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Abstract-- In this paper, the validity of the single-point
measurements methods and indices, which were proposed for
harmonic source detection and sharing harmonic responsibility
between utility and consumer, are investigated in a typical
distribution system which consists of several critical load cases. A
parametrical analysis by means of the variation of the utility side
impedance’s X/R ratio is also undertaken. The results provide
that the conventional methods and indices based on the flow
direction of the harmonic active power are still the most effective
tools for the harmonic source detection in the typical distribution
systems.

Index Terms-- harmonic source detection; sharing harmonic
responsibility; harmonic source quantification.

I. INTRODUCTION AND BACKGROUND

RESENT day power systems invariably have nonlinear

loads, which inject harmonics into the system and give rise
to non sinusoidal voltages and currents. The most important
effect of the harmonic distortion can be underlined as the
increased losses and decreased life expectancy of the power
system equipment [1]. Thus, the costs associated with
harmonic disturbances and any necessary mitigation
equipment should be recovered from the consumers that
produce harmonic pollution [2]. However, the guidelines and
standards on the limitation of harmonic pollution do not
provide any tool to detect those consumers [3]-[9]. Therefore,
to fulfil this gap, several methods and indices are proposed in
the literature.

Active Power Direction (4PD) method is one of the oldest
[10] and probably the most commonly used [11] method
today, and based on the sign of the harmonic active power. It
defines consumer side as the dominant harmonic source if the
respective harmonic active power has a negative sign;
otherwise, source side is the dominant for the considered
harmonic orders.

In addition to these, two indices were proposed by means
of the same way [12], [13]: one is that Supply Load Quality
(SLQ) index express the harmonic producing quantity of the
load as;
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SLQ =P/R (1)

where P and P; are the active and fundamental harmonic
active powers, respectively [12]. Thus, the load is detected as
the dominant source for the harmonic distortion when the
value for SLQ is smaller than unity; otherwise, supply side is
the dominant source for the harmonic distortion.

Second index, Harmonic Global Index, is defined as;

HG:\/%T;/\/%? ©)

where £ is the harmonic orders related to the harmonic active
powers, which have the negative sign, and s is vice versa [13].
A non-zero value of HG index shows that the load causes
harmonic distortion.

Linearity Current method [14] defines the harmonic
contributions of utility and consumer sides by separating the
load current into two components;, namely, linear current,
which is drawn by the R-L equivalent impedance part of the
load, the remaining current when the linear current is
subtracted from total current in time domain. The two current
components can be expressed as: the linear current;

ig(t)=Z\/§;—hsin(hwlt+9h —0,) 3)
h=1 h

and the nonlinear current;

b (0)=i(0) =1, (1) )

Where Z, =|z,|2¢, is the A" harmonic linear load impedance,

which is equivalent with the serial connection of the
resistance, R =Re(V,£0,/1,£8,) and  the A" harmonic

Therefore, the index that
gives the harmonic responsibility of the consumer is expressed
as;

NLC(%) =%-1oo (5)

inductance, X, =h-Im(V;£0,/1,£3,) .

Superposition and Projection (SP) method, presented in
[15], separates harmonic currents into the utility and the
customer portions using Norton equivalents of the utility and
the consumer sides as illustrated in Fig. 1.
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Fig. 1: The system used for the illustration of SP method.

In SP method, with respect to Superposition theorem,
firstly, h™ harmonic current is separated into two parts: the
first part is the PCC current drawn by the consumer,

Tc,h = ZNc,hTNc,h/(ZNc,h + ZNu,h) (6)
and the rest is the current injected from utility side,
Loy =Ty~ 1o (7

Secondly, the projections of both current portions on the PCC
current provide;

Re(ju,hjh*) o _ o
Ipyp= — Jor utility’s harmonic contribution (8)
h
Re(jc,hjh*) , ) ] )
Ipep= — Sfor consumer’s harmonic contribution  (9)
h

Note that 7, =1p, , +p., . Finally, according to the method, the

calculated Ip, ,and [Ip., values show the harmonic

contribution of the utility and consumer sides. In addition, the
quantity with negative sign means that the respective side
compensates particular harmonic current on the PCC. It is
apparent that certain system data is required for the
implementation of SP method. These are; the harmonic
equivalent impedances of consumer and utility sides and may
not be readily available in most cases. The utility side
impedance can be assumed as the short circuit impedance of
the system. However, it is not easy to estimate the equivalent
harmonic impedances for the consumer side. Therefore,
different estimation approaches were proposed to overcome
this difficulty [16], [17].

