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Abstract

Secondary radial distribution networks (SRDNs) have been increasingly affected by the uncertainties of harmonic
sources associated with photovoltaic (PV) systems. The quantitative assessment of uncertainty propagation causing
harmonic distortion and voltage unbalance can be successively handled by probabilistic or affine formulations of
harmonic load flows (HLFs). This study developed a general analytical technique (GAT) for solving iterative
multiphase HLFs in SRDNs with PV uncertainties. This technique merges the point-estimate method (PEM) and
complex affine arithmetic (AA), combined with Legendre series approximation (LGSA). It also models the input
correlation. One advantage of this GAT is that the iterative harmonic penetration (IHP) method, modelled for HLF,
accounts for the interaction of background harmonic voltage with the PV harmonic current. The first prerequisite was
evidently an uncertainty model for PV harmonic current. This paper presents the results for a real unbalanced three-
phase SRDN and compares them with those obtained with the Monte-Carlo simulation (MCS). These confirmed the
accuracy of GAT as well as its lower computational cost. The numerical results obtained showed that the GAT
outperformed the incomplete GAT (IGAT), which is solely based on PEM and Cornish-Fisher expansion, thanks to the
ability of AA to bound the outputs used in the LGSA.
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Unbalance.
Nomenclature n, number of points considered in x-axis of a CDF
A area . . N-C+1 number of SRDN nodes with PV systems
B-1 number of SRDN nodes with traditional generator p real (active) power
C constraint at fundamental-frequency q reactive power
C-B number of SRDN nodes with LDs R (X) resistance (reactance)
D data 3
o S apparent power
hG ﬁl‘c;bmacl)r:li'gadlance t t-th 10-min time interval
. o THD total harmonic distortion
H, (H ) global (diffuse) irradiation TPD total phase distortion
i any given SRDN node TPU  total phase unbalance

u,Vv,Z uncertain variable

J current in branch K

m moment V (1) fundamental and harmonic voltage (current) phasors
n, number of random input variables X random variable

n,  number of sources of uncertainty f admittance

N number of SRDN nodes z impedance

N  humber of terms in LGSA [ Abus] SRDN nodal admittance matrix
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a significance level 0] normalized value
B non-standardised coefficient - upper bound or supremum
7 electrical efficiency - to refer a given location
[1  identity matrix to refer to primitive impedance matrix for four-wire grounded
r network parameter phasor wye lines
S standard location .
£ symbolic variables that lies in the interval [-1,1] Subscripts . . o )
¢ state variable a to r_efer the real coefficient (partial deviation) of the uncertain
variable
4 phase angle bus nodal
K cumulant d diffuse
A%(A*) skewness (kurtosis) err error
I g global
u(o)  expected value (standard deviation) h any given harmonic frequency
(Y®) Y@ ratio of the (negative)zero sequence to the positive sequence i, j any given node of the SRDN (i= 1,2,...,N)
= network input phasor o) any given LD node of SRDN (i, ,, = B,B+1,...,C-1)
< average-root-mean-square error [ any given PV system node of the SRDN (i, =C,C+1,...,N)
Il network state variable phasor | current
T tilted surface L branch
I tolerance error m any given number
¢ inverse of the univariate standard normal distribution max  maximum
K Kth location
(o) r‘arly constant M modified
V= Zi:l‘ui |~ Ugre ng, number of sources of uncertainty
V7] network output phasor 0 to refer the central value of the uncertain variable
o weighting factor pv photovoltaic
= th  fundamentalfi lized ¢ R reduced
(@ =T strps) T undamental-frequency normalized current t-th 10-min time interval
interval v (w)  vth(wth) fundamental-frequency normalized current level
[] interval form of a uncertain variable/ or matrix notation \Y voltage
P probability X random variable x
R set of real number _ lower bound or infimum
f PDF of random variable @; @ -th fundamental-frequency normalized current interval
f PDF of random variable T tilted surface
. Abbreviations
F CDF of random variable AA affine arithmetic
F™  inverse distribution function of the random variable CDF  cumulative distribution function
Superscriots CLF  conventional load flow
up p CLFm modified CLF

any given point on a CDF

[ . .
d,j.s any given number GAT  general analytical technique

HLF  harmonic load flow

hGAT gﬁ;eral ;ir:zalztlcalfmc;;r:?eﬁal- or  harmonic  frequency P harmonic penetration
1A interval arithmetic
(h=12,,...hn) IHA  iterative harmonic analysis
| current IHP iterative harmonic penetration
(k) (d) general iteration numbers LD linear device (load/generator)
(p) any given phase in a SRDN node (p=a, b, ¢) LGSA Legendre series approximation
r order of moment or cumulant LV low voltage
(s) any given sequence in a SRDN node (s=0, 1, 2) MCS  Monte-Carlo simulation
\Y voltage NLD  non-linear device
o phase angle PDF  probability density function
% relative magnitude PEM  point-estimate method
-spec  typical spectrum PV photovoltaic
A . . . SRDN secondary radial distribution network
affine form o_f a uncertain variable VN voltage node method
* complex conjugate

@ to refer a real (active) current

1. Introduction
Because of their relatively low power, PV systems are generally connected to SRDNSs. The coupling of PV systems

to such networks often leads to technical problems, such as loss increase [1], errors in control signals and measuring [2-
4], harmonic distortion [5-.11], resonance events [12-14] and voltage unbalance [15,16]. The analysis of problems
generated by PV harmonics in SRDNs and their resolution has thus become an increasingly important concern for

utilities. Harmonic problems within an unbalanced network are also an issue of growing interest [17- 22].

Mathematical methods for analyzing harmonics in power systems usually have a deterministic basis, namely, a
deterministic HLF [23]. Such methods can be direct [17-20,24-_31] or iterative/integrated [21,22,32- 37]. Iterative



methods take into account the interaction of background harmonic voltage with the harmonic current of non-linear
devices (NLDs). Although their assessment is more accurate, their computational burden grows as the problem becomes

more complex.

Balanced HLFs have been widely addressed in literature [18,24,25,28-..37] since the normal operation of
transmission and distribution systems assumes the voltage to be symmetric. However, more accurate models have been
designed for unbalanced three-phase conditions [15-.20], which can even account for the previously mentioned
interactions [21,22].

Grid-connected PV power sources are unpredictable because of cloud transients and seasonal effects [38,39].
Therefore, their exploitation brings multiple correlated PV uncertainties [40] into the SRDN, which stem from the
geographically closer location. Other traditional uncertainties come from time variations of phase-load demands and
network configuration [41,42]. This makes it necessary to deal with the HLF analysis by using probabilistic or affine
formulations, which analyze the system states, based on all input probable values or the bounds of the probable values,

respectively.

In the technical literature, there are various methodologies that can be used to deal with the impact of the PV input
uncertainties in power systems. It is true that the MCS is widely employed [43-45] but its computational cost is still
very high [46], despite improvements such as Latin Hypercube sampling [47,48]. In order to reduce the computational
effort, the following set of methods was applied: (i) analytical methods (e.g. the fast Fourier transform method [49] or
the cumulants method combined with series expansion [38,39,50-53]); (ii) approximate methods, (e.g. the first-order
second-moment method [54], the method based on AA [55], and the PEM [40,56]; (iii) fuzzy logic methods [57]).
There are no holistic criteria for evaluating different methods, and compromise is often made between computational
speed and accuracy. Nonetheless, the second group of methods was sufficient to provide planners and designers with

the results needed to make objective decisions [58].

