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Phasor-based interdependencies of multiple harmonic sources, especially Distributed Energy Resources,
on distribution networks are analyzed in this paper. A new index, Phasor Harmonic Index (IPH), is pro-
posed by the authors. IPH considers both harmonic source magnitude and phase angle for different
harmonic orders. Other commonly used harmonic indices are based solely on magnitude of waveforms.
A very detailed model of a distribution network is used in the harmonic assessment. With the help of the

'@yv‘/_ord?" detailed distribution network model, the phase couplings and the phase balancing impacts on harmonic
Distribution network . . . .

Harmonics propagation between three phases are investigated. Moreover, effects of harmonic source phase angle
Distortion deviations are analyzed at both the customer side and the substation side. This paper investigates the

importance of phase angles in harmonic assessment and how distribution network characteristics can
be analyzed appropriately with phasor-based harmonic studies. In addition to device level harmonics,
system level harmonic propagation need to be considered.

Power quality
Phase coupling
Phase balancing

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The resultant harmonics from Distributed Energy Resources
(DER) inverters and the spread of power-based appliances cre-
ate concerns for power system operators and engineers. Harmonic
propagation causes distortion in voltage and current waveforms
in different parts of distribution networks. Harmonics generated
by different harmonic sources can interact to either increase or
decrease the effects of harmonics.

The harmonic impact on power systems is a well-researched
topic. Harmonic measurement and filtering in power systems
are discussed in many literatures like [1,2]. However, existing
researches mostly consider harmonics as a local phenomenon with
local effects [3,4]. There are a few papers that focus on harmon-
ics from Distributed Energy Resources (DER) [5-7]. Authors in [8,9]
focus on harmonic filter design for DER units. However, the pro-
posed solutions are local approaches for controlling each inverter.
Even less literature investigates the impact of harmonic propaga-
tion in distribution networks. Authorsin [10] proposed a method to

* Corresponding author. Tel.: +1 949 943 5600.
E-mail address: arghandehr@gmail.com (R. Arghandeh).
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0378-7796/© 2014 Elsevier B.V. All rights reserved.

find locations of major harmonic sources in distribution networks.
The authors use the Norton equivalent model for the distribu-
tion network which is not a full representative of the network.
[11] analyzes harmonic distortion in different types of distribution
transformers. [12] conducts a sensitivity analysis to find vulnerable
buses in distribution networks. But, the authors use the Thevenin
equivalent model at each bus instead of the full topological model of
the circuit. [13,14] shows the impact of aggregated harmonics from
Distributed Generation units in distribution networks. However,
they use a single-phase equivalent line model and do not consider
multi-phase line models.

The novelty of this paper is in investigating the system-wide
harmonic interaction between different harmonic sources, mainly
DERs. In the literature there has been a lack of physical-based,
detailed models in harmonic studies. The harmonic investigation in
this paper benefits from a detailed distribution network model. The
model employed has large numbers of single phase, multi-phase,
and unbalanced loads. These details of distribution system model-
ing have not been addressed in previous harmonic analysis found
in the literature.

This paper proposes a new index based on the harmonic source
phase angle. In terms of harmonic distortion quantization, the
Total Harmonic Distortion (THD) is the most common index in
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Nomenclature

Vi voltage magnitude for frequency order h

I, current magnitude for frequency order h
Votal total value for voltage magnitude

Itotal total value for current magnitude

V,’: h phasor form of voltage for frequency order h
I,’I’“ phasor form of current for frequency order h
On harmonic current phase angle

On harmonic voltage phase angle

h harmonic frequency order

THDV  voltage total harmonic distortion

THDI current total harmonic distortion

IPHV voltage index of phasor harmonics

IPHI current index of phasor harmonics

IHDI individual harmonic index for current

IHDV individual harmonic index for voltage

PTM phase Thevenin equivalent matrix

the literature [15,16]. But, THD is based only on the magnitude of
the distorted waveforms. In this paper a new index is proposed
called the Index of Phasor Harmonics (IPH). IPH incorporates both
magnitude and phase angle information in evaluating distorted
waveforms resulting from the interaction of multiple harmonic
sources. The advantages of IPH as compared to common harmonic
indexes are illustrated in case studies.

This paper also analyzes the interactions of multiple harmonic
sources in a three phase, asymmetrical and unbalanced distribu-
tion network. The way DER inverters can work together to either
decrease or increase harmonic distortion throughout the distribu-
tion network is investigated.

The phase coupling impact on harmonic propagation has not
been addressed in previous works, especially for distribution
networks. Because of short distances between conductors in over-
head lines and underground cables, phase coupling in distribution
networks needs to be considered in harmonic analysis. In this paper,
the IPH index is used to measures the impact of a harmonic sources
attached to one phase on other phases.