In one of the most recent studies [18], a method which is
called as Nonactive Power (NP) method, is proposed. The
method uses various reactive power definitions to detect the
dominant harmonic source. These reactive powers are:
Fundamental harmonic reactive power (Q,);

Sharon’s reactive power (Qs) [19];

QS=\/ZVh2\/ZI£Sin2(Gh—8h) (11)
h h

and Fryze’s reactive power (Qr) [19];

O =VS* - P? (12)

The main idea behind the method is:

o In the case of a non sinusoidal supply voltage and a linear
load, Sharon's reactive power should be considerably
closer to the fundamental harmonic reactive power than
to Fryze's reactive power, which means that
NPM,(=Qs-Q1) << NPM1(=Q¢-Qy).

¢On the contrary, in the case of a sinusoidal supply
voltage and a nonlinear load, Sharon’s reactive power
should be considerably closer to Fryze's reactive power
than to the fundamental harmonic reactive power,
which means that NPM;>> NPM,.

e For the case consists of a non sinusoidal supply voltage
and a nonlinear load, Sharon's reactive power can be
assumed in the middle of fundamental harmonic
reactive power and Fryze's reactive power, which
means that NPM; = NPM, >> 0.

e When supply voltage is sinusoidal and load is linear, all
three reactive powers give the same numerical values,
which means that NPM; = NPM, = 0.

In addition to these methods and indices, Conformity
Current (CC) [20] and Critical Impedance (CI) [21] methods
are also available in the literature. CC method is based on the
current decomposition consisting of the part with the same
THD level of the supply voltage, conformity current, and the
rest, nonconformity current. However, it is well known that
the THD levels of the voltage and current are not the same for
linear R-L impedances. As a result, CC method figures out
those loads as the harmonic producer under distorted voltage
conditions. Thus; its usage for the detection and quantification
of the harmonic producing loads will be problematic. The
principle of CI method is to compare two magnitudes of
harmonic voltage sources in the Thevenin equivalent circuit
and choose the larger one as the main harmonic source. This
approach gives the same results as SP method for the analysis
obtained with the proper modelling of the utility side.
However, SP method is much more favourable than CI
method in terms of complexity.

On the other hand, in the literature, there are several papers
investigating the validity of the harmonic source detection and
harmonic responsibility sharing methods. The most important
conclusions of these studies can be listed below;

eIn [22], it is concluded that the performance of APD
method depends on the utility side’s X/R ratio and the
metering point or the relative size of the impedances of
the utility and consumer sides

eln [23], it is found that the linear loads with
compensation capacitor may be penalized where the
capacitors dramatically amplify the already existing
distortion produced by neighbouring nonlinear loads.

Therefore, it can be concluded that the accuracy of the
methods implemented with the single-point measurements
strategy depends on the topologies of the load and utility sides.

In this paper, the validity of the harmonic source detection
and harmonic responsibility sharing methods and indices
based on single-point measurements are investigated in a
typical distribution system, which consists of some critical
load cases, by taking into account the effect of the utility side
impedance’s X/R ratio.



II. ANALYSIS

In this section, the validity of the summarized methods and
indices are parametrically analyzed in a test system given in
Fig. 2. The main characteristics of the system loads are given
below:
¢ An impedance compensated with a capacitor (Load 1),
e Different impedances in parallel (Load 2),
¢ A load with an active compensator that filters all current
components except the active portion of the
fundamental harmonic (Load 3),

¢ An impedance with a phase control circuit (Harmonic
Producing Load, Load 4),

¢ And an R-L impedance (Load 5).

values for the pcc voltage and the currents of the loads apart
from Load 3 are plotted in Fig. 4.
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Fig. 4: THD values for the pcc voltage and the currents of the loads a part
from Load 3 in the interval of Xs/Rs between 0.1 and 100.

In the interval of the X/R between 0.1 and 100, the 3
harmonic active powers, calculated as the percentage of
fundamental harmonic active power, are given for each load in
Table I.

TABLE I: P3 (% P1) OF THE LOADS CALCULATED FOR THE INTERVAL OF THE
X/R BETWEEN 0.1 AND 100.
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Fig. 2: A typical distribution system.

