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Abstract

Context: The backward/forward (BF) algorithm is a sweep-type technique that
has recently been used as a strategy for the power flow analysis of ill-conditioned
networks. The purpose of this study is to evaluate the performance of the BF
algorithm compared to that of a computational tool such as Simulink, with both
strategies adjusted to the operating conditions of a distribution network with
nonlinear components (loads and photovoltaic system), unbalanced loads, and
harmonic distortion in the voltage and current signals.

Method: The study case is a low-voltage distribution network with a radial
topology, unbalanced loads, and nonlinear components. The BF algorithm is
adjusted to consider two approaches of the Norton model: a coupled admittance
matrix and a decoupled admittance matrix. The latter is also used in the network
model created in Simulink. The performance of the algorithm is evaluated by
analyzing 18 operation scenarios defined according to the presence and use
intensity of the loads and solar irradiance levels (low and high).

Results: In general, the three strategies could successfully determine the waveform
and RMS values of the voltage signals with errors of less than 0,8 and 1,3 %,
respectively. However, the performance of the strategies for the estimation of
current signals and power parameters shows errors of 5-300 % depending on the
level of solar irradiance at which the photovoltaic system operates.

Conclusions: The results show that the BF strategy can be used to analyze
unbalanced power grids with increasing penetration of renewable generation and
the integration of nonlinear devices, but the performance of this strategy depends
on the load model applied to represent the behavior of nonlinear devices and
generation systems.
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Resumen

Contexto: El algoritmo backward/forward (BF) es una técnica de barrido que se ha utilizado recientemente
como estrategia para el andlisis de flujo de energfa de redes mal acondicionadas. El objetivo de este
estudio es evaluar el desempefio del algoritmo BF comparado con el de una herramienta computacional
como Simulink, con ambas estrategias ajustadas a las condiciones de operacién de una red de
distribucién con componentes no lineales (cargas y sistema fotovoltaico), desbalance en las cargas y
distorsién armonica en tensién y corriente.

Método: El caso de estudio es una red de distribucién de baja tensién con topologia radial, cargas
desequilibradas y componentes no lineales. El algoritmo BF se ajusta para considerar dos enfoques
del modelo Norton: matriz de admitancia acoplada y matriz de admitancia desacoplada. Este tltimo
también se utiliza en el modelo de red creado en Simulink. El desempefio del algoritmo se evaltia
mediante el andlisis de 18 escenarios de funcionamiento definidos segtin la presencia e intensidad de
uso de las cargas y los niveles de irradiancia solar (baja y alta).

Resultados: En general, las tres estrategias podrian determinar con éxito los valores de forma de onda
y RMS de las sefales de tensién con errores menores de 0,8 y 1,3 % respectivamente. Sin embargo,
el desempefio de las estrategias para la estimacién de sefiales de corriente y pardmetros de potencia
presenta errores de 5-300 % dependiendo del nivel de irradiancia solar en el cual el sistema fotovoltaico
se encuentre operando.

Conclusiones: Los resultados muestran que la estrategia BF se puede utilizar para analizar redes
eléctricas desbalanceadas con creciente penetracién de generacion renovable e integraciéon de
dispositivos no lineales, pero el rendimiento de la misma depende del modelo de carga aplicado para
representar el comportamiento de los dispositivos no lineales y de los sistemas de generacién.

Palabras clave: backward/forward, modelo Norton, cargas no lineales, sistema FV, Simulink
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1. Introduction

Power flow analysis is a tool that makes it possible to conduct studies on power generation dispatch,
distribution network analysis, load control, network reconfiguration planning, and distributed energy
resource (DER) integration (e.g., photovoltaic (PV) generators, electric vehicles, and energy storage
units) (1).

However, solving a power flow is a complex task due to the number of variables and their
mathematical formulations. Therefore, iterative method have been proposed, such as the Gauss-Seidel
approach, impedance matrices, and the backward /forward (BF) technique with admittance summation.
These methods are based on a linear system that operates only at the fundamental frequency (2,3).

In recent years, sweep iterative methods such as BF have been used to study radial distribution
networks, as they can ensure the convergence of the power flow while considering network
characteristics such as load imbalance and the high R/X ratio of conductors (1,4, 5).

In addition, sweep methods are a viable option for conducting studies on the behavior of a grid
with distributed generation integration and the presence of nonlinear devices (2,6,7).

Moreover, variants of harmonic power flow analysis algorithms have been proposed for application
in distribution networks, which consider frequency variations associated with DERs and nonlinear
loads. Among these, algorithms in the frequency domain stand out for their effectiveness in reducing
computational times (2,8-16).

For example, (10) proposed a method based on harmonic sweeps to improve the accuracy of
harmonic analyses in distribution systems. (2) proposed a rapid and effective harmonic sweep
method that solves harmonic power flows for radial distribution networks with integrated distributed
generation units. (16) presented a new algorithm for fundamental power flow and harmonic power
flow, with the aim of evaluating the impacts of integrating renewable generation and nonlinear loads in
distribution grids. Kettner et al. (13) proposed a method to solve the three-phase harmonic power flow
with the integration of CIDERs in the systems.

It is considered to be a generic and modular representation of system elements and the coupling
between harmonics.

Some researchers have adjusted the BF algorithm to introduce distributed generators and nonlinear
loads. (1) proposed a new BF-based power flow analysis approach that organizes grid information to
facilitate programming by reducing the search for connections between nodes.

(4) presented an alternative approach to the BF sweep, whose advantage is convergence speed in

distribution networks with controlled voltage nodes (PV). (5) proposed a method based on the concept
of independent lines to consecutively order the distribution network lines, which is subsequently applied

| Ingenieria | Vol .28 | No. 3 | ISSN 0121-750X | E-ISSN 2344-8393 | €20632 | 3 of 30



Performance Analysis of a Backward /Forward. . . A. Martinez-Pefialoza, et al.

to the Kirchhoff law-based BF sweep algorithm.

