedance, Z,
a constant current, I, and a constant power, P) and can deal
with the voltage-controlled (PV) buses.

Most LPFs are developed under rectangular coordinates.
In [8], a linear approximation of power flow has been pro-
posed in multiphase radial network with semidefinite relax-
ation formulation. In [9], as an extension of [8], it presented a
group of relatively simple LPF approximation equations for
radial three-phase network, but the voltage angles were omit-
ted. Moreover, the methods in [8], [9] cannot deal with ZIP
load and PV bus. In [10], a ZIP linearization model has been
developed from the complex field with the approximation
1/U ~ 2 — U* (superscript “*” indicates complex conjugate).
And in [11], based on the curve-fitting technique, a voltage-
dependent load model was derived by splitting the ZIP load as
a combination of an impedance source and a current source.
In [12], a three-phase linear power flow formulation has been
derived based on the fact that voltage angles and magnitudes
vary within relatively narrow boundaries. ZIP loads have been
approximated based on a curve-fitting technique. In [13],
a loop-analysis theory based LPF solution has been proposed
for balanced and unbalanced systems. The ZIP loads have
been handled similarly as in [10]. However, all those methods
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in [8]-[13] have been developed under rectangular coordi-
nates and cannot deal with the PV buses. The voltages in those
methods were decomposed into the real and imaginary parts
asU = ULo = Ure + jUim (the subscripts ‘re’ and ‘im’
denote real and imagine part of voltage), so the assumptions
that the bus voltage magnitude U = 1.0p.u. and branch
voltage angle difference 6;; ~ 0 cannot be directly used under
rectangular coordinates. Thus, those LPF methods cannot
cope with the PV buses easily and directly.

In order to deal with PV buses, LPFs under the polar
coordinates are frequently emphasized. In [14], [15], with
cosB; ~ 1, sin6j; ~ 6;; and by selectively setting U; ~ 1.0,
two similar LPF methods have been developed under polar
coordinates for balanced distribution system but PV buses
and ZIP loads were not discussed. In [16], based on the
logarithmic transform of voltage magnitudes and the approx-
imation analysis of the general branch flows, a LPF model
including PV and PQ buses and tap changers was proposed
for the balanced distribution power system. In [17], based
on LPF equations as in [14], an improved decoupled single-
phase linear power flow (DLPF) model has been proposed
with considering PV buses. In [18], a linear three-phase
power flow model has been proposed for an active distri-
bution network with the consideration of the ZIP type of
the loads and PV buses. In [19], it derived a general three-
phase LPF model under the polar coordinates. The method
can account for ZIP loads, transformers and DGs, but the
method is relatively complicated.

Considering the different network features and the differ-
ent application requirements, the LPF needs to be further
studied. On the basis of the past work, that is, a loop-analysis
theory based single-phase linear power flow methods in [20],
and considering the approximate balance of three-phase DPS,
this paper proposed a three-phase LPF model for three-phase
unbalanced distribution network considering PV & PQ buses
and ZIP load. The proposed model is distinguished from
above methods by its formation with loop-analysis theory
based power flows calculation under polar coordinates. The
proposed LPF has enough accuracy in voltage magnitude and
has higher computational efficiency because the calculation
matrix dimension is half of the dimension of other calculation
matrixes in [11]-[13], [18], [19].

The rest of this paper is organized as follows. Section 2
introduces the linearization and approximation of network
model and ZIP load. Section 3 proposes the approximate
calculations of link powers and PV buses and then presents
the three-phase unbalanced LPF solution. Section 4 is the
numerical tests based on some IEEE test systems. Section 5
concludes the work.

II. LINEARIZATION OF NETWORK MODELLING AND

ZIP LOAD

In this section, considering that the angles of the three-phase
voltages at the same bus are nearly symmetrical, several
linear approximations have been developed for a three-phase
unbalanced system. The approximate calculations include
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the three-phase voltage drop and angle difference along one
branch, the three-phase ZIP load to three-phase IP load con-
version and the output reactive power of the shunt B.
Considering that the distribution lines are not very long,
a typical three-phase distribution line can be modeled as a
7 elements as shown in Figure 1 (in the electrical parameters,
the shunt conductance parameters are ignored). Unlike the
balanced system which is discussed in [20]-[22], the three-
phase line parameters in a three-phase unbalanced system
are coupled and unbalanced as well as the unbalanced loads.
Thus, the power flow method needs to be redeveloped.

P+j0 i ,

R) + jQQ

FIGURE 1. The equivalent r circuit of three-phase distribution branches.

A. APPROXIMATION OF VOLTAGE DROP AND ANGLE
DIFFERENCE

InFig.1,let U; = [Uia; Uip; Uicl and @ = [65a; Oip; Oic], U =
[Uoa; Uob; Uoc]l and 84 = [Boa; Oob; Boc] be the three-phase
voltage magnitudes (in per unit) and phase angles (in radian)
for bus i and bus o respectively; let P, = [Poa; Pob; Poc] and
0, = [Qoa; Qob; Qocl be the three-phase active and reactive
powers flowing along the branch as shown in figure 1; and
the coupled line parameters can be expressed as,

Raa, Rab, Rac Xaa» Xab, Xac
R+jX = | RoaRep.Roe |+ | Xba:Xop.Xoe | (1)
L Rca’Rcb’Rcc | Xca’ch’ch
Baa, Bab, Bac
B = | Bba,Bbb.Buc @)
L Bca,Beb:Bee _

And it has (herein, the shunt B can be treated as the constant
susceptance load and will be discussed below),

l:]ia l:Joa (Poa ‘i‘ona/[:Joa))i<
Up | =| U | +RA+X) | (Pop+jQob/Uob)* | (3)
Uic Uoc (Poc ‘i‘onc/Uoc)>k

Note that all electrical parameter are in per unit in this
paper.

