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ABSTRACT: Today, one of the important issues of power quality (PQ) in power systems is the current
harmonics. Increasing expansion of nonlinear loads at different parts of the electric network makes
harmonic distortion flow through the network. This causes the network to have background voltage
and current harmonic distortion and even affect on the PQ of linear load performance. Therefore, it is
important to determine the harmonic contribution between load and network in distribution networks

and industrial centers. In this paper, a new procedure for determining the current harmonic contribution

around a quiescent point at the PCC is presented using load modeling based on crossed-frequency  Keywords:

admittance matrix. The novelty of this paper is that, firstly, instead of using the harmonic Norton model Power quality
of load, which has often been used in papers related to the harmonic contribution, it uses the crossed- . o
. . . . . . Harmonic contribution
frequency admittance matrix model, which is closed to actual load model; and secondly, considering the

fact that a linear load has a diagonal form for its crossed frequency admittance matrix, the separation of ~Harmonic load modelling

harmonic contribution is made.

Crossed frequency admittance matrix

1. Introduction

Voltage and current harmonic distortion is expanding due
to increasing the nonlinear loads in distribution networks
and industrial centers [1]. Today, harmonics are known as a
major factor affecting on the power quality and causing many
problems in the power system [2]. The harmonics in power
systems can cause a lot of damage, such as increasing power
losses and equipment heat, resonance phenomena, decreasing
power quality, adverse effects on telecommunication
equipment, increasing the probability of improper operation
of protective systems and, consequently, reducing reliability.
To deal with this problem, the first step is to identify harmonic
generating sources. The next step is to determine how much
each of these sources actually has contributed to the desired
harmonic distortion, and in other words, how much has
been disturber. In the past years, the harmonic contribution
between the network and the customer at the point of
common coupling (PCC) connected to the network has been
determined in different ways.

In [3], a method is presented to determine the location of
a harmonic source based on the direction of real power flow
in the PCC bus. In this method, the side with larger harmonic
power is identified as the location of harmonic source. It
was then proved that this method can not necessarily give
the correct determination because the direction of the real
power flow is dependent on the angle between the network
*Corresponding author’s email: vahidi@aut.ac.ir

and customer voltages and is not dependent on their voltages
amplitude [4]. Another method used to identify the source
of harmonic generation in PCC is the method investigated
in this paper, called the “vector projection” method. In
this method, the Norton equivalent circuit of network and
customer is obtained from side of the PCC bus, and then
vector projection of the current or voltage caused by each of
the harmonic generation sources in the PCCbus is respectively
obtained on the current or voltage vector generated by
the simultaneous presence of two harmonic sources. The
magnitude and direction of each vector projection represent
the harmonic contribution of each source [5]. Papers [6,7]
present methods to identify the harmonic source in the PCC
bus, which are based on comparison of the voltage amplitude
and critical impedance, respectively. In these methods,
several switching tests are required to recognize the system
impedance. In 2008, a method based on total harmonic
distortion (THD) calculation was proposed to determine
the contribution of customer and network in the harmonic
distortion of distribution networks [8]. This method is not
sufficiently precise because it does not consider the harmonic
sources phase [9]. [3-8] have focused on radial networks,
but [9] has also determined the harmonic contribution of
network and customer in weakly meshed networks. In this
method, a Norton equivalent circuit of customer is used
to model customer RLC components. Determining the
harmonic contribution for a special load, taking into account
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background harmonic changes, is presented in [10].

Methods based on harmonic state estimates (HSE) [11,12],
independent component analysis (ICA) [13,14], and weighted
least squared estimates (WLSE) [15] are some methods that
have been applied to transmission networks. The major
disadvantages of these methods are heavy calculations and
great deal of measurements [9]. In 2014, a new “Vector
Draft” method was used to identify the harmonic source in
the PCC bus. In this method, measurement is performed in
PCC bus by using the phase spectrogram (PS) and frequency
spectrogram (FS), and based on the “Vector Draft” method, in
order to detect the harmonic source [16].