Although the algorithms for analyzing the power flows of distribution networks propose
adaptations to the new conditions, few studies have considered integrating PV generation, load
imbalance, and nonlinear loads (single-phase, two-phase, or three-phase) simultaneously.

Additionally, considering nonlinear devices in power flow analysis requires models that
represent their harmonic nature and take the harmonic interaction between voltage and current
into account (8,13-16). It is common to use the fundamental frequency-dependent current source model
for these loads, which does not consider such harmonic interactions (2,8, 14-16). In light of this, other
load models may be suitable, such as the Norton equivalent coupled admittance matrix model, as well
as proposing or studying the performance of harmonic power-flow solution algorithms that consider
the actual conditions of distribution networks.

Therefore, studies on distribution networks with these characteristics are necessary; they allow,
among other things, characterizing the harmonic distortion pollution caused by the high presence of
electronic loads and the increasing penetration of PV systems in low-voltage distribution networks (10),
which tend to increase power losses and interference in communications while decreasing the lifetime
of the installed equipment (14, 17-20).

In this sense, the contribution of this lies in the fact that it determined the performance of a BF
sweep-type algorithm whose mathematical approach was adapted to the conditions of the electricity
distribution network in a university building (unbalanced loads, nonlinear loads, the integration of
a PV system, and harmonic distortion in the feed signal) in order to solve the harmonic power flow.
Moreover, the nonlinear devices and PV system were modeled using the coupled and decoupled
admittance matrix methods of the Norton equivalent model.

The performance analysis consisted of an evaluation of the strengths and weaknesses of three power
flow solution strategies: BF with the coupled Norton model (BF-NC), BF with the decoupled Norton
model (BF-ND), and Simulink with the decoupled Norton model (SIM-ND). This evaluation compared
the waveform results and RMS values of the voltage and current signals and power parameters, such

as apparent, active, non-active power as well as the power factor.

The SIM-ND and BF-ND strategies allowed inferring the effect of adjusting the traditional BF
algorithm, given that they employ the same data and input parameters. The BF-NC strategy was studied
to determine the implications of using a more complex load model in the mathematical approach of the
BF algorithm.

2. Methodology

Figure 1 illustrates the methodology used in this study, which begins with a description of the case
study (Section 2.1) and the modeling of the network components (Section 2.2). Then, it presents the
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adaptation of the BF algorithm for a three-phase, unbalanced, and nonlinear case study (Section 2.3),
along with the network’s modeling in Simulink (Section 2.4), and the definition of simulation scenarios
(Section 2.5). Finally, Section 2.6 is dedicated to the resulting data processing and error indicators
(Section 2.6).

ADJUSTMENT | SIMULATION
c NIOdRTO?N.t;\AODEL i DISTRIBUTION I
%Ipe al I;’JI sng; matrix NETWORK | SIMULINK
ecouple a'm/ ance STRUCTURE
matrix |
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Figure 1. Diagram of the methodology

2.1. Study case

The electrical network in the case study is a section belonging to the network of the Electrical
Engineering Building of Universidad Industrial de Santander. This building is located in Bucaramanga,
Colombia, at 7°8” North, 73°0" West. During daylight hours (6 a.m. to 6 p.m.), the temperature ranges
between 24 and 28 °C, while the solar irradiance varies between 2,0 and 7,6 kWh/m? day, with an
average of 4,9 kWh/m? day (21, 22). Fig. 2 presents the solar irradiance of one week for the month of
June, 2018. The solar irradiance for that year was used for our case study.
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Figure 2. Solar irradiance during a week for the month of June
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Fig. 3 shows a five-level building with an area of approximately 2.700 m?. The first four levels are
for classrooms and student areas, and the fifth level is for the administrative area. Different strategies
for the rational and efficient use of energy (REUE) have been implemented, such as natural lighting and
ventilation, green roofs (580 m?), automation systems, and PV generation systems.

Figure 3. Electrical Engineering Building

Fig. 4 shows the single-line diagram of the studied network (TP4), with each branch containing
lighting loads, air extractors, and THWN 12AWG conductors. There is a TP4 distribution board for
the electrical network on the fourth floor of the building. It consists of a lighting sub-board (TALU4)
and a common coupling point (PCC) for the PV system installed on the terrace. The TALU4 contains
ten single-phase circuits with dimmable luminaires, air extractors (classrooms), and on/off luminaires
(bathrooms and corridors). The PV system has the following units: a solar tracker S5-1 (one panel),
SFV1 (18 panels), SFV2 (18 panels), and SFV3 (six panels). Table I lists the general characteristics of the

luminaires, air extractor, and PV systems.