Let A-phase be the reference phase, for simplification, let
o = exp(j27r/3), Ooa = 0 and Upy = Uoa 20, s0 dby = iy —
Ooa = 06ia and Ula = Uj,/db,. Considering that the three-
phase voltage angles at the same bus are almost symmetrical,
that is, it has Uob X o Uob and UOC ~ aUyc. Define dOb
Oib—0ob and df; ~ Oic —Boc, then Usp ~ o> Usp Zdy and Uy ~
aUj./dO.. For the distribution line is not long, 6., 6y and O,
are very small and close to zero. Thus, deflne P = diag(P,)
and Q0 = diag(Q,), ® = diag([1, o?, a]), then (3) can be
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rewritten as,

l:]ia Uia L do, ] Uoa
Up | # @ | Upldoy | @ | Uspb
Uic Uic£dOc i Uoc

i (Poa _ona)/an

+ R +jX)® | (Pob —jQob)/Uob
L (Poc _onc)/Uoc
Uoa I 1/Uoa
=@ | Uop |+RAX)P(Po-jQ,) | 1/Uob | (4)
Uoc 1/Uqc

By multiplying ®~" on both sides of (4), the following
equations can be deduced as,

Uia Zdea Uoa N . 1 / Uoa
UipZd6y | —| Ugp =<I>_1(R+jX)<I>(P0-jQO) 1/Uqp

Uic ngo Uoc 1 / Uoc
Q)
Define,
R +jX
= ¢ 'R+jX)®
2Raa \/§Xab 'Rab - \/gxac 'Rac
=3 —/3Xpa-Rea 2Rpp V/3Xpe-Roe
\/3 Xca-Rea  — \/gxcb -Rep ZRCC
j 2Xaa - ﬁRab‘Xab \/§Rac -Xac
+ 2| V3Rpa-Xpa 2Xbb —+/3Rpe-Xpe
2
- ﬁ Rea-Xea \/§ Reb-Xeb 2ch
(6)

Generally speaking, the bus voltage magnitude in real
DPS under a normal condition is generally around 1.0 p.u.
(0.95~1.05 p.u. in common). Thus, for any AU = 1 —
U(|AU| < 1), it has [20],

FAU)=1JU~14+AU =2—-U (7

Introducing (7) into (5), the approximate values of the
three-phase voltage drop and the three-phase angle difference
can be derived as,

Uia - an dUa
dU = | Up—Uep | = | dUy
Uic - Uoc dUC
. . 2 —Up,
~ (RP, +XQ,) | 2— U (3
2 — Uy
dty 3Ua/Uoa
dg = | db, | = | SUp/Ugp )
db. dU:/Ugp
where,
6U, . . 2 —Up,
U = | 6Up | = (XP, —RQ,) | 2— U (10)
sU. 2 — Uqc
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B. REACTIVE POWER APPROXIMATION OF SHUNT
SUSCEPTANCE AND POWER LOSS APPROXIMATION

OF BRANCH SERIAL IMPEDANCE

Define Uy = 1-AUy and Ug = 1 — AUg (a and B
refer to phase indexes, a, b, c, at the same or different bus,
o # B). As discussed above, the voltage amplitude at each
bus for each phase is close to 1 p.u., so |AUy| and |AU,3|
are close to zero and ‘AUO, x AU /3] is much closer to zero.
Thus, the following approximate calculation equation can be
obtained by neglecting the second-order term, AU, x AUg.

UgUp = (1 — AUL)(1 — AUp)
1 — AU, — AU + AUy x AU
~ 1 — AUy — AUp = Uy + Ugl (11)

The shunt susceptance, B in (2), can be considered as the
constant susceptance load. The injected reactive power of B
at any bus can be approximately calculated by,

l:]()a l:]g(a
Qo = =i | U | . 1B | U,
Uoc Uz,

2Baa Baonanb — BacUoaUoc

=
R 7 —Bba an Uob + 2Bbb Uob BocUobUoce | (12)
Bcananc - Bcb Uob Uoc + 2Bcc Ugc

Based on (11), (12) can be further developed as following,

Q.5 ~ —j[BU, + diag(Be3)U, — Bes] (13)
R 2Baa -Bap -Bac 1
where, B = § | -Bba 2Bpp -Bpe | andes = | 1
'Bca 'Bcb 2Bcc 1

Similarly, let Uyy = Uy, & Ugp = 1, the power losses of
three-phase serial impedance R + jX can be approximately
calculated by (here, P, = diag(P,) and Q, = diag(Q,)),

dSz = (dU +jéU). x (P, + jO,)
= [R+jX)(Po-jQ0)]. * (Po +jQ,)
~ (Po +]Q)R +X)(Po-jQ,) (14)

Expanding (14), the power losses can be approximately

formulated as,

dP = [dP,; dPy; dP.]

~ i)oﬁpo + éoﬁgo + i)oﬁQo - QOXPO
dQ = [dQ,; dQb; dQc]

~ PoXP, + 0,XQ, — PoRQ, + O RP,

(15)

C. ZIP LOAD TO IP LOAD APPROXIMATION DEVELOPMENT
For P type star connection load, it does not need any conver-
sion, so it can define directly,

Pp, =P,
QP(p = Qo

For the proposed method can only handle the phase-ground
loads (star connection load), so for P type delta connection
load, it should be converted to star connection load first.

