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Abstract: The Newton—-Raphson (NR) method is still frequently applied for computing load flow
(LF) due to its precision and quadratic convergence properties. To compute LF in a low voltage
distribution system (LVDS) with unbalanced topologies, each branch model in the LVDS can be
simplified by defining the neutral and ground voltages as zero and then using Kron's reduction to
transform into a 3 x 3 branch matrix, but this decreases accuracy. Therefore, this paper proposes a
modified branch model that is also reduced into a 3 x 3 matrix but is derived from the impedances of
the phase-A, -B, -C, neutral, and ground conductors together with the grounding resistances, thereby
increasing the accuracy. Moreover, this paper proposes improved LF equations for unbalanced LVDS
with both PQ and PV nodes. The improved LF equations are based on the polar-form power injection
approach. The simulation results show the effectiveness of the modified branch model and the
improved LF equations.

Keywords: branch model; distribution system; Newton-Raphson method; unbalanced

1. Introduction

A low voltage distribution system (LVDS) is responsible for providing electricity to
end-users and connecting with its distribution transformer, which receives electricity from
a medium voltage feeder. Many LVDSs are usually built-in radial structures because of
reducing investment costs and simplifying coordination plans for protection devices [1].
Most LVDSs have unbalanced loads and have grounding resistances that range from 1 to
several ohms [2]. To analyze LVDSs more accurately, load flow (LF) calculations should
include neutral and ground conductors as well as grounding resistances.

Studies present various LF algorithms, such as the Gauss-Seidel (GS), forward—
backward sweep (FBS), and Newton—-Raphson (NR) methods to handle the LF with various
applications and LVDS structures [1,3-12]. First, the GS method allows performing LF
with complex variables by reducing the number of required calculations and avoiding the
calculation of derivative equations. In [1], the GS method is applied to solve balanced
LVDSs, whereas [3] presents the modified GS method for solving LFs in unbalanced LVDSs.
Both [1,3] prove that the GS method has a very low computation time compared to the
other methods.

Second, the FBS method is preferred by many authors [4-6] due to its simple pro-
gramming for small-matrix calculation and its ability to guarantee convergence in radial
LVDSs. In [4], an improved FBS method is presented for LF calculations in balanced LVDSs
with weakly-meshed topology. In [5,6], the FBS method is used for LF calculations in
unbalanced LVDSs.

Finally, the NR method is still frequently used for LF calculations in LVDSs. This
method uses derivatives for approximation at each iteration. This method has precision
and quadratic convergence properties, and the calculation requires less iterations [7-12].
The power injection-based approach used in [7-9] corresponds to the traditional Newton—
Raphson method, whereas the current injection-based approach used in [10,11] was in-
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vented later by [12]. The latter approach tends to perform better because of the linearity of
its current injection equations. Overall, [7-11] solve LFs in unbalanced LVDSs, but [12] is
used for balanced LVDSs.

The advantage of each method was stated earlier. However, each method has its
weakness as follows. The GS method may face uncountable processing time when loads
or the number of nodes increase [1,3]. The FBS method used in [5,6] cannot be applied to
meshed LVDSs. Although the improved BFS method in [4] can perform in balanced LVDSs
with weakly meshed topology, it cannot perform in unbalanced LVDSs and can face non-
convergence problems in meshed balanced LVDSs with heavy loads. The total processing
time of the NR method will increase if it requires the inversion of high-dimensional matrices.
Moreover, the NR method can perform poorly for ill-conditioned LVDSs [7-12].

There are some weaknesses of the aforementioned reviews [1,4-12]. Determining the
balanced LVDSs in [1,4,12] is inaccurate because the loading of any LVDS is inherently
unbalanced due to the many unequal single-phase loads and non-symmetrical spacings
between conductors. Not determining the conductors, which include phase-A, -B, -C,
neutral, and ground, together with the grounding resistances, can cause inaccuracies in
the branch model [7-11]. In addition, Refs. [5,7] simplify the original branch model, which
includes a 5 x 5 matrix of the phase-A, -B, -C, neutral, and ground conductors as well as the
grounding resistances into a 3 x 3 matrix by defining the voltages of the neutral and ground
conductors as zero and, after that, using Kron’s reduction. This leads to inaccuracies in the
results from [5,7]. In [6-8,11], the LF calculations do not deal with LVDSs with PV nodes.
Finally, [9,11] regulate the PV nodes using a simplification by which the voltage magnitude
and real power output of each phase of PV node are regulated separately. However, the PV
node must regulate the voltage magnitude and phase angle of each phase to be balanced,
such as the connection of an advanced three-phase solar inverter [13] or a load-managing
converter [14]. Finally, the current injection NR method with the modified 4 x 4 branch
matrix can suffer from the lack of convergence in the LVDSs with PV nodes [10] where the
4 x 4 branch matrix neglects only the voltage existence of the ground conductor.

From the variety of all the methods previously reviewed, this paper chooses the NR
method due to its quadratic convergence property and range of applications (for both radial
or meshed LVDSs) [7-12]. Polar-form LF equations based on the power injection approach
are applied because of the intuitiveness and convenience of their direct specification of node
power injections [8]. The two modifications of this paper are proposed for the correction of
the weaknesses of the aforementioned reviews [1,4-12], as expressed in the following:

e A more accurate branch model is modified, which is in the 3 x 3 matrix deriving from
the impedances of the phase-A, -B, -C, neutral, and ground conductors together with
the grounding resistances.

e Improved LF equations are proposed for the application to the unbalanced DSs with
both PQ and PV nodes where, at the PV nodes following [13,14], the voltage magnitude
and phase angle of each phase are balanced and the sum of real power generation of
each phase is constant.

MATLAB is used for programming the NR method. Two unbalanced test LVDSs are
demonstrated to validate the two proposed modifications. The simulation results of the
modified branch model and the branch model simplified using Kron’s reduction will be
compared and discussed.