In the analysis, the harmonic producing load is simulated
using Norton Model, which is obtained from the results of an
experimental analysis given in [24]. The h™ harmonic
impedances and current sources of the model and the A"
harmonic currents of the load measured for sinusoidal voltage
source and X/R=0.1 are plotted as the percentage of
fundamental harmonic in Fig. 3.
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Fig. 3: The h™ harmonic impedances and current sources of the model and the

h™ harmonic currents of the load measured for sinusoidal voltage source and
X/R=0.1.

It is seen from Fig. 3 that the harmonic producing load
(Load 4) draws a highly distorted current, which has THD,
measured as 47 %. In the system, when X/R ratio of the utility
impedance is changed from 0.1 to 100, the measured THD

X¢/Rs / Load Number 1 2 3 4 5

0.1 0.00 (0.00 |0.00 |-0.04 [0.00
0.5 0.00 (0.00 [0.00 |-0.05 ]0.00
1 0.00 ]0.00 [0.00 |[-0.05 ]0.00
5 0.00 ]0.00 [0.00 |[-0.03 |0.00
10 0.00 ]0.00 [0.00 |[-0.03 |0.00
50 0.00 ]0.00 [0.00 |[-0.02 |0.00
100 0.00 |0.00 [0.00 |-0.02 |0.00

Table I shows that only Load 4 has negative P; values. Thus,
it can be concluded using APD method successfully indicates
that Load 4 is the dominant harmonic source for the 3™
harmonic current.

For the same interval of the X/R, SLQ indices of the loads

are given in Table II.
TABLE II: SLQ INDICES OF THE LOADS CALCULATED FOR THE INTERVAL OF
THE X/R BETWEEN 0.1 AND 100.

Xs/Rs / Load Number |1 2 3 4 5

0.1 1.00 |1.00 [1.00 [0.99 1.00
0.5 1.00 |1.00 [1.00 [0.99 1.00
1 1.00 |1.00 [1.00 [0.98 1.00
5 1.00 |1.00 [1.00 [0.99 1.00
10 1.00 |1.00 [1.00 [0.99 1.00
50 1.00 |1.00 [1.00 [0.99 1.00
100 1.00 |1.00 [1.00 |0.99 1.00

Table II shows that SLQ values are smaller than unity for
Load 4. And accordingly, it can be concluded that using SLQ
indices Load 4 is again successfully found as a harmonic
producing load.



For the same interval of the X/R ratios, HG indices of the

loads are given in Table III.

TABLE III: HG INDICES OF THE LOADS CALCULATED FOR THE INTERVAL OF

THE X/R BETWEEN 0.1 AND 100.

X¢/Rs / Load Number 1 2 3 4 5

0.1 0.00 |0.00 [0.00 ]0.48 0.00
0.5 0.00 |0.00 [0.00 ]0.58 0.00
1 0.00 ]0.00 |0.00 |0.58 0.00
5 0.00 ]0.00 (0.00 |0.45 0.00
10 0.00 ]0.00 (0.00 |0.45 0.00
50 0.00 |0.00 (0.00 |0.44 0.00
100 0.00 |0.00 |0.00 |0.44 0.00

It is seen from Table III that Load 4 has non zero HG
values. Thus, it can be also successfully pointed out that Load
4 is a harmonic producing load.

For all X/R ratios, NLC (%) indices of the loads are given
in Table IV. Table IV shows that loads apart from Load 5 are

wrongly detected as the harmonic producing loads.

TABLE IV: NLC(%) INDICES OF THE LOADS CALCULATED FOR THE INTERVAL

OF THE X/R BETWEEN 0.1 AND 100.

Xs/Rs / Load Number |1 2 3 4 5

0.1 1.18 |0.14 [0.28 |43.23 |0.00
0.5 9.04 ]0.88 [1.65 [50.41 [0.00
1 19.83 |[1.93 [3.63 |50.32 |0.00
5 12.26 |1.39 [2.67 |41.55 |0.00
10 12.18 |1.39 [2.68 |41.20 |0.00
50 12.17 |1.40 [2.69 [40.93 |0.00
100 12.17 |1.40 [2.70 |40.89 0.00

For the X/R ratios, Ip. 3

calculated using the determination of load side’s Norton
Impedance presented in [17], of the loads are given in Table
V. From Table V, Ip.5 > Ip,;relation is observed for only

Load 1 and Load 4. Thus, it can be concluded using SP
method that Load 1 and Load 4 are the dominant harmonic
sources for 3™ harmonic current. However, Load 1 is
mislabelled as a harmonic source.

and Ip,; values, which are

For all of the X/R ratios, NPM, and NPM, values, which

are calculated using normalized values of the Q;, Qg and Qg
powers as described in NP method are given in Table VI.