(16)
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The approximate conversion of delta load, Py, = [Pab, Prpc;

ca] and o, = [Qabv QbCa Qca] to star load, P = [Paa
Pb, PC] and Q = [Qa, Qb QC] can be expressed as (the
details see equations A.1~4 in Appendix),

~ N
P=—P+—
5 L 2\/§QL a7
N N M
= -0 — ——P
0 2QL Wi L
1 0 —1 101
whereM=| —1 1 0 andN=|[110
0 -1 1 011

Then for P type delta connection load, the conversion can
be handled with (17). Then the equivalent phase-ground load
can be defined as,

é"“’ Zi: (18)
QP(p =Q

For I type star connectlon load, define P; = [PIa, Piv; Prc]

and Q1 = [QOra; Omw; Orcl, Py = diag(Py) and Q1 = diag(Qy),
then it can be written as,

{PI =Py, U, =PU, (19)

01 =0,Uo,=01U,
. For I type delta cgnnection load, Pp and Qp, let
Py = diag(PL) and Qp = diag(QL), the11 theA eqqiv-

alent I type star connectlon load PI = [Pra; Pmw; Pic]

and O = [Qoa; Oiob; Oloc] can be expressed as
(superscript “T”” means matrix transpose and the details see

equations A.5~6 in Appendix),

Py =PU, ~ % (3NPLNT - V3N, MT
+MP M™ + ﬂMéLNT) U,

01 =0,,Uo ~ 11—2 (3NQLNT + V3ANPLMT
+MOM" — ﬁMi’LNT) U,

(20)

For Z type star connection load, based on (11), it can derive
and define the following equations,

P2y = PziyUo — Pzpy = Po(Us. % Us)
~ Po(RU, — e3) = 2P U, — P,
Q7 = QziyUo — Qzpy = QoWo. * Vo)
~ Q,2U, — e3) =20,U, — Q,

2

Aiming at Z type delta connection load, P and Q. the
equlvalent Z type star connectlon load, Pz = [PZa, PZb, PZC]
and QZ(p Qza, QZb ch] can be expressed as (the details
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see equations A.7~9 in Appendix),

S 1 1 -
Py =Pz,U, — PZW1 [(NPL + ﬁMQL> Ny,

— [NPL + —M

(e Jpve )|
N ~ 1 1 -
07 = 07,Uo — Qzpp = 3 [(Ndiag(QL) - EMPL>
1
xNTU, — <NQL - EMPL>}
(22)

It can be seen from (21) and (22), based on the approximate
calculations, the Z type loads are treated as the combination
of I and P type loads.

For any bus j, let Pjs; = [Pjy a5 Pjyop; Piy ol and Qi =
[Qiya: Oy bs @iy c] be the total equivalent IP star connec-
tion load, that is, the star and delta connection ZIP loads can
be combined together with following approximate calculation
equations.

Py = jleO +PJPZ
= (P1p + PI(p + Pz, + PZl(p)Uo
+ (Ppw + Pp, — Py, — Pzw,)
Oz = QjIZUo +0py R
= (Q1, + O1y + Qzip + 07i,)Uo
+ (Qm + Qw —07pp — sz)

(23)

It can be seen from (23) that the hybrid connection ZIP
loads are approximated as the star connection IP loads.

lIl. THE THREE-PHASE UNBALANCED LINEAR SOLUTION
In this section, based on our past works, that is, the single-
phase improved loop-analysis theory based power flow meth-
ods in [20]-[22], the three-phase unbalanced power flow
method is introduced. Then based on the approximate calcu-
lations discussed in section II, the proposed LPF method has
been developed and proposed.

A. THE PROPOSED POWER FLOW METHOD

For a three-phase weakly-meshed distribution network with
3(N+1) buses and 3m link branches (section lines, to form
3m independent loops), the total branches are 3(N-+m).
Define @y = [Q@w:Qul = [Qu: Qi : CiNtm)]
Qir = [Qika; Qikv; Qikcl) and P1 = [Pi; Pyl =
[Pii; Pizs -+« s Pingm)] (Pik = [Pika; Pikb; Pikc]) be
the branch reactive and active power vectors, P =
[P1;P2;--- s PN] (Pk = [Prai Prvos Pre]) and @ =
[Q1; Q; -+ s O] (@ = [Oka; Okb; Okel) be the bus con-
sumption active and reactive power vectors. The bus con-
sumption powers include the loads (herein only consider the
P type loads first), the reactive powers of shunt susceptance
and the serial branch power loss in the 7-models [21], [22].
Then the following equations can be derived for three-phase
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distribution system similarly as in [21],

Py =T'P + B'Py
0, =T{Q+BlQy

where, Tt is path matrix of 3N*3N and Bt is loop matrix of
3m*3N corresponding to the tree branches. The details about
T; and By for three-phase DPS can be found in [23].

Define dU; = [dU;;dU3; --- ; dUN] (AUy = [dUga;
dUkb; dUsc]), Uini = [Uo; Uo; - - - 5 Ugl BN*1, Ug = [Uga;
Uob; Ugc] is the three-phase source voltage magnitude vec-
tor). And then let U, = [U;Uy; -+ ; UN] (Ur = [Uka;
Uib; Uic]) be the voltage vector (3N*1). So the voltage mag-
nitude differences between power supply and any other bus
at bus k equal to the summation of the tree branch voltage
drop along the path of bus k along the same phase, that
is [21], [22],

(24)

Un = Uini - Ttht (25)

Define the angles of power supply (source bus), @i, =
[60; 00; - -+ ;00] BN*1, g = [6oa; Oob; Ooc] is the three-
phase reference angle vector). Andlet6, = [61; 6>; - - - ; ON]
O@x = [Oka; Oxb; Okc]) be the bus voltage angle vec-
tor (3N*1). Define df; = [df;;df,;---;dON] (dO; =
[d6ka; dBrb; dBkc]). Then, similarly, there is [21], [22],