In this paper, the simplified branch model, by using Kron’s reduction, and its disad-
vantages are described in Section 2. Section 3 proposes a modified branch model, which is
in a3 x 3 matrix derived from the impedances of the phase-A, -B, -C, neutral, and ground
conductors together with the grounding resistances. The improved LF equations for the
LVDSs with both PQ and PV nodes are also proposed in Section 3. Section 4 outlines
and discusses numerical simulations. Finally, the conclusions of this paper are drawn in
Section 5.
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2. The Simplified Branch Model and Its Disadvantage

The original branch model with grounding resistances is shown in Figure 1 [3,6,15,16],
where S is load (VA); R; is grounding resistance (Q2); V is voltage (V); I is current (A);
z is the impedance in the branch model (()); i and j are any node in the LVDS; and
{A, B,C,N, G} is the set of phases in the branch model. From Figure 1, the branch equation
can be written in two forms, as shown in Equations (1) and (2), in which direction is
different, where zZq = z;.q following [3,6,15,16]; p,q € {A, B,C, N, G}. The calculations of
grounding resistance and branch impedances and the branch model simplified by using
Kron’s reduction are described in Sections 2.1-2.3, respectively. Moreover, the disadvantage
of using the simplified branch model can be clarified in Section 2.4.
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Figure 1. The original branch model.

2.1. Grounding Resistance Calculation

Grounding systems of LVDSs must be designed to meet the requirement for reliable
operation of connected electrical equipment, such as distributed generators and distribution
transformers. The appropriate design of the grounding system can help in the following: (i)
to prevent damage to insulation of connected electrical equipment; (ii) to ensure personal
safety from touch and step voltages [2]. In many LVDSs, the grounding system uses
cylindrical rods with each rod needing to have grounding resistance lower than 25 Q)
following [17]. To assess the grounding resistance of each rod (RS) ;) Equation (3) is
used [2].

G PG lrod
Rrod = z_n.lrod.ln rarod (3)
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where pC is ground resistivity (Q-m); I"? is length of the part of the cylindrical rod that is
underground (m); and ra"™? is the radius of the rod (m).

2.2. Branch Impedance Calculation

The resistance of each conductor (R) can be defined from the conductor datasheet,
such as 185 mm? Weatherproof Aluminum Conductor (WAC) has R of 0.2008 Q/km [18].
For the branch impedances (z) in Equations (1) and (2), they can be calculated from the
Carson’s equations with ground return, as shown in Equations (4)—(8) [5,6]. Note that
Equations (4)—(8) are based on 50-Hz DSs.

20 = 0.0493 + 1j:0.3643 (4)

z0 = 1j-0.01-7T-ln<

deG .
\/O.OZ-pG> ©

ee ee : 2'dgG

V(@) + (G + dr6)?
\/(def)z + (dG — dfG)2
GMR°¢ = 0.7788-ra° (8)

2] =1j:0.02:7.In [ ] et f @)

where z is in Q/km; 1j is complex value; ¢, f € {A,B,C,N}; d°C is height of phase-e
conductor (m); GMR? is geometric mean radius of phase-e conductor (m); d¢f is distance
between phase-¢ and phase-f conductors (m); ra® is radius of phase-e conductor (m).

2.3. The Branch Model Simplified by Using Kron’s Reduction

From Equation (1), when the voltages of neutral and ground conductors are simply
defined as zero, Kron’s reduction can be used, and then Equation (1) is simplified into
Equation (9) [16], where zfjsl is the result of using Kron’s reduction; r,s € {A, B,C}.

VA VA zAA" AP ZAC 14
iy /s Ba kB _BC ’
ViC Vil =1 z" zp oz I )
/ ! !
% 1% ,CA” ,CB CC 1€

j ij ij ij if

2.4. The Disadvantage of Using the Simplified Branch Model

The simplified branch model using Kron’s reduction is already stated in Section 2.3.
The main problem of this model is that the neutral voltage is set to zero although load
unbalance is varied. It contrasts with the load unbalance principle in [15] that the neutral
voltage will be changed when load unbalance is varied. For the example, as shown in
Figure 2a, when initial loads at phase A-N, B-N, and C-N of node j (S]AN , S]BN , and S]CN )

are 100 + j50, 100 + j50, and 200 + j100 W, respectively, the neutral voltage at node j (V]N )
is 0.57/130.09° V. After increasing the load unbalance, if SJAN , S]BN , and S]-CN equal to

100 + j50, 100 + 50, and 3000 + j1000 W, respectively, VY is changed to 17.56.£135.92"
V, as shown in Figure 2b. For another example, using Kron’s reduction in the circuit of
Figure 2, the simplified circuit can be obtained in Figure 3. Load in Figure 3 is used the
same as Figure 2, and then the voltage results can be marked in the figure. Both models
of Figures 2 and 3 will be compared with the phase-to-neutral voltage results, as shown
in Table 1 where V]-VN =V - V]-N ; 7 € {A,B,C}. It can be noticed that the simplified
branch model using Kron’s reduction causes more error on the phase-to-neutral voltage
result when the load unbalance is increasing. It is because the simplified branch model
determines fixed neutral voltage at zero.
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Figure 2. The example of considering the full branch model in LF as: (a) when S]AN , S]BN ,and S]CN are 100 + 750, 100 + /50,
and 200 + j100 W, respectively; (b) when S]AN , S]BN ,and S]CN are 100 + 750, 100 + j50, and 3000 + j1000 W, respectively.

VA =23020°V 0.5+j0.5Q 0.492 — 26.58° A V].A =229.832—0.01°V viA =230£0°V 0.5+4j0.5Q 0.492 — 26.58° A V]-A =229.832 —0.01°V
- — - —
A A A
é 05+j0.5Q 0492 —146.58°4 H} spN é 05 +j0.50 0.492 — 146.58° A
N SBN N gCcN N
B o J J B o
c \® VP £ 2302 -120°V 5 c c \@ VE 2302 —120°V
B 0.97£93.41°A B 14.042100.98° A
Cl —
V= 232’—-—‘% . V=2296b211997°V VE = 23D2120°V 149
0.5 +j0.50 Y =229)832 ~ 130.01°V 0.5+j050
NN NN
(a) (b)

Figure 3. The example of considering the simplified branch model in LF as: (a) when S]AN , S]BN , and S]CN are 100 + /50,

100 + j50, and 200 + j100 W, respectively; (b) when s].AN, SPN, and s]CN are 100 + j50, 100 + j50, and 3000 + j1000 W,
respectively.

Table 1. The comparison of the phase-to-neutral voltage results between the full and simplified branch models.