From Table VI, NPM; >> NPM,and NPM;=NPM, >> 0

relations are observed for only Load 1 and Load 4. According
to this result, it can be concluded using NP method Load 1 and
Load 4 are labelled as the harmonic producing loads. Once
again Load 1 is mislabelled as a harmonic source.

III. CONCLUSIONS

In this study, the validities of the APD, SLQ, HG, LC, SP
and NP methods & indices are investigated for three critical
load cases;
eA R-L impedance load compensated with passive
capacitor (Load 1),

¢ A group of the impedances, which do not have identical
power factors (Load 2),

¢ And a load with an active compensator that works based
on the compensation strategy with respect to IEEE std.
1459-2000 power resolution [25], which filters the
current apart from active portion of the fundamental
component (Load 3).

Main findings of the investigation are summarized as
follows:

e Using NLC indices all critical load cases namely Load
1, 2 and 3 are wrongly detected as harmonic
producing load,

e Using SP and NP methods the first critical case (Load
1) is detected as harmonic producing load,

e However, using APD method, SLQ and HG indices all
critical load cases are, correctly, identified as non
harmonic producer or linear load.

One can understand that NLC provides erroneous detection for
third case (Load 3) due to the fact that the load draws
sinusoidal current. On the other hand, for the first and second
cases, it should be reminded that these load cases draws the
sinusoidal current under sinusoidal excitation. Therefore, they
should be labeled as linear loads. Thus, the APD method, SLQ
and HG indices give much accurate results than SP and NP
methods.

Consequently, this paper reports that the conventional
methods & indices, APD, SLQ and HG, are still the most
effective harmonic source detection tools for the typical
distribution systems.

1 I
TABLEV: 163 anp P43 VALUES, WHICH ARE DEFINED IN SP METHOD, OF THE LOADS FOR THE INTERVAL OF THE X/R BETWEEN 0.1 AND 100.

1 2 3 4 5
X9Rs \Load Number Ty o e o dres o | dos s | Ios | I
0.1 0.01 0.00 0.00 0.02 -0.01 0.01 0.48 0.00 0.00 0.01
0.5 0.01 0.00 -0.01 0.03 -0.01 0.01 0.50 0.00 0.00 0.01
1 0.02 0.01 -0.01 0.05 -0.01 0.01 0.52 0.00 0.00 0.01
5 0.03 0.01 -0.02 0.07 -0.01 0.01 0.55 0.00 0.00 0.02
10 0.03 0.01 -0.02 0.07 -0.01 0.01 0.55 0.00 0.00 0.02
50 0.03 0.01 -0.02 0.07 -0.01 0.01 0.55 0.00 0.00 0.02
100 0.03 0.01 -0.02 0.07 -0.01 0.01 0.55 0.00 0.00 0.02




NPM, AND

NPM
2 VALUES, WHICH ARE CALCULATED FOR NP METHOD, OF THE LOADS FOR THE INTERVAL OF THE X/R BETWEEN 0.1 AND 100.

TABLE VI:
1 2 3 4 5
Xs/Rs \Load Number NPM, | NeM, | Nem, | NPM, | NPMm, [ NPM, | NPm, | NP, | NPM, | NPM,
0.1 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.10 0.00 0.00
0.5 0.09 0.00 0.00 0.00 0.00 0.02 0.13 0.05 0.00 0.00
1 0.20 0.00 0.00 0.00 0.00 0.04 0.12 0.06 0.00 0.00
5 0.12 0.00 0.00 0.00 0.00 0.03 0.10 0.02 0.00 0.00
10 0.12 0.00 0.00 0.00 0.00 0.03 0.10 0.02 0.00 0.00
50 0.12 0.00 0.00 0.00 0.00 0.03 0.10 0.02 0.00 0.00
100 0.12 0.00 0.00 0.00 0.00 0.03 0.10 0.02 0.00 0.00

[12]

[13]

[14]
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