TP4

TALU4 PV
Cl| C2 C3 C4| C (o} \_C9 C10

Co6 Cc7
v v v v v l l v v v v
Co6.1 C6.2

n

Figure 4. Single-line diagram of the studied low-voltage network
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Table I. General characteristics of the loads and PV system

Total power

Device type Rated power Control type Circuit Device number Features
installed
On-off fl t 68 W On/Off 2 tubes T5 (28 W) and
rooTh Tuorescen n/ C5 3 luminaires 204 W e T5 {28 W) an
luminaire single phase (Presence sensor) electronic ballast
Dimmable C1 10 luminaires 700 W
. (0 to 10 Vdc) C2 12 luminaires 840 W
Dimmable fluorescent 70 W — 4 tubes T8 (17 W) and
L . (Sensors and C3 12 luminaires 840 W .
luminaire single phase . — electronic ballast
automation C4 12 luminaires 840 W
system) C6.1 6 luminaires 420 W
C6.2 3 extractors 198 W
c7 3 extractors 198 W
Air extractor TD 66 W Angular speed
. - C8 3 extractors 198 W
500/150-160 SILENT single phase 2466 RPM
C9 3 extractors 198 W
C10 3 extractors 198 W
43 micro-inverters of
(@ MPPTtechnology
Phase A of 4620 W SFV1-18 (M250)
PV system - PV - -
Phase B of 4080 W SFV2-18 (M250)
Phase C of 3255 W SFV3-6 (1Q7+)

SS-1 (M250)

2.2. Modeling the elements

The studied distribution network is made up of a transformer, conductors, nonlinear loads, and a
PV system. For these components (except for the transformer), it is necessary to establish a dependency
on frequency changes in the frequency domain.

The transformer of the building has a capacity of 630 kVA and 13,2 kV/220 V, as well as a Ayn5
connection. This element is defined as the simulated network voltage source and, therefore, as an
infinite power node or SLACK with a nominal phase voltage of 127 V.

The electrical conductors of the network circuits under study are of the THWN type and of different
wire gauges. Their distance corresponds to the separation between the board and load. These elements
are represented as frequency-dependent impedance 7}, as expressed in Eq. (1), where h indicates the
harmonic order of the frequency under study, R is the resistance, and Xy, is the inductive reactance.
Table II describes the characteristic of the electrical wires of each network circuit.

Zn = R+ jhXy, 1)

Finally, the nonlinear loads and the PV system are represented by Norton equivalent models of

coupled and decoupled admittance matrices, as shown in Egs. (2) and (3), respectively. This coupled
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Table II. Characteristics of the electric wires

Electric circuit Phase Phase wire Neutral wire Distance Phase Neutral
gauge gauge [m] impedance impedance
Transformer-TP4 ABC-N #2 THWN #4 THWN 24,3 0,0159+j0,0035 0,0247+j0,0038
TP4-TALU4 ABC-N #10 THWN  #12 THWN 24 0,0094+j0,0003  0,0157+j0,0004
TP4-PV ABC-N #8 THWN #38 THWN 3,0 0,0076+j0,0005  0,0076+j0,0005
TALU4-C1 AN 43,0 0,2820+j0,0506  0,4373+j0,0081
TALU4-C2 BN 33,0 0,2164+j0,0384  0,3356+j0,0062
TALU4-C3 CN 22,0 0,1443+j0,0245 0,2237+j0,0041
TALU4-C4 AN 24,0 0,1574+j0,0268  0,2440+j0,0045
TALU4-C5 BN 10,0 0,0656+j0,0111  0,1017+j0,0019
#12 THWN  #12 THWN

TALU4-Cé6 CN 31,0 0,2033+j0,0346  0,3152+j0,0058
TALU4-C7 AN 18,0 0,1180+j0,0201  0,1830+j0,0034
TALU4-C8 BN 13,0 0,0852+j0,0145 0,1322+j0,0024
TALU4-C9 CN 25,0 0,1640+j0,0279  0,2542+j0,0047
TALU4-C10 AN 46,0 0,3017+j0,0513  0,4678+j0,0087

approach allows the study of the harmonic interaction between the voltage and the current signals.

refl

ref3

refH

~

Irefl

I ref3

I refH

Yia
Y31

Yu1

Yis
Y33

YH,3
Va3

0

Y1k
Y3k

Yok

Yu Kk

1
AVy
AV

AV

@)

®)

Here, I represents the current vector of the device, I,.; frequency concatenated with the Y

admittance matrix, AV is the vector of the voltage signal variations. The dimensions of the H and K

models indicate the highest odd harmonic order used for the current and voltage signals, respectively.

Table III presents the coupled and decoupled Norton models for each nonlinear element (luminaires,

extractors, and the PV system). The model for each single-phase load (luminaire or air extractor) was

graphically represented by the real and imaginary parts of the admittance matrix for each operating

condition. The PV system is a three-phase component, represented by six admittance matrices for each

operating condition. The on/off luminaires and extractors have one operating condition, the dimmable

luminaires have two operating conditions according to dimmer level (0 and 10 Vdc), and the PV system

has three operating conditions according to solar irradiance (high and low) (23-26).
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Table III. Norton equivalent models for each element

Device Coupled Norton model Decoupled Norton model
x107 x107 %107 1ot
@ ¢ 2 o @ 3
g 3 g2 b 8
2 0 = 1 g 5 1.5
£ 3 £0 & £,
'E .E "g E
= < 1 = b
< < 3 <
39 139 7 <
On/ off fluorescent ° K .
Imaginary part Imaginary part
luminaire
<10 %107 107
28 220 z8
g4 g g4
< = <
20 *é 20
E E
= 1
E ! 3 5 7 < E 3 57
7 139 7 13
K H K H K
Dimmable 0 VdC Real part Imaginary part Imaginary part
fluorescent
luminaire x10° x10° x1 -
z° 2) z 2
~ 3 o @
g g g 2
g, £ £ £
E L E E
z ! =z 2 3
10 VdC Real part Imaginary part
x107 x107 & %107
@ @ $ 0014 e,
3 g 2 g
2 = = 0.007 = .5
3 g -] £
£ = E 0 =-10
E £ < |
] ° < E
< < 7
7 133
H K
Air extractor Real part Real part
z 2 z
= 0.1 o @
g 0 g O £ 0m
= £-0.05 g
E-0.1 E 0.1 E-0.04
£ L L
< 1 < . <
s 17 5735
1 H
H K K