Phase-to-Neutral At the Initial At Increasing Load Unbalance
Voltage (V) Full Model  Simplified Model  Voltage Exrror  Full Model  Simplified Model Voltage Error
V].AN 230.04 229.83 —0.09% 242.61 229.83 —5.27%
V]-BN 229.87 229.83 —0.02% 234.57 229.83 —2.02%
VEN 228.78 229.65 0.38% 203.28 225.29 10.83%

3. Modified Branch Model and Improved LF Equations

Using the modified 4 x 4 branch model in the current injection NR method can suffer
from the lack of convergence in the LVDSs with PV nodes [10]. Then, a modified 3 x 3
branch matrix is proposed in this paper for more convenience to modify the LF equations
with PV nodes but with slight error. The error is due to the neglecting of the neutral and
ground current injection from neighboring branches. Section 3.1 will clarify the derivation
of the modified 3 x 3 branch matrix. After that, the improved LF equations with both PQ
and PV nodes will be formulated in Section 3.2. The NR method for solving the improved
LF equations will be clarified in Section 3.3. The LF result from the NR method is in the
form of phase-to-neutral voltage. Following this, the voltages and currents of the neutral
and ground conductors will be assessed in Section 3.4. Finally, the method for verifying
the error of the LF results is explained in Section 3.5.
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3.1. The Derivation of the Modified 3 x 3 Branch Matrix

The modified 3 x 3 branch matrix is derived from the impedances of the phase-A, -B,
-C, neutral, and ground conductors together with the grounding resistances. To obtain this
modified branch model, there are three processes, as indicated in Sections 3.1.1-3.1.3, and
the relevant flowchart is shown in Figure 4. If a LVDS has many branches, the flowchart of
formulating a Ybus matrix can be seen in Figure 5, where the Ybus matrix is the matrix
that contains branch connections and impedance data of LVDS.

STEP 1 STEP 2: STEP 3:
Finding Ground Formulating the Original Branch Obtaining the Modified Branch
Current Equation Model into the 4 x 4 matrix Model in the 3 x 3 matrix

The Original Branch
Model in a5 x 5 matrix

y

Y
A 4

Figure 4. The flowchart of formulating the modified branch model.

1% Branch
The Original Branch ) deTEP L g _ STEPZ _ STEP3:
Model in a5 x 5 matrix [ ] Finding Groun —» Formulatl_ng the Original Bra_mch — Obtamlng_the Modified Br._anch
Current Equation Model into the 4 x 4 matrix Model in the 3 x 3 matrix
2" Branch
The Original Branch Fi dS_TEP L d . STEP 2 . - STEP 3.: .
Model in a5 x 5 matrix [ Finding Ground i — Formulatl_ng the Original Brzi\nch — Obtamlng_the Modified Brgnch
Current Equation Model into the 4 x 4 matrix Model in the 3 x 3 matrix P! -
Ybus Formulation:
o Into Ybussz,x3n
®
n" Branch ¢
The Original Branch . dS.TEP L d . STEP 2 . - STEP 3.: .
Model in a5 x 5 matrix —» Finding Grou_n — Formulatl_ng the Original Brzf\nch - Obtalnlng_the Modified Brfinch
Current Equation Model into the 4 x 4 matrix Model in the 3 x 3 matrix

Figure 5. The flowchart of Ybus formulation.

3.1.1. Finding Ground Current Equation

Initially, the ground current equation (Iicj; ) must be solved to reduce the original
branch model into a 4 x 4 matrix in Section 4.2. Using matrix inversion for Equations (1)
and (2), the following equations can be obtained, where yqu = yfiq according to [3,6,16];
p.q € {A B,C,N,G}.

r Izz 7 r y;;sA ]/;?B yfg(f y:;lN yigG 1r ViA_VjA 7]
I vit v vy v || VE-VP
Ili = yﬁA ySB yijc %’jN yijG ViC_VjC (10)
i [ e b e || v
] L e e [ Lveve |
DR R Al
ARE R RSN A
o= vt v i v v || vE-vE (11)
d e el e || v
w1 L e e e [l

The ground currents of Equations (10) and (11) are found using Equations (12) and
(13). When Equation (12) is added to Equation (13), it can be proved that Ii(]; = ij?.

RN
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-l - v o
P

At Equation (1), the voltage equation at the ground conductor can be found using
Equation (14). After that, VN is subtracted from Equation (14) and the result is divided by
Then, Equation (15) is obtained, where I; 7 = (V¢ = VN) /RS, following Figure 1.

zrod
chp i (14)
G Gp qp
; z 0 I8 VN
IZG _J Z ij Tij _ i (15)
G G G
! Rz rod Rl rod Ri,rod

From Equation (1), the voltage at node i phase N is given in the following Equation (16),
and then, by substituting Equation (16) into Equation (15), Equation (17) can be obtained.

(ZzN” 1”) + VN (16)

G LGP 1P ( Np p) N
I-G . V] _ Z 1] Iz] . ZP ij Iz] + V (17)
i G G G
! Ri,rod P Ri,rod Ri,rod
Reformatting Equation (17) following Ii(]; = -1 ]g and [ j(z; = (V VN ) /RS irod? the
ground current equation (Ii(j; ) is obtained in Equation (18), where e € {4, B, C,N}.
G SCP. P Np 1p N
I AN i R
-re- e, |~ =G (18)
i,rod i,rod i,rod

3.1.2. Formulating the Original Branch Model into the 4 x 4 Matrix

Equation (1) is reformulated into Equation (19) by neglecting the variables V© and
V]-G. Substituting I 5 from Equation (18) into Equation (19), the branch matrix is then in

a 4 x 4 matrix with vanishment of the variable I 5 , as written in Equation (20), where

f ef Z {ng Zfz;]f] fe{ABCN).
=z + ;e f €
l] RIGrod+Rj rod +Z l(]}G
A AA _AB _AC _AN A AG
ViA V] Zij Zij zié- Zié Ii‘ zl.é.
ve |~ ve | = | L4 B Cco LON &t e | T (19)
iy i i i oA 0 7.
: N NA _NB _NC NN N
i Vi 0wz m LU i
A AA LAB LAC LAN A
yA v, KA KOP KAC K I
ViB V]B kg'A kgB ki ‘C kﬁN Ilf 20
Ve V]-C = kich kich kijc kijN s (20)
VN VN kNA  NB (NC NN I.I<’
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Equation (20) is reformulated into Equation (21) with IiW = II»N + IiG. To solve the
variables hf]s and hfjw in Equation (21), Equation (22) is formulated following the equality

of Equations (20) and (21). The results of variables 1* and heW are shown in Table 2.