0, = Oini — Tid; (26)
Based on (8), in matrix and vector form, it has,
dU, ~ diag R Py + X Q)2 — Up) 27)

And then the linear power flow calculation formula can be
obtained by introducing (27) into (25). Now, it needs to get
Py and Qy with (24), but the key is to calculate Py; and Qy
in (24)

The branch power losses in the bus consumption active and
reactive powers can be approximately calculated by doing a
backward sweep calculation with only considering the radial
network by breaking up the links. That is, Py = T;rP and
Q1 = TIQ. Here the contributions of the bus injection
powers P and @ (all loads are treated as P type load and no
branch power losses are included) are only considered. Then
the branch power losses can be approximately calculated
with (15) by setting all bus voltage magnitudes be 1.0 p.u..

B. THE APPROXIMATION CALCULATION OF LINK POWERS
Let R, (3N*3N) and R; (3M*3M) be the tree-branch and loop-
link resistance diagonal matrix respectively, X, (3N*3N) and
X; (3M*3M) be the tree-branch and link reactance diagonal
matrix respectively (the diagonal elements are the equiva-
lent branch parameter matrix, R and Xare calculated based
on (6)).

It considers that the contribution ratio of link powers to
Py and Q; is relatively small because of the weakly meshed
characteristic of the distribution network, so all loads, either I
type load or Z type load, are treated as the P type load for the
approximation calculation of link powers. But for the delta
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connection load, the equivalent star connection results should
be calculated with (17) first.

1) THE HANDLING OF LOOP LINKS

Let dU; = [dU;1; dU ;- -+ 5 dUm] (AU = [dUjja; dUpp;
dUjjc]) be link voltage drop vector and df; = [df;y; df2; - - ;
df;m] (d0); = [dOyja; dOjp; dbjic]) be angle difference vector
for the loop branches. Based on Kirchhoff’s voltage law, there
are,

BdU+dU, =0 (28)

Bdf, +df; =0 (29)

Considering that the voltage magnitude at each bus is close
to the rated value, 1.0 p.u.. Thus, the following approxima-
tions can be derived based on (8) & (9) by supposing all

voltage magnitudes be 1.0 p.u.. When the voltages are not
bad, it still has a relatively higher accuracy.

dU ~ (RP, + XQ,) (30)
do ~ (XP, — RQ,) 3D
Then based on (28) and (29) the following equations can
be obtained [22],
BdU, = B(R(TTP + BIPy) + X(TTQ + BT Q)]
= —dU; = -(R,Py + X,Qy)
B8, = B(X(T{P + Bl Py) — R(TTQ + B Q)]
= —df; = —(X;Py — R;Qy)

(32

Rearranging (32) in matrix form,

R X Py | —Rpr —Xpr | [P
LAl — | TABT (33)
X. —Rp | [ Qu —Xgr RpT o
where, ﬁBT = BtﬁtT’tr, XBT = BtXtT;r, ﬁL = ﬁ[ +BtﬁtB;r,
X, = X; + B:X(B[.

2) THE HANDLING OF PV BUSES

The distributed generators (DGs) with unity or fixed power
factor can be treated as the negative loads in the proposed
method. But the PV buses can’t be dealt with directly.
However, the missing voltage angle set point also makes it
possible to transform a PV generator into an artificial loop by
one artificial lossless line [22]. Define (Npy is the number of
PV type DG),

dUpyy = Upyy — Upyp(k = 1,2,--- ,Npy; ¢ = ab,c) (34)

Extracting all PV buses corresponding row vectors from
path matrices Ty makes up a new matrix Tpy (3Npyx3N).
Considering that the active powers from PV bus are known
and invariable, that is, Prpy = const. Similarly, for approxi-
mate calculation, let U;, ~ Uy, ~ 1, then,

= —Tpv[R(T{P + TpyPrpv)

+ Xt(TtTQ + TpyQrpy)] (35)
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Rearranging (35), it gives,
N . . P A
XpvQipy = [_RPT _XPT] [Q} — RpyPpv —dUpv (36)
where, Xpy = TPVXtTtT, Rpr = TPVﬁtTtT, Xpy =
TpvXThy, Rey = TpyR( T}y,
It needs to note that the output reactive power is limited
for each PV bus. If the calculated reactive power violates the
upper or lower limit, it will be directly set to upper or lower

limit. And then the PV bus will be treated as a negative
PQ bus.

3) COMBINATION
Let Xgp = BX(Tpy, and Rgp = BR/T},, the loops and
PV buses can be combined together as,

AIA(L ?A(L ):(BP Py
RAEP XEP Xpy Oy
XL —RL _RBP QIPV
1§BT ):(BT p 1§BP Ogp
=—| Rpr Xpr [Q}_ Rpy | Prpv — | dUpy
Xt —RpT Xgp Opp
37
Based on (37), it can derive,
Py
Oy
Oy

R R R -1 R R
R. Xp Xgp Rt XpgT

A~ ~ P
=—| Rgp Xgp Xpv Rer Xer [Q}
XL —Rp —Rpp Xt —RpT
ﬁBP 0
— | Rpy | Prpv — | dUpy (38)
Xgp 0

C. THE REALIZATION OF THE PROPOSED LPF (LALPF)
Including the PV buses into (24), then rewriting (24),
Py =TIP +BIP; + TEVP IPV
0y =T{Q + Bl Oy + T}, Oy

Py, and Qy;, Qrpvcan be solved with (38) and then substitut-
ing the results into (39), Py, and Qy; are obtained. Thus, when
just considering P type loads, based on (25) and (27), it has,

Uy =Ujpi — T dU, ~ Uy — Tidiag(R P+ X, Q1) (2~ Uy)

(39)

(40)
Rearrange (40) and write it with a simple matrix form,
HU,=0b 41)
where,
H=E- Ttdiag(}iti’h + f(th) (42)
b = Uiy — 2T(RePrc + XiQy) (43)
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Based on (41), the linear power solution for voltage magni-
tudes can be solved directly. And the angles can be calculated
with (9), (10) and (29).