Currently, the probabilistic approaches for evaluating harmonic distortion and voltage unbalance with PV systems
are of great interest [7,9-11,15,16] because standards usually specify the 95%-probability level as the power quality
index. For example, the EN 50160 [59] and IEC 61000-2-2 standards [60] mention this percentile in reference to the
limit of the compatibility level. This means that knowledge of the whole output distribution is needed for standards
application [61]. As harmonic distortion and voltage unbalance can have various adverse effects, the control and
limitation of harmonic current emission from new PV systems is essential for maintaining supply voltage distortions

below the prescribed compatibility or planning levels. This is also required to ensure electromagnetic compatibility.

As reflected in the literature on HLFs with uncertainties, analyses are generally performed using direct methods.
Accordingly, the study in [27] focused on the impact of the random nature of magnitude and phase angle for harmonic
inputs. References [24,25] compared two methods for modelling harmonic sources in large real MV distribution
networks using aggregate harmonic source models parameterized based on measurements for different customer
categories. Reference [25] applied a method for analyzing HLFs based on possibility theory. This research not only
dealt with correlated inputs for LDs and NLDs, but also informed about the output distributions. Other studies
[17,18,29,31] used analytical methods, mainly the PEM [62], to analyze uncertainty propagation throughout the system.
Various improvements were proposed in [28] to overcome the deficiencies of the PEM, such as solely focusing on the
harmonic voltage magnitude. Regarding the approximation expansions for probability density functions (PDFs), [18,30]

developed two methodologies with MCS data to approximate the distribution functions THD,, and harmonic voltage
(magnitude and phase angle). The research in [19] used complex AA [63] to solve a three-phase HLF and thus provide
3



the infimum and supremum in a correlated approach to uncertain variables. Following this HLF analysis for unbalanced
three-phase conditions, [20] analyzed uncertainty propagation with MCS but limited the inputs to a set of previously

defined clusters.

In regard to iterative methods, HLFs were mainly performed on a deterministic basis [21,22,32,33]. Approaches
with uncertainties have almost always implemented the MCS, as reflected in the analysis of a multiconverter power

system in [34,35,37]. Nonetheless, approximate methods have rarely taken an iterative approach [36].

References [3,15,16,64-66] focused on capturing PV harmonic behavior with deterministic direct HLFs, whereas
[67-69] opted for probabilistic direct approaches. In particular, references [15,16] analyzed the impact of a single-phase
PV system location on the negative-sequence voltage in a stochastic way, considering background unbalance. The
dynamic interaction of different PV plants connected to the same bus was analyzed in [66] to validate the practical
constraints in assessing grid-code compliance requirements. However, to the best of our knowledge, there have been no

iterative analyses performed for PV systems.

This general review of literature on HLFs with uncertainties [17-37], complemented with that on PV systems
[3,15,16,64-69], clearly indicates that the assessment of HLF in the PV context is an issue that has not as yet been
studied in sufficient depth. The biggest problem is that no analytical methods, (or approximate methods except for [36])
have been applied to the solution of iterative HLFs with uncertainties. MCS is generally used for such cases [34,35,37],
but when iterative methods are involved, the resulting computational burden is huge. As a result, direct probabilistic-
formulation HLFs are a frequent research focus [17,18,20,24- 31]. Moreover, in those rare cases when the correlation
between inputs is included [18,25,30], only the fundamental-frequency is involved. Nor is there any information
regarding behavior models of NLD harmonic current versus background harmonic voltage for phase angles (except in
[30]). To make matters worse, output phase-angle uncertainties are rarely assessed (except in [24,25,30]). To date,
probabilistic- and affine-formulation HFLs have mainly analyzed meshed test systems [18,28-30,34- 37] as compared

to radial configurations [19,20,25,31] and have focused on NLDs at only a few nodes, with the exception of [16].

In order to overcome some of these limitations, this study developed a GAT for solving iterative multiphase HLFs in
SRDNs with PV uncertainties. This new technique uses the PEM [70] and complex AA [63,71] combined with LGSA.
As shown in [72], LGSA is able to estimate bounded random variables more accurately than other approximations. The
PEM determines the moments of output variables, whose upper and lower bounds are calculated with an AA-based
method. Then both results are used for LGSA.

Our GAT is thus an innovative tool that extends deterministic iterative multiphase HLF to the stochastic field. It is

able to analyze SRDNs with multiple PV and load demand uncertainties, given the following:

e The IHP method accounts for background harmonic interaction.

e |t has the ability to handle correlated variables.

e |t provides an accurate model of PV harmonic current behavior versus background harmonic voltage [72].

e By using PEM and complex AA, the same routines as those of a deterministic iterative approach can be used.
This gives accurate results with a low computational burden.

e The LGSA is better able to reconstruct bounded output variables than other approximations [72].

e The whole PDF of output variables is determined and used for checking the regulatory limit fulfilment.

e The aggregated effect of several PV systems distributed throughout SRDNs can be analyzed.



In addition, the GAT merges a probabilistic HLF formulation, based on the PEM, and an interval HLF formulation,
based on complex AA. This substantially enhances the level of accuracy obtained with only one of the formulations

without a substantial increase in computational cost

The paper is organized as follows. Section 2 outlines the power quality indices used throughout the paper. Section 3
introduces AA, and Section 4 describes system uncertainty modelling. Section 5 explains the deterministic HLF,
whereas Section 6 focuses on the probabilistic one. Section 7 presents and discusses the results obtained for a real

SRDN in Spain. Finally, Section 8 summarizes the conclusions that can be derived from this research.

2. Extended indices for harmonic distortion and unbalance
Existing power-quality standards [59,60] consider the following indices for harmonic distortion e.g. for voltage:

total harmonic distortion of voltage in phase p (THD,,, ) [73]. Voltage unbalance can be characterized by a different
unbalance factor [40]. Generally addressed is the ratios of the negative- and zero-sequence voltage to the positive-
sequence voltage at the hth-order harmonic [74] ((Y?", Y{P"). This can be generalized to three-phase systems that are

subject to the waveform unbalance and distortion resulting from the coupling effect between sequences at each

harmonic order. For this purpose, the symmetrical component linear transformation of Fortescue [75] was applied in
[76], namely [V ®"] = [V ©"]. This transformation permitted the formulation of more refined indices, capable of

characterizing and maintaining a consistent distinction between the individual effects of harmonic distortion and

unbalance. Consequently, the index of the total phase distortion of voltage, TPD, is preferable to the

conventional THD, , index [76]:

S [y ey vy

T ey vy .
\Y% +(V +(V
The new unbalance index, namely, the total phase unbalance of voltage is [76]:
\/Zw [(V (0)3h-1 )2 + (Vo(o)sh-z )2 + (V (1)3h-1 )2 + (V (1)3h-3 )2 + (V (2)3h-2 )2 + (V (2)3h-3 )2 :|
TPU, = X @)

© (0)3h-3 2 (0)3h-2 )2 (2)3h-1)2
I R VA VA N
And the fundamental phase unbalance of voltage TPU , can be obtained with the addition in (2) limited to h=1.

3. Interval and affine arithmetic
AA [71] is a general term for numerical methods that are used to produce intervals for bounding all possible outputs,

when dealing with sources of uncertainty. AA is analogous to interval arithmetic (1A), but it can describe uncertainty in
a simpler form and effectively deals with the interdependencies of parameters. Hence, IA solution conservativeness can

be mitigated as compared to IA [71].