High
Ginc
PV system
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@n 2 ~ 7
by 30! 2 < 0
g 0.1 < @ ¥
= S 0 g =
g 0 = 5.0 = -0.02
£ £ £ £
g-0.1 £-0.1 g £-0.04
E < = <
< 1 3 X . = <
7 135
H K
Real part-Phase C Imaginary part-Phase C Imaginary part-Phase C
@ o @ ~
Z 10 ;2 = 22
¥ o 6 g o 0.1
£ 5 s 4 = =
s s 2 ] s
=0 £ 0 £, £ -0l
£ g2 £ £ -0.2
= < = S
< < < <
57
. 7 13 7 3 57
Real part-Phase A Imaginary part-Phase A Real part-Phase A Imaginary part-Phase A
Low
Ginc
@ @ @ @
7 T4 1 3
g2 R = =
= s =
£, £0 £ £
E } =
- g2 £ £
< < 3 < <
7
7 137 g 139 7
H K H K
Real part-Phase B Imaginary part-Phase B Imaginary part-Phase B
2 g 2
8 6 8 2 51
£4 2 3
g5 g0 £
= = E
g0 £ -2 S
< < <
K K
Real part-Phase C Imaginary part-Phase C Real part-Phase C Imaginary part-Phase C

2.3. Adapted backward/forward (BF) iterative algorithm

Generally, the BF iterative sweep algorithm using Kirchhoff’s laws is employed to solve the power
flows of distribution networks. It orders the network nodes to systematize the iterative process of
calculating the currents that flow through the conductors from the currents injected into the nodes.
Similarly, it helps to calculate the voltages in the lower nodes, starting from the voltage of the source
node. Fig. 5 illustrates the nodal ordering applied to the scheme.

For this case study, adjusting the algorithm’s mathematical approach to the characteristics of the
network allows considering unbalanced loads, harmonic distortion in the feeder, and the use of the
Norton model to represent nonlinear loads and the PV system, as shown in Fig. 6.

The dotted blocks in Fig. 6 highlight the process added or adjusted according to network

characteristics, such as the input of the Norton models of nonlinear loads and the PV system and the
initialization of the voltage signal for all k frequencies. Calculations within the iterative process are
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—

— 4

i'.; J

e S

Figure 5. Example of nodal ordering scheme

consecutively performed for each k frequency. The third, fifth, and seventh harmonic orders were the
harmonic frequencies adopted for the study, as they were the most representative within the feeder
signal. Therefore, the frequency value of k was 4.

There is a general stage involving the initialization of the conditions for the power flow, which
includes the input of the data characteristics of the network, the input of the Norton models for each
of the nonlinear loads and the PV system, the creation of arrays that represent the connections of the
circuits in the network, and the input of the initial conditions of the voltage signal into each of the nodes
of the network. Note that the initial voltage conditions were obtained from a prior review of the voltage
signals of the studied electrical network at different times of the day. In addition, the initial conditions
of each node corresponded to the voltage of the SLACK bus.

The iterative process of this method consists of two sub-processes. First, the backward sweep
calculates the injected currents in the load nodes and PV system according to the Norton model (BF-NC
and BF-ND). The current I flowing through branches is calculated using Eq. (4), where I, is the load
or PV system current connected to the node, and I; y is the current of the branches i connected to the
node N.

Ip ZIL-FZIz‘w @)

Next, the forward sweep is initialized and calculates the voltage drops of the branches, considering
the I B currents and the specific impedances of each conductor. The node voltages were obtained
progressively from the SLACK node to the farthest node. At the beginning of each forward sweep cycle,
it is necessary to maintain the tension of the SLACK node in its initial conditions and apply Eq. (5),
where Vx_; is the voltage of the upper node, Vy is the voltage of the lower node, and /5 Z}, represents
the voltage drop in the branches.

VN =VN-1—1BZp ©)

The node voltage and branch current data are stored in arrays and exported to an Excel file. After
finishing the iterative process, the percentage error in magnitude and the absolute error in phase angles
between the current and previous iteration data are calculated to find the desired nodal voltage branch

current values.
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Voltage initialization on l
nodes for all k harmonic
frequencies iteration=iteration+1
T
Error
Vivs Vi

Desired node voltage and
branch current values

END

Figure 6. Adapted backward-forward (BF) algorithm flowchart

2.4. Modeling the electric network in Simulink

The main objective of this study was to analyze the performance of the BF algorithm adjusted and
programmed in MATLAB. To corroborate the results obtained by the BE-ND strategy, the electrical
network was modeled in Simulink, considering the use of the decoupled Norton model to represent the
loads and the PV system (SIM-ND strategy).

Simulink is a tool that solves power flows using the approach and solution of the state equations of
the model in the frequency domain.

The modeling of the studied network considered its characteristics and the most representative odd
harmonic orders (third, fifth, and seventh). The network was represented by four subsystems, one at
each frequency (Fig. 7). In addition, there is a subsystem containing result export blocks from Simulink
to MATLAB in order to facilitate the treatment of the data and compare them with the values estimated
by the BF algorithm. The MATLAB Function and Controlled Current Source blocks allow modeling the
loads and the PV system in each subsystem by applying only the Norton decoupled matrix model.
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Subsystem fo

Subsystem 5fo Subsystem 7fo

Figure 7. General structure of the Simulink model

2.5. Operation scenarios

Table IV presents 18 scenarios for the operation of the electricity grid under study, which are based
on two inputs. The first input corresponds to the operating conditions of the dimmable luminaires (0
and 10 Vdc), the on/off luminaires, the air extractors (on), and the PV system for two levels of solar
irradiance (high-H and low-L). The second input is the representativeness of the number of devices in

simultaneous operation.