In (41), T¢ is a lower triangular matrix. By taking a
3*3 matrix (like R and X in (6)) as a basic element in
the coefficient matrix, it can be easy to prove that H is a
lower triangular matrix too. Thus, U, can be easily solved
with elimination method based on a simple iterative process.
Moreover, compared with most LPFs in [11]-[13], [18], [19]
under rectangular coordinates and polar coordinates, their
coefficient matrixes are 6N*6N matrixes, but the proposed
model has a 3N*3N coefficient matrix H.

Referring to (27), define Ppy = [Pipx; PZPZ’ -
Pxpyl Ppz = [Ppy o Ppy b Ppycl) and Qpy =
[Qipz: Qopys - s Oney] @y = [Qpyas Opybs
Opycls Pry, = diag([Pus; Pasx; ... Pais]) Pz =
[Pjiza; Pjiss; Pjiscl) and Qry = diag([Qyrx; Qorsi - - -3
Oniz)) @iz = [Qjiza; Qjizs; Qjixcl)- Then when consid-
ering ZIP type loads, (39) can be rewritten as,

Py = TtT(i’IZUn + Ppy) + B Py + T Piey
= TtTf’llen + (T{Ppy- + B{ Py + T}, Pipv)
O =T{ @1y Un + Q@py) + B Qy + Ty Oppy
= TtTQIZUn + (T{Qpy +B{Qy + Ty Qrpy)
Based on (44), it has
RPy + XtQIt
= RUT{Pyy-Un + (T{Ppy + B Py + T}, Ppy)]
+X [TtTQIZUn + (TtTQPZ + B/ Qy + TpyOrpy)]

(44)

(45)
Rearrange (45) and write it with a simple matrix form
RPy + X Qy = T1WU, + T, (46)
where,
I =RTI Py + X101y 47)

I, = ﬁt(TtTPPZ + B Py + ThPpy)
+X(T{Qpy +B{Qy + ToyQipy)  (48)
Then based on (27), it can derive,

dU, ~ dlag(RtPIt + XtQIt)(ng —-Uy)
= _diag(T\U)U, + [2T-diag(Tp)[U, + 2T, (49)

Based on (11), U, Ug ~ Uy + Ug — 1, it can derive,
diag(T1U,)U, ~ diag(T1eNn)U, + T'1U, — T'ren (50)

where,ey is a 3N*1 column vector with all ones.
Substituting (50) into (49) and rearranging it, then,

dU,=E(U, + E, ~ [T1-diag(Tp+T1ex)IU, + 2T+ Tex

(51)

where,
Er = I'i-diag(T'p + I'ren) (52)
Ep =2 +Ten (53)
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And substituting (51) into (25), then the linear power equa-
tions with ZIP loads can be expressed as follows,

EN+ T EDUn = Uini — T Ep (54)

The angles can be also calculated with (9), (10) and (29).
The same as (41), the coefficient matrix (Ex+T{E1) in (54) is
also a 3N*3N matrix. But different from (41), the coefficient
matrix (Ex + T(Ej) is a sparse matrix but not a triangular
matrix, so it will spend a little more time to solve (54) than to
solve (41).

The flow chart of the proposed linear algorithm is shown
in Figure 2.

Input data and form related vectors and matrixes, like
injected power vector, path matrix, loop matrix, R, Z, B etc.

Calculate R+jX with (6), ZIP load to IP load approximate
calculation when there are ZIP load (see section 2.3)

v

Calculate link branch powers and output
reactive powers of PV buses with (37)

Calculate the Py and
Oy, with (39) then the
linear power solution
(voltage) can be

Calculate the I''and I'p with (47)

and (48), then calculate the =,and
&, with (52) and (53), further, the

linear power solution (voltage)

solved with (41). can be solved with (54)
\ \
v
The angles can be calculated with (9) , (10)
and (26)

v
< stop >

FIGURE 2. The flow chart of the proposed LPF method.

IV. NUMERICAL TESTS

In order to test the efficiency and accuracy of the proposed
LPF, several existing LPF methods were applied and com-
pared with the proposed method. The multi-phase and single-
phase hybrid unbalanced 13bus, 37bus, 123bus system [24]
and 615bus test systems are adopted. The 615bus system
consists of five 123bus test system but total load was halved,
and the connection topology of 615bus is shown in Figure 3.
All the four test feeders include unbalanced ZIP star and delta
connection loads with the unbalanced line parameters. The
123bus and 615bus systems have five and twenty-five backup
link branches (loops) respectively. All the algorithms are
programmed and realized in MATLAB 2015a (LAPTOP is
THINKPAD with Intel Core I3-3110 CPU and 4.00GB Ram).
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///123-bus (other buse;\:y// T
/ are omitted) 123-bus (other buses

| / are omitted) \

) / 149
150 N\ 149
/// ]
\ ] \\\ 23-bus (other buses J
N 123-bus (other et T T T ed)
>~ _buses are omitted) X7~ 149 | 1°<
T~ - // \]
|

\
. 123-bus (other buses //
“~.__are omitted) -~

FIGURE 3. The connection topology of the improved 615-bus.