A
An uncertain variable, u can be expressed as a linear polynomial in real AA, namely, its real affine form u :

A Nsy
U=U, + D U8, +Uy £y 3
=1

Each ¢, represents one of n_, sources of uncertainty. The final term u is an approximation error term.

err 8erru



Let u, v be two uncertain variables, the fundamental mathematical operations in real AA are introduced as follows
[63]:

A AA Nsy
Z=Uuxv= (uo iVo) + Z(ua iVa)‘c"a + (uerr iverr)‘c"errZ
a-1

Z=DUu=DU, +DD u,z, + DU, & (4)

err err,
a=1

A A Nsy
Z=Ut® = (U, £ D)+ D U,¢, + Uy,

err “err,
a=1

Nsy

A AA Nsy Nsy
Z=UV=U,-V, + Z(uova +VoU, )ga + uoverrgerrv +Vouerrgerru + Z(uaga +uerrgerru ) Z(Vaga +Verrgerrv ) (5)
a=1 a=1

Let 7 be a general function with n,, uncertain input variables (u,,u,,...,u, ) the output is then determined in (6). In

this expression, z, , is an extra error approximation term, which is necessary as not all operations on affine forms result

n+l

in an affine combination of &, :

A A A A
z=7(U;,Uy,..,U, ) =7F(U, +U, &, Uy +Uy &, .oy U, FU E ) S LA LE e e+, 6 F Ty a6y (6)

o, TUs,

When £ is a non-affine operation, 2 cannot be represented precisely as an affine combination of the noise symbols

g,. However, an affine approximation function can be assumed with different structures, depending on the desired

a

degree of accuracy and the available computational resources [71].

Let dand v be two complex numbers, the real AA can be transferred to the complex space with complex AA.
Consequently, common operations follow the same rules as real AA [77], and the multiplication is expressed in (7). A

more in-depth analysis of complex AA operators is given in [63]:

<>
<>

A
Z:

v S e | S o) || ot e -
with g(Z) =|xx|+ j|yy| if Z=xx+ jyy

When ais odd, u, and v, are real coefficients; and when a is even, u, and v, are imaginary coefficients.

The affine and interval forms of an uncertain variable can be converted from one to the other. Given a variable u in

interval form,[u]=[u,U]:={ueR|u<u<U }, the corresponding affine form U can be expressed as (8). Each affine

form in (3) can be converted to an interval form by (9). It should be stated that conversion from affine to interval forms
results in the loss of all information regarding the correlation of parameters. Moreover, the boundary results computed

by the 1A are often much larger than those of the AA.

A u+u u-u

u:u0+u1<91:-2 + 2-51 (8)
nsu

[U0]=[u, -, u, +y], with v =>"|u|-u, 9)
a=1

4. Uncertainty modelling for the SRDN
This section describes uncertainty modelling for the SRDN, as applied to linear devices (LDs) and PV systems. Both

probabilistic and affine models are included. Distribution lines and cables are generally modelled for HLF analysis as

deterministic lumped parameter elements [78].



4.1. Load modelling
4.1.1. Modelling of fundamental-frequency load
The probabilistic and affine modelling of the fundamental-frequency load in this research is directly based on smart

meter measurements over a period of several years, i.e. historical data [40]. This made it possible to stochastically

characterize by moments (probabilistic model) and lower/upper bounds (affine model) a typical load profile of the real

and reactive power ([ pPt ] [q‘p)l ]) for each t-th 10-min time interval, i, th SRDN node, and phase p during

ioy iyt

time period of one year.

4.1.2. Modelling of harmonic load
The most commonly used models of harmonic load for HLF analysis are parallel connections [23,79,80]. Generally

speaking, the models can be written as:

I: I((LFI)D))ht:I g'(LD) (I: (p)l :|’h) ((LD) =B,B+L...CL h:3151”.1H) (10)

ioy t
4.2. PV modelling
The probabilistic and affine modelling of PV systems was developed by the authors in [72] and designed as a

current source [24] at fundamental and harmonic frequency. The background harmonic interaction was also modelled.

4.2.1. Modelling for PV fundamental-frequency current
The PV modelling is based on [38,39], and is specified for 10-min intervals. Accordingly, the meteorological

random/uncertain  variables involved are the global and diffuse irradiation on the horizontal plane

(Hg:i,,.c» Ha: i, ) for a certain i, th PV location (SRDN node) and t-th 10-min interval. Both random/uncertain
irradiations determine the =tilt global irradiance, G,. iy £ Subsequently, the per-unit PV fundamental-frequency

power is given as:

pi(pv) = Yig. .A.GT? iy t (11)
Its affine form shows the sources of uncertainty for the affine model:

/\1 _ A A _

pi(w)vt _f(Hg? ipy . t? Hd? iy s D= f(gHgil(pv),l ’ 8Hd:|(pv),t 1 Eerr ) (12)

Pipv) .t

The cumulant method [81] and complex AA [71] in (11) and (12), respectively, determine the cumulants
(probabilistic model) and upper/lower bounds (affine model) for the random/uncertain variable, pit.v),t from those of
Hg iy t aﬂd Hd iovy» §
phase p (‘I (p)l@‘ or LI (")1@L) is computed from the PV inverter efficiency and a 1-p.u. AC fundamental-frequency

n appr

Next, the random or uncertain variable, real per-unit PV fundamental-frequency current in

phase voltage. Finally, ximation expansion [82,83] gives its PDF.

4.2.2. Modelling for PV harmonic current

The stochastic harmonic model based on measurements are widely used in literature [24,25,84]. Therefore, the
statistical PV harmonic current in [72] is computed with a method composed of two phases (Fig. 1). The first phase
deals with the statistical characterization of the typical PV harmonic current spectrum (relative magnitude and phase
angle) at different fundamental-frequency current intervals, based on [85]. The second phase provides the distribution
functions of the PV harmonic current (absolute magnitude? and phase angle) on the basis of the harmonic spectrum

statistical characterization and the PV fundamental-frequency current.

2 Unless otherwise specified magnitude refers to absolute magnitude
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Fig. 1. Flowchart of the probabilistic and affine model for the PV harmonic current.

In the second phase, the probabilistic mode determines the PV harmonic current for a point of interest (i.e., for a t-
th time interval, i, th PV location, and phase p) from two random variables specified for that point of interest, namely,
the typical PV hth-order harmonic current spectrum and the above-mentioned PV fundamental-frequency current,

'.f,',)))lt@ . To model the first one, the probability of each e, -th interval for the point of interest is evaluated. Next, by

using these probability weights, a mixture distribution is applied to the typical PV hth-order harmonic current spectrum

(relative magnitude ‘fh,%—spec

pv, @;

and phase angle 6’");?;:5"%) for all of the @;-th intervals. This provides the PDF and
cumulative distribution functions (CDF) of the PV hth-order harmonic current spectrum specified for the point of

interest (‘ [ onyorspee
pv) *

, @ ®h.=specy ‘Tha hth-order harmonic current (per-unit absolute magnitude and phase angle) is

iy t

then given for the point of interest by [80]:

\ﬂfj’jﬂ = \ﬂfjﬁi@ -\Tifgh?’-spm (ipy =C.C+L..,N; h=35,..,H; p=ab,c) (13
O = O 4 h- (09T =0 ) (i, =C,CHL...,N; h=3,5,.,H; p=abc) (14

In the case of the affine model, a mixture procedure is solved by AA as well. This provides the affine form of the PV

hth-order harmonic current spectrum specified for the point of interest. Accordingly, the hth-order harmonic current is [80]:

A

_ 1 h,%—spec
ipy » t

VA
[QEN

N
r (Ph
o)+ t

iy t

@i,y =C,C+1,..,N; h=3,5,....H; p=a,b,c) (15)

éffj)';? = 4933';?'Spe°+h-(¢9:f:v>)'j—¢9ifv>)';ivSpm] (ipy =C.C+1,...,N; h=3,5,..,H; p=a,b,c) (16)

To statistically characterize the random output variables in the probabilistic mode, a linear approximation [52] is
firstly applied to the multiplication of random variables in (13). The cumulant method [81] is subsequently applied to
(13) and (14). This allows for the cumulant evaluation [86,87] of random outputs. In the affine model, (15) and (16) are

8



solved with complex AA by providing the upper and lower bounds of uncertain output variables. Finally, the LGSA

reconstructs the resulting variables in terms of PDFs.

