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ABSTRACT

This paper presents an improved method for deter-
mining the contribution of harmonic distortion gener-
ated by utility and customer at the Point of Common
Coupling (PCC) in a distorted power system. For this
purpose, first the magnitude and phase of voltage and
current at the PCC in each frequency are estimated
by adaptive Kalman filter. Then the parameters of
Thevenin equivalent circuits of load and utility sides
are estimated using the recursive least squares tech-
nique based on singular value decomposition (SVD).
Finally, the contribution of utility and customer in
harmonic distortion of the 3-phase voltage waveforms
has been calculated by three approaches. A case
study has been made to verify the accuracy of the pro-
posed method. Also, the presented method has been
used in a 13-bus IEEE standard distribution system.
Presented simulation results show that the proposed
method can accurately determine the harmonic con-
tributions of utility and customer for measurements
made at the PCC.

Keywords: Contribution of Harmonic Distortion,
Adaptive Kalman Kilter; Recursive Least-Squares,
Singular Value Decomposition, Distorted Power Sys-
tem

1. INTRODUCTION

Use of nonlinear loads, such as thyristor controlled
inductors for FACTs devices, converters for HVDC
transmission and large adjustable speed motor drives,
is expected to grow rapidly. All of these loads inject
harmonic currents and reactive power into the power
system. These harmonics distort fundamental volt-
age and current waveforms and have many negative
effects on power systems. It may cause resonance
problems, overheating in capacitor banks and trans-
formers, wrong operation of protection devices and
reduction of power quality which eventually increases
the maintenance costs of the system. Power distribu-
tion companies are now considering the application
of penalties in the energy tariff in order to decrease
the waveform distortion. This has led to the need
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for estimating the respective contributions to voltage
waveform distortion at the PCC by the consumer and
utility. Before taking the necessary harmonic control
measures, it is important to know who is responsible
for the cause of harmonic distortion. Several methods
have been proposed to identify the location of har-
monic sources so as to determine whether the source
is from the utility or customer side.

In [1]a method for harmonic source localization
is based on the real power flow direction. How-
ever, the accuracy of the real power flow direction
method is less than 50% and therefore the reliabil-
ity of this method is questionable [2-3]. This method
is impractical because it requires knowledge of ac-
tual impedances of the system for its calculation [2-3].
Other methods for harmonic source localization are
such as the critical impedance method [4] and voltage
magnitude comparison method [5] which requires im-
plementation of switching tests for obtaining the har-
monic impedance. Hence, the switching tests do not
allow its application in practical power systems. A re-
cent method for harmonic source localization which
is called as the harmonic vector method (HVM) [6]
uses resistance as the reference impedance for model-
ing the customer side and uses the equations in [2-3]
for determining the harmonic contribution of utility
and customer. However, modeling the customer side
by an equivalent resistance may introduce inaccuracy
in calculating the harmonic contribution factors espe-
cially in cases where loads contain inductive elements
such as motors. In [7], the total harmonic distortion
(THD) is used for finding the share of harmonic dis-
tortion from utility and customer sides. The disad-
vantage of this method is that the THD value cannot
show the variation of contributions caused by changes
in phase angle of harmonic sources. In [8-11], several
multiple harmonic sources localization methods were
developed based on harmonic state estimation (HSE)
and independent component analysis (ICA). In HSE
based method, a complete knowledge about system
parameters at different harmonic frequencies is nec-
essary but these parameters are usually unknown. In
addition, the method requires various types of har-
monic measurements such as voltage, active and re-
active power measurements, which are costly for large
systems. The ICA based method, however, requires
historical load data and harmonic impedance matrix
of the system to eliminate indeterminacies caused by
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the ICA algorithm [12-13].
In this paper, a technique is proposed for estimat-

ing the utility’s and consumer’s contribution to volt-
age waveform distortion at the PCC. The input data
required are the voltage and current waveforms at the
PCC. By applying parameter estimation techniques,
the equivalent circuit of the consumer’s load and util-
ity has been determined. (In contrast, the techniques
presented in the literature require this impedance as
input data). Subsequently, an analysis of the utility’s
equivalent circuit is carried out and the relative con-
tributions of the utility and consumer to waveform
distortion are calculated.

This paper also addresses the problem of tuning
Kalman filters so that they can properly track har-
monic fluctuations. A method for self-tuning of the
model error covariance is used, showing fast adaptive
capability under sudden changes of the input signal
[14].

There are different techniques to identify the pa-
rameters of the circuit. Although least square method
is a fast tracker of the time-varying individual har-
monic components, it has some limitations such as
high computation cost of performing the calculations
due to the matrix inversions.

To eliminate the problem of the least square al-
gorithm particularly reducing the computational re-
quirement and using in the on-line monitoring a least
square algorithm based on singular value decompo-
sition (SVD) is used. The SVD is a powerful and
computationally stable mathematical tool for solving
rectangular matrices which eliminates the matrix in-
version [15-16].