A 7 AA AB AC AW A 7
Vz'A V] hij hij h] h] I{;
VB V]B hiB}A hBB hBC hBW
ve |~ ve | = | nea hCB o héw Sl (21)
L ] 4y 1 1 1
ViN VjN | hNA hNB th hNW I};" |
AA AB AC AN r 7A AA AB AC AW r 74
kijA ki]- kluC kl-]- I hij hij hié.C hl-]- I
B BB BN BA BB BW
k;; k;; ki' k;; ' Iij B hi hy hi‘ h . Iij 22)
A B C N C - A B C w C
kl.]. kl.]. kl.]. kl.]. I% hl.]. hi]. hi]. hi]. Iij
kNA kNB kNC kNN I hNA hNB hNC hNW IW
ij i ij i L “ij i i ij i L “ij
Table 2. Variable results from solving Equation (22).
Variable Result
pew - 2N [RG g+ RG oy +2C - sc}+zf,c [2g¥ 23]
RfderR?md+2z zNN zﬁG
hés = es [ ’CG hgw} [Z 72‘/ } .
7 Zij + R1Gr0d+R/ md+z chl
€ {A,B,C, N}
€ {A,B,C}.

3.1.3. Obtaining the Modified Branch Model

The neutral voltage of Equation (21) is given in Equation (23), where r € {A, B, C}.
When Equation (21) has Equation (23) subtracted from it, Equation (24) can be obtained,
where VrN Vi — VN

ViV = (ZW%’) I I 23)
T
A A
VAN VjAN RAA pAB pAC AW Ii BNA BB NC W I
VBN | _ | vBN | _ hBA hBB th th Iié B hNA thB thc pNw Iié 24)
Vz,CN Vj,CN héA héB héc héw II% hNA hI(JB hﬂlc hA]fw II%
ij ij

After that, Equation (24) is reformulated according to IZ-I;-V = I}]\-’ + Ilg-; =— (I{? + Ig + Il.(];),
and then the modified branch model is finally obtained as written in Equation (25), where
5= h =V — N+ ¥ rs € {A,B,CY.

VAN ‘/]AN ZZ{?A” Zl{?BN Z;,?,CN

1
‘/iBN _ ‘/jBN — ZB;AN ZB;BN ZB;C" Ié (25)
‘/iCN ‘/]'CN Zl(]jA// ZZ(]:B” Zl(]jc” IC

3.2. Formulating the Improved LF Equations

The improved LF equations, which include both PQ and PV nodes, can be seen in
Equations (26)—(28), where reactive power injection at PV nodes is not determined because,
at PV nodes, reactive power injections are not fixed during LF calculation using the NR
method. The LF equation at PV nodes is presented in Equation (28) with total real power
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generation at PV node, node i (P; py), being constant [13,14]. Superscript rN and sN are
used for overall Equations (26)—(28) due to the reference voltage being neutral, as expressed
in Equation (25). Ybus matrix, applied in Equations (26)—(28), is formulated from the
modified branch model in Equation (25). If a DS includes one slack node, n — 1 PQ nodes,
and m PV nodes, the Ybus is in the 3(n + m) x 3(n + m) matrix.

n
Pipg = L IVipolIViMI[Yiileos (0 — &7pg +61™) + j;zgl"i%l VBl 1Y leos (6] — o7 + 6;80)

n+m (26)
+j:§+l §|‘GZI¥QI [VEBy 1Y} cos (8 — &7 + 07y, + p5hby)
Qi = EIVRQIIVINIlsin0g —o7¥g +ai™) = £ IVl Vibollvylsin(@y - 7o +7ko)
27
—;gl §|VZ}¥QI VN 1Y |sin (07 — 67N, + 64, + sy) @7)
Pipy = Zr;PZIISIV — ;P[ N (28)
Fibv = ZIVipol VINI[Yi lcos(6 — o5 — by +67%) + jizgrvgffw |ViNol1¥iF leos(8 — SAN, — ¥y, +050)
(29)

n—+m
- IV IV 1Y eos O} — 1, — Sy + o0, + i)

where P; py is the sum of real power generation of each phase at PV node, node i (W); P{%’V is

real power injection at PV node, node i, and phase rN (W); Pl.r{\o’ a4 18 specified load, connected

at node i, and phase *N (W); r,s € {A,B,C}; |Yl.rjs|49{].s, |Yirls|49f15 € YDUusy(yym)x3(nsm)

y;}ﬁ,, yf}}’v, and VEII’VV equal to zero, —120°, and 120°, respectively. Note that, in Equations
(26)—(28), 5{%\{, + y;fl\)’V and (5]%\{/ + y;fl\fv actually equal to (51-’,11\3"/ and (5]5’11\3]‘/, respectively. For
the reason why Equations (26)—(28) are written in the form of 55‘19"/ or 5]‘?15\‘7,, it is because
phase angle at PV node is balanced and then only 5{?}{, or (SJAI% is used for calculation in
the NR method.

To solve these improved LF equations, the NR method is applied as detailed in
Section 3.3. The LF result from Section 3.3 is in the form of phase-to-neutral voltage.
Following this, the voltages and currents of neutral and ground conductors will be assessed
in Section 3.4. Finally, the method for verifying the error of LF results is explained in
Section 3.5.