2.6. Data processing

At the end of each simulation, the magnitude and phase-angle data of the node voltages, branch
currents, and neutral currents were stored in an Excel file corresponding to each operation scenario.
The magnitude and phase angle data were discriminated by each harmonic order under study
(fundamental, third, fifth, and seventh).

After the simulation of the operation scenarios had been completed, the normalized root mean
square errors (NRMSEs) were calculated by importing the data stored in Excel to the MATLAB
Workspace. These errors were estimated from the waveforms obtained using the three analyzed
strategies. Similarly, the RMS values of the voltage node and current in the branches were calculated.
Finally, the power parameters were estimated to analyze the performance of the strategies in terms of
the apparent, active, and non-active power, as well as the power factor.
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Table IV. Operation scenarios for the study case

On/off luminaires Dimmable luminaires Extractors Photovoltaic system
Min Max Min Max Min Max H L
0Vde 10Vdec 0Vdc 10 Vdc
E1l v v v
E2 Vv v v
E3 v v v
E4 v v v
E6 v v
E8 v v
E9 v v
El1l VR
E12 v
E14 v
E15 Vv v v v
Ele Vv v v v
E17 v v v v
E18 v v v v
E19 Vv v v o v
E20 v v v v
E21 v v VR
E22 v v v v
3. Results

This section presents the results obtained while estimating the electrical grid voltage, current signals,
and power parameters. First, it shows the evolution of method performance (Section 3.1). Then, it
presents the analysis of RMS values (Section 3.2), waveforms and NRMSEs (Section 3.3), influence
factors (Section 3.4), and network power parameters (S, P, QF, and fp) (Section 3.5). Finally, it presents a
brief analysis of the performance of the studied power flow strategies (Section 3.6).

3.1. Evolution of the performance of strategies

Fig. 8 shows the evolution of RMS errors in voltage for node TP4 (VTP4) and the current for branch
SLACK-TP4 (ISLACK-TP4), considering the operation scenarios. These errors were calculated for each
scenario by selecting average values for each iteration. The results obtained by the BF-ND and BF-NC
strategies are acceptable at the end of the second iteration, with average errors of 2,5e5 % for the voltage
and 2,0e-2 % for the current.
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Figure 8. Evolution of the estimation error of the RMS voltage and current values at each iteration

3.2. RMS values

Fig. 9 shows the single-line scheme of the studied electrical network that relates the RMS values
of nodal voltage and branch current obtained by applying the BF algorithm with decoupled Norton
modeling (Fig. 9a) and coupled Norton modeling (Fig. 9b). Specifically, it shows the results for the
estimates of Scenario 22, where all the luminaires and air extractors work and the PV system operates

under low solar irradiance, which implies high levels of THDi (25).

1365(7 5v 126.79V
12091V o 126.86V -
126.87V A 126,78V B
6.14A _
126.78V 2.68A 126.79V N
. 126.91V i .
127.09V i« 7’ : 2.98A B -+ 127,00V ¢ 126_.8(_)\ o sga
SAY) 126.87V P = 126.78%
127.09V & ) 12664V 0= o7 govg Oy 12664V |
127,00V &~ 136322 T 12700V & 12676V | S
26,75V e cev | =
TV IV 0. — 126.66V | =
19.634 5008 | e —
11.64A 15.66A L1sin 15.61A
14.09A 10.01A 10 51A 10.07A
13.27A 13.34A

Figure 9. Voltages and currents for operation scenario 22. The blue, green, and red values refer to voltage

or current values for phases A, B, and C, respectively
There was a difference in the VRMS voltage drop values between the lower and SLACK nodes.
The two strategies exhibit a similarity of VRMS values, with differences of less than 0,1 V in most load

circuits and TP4 and TALU4 nodes.

In terms of the IRMS, there is a significant difference between the values of the two strategies
because the coupled model correctly estimates the actual waveform of the current consumed by the
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load, unlike the decoupled model (23,24, 26). This difference is more noticeable in the PV system IRMS
injected with differences of 2,7-3,6 A due to the low satisfaction in the estimation of currents by the

decoupled model for low solar irradiance (25).

Figs. 10 to 13 show the errors of the RMS values calculated for the three strategies. Fig. 10 shows that
the VRMS errors in the TP4 node do not exceed 0,08 % in scenarios where the PV system operates at low
solar irradiance (e.g., E2, E4, E6, and E9). In comparison, the errors are less than 0,02 % for scenarios in
which the PV system operates at a high solar irradiance level (e.g., E1, E3, E4, and E7).
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Figure 10. Voltage signal RMS value errors in node TP4 for the operation scenarios

In contrast, Figs. 11 to 13 show the estimation errors regarding the IRMS. Fig. 11 compares the
performance of IRMS error strategies for the SLACK-TP4 branch in scenarios where the PV system
operates at low solar irradiance levels (E2, E4, E6, E9, E14, E16, E18, E20, and E22). The resulting errors
are between 20 and 150 %. These differences between the strategies are caused by the power signal
estimation capability of the Norton decoupled model (ND) compared to the Norton coupled model
(NC), the latter being the most successful.
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Figure 11. SLACK-TP4 branch current signal RMS values errors for operation scenarios
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This may be a consequence of that observed in Fig. 12, where the errors of the IRMS injected by the
PV system in scenarios where it operates at low solar irradiance are greater than 20 %. However, in the
specific scenarios E16, E18, E20, and E22, phase B and phase C errors exceed 150 % when comparing
SIM-ND strategies against BE-NC.
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Figure 12. TP4-PV system branch current signal RMS value errors for the operation scenarios

Fig. 13 shows IRMS errors greater than 1,0 % in scenarios E1, E3, E15, E17, and E21, where the
dimmable luminaires operate with the lowest dimmer level (0 Vdc), which provides greater harmonic
distortion (THDi >18 %) than other levels of control (THDi <15 %) (23,24).
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Figure 13. TP4-TALU4 branch current signal RMS value errors for operation scenarios

3.3. Waveforms and normalised root mean square errors (NRMSEs)

Fig. 14 presents the characteristics of the waveform of the SLACK bar and those estimated using the
three strategies (SIM-ND, BF-ND, and BF-NC). There is a predominance of the flat-top waveform type in
these waveforms, where the fifth harmonic order prevails over the third and seventh orders. Similarly,
the voltage waveforms obtained using the three strategies are significantly similar.