4.2.3. Modelling of background harmonic voltage interaction on PV harmonic current
A multiple linear regression model was developed by the author in [85] to assess the interaction of the background

jth-order harmonic voltage on the typical PV hth-order harmonic current spectrum at different @;-th intervals:

1 h,—spec| __ Lj, spec j
A ‘ I pv, @ - ﬁ mj, V |
I,h,—spec 0, j,—spec j (17)
Hpv @ = ﬂwl V |

Based on this model, this section describes the interaction model for a point of interest, namely, for a t-th time

interval, phase p, and i, th PV location. The probability of each a;-th interval is evaluated for the point of interest by

(18). The resulting coefficient for the point of interest is then computed by using these probability weights on each

interval coefficient (19) for all of the @ -th intervals.

o
=P(vth pu < 1" <wth pu) = F,  (wth pu) - F _(vth pu) (18)
V) [ Pre
i(pv). t '(DV) ‘

J — § > _/2i,—spec 19
oy 6 O ]Pl(pv), t, @ ﬂmj, h ( )
py
i

The linear model for the background harmonic interaction is:

oyt @

Alrer | = i N, (ipy =C.C+L...,N; h=3,5..H; p=a,b,c) 0
Leh _ 20, [\ ®i
Aei(pv)vt - 'B'mv) t,h ‘Viwv)v‘

5. Deterministic HLF
HLFs can be stated in a power-flow non-linear equation form [30,88]. Since this formulation results in convergence

problems for SRDNSs, the admittance matrix formulation for SRDNSs is the standard practice [79]. In this regard, the
simplest numerical method for solving deterministic HLFs is harmonic penetration (HP), which assumes no harmonic
interaction between the network and NLDs [17-.20,24,28- 31]. Nevertheless, the recognized IHP accounts for the
interaction of the harmonic voltage with NLD behavior [21,32,34,35-37].

The IHP method in Fig. 2 consists of three steps: (i) fundamental-frequency conventional load flow (CLF) modified
(CLFm); (ii) iterative harmonic analysis (IHA); and (iii) voltage node method (VN). Sinusoidal voltage is assumed in

the NLD-1 block whereas harmonic voltage is assumed in the NLD-2 block. The method can be summarized as follows:
Step 1: Modified CLF (CLFm)

Substep 1-1: The CLFm is computed by taking into account the LD node constraints (21), which are also applied to PV

system nodes with PV system behavior. Accordingly, the fundamental-frequency voltages [\Zfﬁ)lj are:

GV D =[c®]; (i=12,..,N) (21)
The most commonly used methodologies for computing CLF have problems with convergence [89] for multiphase

formulations in SDRNs. Consequently, this research used the method in [90].

The fundamental-frequency LD admittance for each phase p and icp)th SRDN node can be computed from the

CLFm solution:



. * ) 2
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Y_(a)l (Si(,_D),t) /Vi(,_D),t
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The harmonic LD admlttances are given as:
I: '(f-pD))ht:I g'(LD) (I: l(f_pD))lt:| (i(LD) = B' B+1""’C_1; p: a, b’ C h:3'5""'hmax) (23)

The admittances of generators and LD loads are included in the SRDN nodal admittance matrix in harmonic

domain [Y (®)n ],which is given by (24), (see Fig. 4) thus forming the modified SRDN admittance matrix [Ybﬂ';)& t] .

bus, t

The SRDN is then reduced to the PV system nodes to obtain the reduced matrix | Y% | .

busR, t
! [YS:;“] |
(28] Z[z@;] >
v )= ] 1
Yy e T
2O
Z[Z(p)h:l Z MN:I

Step 2: IHA

Substep 2-1: the values at the kth iteration of the harmonic voltages \7i(<p))'f't(k)]update more accurate PV harmonic

currents by means of (20). This can be written as:

(P)h, (k) (P)h VAR (P)h, (k) P)s. (k) (p)d - (i — — Ch—
I:I :I Hl(pv) t I: |(F,V) t:l I:‘Vl(p\,) t i| |: |(F,V) t :I I:D|(pv) t:l)v (I(pv)_ N S_l = max!d_ly---vdmax1h_31---y

iy + t

Substep 2-2: the convergence of PV harmonic current results [Ti((":'j't(“] is verified. Otherwise, it is necessary to
proceed to the next substep.

Substep 2-3: the harmonic currents are then applied to update new harmonics voltages:

[ \/ ®h J(k“’ =[ven. T D ®h ] : (ipy =C.C+L...,N; h=35,...h ) (26)

ipy » t ipy t 77 max

The process is then redirected back to substep 2-1.

Step 3: VN
Substep 3-1: the VN determines the nodal harmonic voltages by incorporating PV injected currents to the nodal current:

Vi ] =[Yem ] [reneT; (h=35,...h.) @n
The symmetrical component transformation [75] then determines the harmonic voltages in the symmetrical

component-based framework:

Vo2 =TIV s (h=35..h.,) (28)
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h...) (25)
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Fig. 2. Flowchart of the numerical solution method for the deterministic HLF by IHP.

6. Probabilistic and affine HLF
A good way to characterize the sources of uncertainty in HLFs is to model inputs as uncertain or random variables.

In this regard, the MCS and our GAT are simulation techniques that make it possible to keep using the deterministic
HLF routine.
6.1. MCS for solving probabilistic HLFs

MCS is a statistical simulation method that randomly selects values of input variable distributions, and with these
values, solves various deterministic HLFs in Section 5. The probabilistic solution of the output variables is
reconstructed from computed deterministic data. The computational burden required by applying MCS to the HLF is
enormous because of the dimensions of the equation system and the number of trials required to obtain a satisfactory
level of accuracy. It is well known that high precision can always be achieved with this method, which is why it is often
used as a reference method that others can be compared to.
6.2. Proposed GAT for the HLF

Fig. 3 shows the GAT developed in this research. This innovative technique is capable of calculating the harmonic
voltage distributions (magnitude and phase angle) at each iwp)th SRDN node and phase p in two stages. The first stage
uses the PEM to determine the first statistical moments of the harmonic voltages, and applies the AA-based method to
compute the bounds. Both formulations are based on the statistical characterization of the input variables. The second
stage uses LGSA to estimate the output distributions from the bounds and moments of the variables. However, for
purposes of comparison, we also designed the IGAT, which estimates output distributions, based only on the moment
by the Cornish-Fisher approximation. The affine-HLF computation burden is thus unnecessary.

6.2.1. PEM-based methodology for solving HLFs
The formulation of a deterministic HLF constitutes an equation system written as:

E=GULI); Y¥Y=H(IILTI) (29)
A particular ith solution of ¥ is given by ¥, = £~ (IT).