There are a few papers that consider the impact of phase balance
on harmonics [17-19]. However, they are all at the device level.
That is, they focus on harmonic and load balancing in transform-
ers and inverters. Another novelty of this paper is analyzing the
impact of phase balance at the feeder level on harmonic distortion
throughout the whole feeder.

The paper is organized as follows: Section 2 discusses harmonics
analysis. Section 3 describes the impacts of source and network
characteristics on harmonics. Section 4 presents conclusions and
observations.

2. Harmonic analysis in distribution networks
2.1. Indices for measuring harmonic distortion

Harmonic components in AC power systems are sinusoidal
waveforms that are integer multiples of the fundamental fre-
quency. The summation of harmonic components results in
distorted current and voltage waveforms. Periodic functions of dis-
torted voltage and current are defined by Fourier series as follows

o0

Frotal = Y _ 2y sin(haot - 6;) (1)

h=1

Vrotal = » V2V sin(hwot — p) (2)
h=1

where Ip;s¢ and Vp;s are the distorted current and voltage at the
measurement point, respectively. I, and V, are current and voltage
r.m.s. values for the hth harmonic order. 6, and ¢} are harmonic
current and voltage phase angles. wg is the fundamental angular
frequency and h is the harmonic frequency order. n is number of
harmonic orders considered.

The most common index used for measuring harmonics in stan-
dards and literature is Total Harmonic Distortion (THD) [16]. THD
includes the contribution of the magnitude of each harmonic com-
ponent as given by

where THDI and THDV are THD values for current and voltage,
respectively. I; and V7 are the current and voltage r.m.s. values for
the fundamental frequency, respectively.

Another widely used index is Individual Harmonic Distortion
(IHD).IHD represents the percentage of each harmonic order ampli-
tude relative to the fundamental voltage or current, as given by

IHDI = ;’1 x 100 (5)
1

IHDV = 2 % 100 (6)
Vi

where IHDI and IHDV are the IHD index for voltage and current,
respectively. The THD and IHD are addressed in IEEE-519, IEEE-
1547, IEC-610000, and EN50160 and other standards for power
quality and distribution network related products [20-22].

In some standards, the conventional definition of power factor
is modified to account for the contribution of higher frequencies
[16]. The modified power factor is called Total Power factor (TPF).
Eq. (7) shows the relationship between TPF and THD [23]:

CoSs 4
v/ 1+ THDI?

where §; is the angle between voltage and current at the funda-
mental frequency, where cos(§1) is called the displacement power
factor and the factor 1/,/1+THDI? is called the distortion power
factor.

The THD and IHD indices are only based on the magnitude of
harmonic components. The TPF only considers the phase angle
difference between the fundamental voltage and current vec-
tors. Therefore, the most common indices for harmonic analysis
do not account for the phase angles of the higher frequencies
harmonic components in harmonic distortion assessment. How-
ever, the vectorial characteristics of the harmonic waveforms with
higher frequencies do have an impact on the total distorted current
or voltage waveforms.

In this paper a new harmonic assessment index, Index of Pha-
sor Harmonic (IPH), is used. The IPH is proposed by authors. More
mathematical insight into the index is presented in [24] by authors.
The IPH considers information related to both magnitudes and
phase angles of the harmonic components based on the wave-
form orthogonal decomposition. The purpose is to resolve voltage
or current values along directions of in-phase component of the

TPF = (7)
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nonsinusoidal waveform. Using the sine identity (1) and (2) can be
rewritten in the orthogonal form as:

Itotal = JiZI,, cos(6))sin(hwot) — ﬁZlh sin(6),)cos(hwot)  (8)

h=1 h=1

Vrotal = V2 _Viycos(gp)sin(hwot) = V2> “Vj sin(gp)cos(hwot)

h=1 h=1
9

In (8) and (9), total current and voltage are separated into two
in-phase and in-quadrature components. The IPH is obtained by
dividing the summation of in-phase harmonic components by the
algebraic sum of harmonic waveform magnitudes. The IPH equa-
tions are as follow:

> e hpl

IPHI = &=h=1hP1 (10)
Zn=1”h|
v

IPHV = i Vil (11)

Zh 1|Vh|

where IPHI and IPHV are the Index of Phasor Harmonics for current
and voltage waveforms, respectively. The I;p and V},p are in-phase
components of current and voltage as follows:

Ihp:\/jIhCOS(Qh) (12)
Vip = \/ivh COS((ph) (13)

IPH indices are compared to THD indices in the following sec-
tions.

2.2. Integrated system modeling approach for harmonic analysis

The Integrated System Model (ISM) is intended to include all
objects found in the field- every bus in the substation, every sec-
tionalizing device (even switches in parallel), and every support
structure (poles, manholes, towers, etc.). This way realistic scenar-
ios can be supported and simulation results can be trusted.