Fig. 15 shows a comparison of the NRMSEs of the voltage signals obtained via the three strategies
for the TP4 node in each operation scenario. In general, the values were less than 0,05 %. However, in
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Figure 14. Voltage signal waveforms for all operation scenarios

scenarios where the PV system injects power at a low solar irradiance level and the dimmable luminaires
operate at their maximum dimmer level (10 Vdc - E14, E16, E20, and E22), phase A errors are between
0,05 and 0,1 % when comparing SIM waveforms-ND with BF-NC, and BF-NC with BF-ND.
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Figure 15. Voltage normalized root mean square errors (NRMSEs) at node TP4 for all operation scenarios

This is the result of an overload in phase A luminaire circuits and the PV system. Similarly, the
estimation of the current signal injected by the PV system with the coupled and decoupled Norton
models shows differences when analyzing low solar irradiance levels. (25) found that the coupled
model estimates the waveform with an NRMSE of less than 2 %, in contrast to the decoupled model,
with an error close to 20 %. It should be noted that, although there is prior knowledge of the current
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performance of Norton models in the modeling of loads and PV systems, this study aims to review the
possible impacts of using these models on the voltage and power parameters.

The waveforms of the current signals (Figs. 16, 17, and 18) reveal the differences between the current
signals estimated using each of the three strategies.

Fig. 16 clearly shows the differences between the waveforms of the current signals in the SLACK-TP4
branch, considering scenarios where the PV system operates at high solar irradiance (Fig. 16a) and
scenarios with low solar irradiance levels (Fig. 16b). The reason for this is the impossibility of the

decoupled Norton model to estimate the current signal successfully at this PV system operation level.
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Figure 16. Current signal waveforms on the SLACK-TP4 branch for all operation scenarios

Fig. 17 shows the current waveforms of the TP4-TALU4 branch, where the signals estimated by the
three strategies are very similar. However, in the high solar irradiance scenarios (Fig. 17a), the maximum
peak current value is 10 A. In the low-solar-irradiance scenarios (Figure 17b), the peak value is 20 A.
This is because of the close relationship between the dimmer levels of the dimmable luminaires and the
operation of the PV system.

Confirming what is shown in Fig. 16, Fig. 18 reveals the differences between the waveforms of the
currents injected by the PV system operating at the two levels of solar irradiance: high (Fig. 18a) and low
(Fig. 18b), demonstrating the inability of the decoupled Norton model to estimate the injected current
signal at low solar irradiance.

In general, the current waveform injected by the PV system at high solar irradiance levels (Fig.
18a) predominantly affects the current of the SLACK-TP4 branch above the current waveforms from
the TALU4 board (Fig. 18a). In contrast, in scenarios with low solar irradiance, the waveform of the
current from the TALU4 board (Fig. 18b) is predominant in the SLACK-TP4 branch current above the
PV system waveform (Fig. 18b) because the luminaires and air extractors operate at their maximum
power, whereas the PV system does not.
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Figure 17. Current signal waveforms on the SLACK-TP4 branch for all operation scenarios
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Figure 18. Current signal waveforms on the SLACK-TP4 branch for all operation scenarios

Figs. 19 and 20 present the NRMSEs of the waveforms of the current signals in the TP4-PV and

TP4-TALU4 branches. Fig. 19 shows the scenarios where the low solar irradiance levels (E2, E4, E6, E9,
E14, E16, E18, E20, and E22) work; there is a difference between the waveforms estimated by BF-NC
and those estimated by SIM-ND and BF-ND, obtaining NRMSEs greater than 20 %.

In contrast, in scenarios E1, E3, E7, E8, E15, and E17, the NRMSEs for the estimated current signals

were less than 1,0 % since the PV system operated at a high irradiance level.

Fig. 20 shows the NRMSEs of the current waveforms of the TP4-TALU4 branch. The NRMSEs

obtained are greater than 3,9 % for the scenarios where the dimmable luminaire operates at a low
dimmer level (0 Vdc - E1, E3, E15, E17, E19, and E21), contrary to the scenarios in which the luminaire

operates at a high dimmer level (10 Vdc — E2, E4, E16, E18, E20, and E22), with NRMSEs of less than
3,3 %.
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Figure 19. Current NRMSEs in the TP4-PV branch for all operation scenarios

The reason for these errors is that the dimmable luminaires, at the low dimmer level (0 Vdc), have a
THDi index higher than 19 %, and, at a high dimmer level (10 Vdc), the THDi index is less than 13 % (24).
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Figure 20. Current NRMSEs in the TP4-TALU4 branch for all operation scenarios

3.4. Factors of influence

The results of the waveform errors of the current signals allow analyzing the potential impact of
operating the extractors (minimum and maximum use) and the luminaires (minimum and maximum
use and high 10 Vdc dimmer level) in scenarios where the PV system operates at low solar irradiance
(E2, E4, E6, E9, E14, E16, E18, E20, and E22). Fig. 21 presents the matrix representations of the impact
on the waveform of the current signal of the TP4-PV and TP4-TALU4 branches of the network under
study.