The uncertainties of random inputs of PV systems Ti(pv) and LDs Sﬁm in the HLF can be satisfactorily assessed

with a probabilistic approach (i.e., the PEM). The PEM concentrates the statistical information of the first few moments

of a random input variable x; ,at K deterministic locations x; . , . Given function # , which connects input and output
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variables, as well as previous locations, the statistical moments of random outputs can be computed. This research
considered 2 n,, +1 schemes [70]. The procedure consisted of the following steps:

4 | Deterministic SRDN parameters |
PV fundamental and hag;nonic current model Fundamental-freguency load model
i on First statistical moments and upper/lower bounds for the amplitude{ g!.(P)h| | First statistical moments and upper and lower
i t|| and phase angle of the hth-order PV harmonic current at t-th time | @’ ' | |bounds for the real and reactive power at t-th time
interval, phase p and i, th PV location (h=1... b5y , i(py=C,C+1,...,N) interval, phase p and i pth node (i p)=B,8+1,...,C-1)
-
w A 4
2 PEM Affine arithmetic
rd to solve probabilistic HLF to solve affine HLF
Statistical moments around zero of the & & Upper and lower bound of the
random output variables uncertain output variables : \
(magnitude and phase angle of fundamental and (magnitude and phase angle of fundamentaland§ Monte Carlo simulation
harmonic voltage phasor at the N nodes) harmonic voltage phasor at the N nodes) on the deterministic HLF
PHASE AND SYMMETRICAL COMPONENT-BASED PHASE AND SYMMETRICAL COMPONENT-BASED;
FRAMEWORKS FRAMEWORKS
I T TR H
A 4
Approximation expansion Approximation expansion
* Cornish-Fisher expansion * Legendre series (LGSA)
~ T
g RESULTS FOR IGAT RESULTS FOR GAT
& |
_}(F;)h| PDFs of the fundamental and harmonic voltage phasors QV{(D)hE
: at the N nodes (magnitude and phase angle)
M?“ PHASE AND SYMMETRICAL COMPONENT-BASED FRAMEWORKS: 4 "
\4 N ’ H

Fig. 3. Flowchart of the proposed GAT.
e The rotational transformation method in [40,52] transforms the set of n correlated random inputs

(p(P)l q(P)l

{ I F(P)h
iwoy, t? Migpy t?

fpw» t

1,(p)hy .
,Q(pvg‘f)t ),into a set of n_, uncorrelated random inputs (X, ,X, (..., X

i X ). This is

necessary in the presence of input correlation. PV powers of geographically closer locations are correlated
[40,41]. There are also reasons for the correlation between nodal loads [40,41].
* The so-called Kth concentration (X, . @, ) of each random inputx; , is obtained from the statistical input

data (e.g. PDF, ie, f )

t

Xxj o K :/ux“ +5x“,K .ij ; (K :11 2) (30)

Wt

The two standard locations and weights are [70]:

8, k=A 12+(-1)" '\/ﬂ:‘.-3/4~(ﬂzd )3 @, =(D B, (6,070, T (K=12) (31)

e The function F is evaluated only two times for each random inputx;  at the points specified for the Kth
location Xxj‘vKof the random input x;,and the expected value of the n -1 remaining inputs, namely

(B o By oo B s )

e One additional evaluation of function £ at the point specified for the n,, expected value of random inputs

(,uxll VB, e My e f t) is required with the following specific weighting factor:

o,, =1—nzw{1/(z;‘jv[ (2, )2} (32)

=

e The solution for each of the preceding deterministic HLF is:
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qli (Xj,t’ K) = F(/ux“ ’/’lxz‘t ’""’uxx]-‘,‘x ,...,ﬂxnw,l) (33)

The vector P, (xjyt, K) is used to estimate the rth-order statistical moments around zero of the random output

variables ¥, (ie., |\71(,ptls)h

V.(p/s)h 7 (p/s)h
' 91, t ' |\/2, t

V. (p/s)h 7 (p/s)h
SN YA

V. (@/s)hy .
O

n,

2

I

E(%)) 0 [ (6 K) ]+ @ [ Al )] (34)

=1 K

6.2.2. AA-based methodology for solving HLFs

The affine HLF is an advanced development of the deterministic HLF described in section 5. It consists of the

following steps.

Step 1: Affine CLFm

Substep 1-1: The fundamental-frequency CLF is solved in complex AA [55,91,92] by the method in [90], which
accounts for the behavior of PV systems. This method consists of the iterative forward and backward sweep process

(see Fig. 4a).

1.

Initialization: all voltage magnitudes are assumed to be 1 p.u. and their phase angles 0°, 120°, and -120° phase

shifted. The set of uncertain input variables that represents the real per-unit PV fundamental-frequency currents

A A
and LD power injections are expressed in complex affine form ([Iifpzl*?},{sig)l t}), involving n., noise symbols.
pv) * ’

Forward sweep: at iteration d, the uncertain current at the extreme LD node of the SRDN, i.e., node #j, is:

L - i}
@1 S @L(d-1)
@L0) Sieot | [ Vi
j. t
A A A
T |[_| rone | _|[ &or 7 B)1.(d-1) 35
|:Ijvt :|_ jt - [SJ(LD)v[] /Vj,t ( )
©1,(d) *
! S j ©L(d-1)
. (-
Sj(LD)v t Vjvt

The uncertain voltage at node #i and branch current L, can be determined from the current at node #j, as follows:

B
A A A
7@L) | _| 501 7 (P)1.(d) H®L || TELE) |-
VRO | [0 ]| Ve |-[p® ]| 19 |

= >

>

(36)
oo |=Jagn] e [ g fee |
where the matrices are stated in [90]. According to Fig. 4b:
(a0 ]=[d*])=[®]+ % [z00][vo" )
[0 ]=[28" ) (37)

" 1r- - "
c@ | _[yei] 2[yer][ 7m1][yer].
[C‘*i ] - [YLu ]+ 4 [YLH J[ZLH J[YLU ]

Taking into account both the uncertain LD current at node #i, obtained by (35) and the PV current, the uncertain

total current at node #i is:

FOLE) roL FOLE) e
P)L, — p)1. )L, p)L®
Ii,t - Ii(,_D),t + IL,J.t - Ii(pv),t
(38)

Voltages and currents per phase at root node #1, are obtained by (36).
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3. Convergence judgment: when the convergence criterion is verified, the following result is obtained:

A A
()1 7 (P)1.(d) (P)l 7 (P)1,(d)
max(}\/ Vl, t VRoot node, t Vl, t

Root node, t

=g (p:a!b’c) (39)

4. Backward sweep: the reference voltage [V“’” ]is considered at node #1. The uncertain voltages at the

Root node, t

successive nodes are calculated with the currents in step 2. For example, the voltage of node #i is:

VAN N
TMELA) | _[z@1 ] (p)l (p).1 i (0).1 1 (®1L.(d)
{vi,t }[ T [V ][22 o J[u.t }

(40)
With the preceding voltages, the iterative process begins again at the second step.
Once convergence is achieved, the fundamental-frequency LD admittances are:
S ()1~ S (a)1*
M1 _ _"lot’o . F@1 _ Tl t’o o
YI(L'I)D) t ”(;)Jﬁ 27 €.g. Yi(LD)vt - (;)1) 2 (I(LD) =B,B+1,...,CL p= a,b,C) (41)
‘ iwpy, t’0 ‘ iLpy, t’0
The harmonic LD admittances are given by:
vV ®h VAC:! P . e
[ Yo t] ar. ([ Yo t] (i = B, B+L,..,C-L; h=3,5,..,h ) (42)