The unique utility specific model referred to as the Integrated
System Model (ISM) is developed in the DEW environment. The [ISM
isassociated with a database for the geographical information (GIS),
component parameters, transformers parameters, conductors siz-
ing, and load and generation characteristics [25]. The ISM can model
multi-phase, unbalanced, asymmetrical distribution networks. The
ISM modeling approach is in opposition to the current industry

/\ Harmonic Source
(© substation
=P Measurment Paint

==®

Fig. 1. Schematic of distribution network model used for studying interactions of
multiple harmonic sources. Triangles indicate locations of harmonic sources and
arrows indicate locations where harmonics are evaluated.

practice of having different models and software packages for the
same circuit. Moreover, the ISM offers a graph-based topology iter-
ator framework that facilitates computations for power flow and
other calculations on the large scale model [26]. The ISM uses an
edge-edge graph model. The status of each network component is
updated locally. Therefore, changes in topology are handled locally
without large and sparse matrices. [26,27] provide further expla-
nation about ISM modeling. The [28] presents more information
about ISM load modeling and [29] is focused on the mathematical
approaches for power flow analysis in ISM.

Phasor-based harmonic analysis presented in this paper takes
advantage of the physical representation of the distribution net-
work (topology) which is embedded in the ISM model. Fig. 1 depicts
the ISM circuit model that is used as case study in this paper.

The ISM model used for the case study is an actual residential
circuitinthe state of New York witha 9.6 MVA annual peakload ona
13.2 kV distribution feeder [30]. It has single phase and multiphase
unbalanced loads with 329 residential and commercial customers.
In this case study, there are two harmonic sources indicated with
triangular symbols. However, the algorithm described herein for
phasor-based harmonic analysis is not limited by the number of
DER units in a feeder. The harmonic calculations are presented
at two points indicated by arrows in Fig. 1. The first point is the

[ ] ;
€ | —
£ | Higher Hannomc :‘ > B3 Y %
= . s
g i P‘;::I'y ';II:W Frequency Indices : YWl S
= Analysis Calculation | ! T ST i aad B &
ey — @ ———— —— | j N
o TTTTTTTyTTTTTTTTTTTT oo T oo oo oo o - S
3| M E
(<] : Components Topology GIS & Physical i fas T
= | Container Iterator Info Container | [ | e &
5 =Nz 8
S . w
o i Integrated System Model (ISM) Container| ! -6;:
o | | = =3 =
__'_::i::__:::1:::::ii::::iﬁ::: ]
| I [7]
g ! c ts|| Cust Operational | | >
= omponents || Customer perational | | =
8 ! Msasurments Parameters | [Information Signals ] -
| | E; =
[ I

Fig. 2. Architecture of harmonic analysis.
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Fig. 3. Harmonic indices calculation diagram.

substation, and the second point is at the secondary of a distribution
transformer located between the two harmonic sources.

The architecture for the phasor-based harmonic analysis is illus-
trated in Fig. 2. Phasor-based harmonic analysis has three layers,
data, model and analytics. The data layer contains data interfaces
for the distribution network model. The measurements, compo-
nent parameters, customer information, and operational signals,
like distribution network operator commands, are attached to the
ISM model. The circuit model is ISM model that is explained. The
phasor-based harmonic assessment algorithm starts with calculat-
ing voltage and current magnitude and phase angle on all nodes
of the distribution circuit at fundamental frequency without har-
monic sources (base case). Then, harmonic source are added to
the ISM model. The harmonic sources can be a distributed energy
resource, energy storage, load or any power electronic interface
connected to the feeder (here referred to as DER).

Because circuit characteristics are subject to changes in higher
frequencies, distribution network components like conductors,
transformers and load impedances have to be modified to the anal-
ysis frequency level. In this paper actual harmonic measurement
data are used. Information regarding harmonic source and circuit
characteristics of higher harmonics will be presented in Section 3.1.

The other important issue in phasor-based harmonic assess-
ment is related to harmonic distortion caused by the aggregation
of different frequency components. To simulate and calculate the
overall distortion, the algorithm has to store high frequency volt-
age and current components separately in a database to calculate
harmonic assessment indices in Section 2.1.

The phasor-based harmonic assessment algorithm is composed
of the following steps:

(1) Update DEW-ISM model with available measurements for gen-
eration and loads.

(2) Voltage and current magnitude and phase angle value calcu-
lations in the ISM model for fundamental frequency without
harmonic sources (base case), where calculated results are
stored to the database.

(3) The ISM model components modification for higher harmonics.
(“N” is the maximum harmonic order for the analysis).

(4) Calculate voltage and current magnitudes and phase angle val-
ues for “nth” harmonic order, storing results in the database.