’

3.3. Solving the Improved LF Equations by the NR Method

In this section, Equations (26)-(28) are reformulated into the set of linear equations, as
shown in Equation (30), by expanding them into the Taylor’s series and leaving all higher
order terms. Each variable of Equation (30) is explained in Table 3. Following the conceptual
calculation of the NR method [15], Equation (30) will be iteratively calculated, and voltage
magnitudes and phase angles will be updated until the criteria in both Equations (31) and
(32) are satisfied. The relevant flowchart of solving the improved LF equations by the NR
method can be seen in Figure 6, where the superscripts of sch and cal mean the defined
and calculated values, respectively; ¢ is iteration number.
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[ APQIES™ ] 22 |23 Jon | Exnt1 Ezni2 Eznim [ AVIsEES™ ]
APQg‘,ggiN ]3,2 ]3,3 e ]3,n ‘ E3,n+1 E3,n +2 E3,n +m AlV‘&QEgiN
| :
AP iﬁgﬁN Jn2  Jns T Jun ‘ Epn1 Epni2 Enptm AlV‘&?gng
- = - - - - - - _ + - - - - - _ ___ (30)
APII+1/PV Fr1+1,2 Pn+1/3 Pn+1,n ‘ Kﬂ+l,n+1 Kn+1/n+2 Kﬂ+l,n+m A‘Srl?i\]l,PV
APy i2pv Fuy22  Fuio3 Fuion | Kiyont1  Kutons2 Kt 2,n4m A‘sy{\fz,r’v
\
API!+Y",1’V Fn+m,2 Fn+m,3 Fn+m,n ‘ Kn+m/n+1 Kn+m,rz+2 Kﬂ+ﬂ1/ﬂ+”1 A‘sr/xﬁ\lm,PV J
N rN
max (|AP-’ |, |AQ" |) <e (31)
ie{PQ nodes} i,PQl iPQ
max (|APpy|) <e (32)
ie{PV nodes}
Table 3. Meaning of variables in Equations (30).
Variable Meaning
T
APOABC-N — ABC—N ABC-N |".
Qirg AV AQipg ;
AlVIsABC-N = ABC—N ABC—N ',
4 (51,PQ Al Vi,PQ A(Si,PQ ’
ABC—N — AN BN CN .
APAES = ARG APER, ARG, |;
ABC—N — AN BN CN .
AQLRG = | a0, aQf, A |
ABC—N — AN BN CN .
AV = | AW AIVERSL alvSyl |
ABC—N — AN BN CN .
ASAES = [ AR ASBN, ASCY, ]
J, E, F, and K are Jacobian matrix.

Calculate Mismatched Values:

Calculate: APTLV — P,TN‘SCh _ pri.cal
Define Load in LVDS Obtain Ybus of LVDS — P, I’,"ém’, QLT’I’;'[';“‘, and P¢g), from Equation— A QI;NQ _ L_T'Z?sch _ Ql_r'fv?cal
(26), (27), and (28) respectively LPQ™ XiPQ LPQ

— psch cal
APy py=Pipy — Pipy

bal [8QTR|) <
(|aPipy]) < &

,

max APTY,
ie(PQnodes»(‘ LPQ

max
i€{PV nodes}

Update Voltage Magnitudes and Phase Angles:

Stop

A

e = v

+ AV “ Solve linear equations in Equation (30) ‘

SN = 5Nt g psy

Figure 6. The flowchart of solving the improved LF equations by the NR method.

3.4. Voltage and Currents Assessment at Neutral and Ground Conductors

Phase-to-neutral voltage magnitudes are obtained from solving the LF equations, and
the modified branch model in Equation (25) does not reveal the existence of the voltages
and currents of neutral and ground conductors. Then, these values are assessed in this

section through the following four steps.
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STEP 1: After solving the improved LF equations with the NR method and receiving
the results of phase-to-neutral voltage (V[N ), the current sum (Il-‘;-v ) of each branch is
calculated in Equation (34).

" " 1
I vty e VAN _ yAN
BA” . BB"  BC" BN _ /BN
o Rl VR O 0 B A/ @
CA// CB// Ccl/ _
I Vi Y Y Vi Vi
1¥V=—(I§+15+15) = I+ (34)

STEP 2: After calculating I Z-V, the currents of neutral and ground conductors (I}]\f and
I i(].;) need to be calculated. Following Equation (18), both sides of the equation have I 11]\1 sub-
tracted from them. After that, the term I ZZ]V +1 lg.; is reformulated into I l‘;‘/ , then Equation (35)

is used to calculate IY, where r € {A, B,C}. When I 1.1]?7 is known, Equation (36) can be used

Z] 4
to calculate I 5; .

[Rfmd +RG+25C zGG} -y, [ZQ ~ z,Nr} I

jrod ij ij ij ij |7ij
Y = (35)
ij G G NG _ _NN _ GG
Rioa + Rioa T 2257 — 2" — zif
G_ W _ 3N
Lj = 1j — I (36)

STEP 3: When all phase currents of each branch are known, the neutral and ground
voltages (VN and V) at the slack or first node must be found. However, VN is generally
defined as zero [3,16]. Following this, Vlc can be found in Equation (37), which is derived
from the ground current following Figure 1, assuming that i is the node adjacent to the

slack node.
Vlc = IlGi'Rlc,rod (37)

STEP 4: When the voltages at the first node are known, the voltages at node i, or the
node adjacent to the slack node, can be calculated from Equation (38).

Vel [V ] [ B e A e ][
ve | Z | ve B PR T U N VS B e 28
O T T A e e S e || W )
o e Ha Hy Ho Ty THo ||
|4 Vi TS TR TS VAN ¥ I

STEP 5: The voltages at node j can be calculated from Equation (39) assuming that j
is the node adjacent to node i. The voltages at node i are known from the calculation in
STEP 4. All members of jor {2,3,...,n,n+1,...,n+ m} will be selected to accomplish
the voltage and current assessments of overall neutral and ground conductors. The result
of voltage assessments is shown in the form of phase separation in Equation (40), where

Vlel asck = 0 V. The subscript of res means the result value from the assessment.

A AA AB AC AN AG A
V]. VzA zi]. zij zié. zié. zié. Il
% 12 A ZP gt N ¢ I

1

C _ C CA B ccC N G C
Vil=1 Vi |- | & zp =z oz Z I%' (39)
VN VN 7,NA  ,NB ,NC NN ,NG I

j 'S i i ij i i Ij
%5 |4 z2GA  ZGB ZGC ,GN GG i

ij ij i ij ij ij
3.5. The Error Assessment from LF Results

This section formulates the Ybus matrix from the original branch model in Equation (1),
which results in a 5(n + m) x 5(n + m) matrix. As determined at any node i shown in
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Figure 7, the error (err;) can be calculated from the current summation in Equation (41). If
there is no error from LF results, the current summation must be zero.