The results from the iterative loop-analysis based full AC
power flow method (FACPF) in [23] and [25], are adopted
as benchmarks (convergence accuracy is e-6 p.u.). Compared
with the Newton-Raphson AC power flow methods and the
backward / forward sweep power flow (BFS), FACPF can get
the consistent results with the same precision but has much
higher calculation efficiency especially for weakly-meshed
networks [25].

The root-mean-squared (RMS) error of the voltage magni-
tude in (55), and the maximum absolute errors of the voltage
magnitude and angle in (56)-(58) are used to investigate the

The proposed LPF method is referred to LPLPF, other
methods in this section consist of LALPF [13] (H.W. Lietal.,
2019, a three-phase linear load flow solution based on loop-
analysis theory), AGLPF [10] (Garces A., 2015, a Linear
Three-Phase Load Flow for Power Distribution Systems),
POLPF [18] (Wang Y et al., 2017, linear three-phase power
flow for unbalanced active distribution networks with PV
nodes). As discussed in Introduction, the LALPF and AGLPF
are developed under rectangular coordinates and cannot deal
with PV buses. POLPF and proposed LPLPF are developed
under polar coordinates and can deal with PV buses. But the
Delta connection loads are not discussed in POLPF.

A. NORMAL CONDITION

For the normal condition for four test systems, the relative
results are listed in Table 1. Figure 4 shows the profiles of
voltage magnitude for the radial 123bus test feeder with four
LPFs and FACPF. In Table 1, the test feeder names including
“Rd” denote the radial networks and the test feeder names
including “Lp” denote the weakly meshed networks (the
same below).

TABLE 1. Calculation results with different LPF methods for all test
systems.

item 13Rd 37Rd 123Rd 123Lp 615Rd 615Lp

Method

Upin () 0971 0945  0.896 0914  0.886  0.895
performance of those LPFs. AUpa(pu.) 54e-5 5765 14de3 7004 1503 1.le3
LALPF AUgus(p.u.) 2.6e-5 2.8¢-5 6.le-4 3.4e-4 62¢-4 4.9e4
N - Abpe (°) 0002 0.002 0016 0011 0018 0.016
AUrMs = Zi:] (Uip — Uip)*/3N(¢ = a, b, ) (55) AUpa(p) 54e5 6.1e5 1de3 70cd 15e3 lle3
~ . AGLPF AUgus(p-u.) 2.7e-5 3.le-5 6.1e-4 3.4e-4 6.3e-4 5.0e-4
AUmax = max(|Ujy — Ujpl,i=1,....N¢ = a, b, c) (56) Afmx (°) 0002 0002 0016 0011 0018 0017
_ ) 5 . _ AUpx(pu.) 1.2e-3  1.5e-2 1.3e-2 9.0e-3 1.5¢-2 1.3e-2
Abmax = max(|0jp — Oipl,i=1,...Ng =a,b,c) (57 POLPF AUpus(pt.) 6.7e-4 6.7e-3 6.4e-3 4.7e3 7T.4de3 6.6e3
) ) Al (°) 0076 0.654 0.664 0448 0790  0.661
where, U;, and 6;, denote the approximate values solved with AUpo(p) 6204 6304 33063 2763 4603 4203
the LPFs, U;, and 6;, are the exact values solved with iterative LPLPF AUgrums(pu.) 3.4e-4 42e-4 1.6e-3 1.7e-3 2.5e-3 2.6e-3
loop-analysis method (FACPF). Abpe (°) 0032 0.029 0.119 0135 0247 0.178
1.02
Lo «FACPF OLALPF  ¢AGLPF  ~POLPF  OLPLPF

099

[ voltage profiles of B-phasc J

098

0.97 -

[ voltage proflles of A-phase

0.96
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FIGURE 4. The profiles of voltage magnitude for radial 123bus test feeder.
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FIGURE 5. The branch kW flows for the radial IEEE 123bus test feeder.

It can be seen from Table 1 and Figure 4 (mark with the
red solid circles are the exact values from FACPF), aiming
at the accuracy, LALPF and AGLPF have almost the same
results and perform the best. The reason is that the two linear
methods adopt the same linearized approximations for ZIP
loads. In addition, the line parameters of line model have not
been approximated under rectangular coordinates for LALPF
and AGLPF. The proposed LPLPF provides the much closer
results with LALPF and AGLPF. The maximum magnitude
errors are less than 0.01p.u for the solutions from those three
LPFs (LALPF, AGLPF and the proposed LPLPF) even the
minimum voltage magnitude is very low (it is only 0.886 p.u.
for the radial 615bus system). But the errors with POLPF are
relatively larger than other three methods. It can be seen from
Figure 4, for the radial 123bus system, the voltage level of
C-phase is the worst and the voltage level of B-phase is the
best. It can be seen that there are obviously larger errors for
POLPF when the voltage magnitudes are bad in C-phase.

Given that the operational voltage limit is typically
between 0.95 and 1.05 p.u., the proposed LPLPF can be capa-
ble of offering an enough accuracy level even under a very
heavily loaded system with bad voltage level. The proposed
LPLPF has less precision than LALPF and AGLPF under
rectangular coordinates if there are no PV buses, but LALPF
and AGLPF can’t deal with PV buses in the current models, so
the proposed LPLPF is recommended when considering the
high penetration of distributed renewable generation in DPS.