(5) ifn<N,n=n+1 and go to step 4, else go to step 6.

(6) Calculate THD, IPH indices (equations numbers).

In this paper Nis 11. Fig. 3 illustrates the diagram for the phasor-
based harmonic analytic section.

3. Impacts of source and network characteristics on
harmonics

Harmonic propagation in distribution networks depends on a
number of factors related to harmonic sources and distribution
network characteristics. In this section the impact of harmonic
source phase angle on harmonic propagation with multiple sources
is addressed. Moreover, impacts of conductor phase coupling and
load balance on harmonic propagation are investigated.

In this paper the main objective is investigating the impor-
tance of phase angles in harmonic assessment and how distribution
network characteristics can be analyzed appropriately with a
phasor-based harmonic analysis approach. The IPH index is applied
and is compared to the conventional THD index. This paper
focuses on analyzing the change in THD and IPH via phase angle
variation.

3.1. Salient features of simulations

The research objective is the harmonic impact study apart from
the harmonic source technology. There are two 3-phase harmonic
sources in the distribution network. All phases of the harmonic
sources have the same magnitudes. The harmonic magnitudes are
based on actual measurement data from field tests ona DER inverter
as shown in Fig. 4.

w

N
n

N

Current Mag (%)
w

=
n

|

5th 7th

Harmonic Order

o

[
oth

3rd 11th

Fig. 4. Harmonic source magnitudes from field measurement data.
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Table 1
Three phase harmonic angle sequences.
Order Frequency Sequence
0 60 +
3 180 0
5 300 -
7 420 +
9 540 0
11 660 -

The dominant current and voltage harmonic observed through
the simulation are of the 3rd, 5th, 7th, 9th and 11th orders. Har-
monics of higher orders are neglected due to their small values. In
this case study, circuit analysis shows resonance frequency is much
higher than the 11th harmonic order (660 Hz), so it does not impact
the simulation results.

The phase rotation sequences of the harmonic source phase
angles are presented in Table 1, where positive, zero, and nega-
tive sequence rotations are indicated with +, 0, and —, respectively.
In simulations, the phase angle values for harmonics sources are
shifted in addition to these sequential rotation between different
harmonic orders.

To assure simulation results are not affected with resonance,
several different scenarios with different magnitude phase angles
are simulated. Part of the scenarios are reported in [24]. The objec-
tive of this paper is phasor-based interactions between different
harmonic sources. So, the focus of the simulations presented here
is on phase angle variations.

3.2. Source capacity and harmonic emission

To show the impacts of DER source capacity on the harmonic
distortion at the substation, the simulation is conducted for two
DERs, at the HS1 and HS2 points shown in Fig. 1 (the HS means
harmonic source on the circuit schematic). It is assumed that the
two DER sources inject power into the circuit with different per-
centages of their nominal capacity (3.8 kW). Phase angles have the
same sequence as Table 1.Fig. 5 shows the variation of phase A THDI
at the substation as a function of variation of the DERs capacity.

The THDI values increase with increasing harmonic source
amplitudes, as expected. The next section is focused on the har-
monic source phase angle relationship with harmonic interactions
within the circuit.

3.3. Impact of harmonic source phase angle

In systems with multiple harmonic sources, the harmonic dis-
tortion interactions are impacted by the vectorial characteristics
of the injected harmonic currents. The impact of each harmonic
source’s phase angle is investigated in this section. For sensitivity
analysis purposes, harmonic source phase angles with frequency

12
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Fig. 5. DER Capacity vs. THDI at the substation.
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Fig. 6. THDV for phases A (A), B (B), and C (C) as a function of harmonic source 1
(HS1) and harmonic source 2 (HS2) phase angles.

shifts as (0°, 15°, 30°, 45°, 60°, 75°, 90°) from the reference phase
angle are considered (see Table 1). For simulation purpose, all har-
monic frequencies assumed to have same phase angle shift. When
varying the phase angles of the harmonic sources, the magnitudes
of both harmonic sources are maintained as given in Figs. 6 and 7.
Fig. 6 shows THDV for different phase angle values at the substation
point for each of the three phases.

As illustrated in Fig. 6, there are significant differences between
THDV for the different phases. One reason for the variation of
THDV is the different phase loading as presented in Table 2. Three
phases mutual coupling is another reason for the difference in

Table 2
Unbalanced circuit loading at substation.
Ph.A Ph.B Ph.C
Connected load (kW) 818.25 429.58 476.29
Connected load (kVar) 468.53 254.45 273.17
Current flow (Amps) 126.86 67.31 73.29
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Fig. 7. THDI for phases A (A), B (B), and C (C) as a function of harmonic source 1
(HS1) and harmonic source 2 (HS2) phase angle.

the harmonic current propagations. The conductors coupling and
phase balance are investigated more deeply in next sections.