-~ r A B C N G 7]
Vl,sluck,res Vl,slack,res Vl,slack,res Vl,sluck,res Vl,sluck,res Vl,s]ack,res
A B C N
VZ,PQ,res V2,PQ,res VZ,PQ,res VZ,PQ,res VZ,PQ,res VZ,PQ,res
_ A B C N G
VH,P Qres - Vn,PQ,res Vn,PQ,res Vn,PQ,res Vn,PQ,res Vn,PQ,res (40)
A B C N G
Vn+1,PV,res Vn+1,PV,res Vn+1,PV,res Vn+1,PV,res Vn+1,PV,res Vn+1,PV,res
A B C N G
- Vn+m,PV,res - L Vn+m,PV,res Vn+m,PV,res Vn+m,PV,res Vner,PV,res Vn+m,PV,res J
P & P /9
erri = | I = | 2 LY Ve (41)
4 =1 r q

where p,q € {A,B,C,N,G}; Yf;.q € Ybuss(ym)x5(nt+m) and is in pu.; Vj s is the voltage
result (pu.) in the complex form at node j obtained from the voltage and current assessments
in Section 3.4, or expressed in Equation (40).

v —
A Ybus Matrix
that contains the
SAN DS information.
Load at t
node i SiCN N SiBN ’_‘%‘
Ve % ‘\%\ e 1P =
i i — | L;()
C B ¢ s
<« 1 k5
N &
v «— 1 &
R¢ E é
i,rod ILG N
ViG ®

Figure 7. Node i in Ybus matrix that is separated into phase-A, -B, -C, -N, and -G.

4. Simulation Results and Discussion

In this paper, MATLAB is used on a computer with AMD Ryzen5 2500U, 2.00 GHz,
and 8 GB of RAM. To show the effectiveness of the modified branch model and improved
LF equations, the two following methods are used for comparison.

1.

Benchmark Method: This traditional method is widely used for power flow compar-
ison [7,8,11,15,16]. This method is the NR method based on the polar-form power
injection approach. However, a branch model is simplified by defining the neutral
and ground voltages as zero and then using Kron’s reduction to transform into a
3 x 3 branch matrix. Following this, the voltage result from this method is included
in Equation (42), which will be used for the error assessment, as stated in Section 3.5,
such that the values of VN and Vl.G equal zero.

Proposed method: The NR method is used for solving the improved LF equations,
and the modified branch model is also applied. This method is proposed as stated in
Section 3.

In this paper, the physical and configuration parameters of the conductors applied

for the 4- and 19-node LVDSs are clarified in Appendix A. The connection node and load
details of the 4- and 19-node LVDSs are demonstrated as detailed in Appendices B and C,
respectively. To show the effectiveness of the proposed method, the simulation results
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are divided into four parts for performing the LF calculations between the proposed and
benchmark methods on (i) 4-node LVDS with only PQ nodes, (ii) 19-node LVDS with only
PQ nodes, (iii) 4-node LVDS with both PQ and PV nodes, and (iv) 19-node LVDS with both
PQ and PV nodes. For both the 4- and 19-node LVDSs, the base voltage and base power
are 230 V and 1 MVA, respectively.

- r VA B C B
Vl,slack,res Vl,slack,res Vl,slack,res Vl slack,res 00
v VA vE 148 00
2,PQ,res 2,PQ,res 2,PQ,res 2,PQ,res
_ A B C
VH,P Q,res - Vr%P Q,res VrgP Q,res V%PQ,res 00 (42)
Vi11,PV res Vicipvires Vari,pvpees  Vagipvipes 0 0
A B C
- Vn+m,PV,res - L Vner,PV,res Vn+m,PV,res Vn-‘rm,PV,res 00 B

4.1. Performing LF Calculation on 4-Nodes LVDS with Only PQ Nodes

In this section, both the benchmark and proposed methods converge in four iterations
and at around 0.11 s. The phase voltage results of the proposed methods, from the voltage
and current assessments as stated in Section 3.5, are shown in Figure 8. The comparisons
of the phase-to-neutral voltages together with the errors in the LF results between the
benchmark and proposed methods are shown in Figure 9. Note that the neutral voltages in
the benchmark methods are equal to zero.

16 0.05
Ph-A
0.99 F —o— ;:‘g H 0.04 1
5 - 3 Ph-N
2098+ b £0.03+ —O6—Ph-G [
() A ()
(=) o
Soo7 ] 8002 1
o o
> >
0.96 - 0.01 b
0.95 | | | | | 0 | i | I |
1 1.5 2 25 3 3.5 4 1 1.5 2 25 3 35 4
Node Node
(a) (b)
Figure 8. Phase voltage results of (a) Phase-A, -B, and -C and (b) Phase-N and -G.
1@ 1 1.02 1072
Benchmark Benchmark /—_
—~0.98 —O&— Proposed — —O— Proposed —~1.01
g 3098 2 5
& a 2 S 3 Benchmark
8,0.96 g 2} 1 g 10 —O6— Proposed
3 3 s w
o S 0.96 S 0.99 Benchmark —
> 0.94 > > —&— Proposed
0.98 10
0.92 0.94
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
Node Node Node Node
(a) (b) O (d)

Figure 9. Comparison between benchmark and proposed methods at (a) Phase-AN, (b) Phase-BN, (c) Phase-CN, and
(d) errors in LF results.

From Figure 9, the phase-to-neutral voltages of the benchmark and proposed methods
differ by around 0-0.04 pu., and the proposed method has around ten times less error than
the benchmark method.

4.2. Performing LF Calculation on 19-Nodes LVDS with Only PQ Nodes

Both the benchmark and proposed methods converge in four iterations and at around
0.40 s. The phase voltage results of the proposed method, from the voltage and current
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assessments as stated in Section 3.5, are shown in Figure 10. The comparisons of the
phase-to-neutral voltages together with the errors in the LF results between the benchmark
and proposed methods are shown in Figure 11.