Harmonic Norton model of load is usually used in the
papers to model harmonic loads. Regarding that in the
harmonic Norton model some cases such as interaction
between different harmonic orders of supply voltage, power
supply impedance, harmonics generated by other parallel
nonlinear loads, and the accidental connection of an active or
passive filter are not considered [17]; therefore, the crossed-
frequency admittance matrix model [18], which is a more
precise model, is used for load in the current paper. In this
paper, a new method is proposed to separate the harmonic
contribution of the network and load, considering this point
that for linear loads, and not for the nonlinear ones, CFAM
has a diagonal form.

Using the proposed method, by obtaining the CFAM at
an operating point, the harmonic contribution of the network
and the load can be calculated in harmonic current changes
around the operation point at each harmonic order. In Section
2, the proposed method is expressed in details; then, in Section
3, simulation of the proposed method is performed in three
case studies. Finally, in Section 4, a conclusion is presented.

2. Proposed Method

Firstly, before discussing the harmonic contribution
method, the harmonic load model used to determine the
harmonic contribution is explained. Usually, in the papers that
deal with the harmonic contribution, the Norton load model
is used. The Norton model does not consider the interaction
between harmonic voltages and currents; hence, the CFAM
model is used in this paper for the harmonic load model.

Generally, if f, according to (1), is a function of variables
Xp,Xy5ees X0 Xy » f can be linearized in form (2) around the
point X, =(x, ,x, ,..x )and with the value of f,,.

J =T X)) = (0525000 X500 X ) o))

f:fr@,.+1 (x —xlw)+i (xz—xzm/)+
axl X=X, axz X=X,
2
o of (2)
+ = (x, —ka/)+ +— (xg x,(w)
ox, X=X, Ox g X=X

According to the definition of partial derivative, for
calculating & , all variables are kept constant at the pointx,,

, and only the variable », changes partially. In this condition,
2 represents .. .
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Considering the interaction between the voltages and
harmonic currents in phasor-mode, the relationship between
the k™ harmonic current load and the harmonic voltages of the
load is as (3). By linearizing (3) around the desired operation
point, (4) will be obtained [19]:

L= fV ViV Ve) 3)
(L] v »m e vy e v [AV] [ Ly
I, Y Yoo oo Yoy oo Yax | AV, Iref2
| : .o . : SN @
I, Yo Vi2o - Voo Yk AVj Irefk
] [V Y2 o Vi Vi AV _Irefk_
—_ — —
1 Y AV Ly

where Y is known as the crossed-frequency admittance
matrix (CFAM),Ais difference between the j" harmonic
voltage (VJ ) and its value at the operation point (¥, ).

By comparing (2) and (4), it can be seen that the elements of
each row Y are actually the partial derivatives in (2). Therefore,
a partial derivative is used to derive each of the elements. In
order to obtain the elementy,;, all of the harmonic voltages,
except the j harmonic voltage, are kept constant at the their
operation point, and only the j* harmonic voltage is slightly
changed. In this case, the ratio of variation which occurs in
the k™ harmonic current to the j* harmonic voltage changes
represents the ¥y [19]. Soyis simply obtained from (5):

AV, =0
AV, =0
I, AV, =0
¥ = L be o here: - (5)
ViV AV, =9,
AV.., =0
J+l
AV, =0

where §, is the amount of partial variation in the magnitude
and phase of the j® harmonic voltage at the desired operation
point.

The harmonic contribution is determined using the
CFAM of load obtained at the desired operating point. Hence,
determining the current harmonic contribution is based on
this fact that:

- The network is so responsible for PCC harmonic current
that the considered load will draw the current if it is linear.

- The nonlinear load is so responsible for PCC harmonic
current that transforming the corresponding linear load to
this nonlinear load results in drawing the current.

In other words, the important issue is to identify the linear
load corresponding to the load (linear or nonlinear).

A linear load has a diagonal CFAM [18]. In a linear load,
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the k™ harmonic current changes are only dependent on the
k™ harmonic voltage variations of load and voltage changes
of the other harmonics do not affect it. Therefore, it can be
concluded that if the desired nonlinear load was linear, only
the main diagonal of its CFAM would remain, and its other
components would be zero. Therefore, it can be said that a
term of the k™ harmonic current changes of load due to the
k™ harmonic voltage variations of load is generated even
though the load is linear. Therefore, the network, not the
load, is responsible in this term of current. The terms of the
k™ harmonic current changes of load generated by harmonic
voltage changes of other orders are actually the terms that are
generated due to non-linear nature of the load. In other words,
these terms are those a linear load never has. So in these
terms, the load, not the network, is responsible. Therefore, the
separation of the harmonic contribution of network and load
is performed as described. A term of k™ harmonic current of
load in which the source is responsible (A7), and a term of
k™ harmonic current of load in which the load is responsible (
Al ) are obtained from (6) and (7), respectively:

AI™ =y AV, 6)
Load o
AL =ZyﬁAvj =Al, —y, Av, 7)
j=1
J#k

The evidence that can greatly proves the accuracy of the
proposed method is that in this method, if a linear load is
connected to a network with a background harmonic, it will
never be recognized as a harmonic responsible because all
non-diagonal components of its admittance matrix are zero.
Therefore, by using (7), A7, will be equal to zero for each
harmonic with k™ order. This is the result which is expected
from determining of the harmonic contribution of a linear
load.

Using the “vector projection” method described in [5],
the harmonic contribution of network and load in the k*
harmonic current changes of PCC (4" and ") are
determined by (8) and (9), respectively:

3 Utility

ﬂﬁl,Unhty (%) — AI]‘—ZAI" x100
| k| ®)
Load

ﬂ,ﬁl’Load (%) — A]k—zA]k x 100
i) .

In which “” presents the inner product of two vectors.

3. Simulation Results

In this section, the proposed method for determining of
the harmonic contribution of current changes between load
and network is simulated in MATLAB software. In order to
evaluate the accuracy of the proposed method, three cases
are investigated. In Case 1, a linear load which is connected
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Fig. 1. A connection of a linear load and a network with
background harmonic, at the PCC bus.

to a network that has a background harmonic is investigated.
This case is important as the result of determination of the
harmonic contribution is already known. It means that if the
proposed method is accurate, it should estimate the harmonic
contribution of the network in all harmonic orders as 100%,
and should assess the harmonic contribution of load as zero.

In Case 2, a nonlinear case is connected to a clean network
without a background harmonic. In this case, the proposed
method is expected to estimate the harmonic contribution
of load as 100% at all harmonic orders and to estimate the
harmonic contribution of the network as zero. In Case 3,
a nonlinear non-linear connected to a network that has a
background harmonic is investigated. The result of this case is
expected to be between that of first and second cases, and for
each harmonic order, the network and the load have a certain
contribution.

3-1-Case 1: The linear load connected to a network with
background harmonic

In this case, as shown in Fig. 1, a linear R-L load (Load,
) is connected to the network ( Line, ) by a line ( Network, ). To
generate a background harmonic for the network, a rectifier
(Rectifier,) which is feeding its load (Load, ) is connected to
a network by a transformer (Transformer,). The harmonic
generated by the rectifier causes the network to be harmonic
from point of investigated linear load. Information of
parameters in the investigated system is given in Table 1.

The aim is determining the harmonic contribution of
current changes due to the network and load at the PCC bus.
First, at the operating point of system, i.e. before t = 0.6s (at
t = 0.6s variations are considered), the voltage and current of
each harmonic order is obtained at the PCC bus, using the
FFT transformation and taking into account 20 frequencies
(including the DC component, the fundamental component
and 18 harmonic orders). To get the CFAM elements at this
operating point, Load , is disconnected and then is connected
to a controlled voltage source.

According to the explanation given in Section 2, minor
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Table 1. Information of parameters in the simulated system in each case study

Case 1 & Case 2

Case 3
R,, =540Q
R, = 600Q {L"“ =201
Load. {LA ol {Ru =540Q
L,, =20H
{c,, =100F
Breakers | e {open t<0.6s
close t>0.6s
type :12 - pulse
Rectifiers. | eeeeeeeeees firing angle = {270 r<0.6s
50° ¢2>0.6s
Cp =0.05mF
Sy =250MVA
Viy =11kV
Vo =6.3kV
Transformers | eeeeeeeeees V., =63kV
Porimary = Tsecondary = Mertiary = 0.002 pu
l,,rimary = ISW‘"dary = lTertiary =0.08pu
Ry, =1Q R, =1Q
Linen { e, =107 H {LLMB —10°H
vV, =11V Vy =11V
f =50Hz f =50Hz
Network S =100MVA Ssc =100MVA
21 27
R,, =540Q R,, =540Q
{Lm =20H {Lm =20H
Loady R,, =540Q R,, =540Q
{Lm =20H {LM =20H
{c,, =100F {c,, =100F
Breaker {open t<0.6s {open t<0.6s
close t=0.6s close t>0.6s
type : 6 - pulse type : 6 - pulse
Rectifiers firing. angle = {50 t <0.6s firing angle _{5“ t<0.6s
42" t20.6s 42° t20.6s
Cyy =0.1mF Cy =0.1mF
Sy =250MVA Sy =250MVA
Viy =11kV Viy =11kV
Transformery Vyy =63kV V,y =6.3kV
Porinary = Tsccondary = 0-002pu Forimary = Tsccondary = 0-002put
L vimary = Isecondary = 0-08pu Dosimary = Lsecondary = 0-08 put