The THDV surface plots in Fig. 6 are similar to hyperbolic
geometrical functions. Fig. 6A shows THDV for phase A with a semi-
spherical cliff with the minimum values at zero phase angle for both
sources. The maximum values are achieved with 90° phase angle
for both sources (THDV =1.596). For Phase B, Fig. 6B, the saddle-
shaped surface has the saddle point at 45° phase angle in both
sources (THDV =0.873), and the maximum THDV values occur at 0°
and 90° for both sources. Phase C has a hemispherical plane with
its maximum at 45° phase angle for both sources (THDV = 1.484).
Observations show that the phase angles of the two harmonic
sources affect the minimum and maximum THDV points at the
substation.

The THDI surfaces in Fig. 7 shows that the first harmonic source
has a larger impact on the harmonic current distortion at the
substation. This observation reflects that the first harmonic source

0.99950
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©

Fig. 8. IPHV values for harmonic sources 1 and 2 for different phase angles: phases
A(A), B(B), and C (C).

is closer to the substation than the second harmonic source. In
Fig. 7A, the maximum THDI occurs at 0° for the first harmonic
source and 90° for the second harmonic source. There is a canyon
on the THDI surface for points with minimum THDI values at
45¢° for the first harmonic source. Finding points with minimum
harmonic current distortion is important for harmonic control. At
these points, the harmonic source contributions cancel each other
out and cause the minimum current harmonic distortion.

The THDV and THDI sensitivity analysis shows that the extreme
points occur around 0°, 45°, and 90° phase angles. The THDI and
THDV minimum and maximum points are different, as are shown
in Figs. 6 and 7. Relying on THDI and THDV brings more complex-
ity to harmonic control in terms of focusing on voltage or current
distortion. THDI and THDV are only based on harmonic source mag-
nitudes. The IPHV index (Eq. (9)) results are presented in Fig. 8.

The proposed index in this paper, the IPH, includes phase angle
values to present a more precise status of harmonic distortion in
both the voltage and current waveforms. The IPHV geometrical
variations for all phases show more correlation with the THDV sur-
faces in Fig. 6 and THDI surfaces in Fig. 7. However, the maximum



100 R. Arghandeh et al. / Electric Power Systems Research 116 (2014) 94-105

IPHV area for each phase is shifted slightly from the high THDV
area to the high THDI area. Because the IPHV incorporates phase
angle information, it is based on more information than THDV or
THDI and this is reflected in the figures.

Refer to Fig. 7, parts B and C, where THDI values are high in
comparison to THDV. This illustrates how phase angle changes can
impact current distortion. However, the main aim is to show vari-
ations of THDV and THDI via phase angle changes. To have a more
reliable and clear picture of harmonic emission in term of voltage
and current, the new proposed index, IPHV is calculated for differ-
ence phase angles. The IPHV observation for phase A, Fig. 8A, shows
more distortion around 90° phase angle for both harmonic sources.
In phase B, Fig. 8B, the higher distortion area is extended to 0°-45°
for both harmonic sources. The IPHV for Phase C, Fig. 8C, shows high
distortion near 90° for both harmonic sources, as is in the THDI.

and current changes caused by the coupling between the phases
and the connection point phase. The PTM is

Van Zaa Zgy Zac Ian
Vin | = | Zba Zbb Zbc | X | Ibn (14)
Ven Zea Zep Zeo Ien

V =PTM, x I (15)

where the diagonal elements represent, z;;, self-impedance of each
phase and off-diagonal elements, z;;, represent coupling between
phases i and j. Eq. (15) is the matrix form of (14). The PTM,, is
the calculated Thevenin impedance at node n. I and V are the
three phase current and voltage vectors. The Thevenin impedance
matrixes in this section are in the form of ABC impedances. The
PTM impedance seen by harmonic sources are as follows:

[ 1.5111 +jowh x 0.01269  0.1528 + jwh x 0.00164  0.1519 + jwh x 0.00136 |

PTMpys, = | 0.1528 + jwh x 0.00164  1.5095 + jwh x 0.01262  0.1536 + jwh x 0.00163 (16)
| 0.1519 + jwh x 0.00136  0.1536 + jwh x 0.00163  1.5089 + jwh x 0.01266 |
[ 1.7328 + jwh x 0.01458  0.2391 + jwh x 0.00244  0.2376 + jwh x 0.00202 ]

PTMpsz = | 0.2391 + jwh x 0.00244  1.7325 + jwh x 0.01449  0.2399 + jwh x 0.00241 (17)
| 0.2376 + joh x 0.00202  0.2399 + jwh x 0.00241  1.7304 + jwh x 0.01454 |

The simulation results, show the effectiveness of IPH in compare
to the THD. The IPHV trend is similar to the voltage distortion. In
this paper, the results are only presented for IPHV due to lack of
space. The IPHI values present similar information. However, the
IPHI trend is similar to the THDIL.