1.05 0.05 T T T T T T T T T
0.04 - E
S 1+ S
e £0.03} b
g ooz} PhG ]
50951 2
> >
0.01F E
0.9 0 (G 4 4 4 4 4 4 4 —0O
0 0 2 4 6 8 10 12 14 16 18 20
Node
(a) (b)
Figure 10. Phase voltage results of (a) Phase-A, -B, and -C and (b) Phase-N and -G.
1.05 1.05 1.05 102
Benchmark Benchmark Benchmark
— —O— Proposed — —OS— Proposed — 1 —O&— Proposed
= 1 ] 1 S o 10—3
e = e (]
A N 8,0.95 w
] S s =
S 0.95 5 0.95 ° 10
> > > 09 Benchmark
—O— Proposed
0.9 0.9 0.85 10
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Node Node Node Node

(a)

(b) () (d)

Figure 11. Comparison between benchmark and proposed methods at (a) Phase-AN, (b) Phase-BN, (c) Phase-CN, and (d)

errors in LF results.

From Figure 11, the phase-to-neutral voltages of the benchmark and proposed methods
differ by around 0-0.04 pu., and the proposed method has around ten times less error than
the benchmark method.

4.3. Performing LF Calculation on 4-Nodes LVDS with Both PQ and PV Nodes

In this section, node 4 is defined as a PV node and detailed in Table 4, where r €
{A, B,C}. Note that, at the PV node in this paper, the voltage magnitude and phase
angle of each phase are balanced and the sum of real power generation of each phase
(P; py) is constant. The meaning of the balanced phase angle is (SFII;]V = (SfPI\‘I/ + yf II;]V and
5%\{/ = (5{%\{/ + yg},\]v, as already written in Equations (32)—(34).

Table 4. The details of PV node.

Node P,',pV (W) V;N (Pu-)
4 10,000 1

Performing the LF calculation in this section, both the benchmark and proposed
methods converge in three iterations at around 0.10 s. The phase voltage results of the
proposed method, from the voltage and current assessments as stated in Section 3.5, are
shown in Figure 12. The power generation at the PV node of the benchmark and proposed
methods is shown in Table 5. The comparisons of the phase-to-neutral voltages together
with the errors in the LF results between the benchmark and proposed methods are shown
in Figure 13.

As shown in Table 5, the results of the power generation at the PV node from the
benchmark and proposed methods are close. From Figure 13, the phase-to-neutral voltages
of the benchmark and proposed methods differ by around 0-0.01 pu., and the proposed
method has around ten times less error than the benchmark method.
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Table 5. Power generation at the PV node of benchmark and proposed methods.
Power Generation (VA)
Method Node
Phase AN Phase BN Phase CN

Benchmark 6725 +j16,109 3592 +j16,168 —316 +j13,076

Proposed 6614 +j15,976 3540 +j16,364 —153 +j13,016
. ; ; : ; g 107 . ; ;

16 Ph-A Ph-N
50998 e Ser —o—rhG| |
g 0.996 g 4
£ 0.994 2
> 0.902) Z2r

0.99 L L L 0 I L L
1 15 2 25 3 3.5 1.5 2 2.5 3 3.5 4
Node Node
(a) (b)
Figure 12. Phase voltage results of (a) Phase-A, -B, and -C and (b) Phase-N and -G.
1R ) 1R y 102
Benchmark
N —O&— Proposed N . /—\
50.995 é é0.995 5 1073 Ef:::;;zrk
g © 0.995 o &
© [0} © w
S 099 S S 099 — 10
= > Benchmark > Benchmark /8/\
—O— Proposed —O— Proposed
0.985 0.99 0.985 107
1 2 3 4 1 2 3 2 3 4 1 2 3 4
Node Node Node Node
(a) (b) (o) (d)

Figure 13. Comparison between benchmark and proposed methods at (a) Phase-AN, (b) Phase-BN, (c) Phase-CN, and

(d) errors in LF results.

4.4. Performing LF Calculation on 19-Nodes LVDS with Both PQ and PV Nodes

In this section, nodes 7, 15, and 19 are defined as PV nodes and detailed in Table 6. In
the LF calculations, both the benchmark and proposed methods converge in four iterations
at around 0.40 s. The phase voltage results of the proposed methods, from the voltage
and current assessments as stated in Section 3.5, are shown in Figure 14. The power
generation at the PV nodes of the benchmark and proposed methods is shown in Table 7.
The comparisons of the phase-to-neutral voltages together with the errors in the LF results
between the benchmark and proposed methods are shown in Figure 15.

As shown in Table 7, the results of the power generation at the PV nodes from the
benchmark and proposed methods are close. From Figure 15, the phase-to-neutral voltages
of the benchmark and proposed methods differ by around 0-0.01 pu., and the proposed
method has around ten times less error than the benchmark method.

The simulation results shown in Sections 4.1-4.4 prove that the modified branch model
proposed by this paper is around ten times more accurate than the branch model simplified
using Kron's reduction. In addition, the NR method can solve the improved LF equations
with both PQ and PV nodes properly so that, following the LF result of each PV node, the
voltage magnitude and phase angle of each phase are balanced and the sum of real power
generation of each phase is constant.
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Table 6. The details of PV nodes.

Node P,',pV (W) V;N (pu.)
7 70,000 1.05
15 150,000 1.05
19 50,000 1.05

Table 7. Power generation at PV nodes of benchmark and proposed methods.

Power Generation (VA)

Method Node

Phase AN Phase BN Phase CN
7 27,230 +j41,658 22,205 +j42,826 20,565 + j41,005
Benchmark 15 49,042 +30,012 47,961 +i30,013 52,997 + 32,580
19 14,632 — j1157 16,845 — j1071 18,523 +j529
7 26,853 +j41,599 22,158 +j43,083 20,990 + j40,792
Proposed 15 48,821 +30,262 47,824 +29,889 53,355 +j32,572
19 14,713 —j1078 16,874 —j1170 18,413 +j570
1.05F 0.015
’é 1.04 F ’é 0.01F
§ 1.03 g 0.005 -
0

1.02
Node

(b)
Figure 14. Phase voltage results of (a) Phase-A, -B, and -C and (b) Phase-N and -G.

1.05 1.05 1072
-~ ~1.04 W
> 3 —
£1.04 = g 10
3 8, 1.03 [im}
8 8 o
] o
> > 1.02 -6
1.03 Benchmark Benchmarl 10 Benchmark
—O— Proposed —O— Proposed —©— Proposed
S 1.01
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Node Node Node Node
(a) (b) (9 (d)

Figure 15. Comparison between benchmark and proposed methods at (a) Phase-AN, (b) Phase-BN, (c) Phase-CN, and
(d) errors in LF results.