The harmonic LD admittances are incorporated into SRDN admittance matrix [Y ®@h ] , building modified SRDN

bus, t

admittance matrix [Y ®)h ] . In addition, the system is reduced to the PV system nodes, which obtains reduced matrix

busM, t
(Ph
I:YbusR 1:| ’

o1 o (@) o)1 :(a:)bh)
Vi Vi Af(p)l Vj‘ t Node i R /\Nilf‘rvvvx B . Node j
L. t | \7+ ,_L , :L‘ \7+

}ZAESC)"W WJ Z:(an),h
= (enyh 7 (B)h
Root node (p)1e> (p)l }Z'-u TZLU [
'(vV) L '('-D) L d
1
2

Z‘(nn),h

L

J

[Y o J Vig,

- - - - T Ground T - - - -

o RO, R OO,
= = = = T Reduction from four-wire grounded wye line segment model to
Z@h Z@h ZEh  Z@h 0 €
L L [ [ three-phase line segment model; Ref. [67]
T - o T R 3 .
[ZE‘)' }: - R R R Node i % 2 L i Node j
g Z@)h  Zbch  Z(co)h
Z'—., Z'—., Z'—., *.
Z:Sn),n Z:Sm),h Z:Ecn),h » agj
] ] i) —
ng.
— - -~ 7 +
2 2 2] %
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Fig. 4. Example of an SRDN with 3 nodes (a) and its three-phase line segment model (b).
Step 2: Affine IHA

Substep 2-1: the uncertain harmonic voltages [\Zéﬁf“""’}at the kth iteration are used to update more accurate PV

harmonic currents by solving (20). By using a Cartesian-to-Polar transformation for voltages and a Polar-to-Cartesian

transformation for current, (20) can be written as:

\/ ®h. (k)

'(pv) to

;d=1,....d

max ?

é,l(p)s O} D(p)dt); (i, =C,--.N;s=1....s

v+ t o) »

iy > t vy - t o) £ max 1 h=3,...,hmax) (43)

Ph. (k) (Ph 1
I, } HOM
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Substep 2-2: the convergence criterion is verified for PV harmonic current results, thus transforming them into interval

forms such as (39). Otherwise, it is necessary to proceed to the next step.

Substep 2-3: the harmonic currents then derive the new iteration for uncertain harmonic voltages:

N (k+1) Ta ®)
[\Z@h } =[v.en ] 1[|.<p>h J ; (igy =C.C+L...,N; h=3,5,..,h ) (44)

oy t Tpv)» t

The process is then redirected back to Substep 2-1.
Step 3: Affine VN

Substep 3-1: the VN determines the uncertain nodal harmonic voltages by incorporating PV-injected currents into the

nodal current vector:

Vi | ~[ven. T e | (=351 (45)
The symmetrical component transformation [75] then determines the uncertain harmonic voltages in the

symmetrical component-based framework:

[\Zﬁg?t} - [T][\Zﬁght } (h=35,...h,.) (46)
6.2.3. Output distribution by approximation expansion

As reflected in the literature, any PDF of a random variable x with finite cumulants can be expressed in terms of
orthogonal polynomial expansions [81]. The most widely used expressions are the Gram-Charlier type A and Laguerre
polynomial expansion [83]. Among the Saddle Point approximations are the Edgeworth [83] and Cornish-Fisher [82]
expansions. Previous series are defined for an interval -co < x < +oo. For this reason, they do not consider that x can only

take values within an interval x < x <X . For an optimal performance, knowledge of the upper and lower bounds is also

necessary. This is accomplished by using the LGSA [72,93], which is for a finite interval 0 <t < 1. The form of the
LGSA can handle many moments, and even more important, it uses direct knowledge of the upper and lower bounds.
Since the Gram-Charlier and Edgeworth expansions employ orthogonal polynomials based on a normal distribution,
their applicability is limited to nearly normal distributions [30]. Since this study analyzes strongly asymmetric

distributions, only Cornish-Fisher expansions and LGSA were applied.

7. Case studies
The software code was MATLAB using a computer with Intel® Core™ j7-8750H+HM370 (6 cores), 2.2-4.1 GHz,

and 16-GB DDRA4. A rural SRDN was used as a case study for this work. Unless otherwise stated, the results focused on

node #30, the most critical multiphase node for voltage regulation.

The GAT analyzed harmonic distortion and voltage unbalance in two scenarios. The first scenario (#1) was a 10-min
time interval around 12:00 p.m. (midday) for a cloudy winter day in January. The second scenario (#2) was 10-min

interval at the same time for a sunny summer day July.

7.1.1. Test SRDN data and PV input data
The SRDN was a 30-branch, 31-node, 0.4-kV SRDN located in a rural area of Andalusia [40]. It was a four-wire

SRDN with a multigrounded neutral system. It should be highlighted that this rural SRDN had unbalanced lines and line

sections, carrying a mixture of single-phase, double-phase, and three-phase loads. The base allocation and sizing of PV

15


https://ark.intel.com/content/www/es/es/ark/products/134906/intel-core-i7-8750h-processor-9m-cache-up-to-4-10-ghz.html

systems in [40] for each node and phase is shown in Fig. 5. This amounted to 15 PV systems of 10 kWp, which meant a

10%-PV penetration.

The first statistical moments and bounds for global and diffuse irradiation, based on specific geolocation (node),
were obtained from [40], which provided PV correlation data as well. Statistical data (moments and bounds) and
correlation for each real/reactive fundamental-frequency node load and phase were derived from [40]. PV harmonic
data were gathered by time-domain measurements [85], which involved both the typical PV harmonic current spectrum

and the background harmonic interaction.

®
N
.....

=5 510.6/1 KV 3x150/95 mm’ ©
2
e 0,6/1 KV 4x150 mmi B_E_.Z.Q...,. ....... ° %

o0 0000.6/1 kV 4x50 mm’ ®)
——RZ0.6/1 kV 4x25 mm?

---------- RZ0.6/1 kV 2x25 mm” Connected to (pth phase)
Fig. 5. Single-line diagram of the rural SRDN.

7.1.2. PV harmonic current injection
This section presents the PDFs, resulting from the procedure outlined in section 4.2.2. They are for the PV harmonic

current in each scenario, and focus on the 10-kWp PV system at node #30 and phase a. Magnitude results are given in

p.u., and the power and line-to-neutral voltage base were chosen as 1-MVA and 230-V, respectively.

As a common behavior pattern for lower-order harmonic currents (3rd-order, 5th-order, and 7th-order harmonics) in
January vs. July lower absolute magnitude levels in the PDFs were observed mainly because of the lower levels of
fundamental-frequency current, even though the relative magnitude levels in the relevant PDFs were greater. However,
the magnitude levels for higher-order harmonics hardly changed in the two months. Regarding the phase angles, levels

moved somewhat erratically from higher to lower values when compared both months.

Any known distribution could be identified in the PDFs thus obtained. In January, the PDF shape was farthest away
from a Gaussian distribution. This outcome agrees with [72] since the harmonic current PDF begins to show a more
Gaussian behavior as the fundamental-frequency current level increases.