3.4. Impact of conductors phase coupling

The harmonic behavioral difference between voltage and cur-
rent in distribution networks is mostly caused by conductor
impedances. Distribution network multi-phase structures, connec-
tion types, unbalanced loading and the greater variety of equipment
in some ways makes for more complexity than found in trans-
mission networks. The Thevenin equivalent impedance, as seen by

As illustrated in Fig. 1, the second harmonic source is farther
from the substation. Fig. 9 shows a schematic of the system equiv-
alent PTM. The PTM depends on network topology and three phase
coupling. To analyze the impacts of three phase networkimpedance
on harmonic propagation, the PTM is calculated for four cases. The
first case neglects the admittance terms in conductor lines. Gen-
erally the shunt admittance of overhead lines is small and can be
neglected [32].

The second case neglects mutual coupling elements in the PTM.
The PTM is diagonal in this case. The PTM impedance calculation in
this case reduces the impact of topology on the harmonic propa-
gation. The third case considers balanced impedance values for the
three phases. The last case calculates the PTM without the previ-
ously mentioned simplifications. Table 3 shows the PTM impedance
as seen by the first harmonic source for the four cases in the fun-
damental frequency.

. . . . . . e . h PTM
harmonic sources, is applied in this section for sensitivity analysis ]
purposes. It shows the importance of phase coupling impedances - z z°
aa
in overall distribution network modeling. Lo ; 7.} 1, ° 3
The Phase Thevenin Matrix (PTM) is a 3 x 3 matrix. It is derived - o ""'\N\:—”‘W‘Z = o g
by numerical approaches presented in [31]. To achieve the PTM, g o_—zw/\/\/\,_rWV\bc ° 'g_
a test load is attached between phase and ground in grounded @ g
nodes and between two phases in ungrounded nodes. For each
test load attachment, power flow is calculated to obtain voltage Fig. 9. Three-phase system PTM equivalent.
Table 3
PTM values for different cases.
Case Description PTM for HS1
[ 1.5102+4.7827j 0.1528 +0.6196j 0.1518 4 0.5121j T
1 Neglect shunt admittance 0.1528 +0.6196j  1.5090 + 4.7566j 0.1537 + 0.6148;
| 0.1518 +0.5121j 0.1537 +0.6148j 1.5084 + 4.7707; |
[ 1.5111 + 4.7840j 0 0 T
2 Neglect mutual coupling 0 1.5094 + 4.7574j 0
L 0 0 1.5094 + 4.7574j |
[ 1.5132+4.7629] 0.1529+0.5822j 0.1531+ 0.5821j ]
3 Force balanced impedances 0.1529 + 0.5822j  1.5075+4.7722j 0.1525+ 0.5823j
| 0.1531+0.5821j 0.1525+0.5823j 1.5089 +4.7713j |
[ 1.7328 +5.4966] 0.2391+0.9180j 0.2376 + 0.7603; ]
4 Complete model values 0.2391+0.9180j 1.7325+5.4627j  0.2399 + 0.9097j

| 0.2376 + 0.7603j

0.2399 + 0.9097j

1.7304 +5.4831j |
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Fig. 10. THDV for phases A (A), B (B), and C (C) for different Thevenin impedance
calculation cases.

THDV

Fig. 10 shows the THDV for the four cases of Table 3 at the sub-
station. The phase angle for harmonic source 1 varies from 0° to
90° and phase angle for the second harmonic source is maintained
at 0°. Fig. 10 shows that case 2, that ignores mutual coupling, has
less voltage distortion than the other cases. Cases 1 and 3 have
very close THDV results. However, case 4, the complete model, has
slightly less THDV values than cases 1 and 3.

Fig. 11 shows the THDI for cases presented in Table 3. For THDI
values, case 2 has the highest THDI. Similar to the THDV values,
cases 1 and 3 have very close THDI values. However, case 4 is less
than cases 1 and 3. The presented THDV and THDI values show that
for this circuit ignoring admittance to simplify the PTM calculation
does not make a big change in THDI and THDV values.

Moreover, forcing balanced values for the three phases
impedance matrix as in case 3 does not make a big change, because
harmonic source 1 is connected to the three phase line and the three
phase conductors from the harmonic source to the substation have
similar specifications in terms of length and conductivity. But case
2 shows that the phase coupling values cannot be ignored due to
the considerable differences from the original case (case 4) in THDV
and THDI achieved in the case 2 simulations.

The THDV and THDI differences are similar to the previous sec-
tion, illustrating how phase angle variations can cause changes in
current and voltage distortions. The work in this section presents
harmonic distortion values under different assumptions for con-
ductor impedance (or conductor model).
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Fig. 11. THDI for phases A (A), B (B), and C (C) for different Thevenin impedance
calculation cases.