changes at each harmonic order of the reference voltage
(operating point voltage) occurs after each other, and is
applied to this Load by this controlled voltage source. The
minor change in the magnitude and phase of the reference
voltage at each harmonic order is considered to be 5%. Using
(5), each of the CFAM elements is obtained. Then, to change

194

the harmonic values of voltage and current at PCC bus in
the system (Fig. 1), at t = 0.6s, the firing angle ofRectifier,
changes from 5° to42° , and in addition Brea ker,is closed. The
generated changes in the voltage and current waveform are
shown in Fig. 2.

The result of determining the harmonic contribution of
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Fig. 2. Voltage and current waveform at PCC bus before and after considering the change in t = 0.6s at Case 1.
(a) Line-to-ground voltage, phase A (b) Current of phase A

Table 2. The results of determining the harmonic contribution of the change occurring in the PCC current in each of the harmonic orders for

Casel
Harmonic order 5 7 11 13 17 19
PO 100 100 100 100 100 100
k
Al Load
A (%) 0 0 o 0 0 0

the Load and the yyilisy at the system shown in Fig. 1, in the
harmonic current changes generated in the PCC, is given in
Table 2 for each of the harmonic orders using (8) and (9).
According to Table 2, the load harmonic contribution
in the harmonic current changes generated at the PCC bus,
for all harmonic orders, is detected as zero and its value is
detected for the network as 100%. This is the result that is
expected in determining the harmonic contribution of a linear
load connected to a network with background harmonic. It
should be noted that due to the nature of nonlinear load, there
are only 6k+1 harmonic orders in the system and the other

harmonics are zero. Therefore, they are not included in the
Table.

3-2-Case 2: Nonlinear load connected to a network without
background harmonics

In this case, the desired network and its parameters are
chosen as the network Case 1, but in this case it is assumed
that the studied customer, according to Fig. 3, is a nonlinear
load connected by Transformer,. By changing the angle of fire
of Rectifier, from 5° to 42" and closure of Breaker, , changes are
made in the current and voltage of the PCC, as shown in Fig. 4.
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Fig. 3. Connecting a nonlinear load and a network without background harmonic, in the PCC bus.

Voltage(V) ' : ' '
ol b p i

i | i | i lmf:(

0b 05b 06 065 07 075

Current(A) :

50 _ .................... TORUURN OO s W ................... UURUN L DURT L B ................. i
o) SO R VO R OO Ot T U VORI AU U UOR DURY SO SO s DU AU HUUN OSSO SR SRS SO SO I
=75 75 SURPUSY 8 UUURUUE 05 DUt 8 DU U ORI UL U ASUUUO I SO0 F U AU L 1
; . . . ; Tithe(s)
0B 05h 0B 065 o7 075

Fig. 4. Waveform of voltage and current at PCC bus before and after applying the changes at the instant t = 0.6s in Case 2.
(a) Line-to-ground voltage of phase A (b) Current of phase A

Table 3. The results of determining the harmonic contribution due to change the PCC current in each of the harmonic orders for Case 2