6 ‘(a) T T T T ®) T

January (#1) July (#2) January (#1) July (#2) g i
------ — Ho03 HO3 .o — H
...... — Hos |
...... — Ho7
HO09
H11
— H13|
— H15

IS

.
PDF

AN A L RZ
0 1 2 3 4 5 6 - -1.5 1.
hth-order harmonic current magnitude in phase a (p.u.) Phase angle of hth-order harmonic current in phase a (rad)

*10-5

Fig. 6. PDF curves of the hth-order harmonic current for the PV system at node #30 and phase a, on a day of January/July at 12:00
p.m. (midday): (a) magnitude; (b) phase angle.
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7.1.3. Accuracy and computation cost of the GAT versus MCS
To demonstrate the accuracy of the GAT, its results in the test SRDN with PV systems were compared with those of

the MCS for 10,000 trials, which was used as a reference. This assessment was carried out, based on an average-root-

mean-square error index of the resulting CDFs. In particular, this error in the harmonic voltage magnitude, |\7ifpt)h|

(phase angle, 6";P") is given by [39]:

2 2
GAT, MCS, MCS,
Z( F‘V (p)h‘ (Zv ®@hy F‘V’ifpgh‘ (;\{ oy j / ( F’V <p)h‘ (;v HOUDY )
"%&@:\W% - = -100 (47)

X

and the maximum error for all of the SRDN nodes and phases:

GAT GAT
S| owny = MAX {(’Z\\Zf?h\(eh(”")} (48)

i.p

Although the Cornish-Fisher expansion and Legendre series can be based on any number of cumulants or terms,

respectively, this research used the first five cumulants [39,72] and the first five/twenty terms [72].

Table 1 shows a condensed collection of results for the maximum GAT errors of the harmonic voltages in the
SRDN. As can be observed, the GAT had a high level of accuracy for all harmonics. In fact, the more terms used in the
LGSA, the greater its accuracy was with very little variation in the computation time. Consequently, there was no
increase in the computational burden. MCS was found to be computationally expensive, and thus not viable for the

purposes of this analysis.

Regarding the results for 20 terms, when the harmonic order was higher, the error in harmonic voltage magnitude
was greater. Nevertheless, the accuracy for higher harmonic orders was closely tied to lower ones. For phase-angle
accuracy, there was no change. The most significant error occurred in scenario #2, July. As a result, a higher dispersion
in the resulting PDF led to an increase in errors. Finally, the comparison of errors for the SRDN nodes revealed that the

greatest errors occurred in PV system nodes.

Table 1. Maximum GAT error of all node harmonic voltages and associated computation time.

Time interval Error (%) n,, Node, Phase Harmonic order Computation time (s)
3 5 7 9 11 13 15 GAT MCS
§GAT (#, phase p) (#30, a)(#30, a)(#30, a)(#30, a)(#30, a)(#30, a)(#30, a)
\v;:::*{:l 20 185 124 089 172 192 212 446 8506 51038.92
t 5 398 350 295 294 343 549 618 8336 50528.52
#1
(January) §GAT (#, phase p) (#30 a)(#30 a)(#30, a)(#30, a)(#30, a)(#30, a)(#30,a)  __ -
O’ 20 123 127 137 148 144 154 —— ——
5 380 359 655 676 866 634 7.18
é;GAT (#, phase p) (#30, a)(#30, a)(#30, a)(#30, a)(#30, a)(#30, a)(#30, a)
\7;:;*2:2\ 20 206 137 144 205 165 281 481 4423 29857.71
t 5 411 412 391 378 275 584 6.87 43.35 29559.13
#2
(July) §GAT (#, phase p) (#30 a)(#30, a)(#30, a)(#30, a)(#30, a)(#30, a)(#30, a)
Gl 20 27 126 116 148 154 150 158 __ __
5 4.22 423 634 697 803 655 6.76 — __

7.1.4. The GAT versus incomplete IGAT
This section discusses the accuracy of the GAT as compared to the IGAT. For both techniques and various

harmonics, Fig. 7 displays the results of harmonic voltage magnitude in node #30 (phase a) with background harmonic
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interaction on a July day at 12:00 p.m. (midday) Fig. 8 focuses on the voltage unbalance, whereas the rest of the

variables remain the same as in the previous figure.

As can be observed, the error index & highlights that the fitting by the GAT was clearly more precise than that of

the IGAT for all of the results. For example, Fig. 7b indicates that the GAT better reconstructed the peaks and troughs
of the PDF. It also shows a curve that is much closer to the MCS for the 5th-order harmonic. Moreover, the GAT
limited the PFD from the lower to the upper bounds, thanks to the LGSA. Conversely, the IGAT prolonged the PDF
beyond its bounds. As expected, both techniques produced large errors in derived variables (see Fig. 8b), namely, the

unbalance computed from all of the harmonic voltages.

The 7th-order harmonic showed the most non-Gaussian behavior, followed by the 15th-order, 3rd-order and 5th-
order harmonics. This result agrees with the non-Gaussian shape of input variables in Fig. 6.. Nevertheless, according to
central limit theorem, the PDF of output variables tended to show a more Gaussian behavior. In fact, the behavior of the

output variables was quite different from the non-Gaussian behavior of the inputs in Fig. 6.
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Fig. 7. PDF curves of the hth-order harmonic voltage magnitude in phase a and node #30 with background harmonic interaction on
a day of July at 12:00 p.m. (midday): (a) h=3; (b) h=5; (c) h=7; (c) h=15.
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Fig. 8. PDF curves of voltage unbalance in node #30 with background harmonic interaction on a day of July at 12:00 p.m. (midday):
(a) fundamental phase unbalance; (b) total phase unbalance.

1.2

7.1.5. Analysis of the impact of background harmonic interaction

In regard to node #30 in July, this section shows how the multiphase interaction of background harmonic voltage on PV
harmonic current could strongly impact the resulting voltages for phases a, b, and c, see Fig. 9. Due to space limitations
the results for other nodes are not shown. As can be observed in Fig. 9, the harmonic voltage amplitudes were different
in each phase and were dependent on the loading and PV generation level. Thus, except for the 9th-order and 15th-order
harmonics, the results show that these amplitudes in phase ¢ were the highest and lowest in the phase b. The PV
harmonic current value in phase ¢ was higher than that of the other two phases, which was a consequence of a heavier
PV generation allocation in phase ¢ and a lighter allocation in phase b, i.e., 6 PV systems in phase ¢ vs. 5 and 4 PV
systems in phase a and b, respectively. The higher harmonic voltage values in phase b, for the 9th-order and 15th-order
harmonics, could stem from the interaction between PV generation and load at the lowest PV harmonic current values
that occurred at these harmonic orders. When the additional interaction was compared to the non-interaction condition,
it was found that this similarly shifted the resulting PDFs of three phases. In fact, it increased values for every harmonic
except for the 7th-order harmonic though the SRDN operated under unbalanced conditions. Conversely, the 7th-order
harmonic showed an opposite trend and decreased its values. Moreover, the dispersion of PDFs remained almost
unchanged and the phase with the highest and lowest harmonic voltage did not vary. This means that the interaction did
not change voltage unbalance as indicated in Fig. 12. This provided sufficient justification to analyze in detail the

multiphase interaction impact for harmonics focusing on a single phase (Fig. 10).
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Fig. 9. PDF curves of the 15th-order harmonic voltage magnitudes in node #30 and phases a, b, and ¢ with/without background
harmonic interaction on a day in July at 12:00 p.m. (midday).