3.5. Single phase harmonic sources and mutual coupling effects

The phase coupling impact on harmonic propagation is not
addressed in previous works, especially for distribution networks.
Because of the short distance between overhead lines and
underground cables in distribution networks, phase coupling in dis-
tribution conductors needs to be consider in harmonic analysis at
the distribution level.

In this section, harmonic sources attached to one phase are ana-
lyzed to determine the impact on other phases. The single phase
harmonic sources are located at the same place as the three phase
harmonic sources (see Fig. 1). THDV and THDI are calculated at the
substation. With harmonic current injections in only one phase,
THDV and THDI indices for the other phases than the phase with
the harmonic source are almost zero. However, mutual couplings
do cause distortion in coupled voltage and current waveforms, but
these are not reflected in the THDV and THDI indices. The IPHI
index does provide non-zero harmonic distortion values for cou-
pled phases. Fig. 12 depicts the statistical comparison of IPHI at the
substation for the three phase harmonic source and the harmonic
source considered in each phase separately. In Fig. 12, the IPHI val-
ues for different phase angles (0°-90°) of both harmonic sources
are classified as a data set presented in the form of a Box Plot. The
Box Plots show minimum, maximum, mean, and median values of
IPHI calculated over the different phase angles.
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Fig. 12. BoxPolt for IPHI values with different harmonic source phase angles. (A) is
for the harmonic source injections in only phase A, (B) is for the harmonic source
injections in only phase B, and (C) is for the harmonic source injections in only
phase C.

In Fig. 12A, IPHI is measured in phase A. For cases of three phase
harmonic sources and phase A harmonic sources, the IPHI values
are very similar. IPHI values for phase B and phase C are less than
phase A, however they are not zero. In Figs. 11B and C there is a
similar situation for phases B and C, respectively. The greater dis-
tance between the minimum and maximum values of IPHI in phase
C shows that phase C has more sensitivity than the other phases to
the harmonic source phase angle variations.

These types of sensitivity analyses are not possible with THDV
and THDI indices because of the extremely small values of THD in
the coupled phases that do not contain the harmonic source.

3.6. Phase balance and harmonic propagation

Phase balance affects harmonic propagation due to the change
in power flow and the interphase couplings [33]. Phase balancing
results in neutral current reduction and a decline in third harmonic
currents [34]. In this paper, the phase balancing approach from [33]
is applied. It is worth mentioning that phase balancing via phase
moves is part of utility routine practice.

In this section the impact of phase balancing on harmonic dis-
tortion is analyzed with the help of THDV, THDI and IPHV indices.
Fig. 13 shows the substation loading before and after phase balanc-
ing.

The phase balancing in this study includes re-phasing single-
phase or double-phase laterals in the case study circuit model. After
performing phase balancing, part of phase A lateral branches moved
to phases B and C. There are totally 9 phase moves to balance the
circuit.

Phase

Lo“::t‘il:ns @ @

A

(=]
E

B

I 3 Phases
[ Phase A

I Phase B
1 PhaseC

Fig. 13. Phase movements for circuit balancing. (For interpretation of the references
to color near the citation of this figure, the reader is referred to the web version of
the article.)

Fig. 13 depicts phase moves and their location in the distribution
network. Phases are indicated in the figure with different colors.
Locations in the circuit where phase moves occurred are num-
bered, and the associated graphic indicates the phase move that
occurred at each numbered location. The arrows represent phase
movements in different branches of the circuit. The arrows are col-
ored based on phase changes (phase A — green, phase B — blue,
phase C— yellow).

The substation THDV comparison for the balanced and unbal-
anced circuits are presented in Fig. 14. The THDV shows a small
decrease for the balanced circuit. The THDI calculations are pre-
sented in Fig. 15. There is a decline in THDI for phases B and C, but
phase A has an increase in THDI. However, the maximum THDI for
the unbalanced case is 16.79 in phase B, and for the balanced case
the maximum THDI is 13.42 in phase A. Thus, the maximum THDI
over all of the phases decreased from the unbalanced case to the
balanced case.

E Unbalanced Circuit [1Balanced Circuit

1.2

1.0

0.8

0.6

THDV

0.4

0.0
Ph A Ph B Ph C

Fig. 14. THDV for balanced and unbalanced circuit.
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Fig. 15. THDI for balanced and unbalanced circuits.
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Table 4

IPHV calculations for balanced and unbalanced cases.
IPHV Ph. A Ph.B Ph. C
Balanced circuit 0.99990 0.51432 0.50107
Unbalanced circuit 0.99994 0.51608 0.49953
AIPHV (Bal — UnBal) —0.00004 —-0.00176 +0.00154

S (AIPHV) = —0.00026

As illustrated in Figs. 13 and 14, THDV and THDI have differ-
ent trends in phase balancing. The visual observation of THDI could
create doubts about the positive impact of phase balancing on har-

monic distortion.