Moreover, with the proposed LPLPF, the three-phase
branch reactive and active power flows can be obtained easily
with (39), but other three LPFs do not derive the calculation
formulations for the three-phase DPS. The benchmarks are
also obtained with FACPF. Define the mean error and the
root-mean-squared (RMS) error of the branch powers be,

1 N - -
APMEAN = IN Zi:l (Piy — Piga)/Piw» (p=a,b,0)
(58)
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N N N
APryms = \/Zizl [(Pi(p_Pi(p)/Pixp]z/?’N? (p=a, b, c)
(59)

where, P;, denotes the approximate value solved with the
proposed LPLPF method and Pig is the exact value solved
with FACPF. The error results are listed in Table 2. It can be
seen, the accuracy of the LPLPF in terms of kW flow is higher
enough.

TABLE 2. The calculation errors of branch flows for the radial IEEE
123bus with proposed LPLPF.

Items 13Rd  37Rd 123Rd 123Lp 615Rd 615Lp
APnean 0.0113  0.0198 0.0222 0.0261 0.0330 0.0364
APryis 0.0193  0.0326  0.0422  0.0482  0.0701  0.0727

Figure 5 presents the branch active power flow profiles of
the radial 123bus test feeder with FACPF and LPLPF (the
red solid circles are the benchmarks from FACPF and the
blue hollow circles are the results from the proposed LPLPF).
In Figure 5, the x-axis scale information means that the
branches have been numbered with the terminal bus number
of this branch by adding a single quote. It can be seen that
the proposed LPLPF has a much high accuracy for almost all
branches of the radial IEEE 123bus test system.

The calculation time has been presented in Table 3. The
calculation time includes the coefficient matrix formation
and power results solving for all LPFs. The results are the
average value of 100 runs (the same below). Because the
coefficient matrix dimension of the proposed LPLPF is half of
the coefficient matrix dimension of other three LPFs, LPLPF
has the fewest calculation time. FACPF needs to much more
time for it needs iterative calculations. Moreover, because its
coefficient matrix is a full matrix not the sparse matrix in
other three LPFs, LALPF spent much more time than other
LPFs for the large system [13].
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TABLE 3. Computation time results with different LPF methods (s).

Method 13Rd 37Rd 123Rd 123Lp 615Rd 615Lp
FACPF  0.0028s 0.0078s 0.0405s 0.0353s 0.7640s 1.0200s
LALPF  0.0009s 0.0051s 0.0361s 0.0389s 1.6110s 1.9380s
AGLPF  0.0008s 0.0039s 0.0180s 0.0177s 0.7050s 0.6950s
POLPF  0.0007s 0.0041s 0.0224s 0.0221s 0.7890s 0.7770s
LPLPF 0.0005s 0.0033s 0.0143s 0.0159s 0.6210s 0.6250s

In addition, comparing Table 3 with Table 1 suggests that
the proposed LPLPF obviously achieves a high computa-
tional efficiency with a bit worse calculation accuracy than
LALPF and AGLPE. The LPLPF is therefore suitable for
applications that require a large number of the iterative power
flow calculations in DPS.

B. ILL CONDITION

To further validate the algorithm’s ability to deal with ill-
conditioned network, the radial 37bus test feeders under
heavy load ratios are tested. The results are listed in Table 4
and the calculation time is shown in Figure 6.

TABLE 4. Calculation errors for 37bus in heavy ZIP loads with proposed
LPLPF for all test systems.

. Load ratio
Methods item 100%  200%  300%  400%
Upn (pu) 0945 0.887 0826 _ 0.762
AUpn(pu)  5.7e-5 5.0e-4 1.9e-3 5.1e-3

LALPF  AUgums(p.u.) 2.8¢e-5 2.5¢-4 9.3e-4 2.5¢-3
AbOax (°) 0.002 0.019 0.073 0.207
AUp(pu)  6.1e-5 5.1e-4 1.9¢-3 5.1e-3

AGLPF  AUgums(p-u.) 3.1e-5 2.5¢-4 9.3e-4 2.5¢-3
AbOpax (°) 0.002 0.019 0.073 0.207
AUpax(p-u.) 1.5e-2 3.2e-2 4.9¢-2 6.7e-2

POLPF  AUgums(p.u.) 6.7¢-3 1.3e-2 2.0e-2 2.8e-2
AbOpax (°) 0.654 1.22 1.66 2.07
AUpn(pu)  6.3e-4 2.7e-3 6.5¢-3 1.2¢-2

LPLPF AUgrys(p.u.) 4.2¢-4 1.8e-3 4.5¢-3 6.8¢-3

AOpax (°) 0.029 0.132 0.337 0.698

0.016

EFACPF  mLALPF M AGLPF
0.014
EPOLPF W LPLPF
0.012
~ 001
=z
=3
£ o008
= 0.006
0.004

0.002

100% 200% 300% 400% 500%
Load ratio

FIGURE 6. The histogram of calculation time with different methods in
heavy ZIP load.

It can be seen from Table 4, when load ratio increases,
the errors of voltage magnitude and phase angle increase
obviously. But considering the bad voltage (even less than
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0.7 p.u.), the accuracy is satisfactory for most practical
applications in DPS with the proposed LPLPF as well as
LALPF and AGLPFE. The histograms of calculation time
in Figure 6 show that the calculation time remains consistent
during the heavy load conditions for all LPFs. This is one of
the advantages of LPFs. Moreover, the proposed method has
the fewest time than others for its 3N*3N coefficient matrix
rather not the 6N*6N coefficient matrixes in other three
LPFs. When load ratio increases, the iterative FACPF use
more iterative calculations to meet the convergence accuracy.
Thus, the higher the load ratio is, more time FACPF spends.
Moreover, as discussed above, LALPF spends more time
because of its full coefficient matrix.