According to Figs. 21a and 21b, the number of luminaires or air extractors does not influence the

waveform errors of the current signals of the branch feeding the TALU4 sub-lighting board. Similarly,
NRMSEs close to 3,0 and 4,0 % indicate the impact of using the coupled Norton model to represent the
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luminaires and air extractors, respectively.

Figs. 21c and 21d allow stating that the presence of the luminaires and air extractors does not affect
the waveform of the current signal of the PV system, confirming that this estimation depends on the
load model used. In this regard, the coupled Norton model more accurately estimates the current signal
of the PV system when operating at low solar irradiance levels (25).
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Figure 21. NRMSE load influence matrix for the TP4-TALU4 branch

3.5. Analysis of the power parameters

Considering the results obtained for the waveforms in Section 3.3, an analysis of the power
parameters (apparent powetr, active power, non-active power, and power factor) was performed for all
the operation scenarios. Similarly, the errors in these parameters were calculated from the results of the
BF-NC strategy.

Fig. 22 shows the power parameter values of the main network branches (SLACK-TP4, TP4-TALU4,
and TP4-PV) for scenario 21. This figure reveals the imbalance between the phases of the PV system and
the load circuits. In addition, the power factor has values below 0,97 due to the capacitive nature of the
loads, which produces an increase in non-active power.

It should be noted that the differences in the apparent and active power values and, consequently, in
the non-active power values are due to the coupled and decoupled Norton models’ estimation capacity
regarding the current signals.

As for the errors in the estimated power parameters when comparing the two BF strategies, Fig. 23
shows the relationship between these variables.

Fig. 23a presents the apparent power errors for all the operation scenarios. The errors for the
TP4-TALU4 branch are higher than 0,7 % in the scenarios where the dimmable luminaire works at its
low dimmer level (0 Vdc), contrary to those where the luminaire works at maximum dimmer level
(10 Vdc), where the errors are less than 0,8 %. Similarly, the errors in scenarios where the PV system
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Figure 22. Estimated power parameters for scenario 21
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Figure 23. Percentage errors of power parameters (BE-NC vs BF-ND)
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operates at low solar irradiance are above 20 %. In comparison, the errors do not exceed 5% at high
solar irradiance.

Fig. 23b presents the errors regarding active power. For the TALU4 lighting sub-board, values
between 0,1 and 0,4 % can be observed in all operation scenarios. However, the active power errors in
the branch from the feeder to the general floor panel (SLACK-TP4) are influenced by the active power
errors injected by the PV system. Low solar irradiance scenario errors are between 20 and 90 %, which
is reflected in the SLACK-TP4 branch errors, mainly when the PV system works with air extractors.

For the non-active power errors in Fig. 23c, the values are higher than 10% in scenarios where
the dimmable luminaires operate at a low dimmer level (0 Vdc). These errors are in the order of 60
and 80 %, respectively, when operating at a high dimmer level (10 Vdc). In addition, the PV system
operating at low solar irradiance affects the non-active power errors of the feeder branch (SLACK-TP4).

Following the non-active power errors, the same behavior can be observed for the power factor
errors of the TP4-PV branch. Therefore, the error values of the feeder branch to the main floor panel
(TP4) are between 30 and 90 % for these drivers.

3.6. Performance analysis of the strategies

Tables V and VI present a summary of the performance analysis of the studied strategies in terms of
the waveforms and RMS values of the voltage, current, and power parameters. The following symbol
conventions is used in the Tables, v': poor (Error >10), v'v': ordinary (6 <Error <10), v'v'v': acceptable (1
<Error <5), v'v'v'v': good (0,1 <Error <0,9), and v'v'v'v'v": excellent (Error <0,1).

The BF-NC strategy was established as a reference for the performance analysis because, within
the load models in the frequency domain studied in this research, the Norton model equivalent to the
coupled admittance matrix presented in the literature accurately estimates the current of a nonlinear
load (23,25,27-30).

According to the results in Table V, the three strategies used exhibit excellent performance
(0,03-1,3 %) in estimating the waveforms and RMS values of the voltage signals of the nodes of the
electrical network. In terms of current, Table V shows the excellent performance of the BF-NC strategy,
as the harmonic interaction is considered in the modeling of the PV system and the loads. However,
the BF-ND and SIM-ND strategies, when compared against BF-NC, showed an acceptable performance
(5,0 %) in scenarios of high solar irradiance, as well as a poor performance (>10 %) in scenarios of low
solar irradiance.

Similarly, Table VI shows the performance analysis of the apparent power (S), active power (P),
non-active power (Q), and power factor (fp) parameters. The performance of the BF-ND and SIM-ND
strategies regarding non-active power for high and low solar irradiance scenarios is poor (>10 %)
because of the behavior of dimmable luminaires working together at the lowest dimmer level (0 Vdc)
and the operation of the PV system at low solar irradiance levels.
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Table V. Performance of the studied strategies in terms of waveforms and RMS voltage values