Table 4 presents the IPHV calculation for the balanced and
unbalanced circuit. Table 4 shows that the change in IPHV from
the balanced case to the unbalanced case for Phase A and phase B
have a negative IPHV, and phase C has a positive IPHV. The sum of
the changes in IPHV shows a net decrease in harmonic distortion.
Such a calculation cannot be performed with THDV and THDI.
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Fig. 16. THDV (A-C) and THDI (D-F) at the substation and a customer load point for each of the phases.
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3.7. Harmonic distortion levels at customer side vs. substation
side

To demonstrate the harmonic distortion at different locations
of the circuit, harmonic calculations are conducted at a customer
load (secondary of distribution transformer) in this section. The
measurement point is illustrated in Fig. 1. The customer side mea-
surement point is between the harmonic sources. Fig. 16A-C shows
THDV values at the substation and at the customer load. The HS1
means harmonic source 1. The “Sub_HS2 _x°” means harmonic mea-
surement at substation and harmonic source 2 has x° phase angle.
The “Cust_HS2_x°” has similar meaning for measurement at cus-
tomer side.

Fig. 16D-F presents the THDI values at the substation and at the
customer load. It shows the substation experiences more distortion
in current than the customer load. However, the customer load is
exposed to higher harmonic voltage distortion. To explain these
results, Fig. 17 depicts the equivalent circuit with measurement
points and harmonic sources.

Since the impedance looking back into the substation is much
smaller than the customer load impedance, a higher portion of har-
monic currents flow to the substation than to the customer site.
Therefore, the substation has more THDI. In this case study, the volt-
age distortion is larger at the customer load. Voltage is the product
of impedance and current. The customer load impedance is much
larger than the impedance of the path to the substation. The cur-
rent through the load side is less, but the product of current and
impedance for the customer side is higher than for the substation
side. Therefore, more voltage distortion is realized at the customer
side. This observation is illustrated in Fig. 17.

It is worth mentioning that when considering available stan-
dards for distribution network harmonics, the THDV and THDI
at customer locations are within allowable ranges. However, the
THDV and THDI at the substation exceeds the allowable ranges.

4. Conclusions and observations

This paper investigates the importance of phase angles in har-
monic assessment and how distribution network characteristics
can be analyzed with phasor-based harmonic studies. A detailed
model of the distribution network is employed in the analysis.
Several simulations and sensitivity analyses are presented that
consider commonly used harmonic indices and a new proposed
index, Index of Phase Harmonics (IPH), which takes into account
information concerning phase angle differences. Conclusions and
observations from the investigation here include:

(1) Understanding how multiple harmonic sources interact
to increase or decrease the harmonic distortion is crucial in

distribution networks and microgrids with large numbers of
Distributed Energy Resources and harmonic problems. (2) The
new proposed index, IPH, incorporates more information than the
commonly used THDV and THDI indices, and IPH also provides
more information in sensitivity analysis conducted in this paper.
IPH considers the phase angles of the distorted voltage and current
waveforms in the harmonic quantization, where the phase angle
plays a significant role in the interactions of the harmonic sources.
(3) Phase angles of harmonic sources have complex impacts on the
overall harmonic distortion due to the vectorial summation of the
injected harmonic currents. In some cases, phase angle variations
of different harmonic sources result in reduced harmonic impacts.
However, phase angle variations that increase harmonic distortion
need to be understood. (4) The detailed circuit model employed
and the IPH index pave the ground for the phase coupling sensitiv-
ity analysis performed. The simulation of multiphase modeling and
unbalanced loads provides for more realistic harmonic propagation
analysis. (5) The impact of phase balance on harmonic propagation
in the distribution network is analyzed via a number of simulations.
The results demonstrate that phase balancing can have a positive
impact on harmonic reduction in distribution networks. (6) In
quantizing the impact of single phase harmonic sources on other
phases than its own phase, THDV and THDI values are very small.
But, the equivalent Thevenin impedance analysis shows that the
mutual coupling creates harmonic propagation in all phases. The
proposed IPHI index is helpful in quantizing harmonic distortion
in all phases with single phase harmonic sources present. (7)
Harmonic impacts on customer loads and at the substation are
evaluated. THD observations shows more current distortion at the
substation than at the customer load. However, more harmonic
voltage distortion is experienced at the customer load.

In harmonic studies and in harmonic measurements, harmonic
distortion should be calculated throughout the distribution net-
work considering harmonic source phase angle values. In addition
to device level harmonics, system level harmonic propagation need
to be considered.
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