V. CONCLUSION

The three-phase LPF solution is particularly important in the
context of optimization operation and management of the
modern DPS. So in this paper, several approximations have
been derived first, and then a LPF model for unbalanced
three-phase power distribution system has been developed
based on the loop-analysis theory.

Compared with most other LPFs under rectangular coordi-
nates or under polar coordinates, the proposed LPLPF has a
3N*3N coefficient matrix unlike other LPFs with the 6N*6N
coefficient matrixes. So LPLPF has less calculation time than
other LPFs.

Several standard power distribution systems with different
load models and under heavy load ratio levels were tested.
Results proved the effectiveness and accuracy of the proposed
algorithm. The proposed LPLPF can provide a better accu-
racy and a higher calculation efficiency.

The proposed LPLPF provides a simpler, more robust, and
potentially faster power flow solution for the three-phase
unbalanced distribution networks. It can be effective to be
applied in optimal load flow, economic power dispatch, con-
tingency analysis, and reliability and security assessment of
smart distribution system especially with the high penetration
of distributed renewable generation into the system.

APPENDIX

DELTA CONNECTION LOAD TO STAR CONNECTION

LOAD CONVERSION

For the proposed method can only handle the phase-ground
loads (star connection load), so the delta connection load has
to be specially dealt with. Considering that the three-phase
voltage angles at the same bus are nearly symmetrical, that
is, there are

Uab = Ua - Ub ~ ﬁUaej%
Upe = Up — Ue ~ v3Upels (A.1)
Uca = Uc - Ua ~ \/§Uce3%

Define the line P type load (delta connection load) vector
asPr, = [Pab; Pvc; Peal and Or = [Qab; Ovc; Ocal at the
terminal bus. Then reconsidering (5), the following equations
can be derived for a delta connection load (herein, to simplify
the derivation, the injected reactive powers from shunt B were
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ignored).
Uiaéea Uoa
Uin L0y | — | Uob
Uicéec Uoc
((Pab + jQub)/ Uab)*
= & 'R+ XM | ((Poc +jObc)/Unc)*
((Pea + jQca)/ Uca)*
R . . % (Pab — jQab)/Uoa
~ (R+jX)®™ EMQ (Pbe — JObc)/Uob
(Pca'cha)/Uoc
A . % I 0 —« Pap — jQab
~ (R + jX)diag 7 —a 1 0 Ppe — jObe
0 —a 1 Py —jOca
1/Uoca
x | 1/Uob (A.2)
1/Uqc

By comparing (A.2) with (5), the equivalent star con-
nection load, P = [ﬁa;ﬁb;ﬁc] and Q = [Qa; Qb; QC],
corresponding to the delta connection load can be obtained
as following,

A . e’% 1 0 —o
P-j0~-—|-a 1 0 |(PL—jQ)
V3l o —a 1
(V3N +jM)(PL, — jQ))
= A3
e (A.3)

Then (17) in section 2.3 can be obtained. And for a double-
phase delta connection load, the relative equations can be
derived similarly. Taking AB-phase for example,

[f’a,f’b]T=1[1,—1]TPab+L[1,1]TQab
R T T ¥
(00 06] =30 =117 Qo = =11 11" Pay

For I type delta connection load, redeveloping (A.3), it has,

P -0
S0 | (Buio) | o
= —F= -k, Y, L — L)~ be
\/g 0, —, 1 \/g Uca
1,0, —a
1 > - -
~ 3| o0 (PL —jQL) o~ 'MToU,
0, —a, 1
1 . - .2 T aaT
= (ﬁN + ]M) (PL . _]QL> («/§N —iM )U0

(AS)

Expanding (A.5) and rearranging them, then (20) can be
derived. Similarly, for double-phase I type delta connec-
tion load, the relative equations can be derived similarly.
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Taking AB-phase for example,

IA)Iab
oL (30 10T Py [1, 11 = V311, 11T Qup [1, —1]
TR\ =1 P (1L =11+ V31 =117 Qup [1. 1]

Q>

Tab
13010 Qap (1, 1+ V311 1T Pap [1, —1]
12\ +11, =117 Qu [1, =11 = V3[1, =11" P [1, 1]

Uoa
X
Uob

Based on (11), it can deduce the following equations,

2

(A.6)

*

UapUap U ab l:]ab
UpcUpe | = diag U be ch
UcaUca Uca Uca

UoaUopa + UobUoh + UoaUob
UobUob + UocUoc + UopUoc
UocUoc + UpaUoa + UpaUqc

Q

an“‘Uob_1
~ 3| Ugp + Upe — 1 =3<NTU0—e3)
an+Uoc_1

(A7)

Then for Z type delta connection load, redeveloping (A.3)
too, it has,

ﬁZ(p _jQZ(p
e/% 19050_(; (f) Q ) 1 gabgab
= —= —o, Y, L _J L) 5 becUbce
ﬁ 0, —a, 1 3 UcaUca
1 M\ (= =\ (ot
~ > (N +J%> (P-i0L) (NUo—e5)  (A8)

Expanding (A.8) and rearranging them, then (22) can be
derived. Similarly, for double-phase Z type delta connection
load, the relative equations can be derived similarly. Taking
AB-phase for example,

Pz

~ 1 T 1 T
NE [171] de[lal]+%[17_1] Qab[171]

T _ l T L 19T
>A< [Uoa, Uobl B <[1s 11" Py + ﬁ [1,—1] Qab)
QZab

A % ([1, 0T O [1, 11— 1 [1, =117 Papy [1, 1])

1 i
T_ T _ 11T
X [Uoa, Uob] ) <[1s 11" O _ﬁ [1, 1] Pab)
(A9)
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