5. Conclusions

In this paper, the NR method was used for solving the LFs because of its quadratic
convergence property and no unrestricted applicability to both radial or meshed LVDSs.
Polar-form LF equations based on the power injection approach were applied due to the
intuitive and convenient nature of their direct specification of node power injections. Two
modifications were proposed in this paper:

e A modified branch model that is derived from the impedances of the phase-A, -B,
-C, neutral, and ground conductors together with the grounding resistances that is
more accurate than the branch model simplified using Kron’s reduction to assume
zero voltage at the neutral and ground conductors;
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e Improved LF equations for the LVDSs with both PQ and PV nodes where, at the PV
nodes, the voltage magnitude and phase angle of each phase are balanced and the
sum of real power generation of each phase is constant.

In this paper, 4- and 19-node LVDSs were tested, and the simulation results show that
the modified branch model is ten times more accurate than the simplified branch model. In
addition, the NR method can solve the improved LF equations properly so that the voltage
magnitude and phase angle of each phase of each PV node are balanced and the sum of
real power generation of each phase of each PV node is constant.
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Appendix A. Physical and Configuration Parameters of Applied Conductors

In this paper, the physical parameters of the applied conductors, as shown in Table A1l
consist of 185 mm? and 35 mm? Weatherproof Aluminum Conductors (WACs). Accordingly,
185 mm? WACs are used for the phase-A, -B, and -C conductors, and 35 mm? WACs are
used for the phase-N conductor [18].

Table A1. Physical parameters of the applied conductors.

Conductors GMR * (mm) Resistance (Q)/km)
185 mm?2 WAC 5.9764 0.2008
35 mm?2 WAC 2.5995 1.0606

* From calculation in Equation (8).

The wiring configuration for phase-A, -B, -C, and -N together with the grounding
resistance is shown in Figure A1 [17], where pG, 174 and ra are 20 QO-m, 3 m, and 0.01 m,
respectively. Then, the calculated RrGo 715 6.05 Q).

I
Ja [ 4 o2m
: B ( ¢ 0.2m
Jc ¢ $ 02m
) i
R e
[ i
RG

Ground Resistivity =20 Q-m

Figure A1. The wiring configuration for phase-A, -B, -C, and -N together with grounding resistance.

Following Table A1 and Figure Al, the calculated results, in ()/km, of the original
branch model, the branch model simplified by using Kron’s reduction, and the modified
branch model are shown in Tables A2-A4, respectively. These branch models will be used
for two test systems, which are 4- and 19-node LVDSs.
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Table A2. The calculated results of the original branch model ((Q/km).
A B C N G
A 0.20 +j0.47 j0.2277 j0.1830 j0.2300 j0.0674
B j0.2277 0.20 +j0.47 j0.2253 j0.1854 j0.0662
C j0.1830 j0.2253 0.20 +j0.47 j0.1588 j0.0650
N j0.2300 j0.1854 j0.1588 1.06 +j0.53 j0.0685
G j0.0674 j0.0662 j0.0650 j0.0685 0.05 +0.36
Table A3. The calculated results of the simplified branch model ((2/km).
A B C
A 0.2383 +j0.4410 0.0301 +j0.2013 0.0257 +j0.1590
B 0.0301 +j0.2013 0.2251 +j0.4455 0.0208 +j0.2039
C 0.0257 +j0.1590 0.0208 +j0.2039 0.2186 +j0.4467
Table A4. The calculated results of the modified branch model ((3/km).
AN BN CN
AN 1.3650 +j0.5212 1.1631 +j0.3266 1.1624 +j0.3109
BN 1.1660 +j0.3262 1.3655 +j0.6161 1.1639 +j0.4016
CN 1.1671 +j0.3102 1.1656 +j0.4014 1.3656 +j0.6715

Appendix B. 4-Node LVDS

The configuration of the 4-node LVDS with 150-m line sections is shown in Figure A2,
where the base voltage and base power are 230 V and 1 MVA, respectively. The load of
each node is shown in Table A5.

LV DS 2 3 4

Figure A2. Configuration of the 4-node LVDS.

Table A5. Load of each node.

Load (VA)
Node
Phase AN Phase BN Phase CN
1 0 0 0
2 5340 +j2580 5340 +j2580 11,010 +j5340
3 11,010 +j5340 9720 +j4710 5190 +j2520
4 6480 +j3150 5760 +j2760 4050 +j1950

Appendix C. 19-Node LVDS

The configuration of the 19-node DS with 30-m line sections is shown in Figure A3,
where the base voltage and base power are 230 V and 1 MVA, respectively. The load of
each node is shown in Table A6.

17
3 5 7 13 11 18

14
>
12/ 15 19
160—eo—o—o

Figure A3. Configuration of the 19-node LVDS.
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Table A6. Load of each node.

Load (VA)
Node
Phase AN Phase BN Phase CN

1 0 0 0

2 5340 +j2580 5340 +j2580 11,010 +j5340
3 11,010 +j5340 9720 +j4710 5190 +j2520
4 6480 +j3150 5760 +j2760 4050 +j1950
5 6480 +j3150 5190 +j2520 4530 +j2190
6 4200 +j2040 3090 +j1500 2910 +j1410
7 9720 +j4710 8100 +j3930 8100 +j3930
8 3390 +j1650 5430 +j2580 7440 +j3600
9 12,300 +j5970 14,910 +j7230 13,290 + j6420
10 3390 +j1650 4200 +j2040 2580 +j1260
11 7440 +j3600 7440 +j3600 11,010 +j5340
12 9720 +j4710 8100 + 73930 8100 +j3930
13 4380 +j2130 5340 +j2580 6480 +j3150
14 3090 +j1500 3090 +j1500 4050 +j1950
15 4380 +j2130 4860 +j2340 6960 +j3360
16 7770 +j3780 10,380 +j5010 7770 +j3780
17 6480 +j3150 4860 +j2340 4860 +j2340
18 10,380 +j5010 5190 +j2520 10,380 +j5010
19 8760 +j4230 10,050 + j4860 11,010 +j5340
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