Voltage Current
RMS value
Strategy Node Waveform Waveform RMS value
HGinc LGinc HGinc LGinc Branch HGinc LGinc HGinc LGinc
BEF-NC Performance VvvvvVv VVVVV VvV VVVVVY  Performance vV VvV VVVVY VYYD VYV
Performance R R R N as Performance VY v VY v
Maximum error 0,03 % 0,09 % 0,03 % 0,09 % Maximum error 5,0% 45,0 % 5,0% 60,0 %
TP4 <0,01 % <0,06 % <0,01% <0,06 % SLACK-TP4 2-2,5% 20-45 % 2-5% 12-60 %
BF-ND TALU4 <0,01 % <0,06 % <0,01 % <0,06 % TP4-TALU4 3-5% 25-3% 0325% 02-1%
PV <0,01 % <0,06 % <0,01 % <0,06 % TP4-PV 2-2,5% 30-40 % 2-5% 20-60 %
Lighting <0,03 % <0,09 % <0,03 % <0,09 % Lighting 2,5-5% 2,5-5% <3,0% <0,9 %
Extractors <0,02 % <0,06 % <0,02 % <0,06 % Extractors <2,5% <2,5% <0,3 % <0,4 %
Performance VY VY VY VY Performance VY v s v
Maximum error 0,3 % 0,8 % 0,7 % 1,3% Maximum error 5,0% 90,0 % 5,0% 300,0 %
TP4 <0,04 % <0,07 % <0,02% <0,08 % SLACK-TP4 2-25% 12-60 % 2-5% 15-150 %
SIM- ND TALU4 <0,03 % <0,08 % <0,02% <0,08 % TP4-TALU4 3-4,2% 2-3% 0325% 02-1%
PV <0,03 % <0,07 % <0,02 % <0,08 % TP4-PV 2-2,5% 50-90 % 2-5% 2-300 %
Lighting <0,3% <0,8 % <0,7 % <2,0% Lighting 2,5-5% 2,5-5% <B8% <0,9 %
Extractors <0,23 % <0,5% <0,7 % <1,3% Extractors <2,5% <2,5% <0,3 % <0,3 %

Note: v'- Poor, v'v'- Ordinary, v'v'v'- Acceptable, v'v'v'v'- Good, v'v'v'v'v - Excellent.

Table VI. Analysis of performance of strategies in terms of power parameters

S P Q fp
Strategy Branch - - - - - - - -
HGinc LGinc HGinc LGinc HGinc LGinc HGinc LGinc
BF-NC Performance VIV A R R R A A N A S R
Performance 24 v VY v v v v v
Maximum error 5,0% 60,0 % 5,0% 90,0 % 60,0 % 290,0 % 3,0% 76,0 %
SLACK-TP4 0,1-5% 13-60 % 3-4,5% 10-90%  0,5-18%  13-290 % <0,2 % 0,5-75 %
BF-ND TP4-TALU4 0,2-3% 0,2-0.8 % <04 % <04 % 1,4-55%  1,4-80% 0,2-3% 0,2-1%
TP4-PV 3-5% 20-60 % 3-5% 27-90 % 5-8% 20-260 % <0,1 % 8-76 %
Lighting 0,5-2,8 % 0,6-0,8 % <04 % <0,3 % 15-60 % 24-80% 09-31% 08-1,1%
Extractors 0,2-0,3 % 0,1-04 % <0,1% <04% 1,322% 1,325% <0,3 % <0,3 %
Performance 24 v VY v v v VY v
Maximum error 5,0% 75,0 % 5,0% 90,0 % 60,0 % 290,0 % 3,0% 76,0 %
SLACK-TP4 2,5-5% 14-60 % 2,5-5% 10-90 % 1-17 % 9-290 % <0,1%  0.4%-75%
SIM-ND TP4-TALU4 05%25% 01%0.8% <04% <0.4 % 1%-55% 1%-80%  0,2-3% 0,2-1%
TP4-PV 3-5% 20-75 % 3-5% 27-90 % 49 % 20-260 % <0,1% 8-76 %
Lighting 0,8-3,3% 0,1-2,5% 01-24% 02-24%  15-60% 24-80 % 0,9-3% 0,8-1%
Extractors <0,9 % <0,9 % <0,9 % <0,7 % 1,2-24% 0,6-32% <0,3 % <0,3 %

Note: v'- Poor, v'v'- Ordinary, v'v'v'- Acceptable, v'v'v'v'- Good, v'v'v'v'v' - Excellent.

4. Conclusions

In this study, the performance of three power flow solution strategies based on the BF sweep
iterative method was evaluated while considering nonlinearity and load imbalance, harmonic
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distortion in the feed signal, and the power injection of the PV system. A detailed analysis of the
model’s impact on the voltage and current signals and power parameters was conducted, as the
selection of the load model influenced the results of the estimation of these variables.

The NRMSEs were less than 0,8 % in terms of voltage when comparing the SIM-ND and BF-ND
approaches to BF-NC. Additionally, the maximum error obtained in the estimation of the RMS voltage
values was 1,3 %. Therefore, all three approaches exhibit a satisfactory performance in estimating the
voltage signal of the network.

Considering the current results, the NRMSEs and RMS values were less than 5,0 % in the operation
scenarios where the PV system operated at high solar irradiance levels. In contrast, maximum NRMSEs
of 45% (BF-ND) and 90 % (SIM-ND) and maximum RMS current errors of 60 % (BF-ND) and 300 %
(SIM-ND) were obtained when the PV system operated at low solar irradiance levels. Therefore,
the BF-ND and SIM-ND strategies exhibit an acceptable performance during high solar irradiance
operation, in contrast to the values reported for low solar irradiance operation, where the performance

was regarded as ordinary.

Meanwhile, regarding the analysis of power parameters, the maximum errors for the apparent
powetr, active power, and power factor were less than 5% in the scenarios of high solar irradiance.
The maximum errors were greater than 60 % when scenarios of low solar irradiance were analyzed.
However, for the non-active power reported by the BE-ND, SIM-ND, and BF-NC approaches, there are
errors of 60 % for high solar irradiance scenarios and 290 % for low solar irradiance scenarios. Therefore,
the overall performance obtained by the three approaches in the analysis of power parameters is
ordinary.

Finally, the BF algorithm, adjusted to the conditions of the studied distribution network, can easily
be applied to other electrical networks with similar nonlinear elements and characteristics. There is also
the possibility of integrating other DER types into the network analysis, such as electric vehicles or

storage systems.
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