Fig. 10 summarizes the interaction impact for different harmonics at phase a. The month of July was selected to
discuss this interaction impact since the PDF magnitudes had their highest levels. As a common behavior pattern,
lower-order harmonic voltages (3rd-order, 5th-order, and 7th-order harmonics) tended to strongly modify most of the
PV harmonic currents since significant shifts were found at high-order harmonic voltages despite their low PV
harmonic currents (see Fig. 6). On the other hand, there was a great coupling between triplen harmonic voltages (3rd-
order, 9th-order, and 15th-order harmonics) with larger increases. More specifically, the most significant harmonic
voltage rise (27.2%) was in the 3rd-order harmonic, which had the highest PV current magnitude. This high interaction
impact in triplen harmonics was due to the unbalanced conditions in the SRDN. However, the behavior of the lower-

order harmonic voltages of positive and negative sequence (i.e., 5th-order and 7th-order harmonics) hardly varied

(increase of about 3.5% for the 5th-order and -2.2% for the 7th-order).
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The aggregated impact of background harmonic interaction on resulting harmonic voltages led to a moderate
TPD, rise of about 14.5% for January and 14.4% for July, ( Fig. 11). However, as shown in Fig. 12, the impact on the
voltage unbalance was very limited. For example in scenario #2, this low impact was mainly observed in TPU,, (Fig.
12b1) because of the change in the harmonic unbalance components (Fig. 12b2), where the TPU, , remained almost
unchanged. Furthermore, the interaction did not contribute to a more ideal balanced case since the sequence of
characteristic harmonics moved somewhat erratically away from this case. In other words, ratio Y®" changed to lower
values for negative-sequence harmonics (5th-order and 11th-order harmonics) but also for positive- and zero-sequence

harmonics (13th-order and 15th-order harmonics). As a result, variation in the TPU,, was minimal.
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Fig. 10. PDF curves of the hth-order harmonic voltage magnitude in node #30 and phases a with/without background harmonic

interaction at 12:00 p.m. (midday) on a day in: (a) January(#1); (b) July(#2).
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7.1.6. Meeting of regulatory limits
This section discusses the regulatory limit fulfilment for harmonic distortion and voltage unbalance in the SDRN.

Fig. 13 presents the harmonic voltage profile for all SRDN nodes, focusing in phase a. The most harmonic orders met
their harmonic voltage limit of compatibility level in the low voltage (LV) IEC standard [60]. However, the 15th-order
harmonic voltages in some nodes in January were closer to the 0.4% level in [60]. In contrast, the harmonic voltages in
July were even higher than in January. This was unacceptable for nodes #24 to #31. However, when the 0.5% limit in

EN 50160 Std. [59] was assumed, this outcome was somewhat less important

Regarding the 15th-order harmonic voltages of the entire SRDN, their PDFs in each scenario were used to assess the
violation probability of the compatibility level in [60]. A compatibility-level value is based on the 95% probability
level, i.e., an « significance level below 5%. Therefore, a violation probability higher than a 5%-« level involves
noncompliance with the regulatory limit. Based on the 0.4%-compatibility level in [60], Fig. 15a shows the violation
probability for all of the SRDN nodes and phases, Nevertheless, the expected value in Fig. 13b for scenario #2 cannot
be compared with the compatibility level. For example, the expected value at node #23 was 0.354%. (Fig. 13b) below
the compatibility level. In contrast, Fig. 15a shows that the violation probability of harmonic voltage was 10.4%,higher

than the 5%-significance level because of the dispersion. As a result, this node did not comply with the regulatory limit.
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Fig. 14 shows the voltage unbalance profile for all of the SRDN nodes in scenarios #1 and #2. In general, the
voltage unbalance rose as the distance from the root node increased, though not always. It was assumed that the root
node was a balanced three-phase source. Throughout the SRDN, the unbalanced location of PV and load currents
caused unequal voltage drops, which produced unbalanced phase voltages. However, there was evidently a flatter
distribution of the fundamental and total phase unbalance towards the root node than the distribution of the harmonic

voltages in Fig. 13. The reason for this was that values of TPU,, were about 200-300% greater than the corresponding

values of TPU,,.As a result, the harmonic unbalance components were very important but did not determine the
shape of TPU,, which followed the shape of TPU .. As can be observed, there was no great change in
TPU,, throughout the SRDN because the unbalanced PV fundamental-frequency currents were able to locally feed

the closest unbalanced loads, and thus help to maintain a more balanced condition. In contrast, unbalanced PV harmonic

currents flowed toward the root node and caused an increasing number of unequal harmonic voltage drops ( Fig. 14).

Furthermore, Fig. 14 clearly shows that the sequence of characteristic harmonics was not as large as expected in the
ideal balanced case. Even though the most important negative-sequence components were obviously the 5th-order and
11th-order harmonics, most harmonics tended to comprise both zero and negative-sequence components, as reflected in
the negative-sequence in 3rd-order, 9th-order and 15th-order harmonics.

Regarding the regulatory limit for voltage unbalance of all of the SRDN nodes, their PDFs allowed the violation
probability assessment of the 2%-compatibility level limit in [59,60] (see Fig. 15b). Despite the fact that Fig. 14b shows
the expected value of total phase unbalance, at each SRDN node, this value cannot be compared with the compatibility
level. For example, as shown in Fig. 14b, the expected value at node #10 in scenario #2 was 1.99%, which was below
the compatibility level. Nevertheless, as highlighted in Fig. 15b, the violation probability of the total phase unbalance
was 60.99%, which was higher than the 5%-significance level because of dispersion. Accordingly, this node did not

fulfil the regulatory limit.

The results were worse when the regulatory limit fulfilment for harmonic distortion (Fig. 15a) and voltage
unbalance (Fig. 15b) were compared. This higher level of noncompliance was not only due to unbalanced PV currents

but also to PV harmonic distortion, which significantly increased total versus fundamental phase unbalance.
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8. Conclusions
This study developed a GAT for solving iterative multiphase HLFs in SRDNs with input uncertainties from PV

systems. This GAT was able to successfully deal with unbalanced conditions. Particular attention was given to the
procedure to obtain the set of descriptive measurements used to stochastically characterize the output variables
(harmonic distortion and voltage unbalance). Various improvements were also implemented to reduce the
computational efforts to obtain these measurements. For this purpose, an innovative combination of the PEM and
complex AA was adopted. Another important feature of the GAT was the use of the LGSA to achieve the best
reconstruction for the output variables, bounded on a finite interval. The GAT incorporated the IHP method into the
multiphase framework, which made it possible to also handle background harmonic interaction. Moreover, the GAT
was able to take into account the double uncertainty in the PV harmonic injection (magnitude and phase angle), which
is more realistic in the operation of SRDNSs.

The results obtained for a real SRDN demonstrated that the GAT was well suited for the assessment of uncertainty
propagation in iterative HLFs, and that it could be effectively applied to SRDNs in unbalanced conditions. The
comparison of these results with those obtained with MCS showed that the GAT has a satisfactory level of accuracy
with a shorter computational time. Although the calculation speed of the GAT was slightly less than that of IGAT, it

was found to be more accurate.
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The numerical results indicated that the impact of background harmonic interaction cannot be neglected. Thus, the
aggregated impact of background harmonic interaction on the resulting harmonic voltages led to a moderate increase in

TPD, . However, as expected, this interaction did not have a significant impact on voltage unbalance.

Regarding regulatory limit fulfilment, a high level of noncompliance was found to occur in July, due to voltage
unbalance limits. The reason for this was not only the unbalanced PV currents but also mainly PV harmonic distortion.
Since the probability of noncompliance was particularly high, equipment damage was to be expected. This research and

the numerical results of its case study highlight the usefulness of the GAT for the application of harmonic standards.
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