Harmonic order 5 7 11 13 17 19
AA/,Uxiliry(%) 0.02 (.44 (.34 (.27 .13 .39
k
AlLLoad
A0 99.98 99.56 99.66 99.73 99.87 99.61
The result of determining the harmonic contribution of current changes generated in the PCC for each of the harmonic
Load and Utility of the system shown in Fig.3 in the harmonic orders using (8) and (9) is given in Table 3.
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According to Table 3, in this case, as expected, the
harmonic load contribution of all harmonics is much more
than the estimated network contribution and is estimated to
be relatively close to 100% with a good precision. Given that
in this case the network is completely homogeneous and all
the harmonics are due to the load, the results of the Table are
reasonable. However, it is observed that in some harmonics,
as compared to other harmonics, the expected result for
determining the harmonic contribution of the load and the
network (100% and 0% respectively) is not estimated. The
reason of this seems to be that the harmonic amplitude of
these harmonics is low and thus the accuracy of computations
is reduced. This point should also be noted that in any case,
with the first glance to the Table, one can find that the
harmonic responsible is the load, not the network. Like case
1, since the harmonic orders other than 6k+1 are zero, they
are not included in the Table

3-3-Case 3: Nonlinear load connected to a network with
background harmonic

In this case, according to Fig. 5, the nonlinear load
connected to the PCC is similar to the nonlinearity load
in Case 2; and the network with the background harmonic
connected to the PCC is in accordance with the network with
background harmonic of the Case 1. Information about the
system parameters is given in Table 1. The operating point
and CFAM are obtained similar to the previous two cases. At
t = 0.6s both Breaker,and Breaker, are closed; in addition, the
Rectifier, fire angle changes from 27 to 50°and theRectifier,
fire angle changes from 5° to42°. The changes occurred in the
current and voltage of the PCC are shown in Fig. 6.

The result of the harmonic contribution of road and
Utility of the system shown in Fig. 5 in the harmonic current
changes generated in the PCC for each harmonic order using
(8) and (9) is given in Table 4.

According to Table 4, in each of the harmonic orders,
different contributions are estimated for each of the sides; in
some harmonic orders, Customer is detected as responsible,
and in some other, Utility is responsible. In the system under
consideration, due to the presence of 6-pulse rectifier at
the load side, it is expected that the harmonic orders 6k+1
generated in the system are due to the load. Using the proposed
method, according to result obtained in Table 4, the harmonic
contribution of load for orders 5, 7, 17 and 19 is estimated
at almost 100%, and the harmonic contribution of utility is
estimated to be zero. The harmonic orders obtained from
12-pulse rectifier are 12k+1. Harmonic orders 11 and 13 in
the examined system originate from 6 and 12 pulse rectifiers.
The main responsible of 11" harmonic flowing in PCC is
utility with sharing 65.84%. Also, the main responsible of 13%
harmonic flowing in PCC is customer with sharing 57.61%

4. Conclusion

In this paper, a new method is proposed by using a CFAM
model of load to determine the harmonic contribution of
current changes around an operating point, in the PCC bus.
The contribution separating equations, which are based on

Customer

.......................................................

Utility [ et I |

——

Cy Breaker B
4

W JBWIOjsURL]

|

e N
\ /= A

] \
| -3

= !
| e 3 1
| iNYE S

\ /
| So_ LT
|
N

—_——_— P

——— -

Fig. 5. The connection of a nonlinear load and a network with
background harmonic, in the PCC bus.
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5000 H: : : : i
1 L 1 1 L Tl t e(s\
0b 056 06 0.65 07 076
(a)
durrent(A) ' ' :
ol ‘ : _
O -
,50 | z , ,
Il L Il 1 | Tlme(s)
0h 056 06 0.65 07 0.75

(&)
Fig. 6. Waveform of voltage and current at PCC bus before and
after applying the changes at the instant t = 0.6s in Case 3.
(a) Line-to-ground voltage of phase A (b) Current of phase A

the diagonal CFAM for linear loads, are expressed, and then
presented as indicators using the “vector projection” method.

197



J. Momenpour Akerdi et al., AUT J. Model. Simul., 51(2) (2019) 191-198, DOI: 10.22060/miscj.2019.15981.5150

Table 4. The results of determining the harmonic contribution due to change the PCC current in each of the harmonic orders for Case 3

Harmonic order 5 7 11 13 17 19
) 0.07 0.09 65.84 4139 0.04 0.02
Al Load
A (%) 99.93 99.91 34.16 58,61 99.96 99.98

To evaluate the proposed method, simulation was performed
in three case studies using MATLAB software. In all three
case studies, the results were close to the expected results.
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