Finally, waveform measurements have been made
in a 13-bus standard IEEE distribution system and
contribution of harmonic distortion generated by util-
ity and customer at the Point of Common Coupling
(PCC) have been estimated.

2. ON-LINE IDENTIFICATION PROCE-
DURE

The proposed technique is based on measurement
of the waveforms of the 3-phase voltages and cur-
rents at the PCC, as shown in Fig. 1. The process
of estimating the utility’s and consumer’s contribu-
tion to voltage waveform distortion at the PCC will
be done in three steps. In the first step, the sam-
pled measurements of voltage and current at the PCC
are used to estimate the phasors of bus voltage and
current at fundamental and harmonic frequencies by
Adaptive Kalman filter [17-19]. The Kalman filter
is an optimal estimator that takes into account the
presence of white noise in the measurements. At the
end of this step, samples of the voltage phasor at
the PCC (Vix,ω+jViy,ω) and the load current phasor
(Iix,ω +jIiy,ω) are both available at each angular fre-
quency ω. In the second step of the procedure the
identification of the Thevenin equivalent circuit pa-

rameters at fundamental and harmonic frequencies is
performed by recursive least squares based on singu-
lar value decomposition method using the estimates
of the voltage and current phasors given by the adap-
tive Kalman filters in the first step of the procedure.
The singular value decomposition (SVD) is a power-
ful and computationally stable mathematical tool for
solving rectangular matrices which has found many
applications in numerical computing. The singular
value decomposition is fully described in [16, 20]. In
the third step the utility’s and consumer’s contribu-
tion to harmonic distortion will be estimated by the
approaches which will be explained.

Fig.1: Measurement of waveforms at the PCC.

2.1 Recursive least squares based on singular
value decomposition

The least squares (LS) approach has wide-spread
applications in many fields, such as statistics, numer-
ical analysis and engineering. Its greatest progress in
the 20th century was the development of the recur-
sive least squares (RLS) algorithm, which has made
the LS method one of the few most important and
widely used approaches for real-time applications in
such areas as signal and data processing, communica-
tions and control systems. Considerable efforts and
significant achievements have been made in develop-
ing even more efficient RLS algorithms. Application
of The SVD approach in the RLS algorithms elimi-
nates the matrix inversion problem of the recursive
least square algorithm and also provides better noise
immunity for estimation. We assume the waveform of
the voltage or current as the sum of harmonics with
unknown magnitude and phases:

x(t) =

N∑
k=1

Xk cos(ωkt+ φ)k) +KSe(t) (1)

Where, Xk, ωk and φk are the unknown amplitude,
angular frequency and phase of the kth harmonic and
N is the number of these harmonics. The variable
e(t) represents the additive Gaussian noise with unity
variance and KS is the gain factor. Further let us
consider the set of n measured samples x1, x2, . . . , xn

of the waveform.
Now we have an over determined system of alge-

braic equation:
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Ah = b (2)

Where the matrix A and vectors h and b are given as
follows:

A=



xl xl−1 · · · x1

xl+1 xl · · · x2

· · · · · · · · · · · ·
xn−1 xn−2 · · · xn−1

x2 x3 · · · xl+1

x3 x4 · · · xl+2

· · · · · · · · · · · ·
xn−l+1 xn−l+2 · · · xn


, h=



h1

h2

· · ·
· · ·
· · ·
· · ·
· · ·
hl


, b=



xl+1

xl+2

· · ·
· · ·
· · ·
· · ·
· · ·
xn−l


(3)

The solution for vector h is possible in least square
(LS), which is by minimising the summed squared
error between the left and right hand sides of the
equation. The objective function to be minimised
may be expressed in the norm-2 vector notation form
as [20]:

E =
1

2
∥Ah− b∥22 (4)

To solve (4), the SVD approach has been used. In
this approach, the rectangular matrix A was defined
as the product of three matrices.

A = USV T (5)

Where, U and V are orthogonal matrices with dimen-
sion n × n and l × l respectively, while S is the qua-
sidiagonal n×l matrix of singular values s1, s2, . . . , sp
ordered in a descending way. So we will have:

(A)−1 = (USV T )−1 = V S−1UT (6)

To initialize the RLS based SVD approach, we as-
sumed: Po = (AT

mAm)−1 and ho = PmAT
mbm, Where

Po is the initial estimation error covariance, ho is the
initial estimation, the pair (Am; bm) represents the
first m data pairs and the pair (Ak; bk) represents the
kth data pairs. Finally we have used following formu-
las to solve the problem.

[U, S, V ] = SV D(1 +Ak+1PKAT
k+1) (7)

Pk+1 = Pk − (PkAk+1A
T
k+1Pk)(V S−1UT )(8)

hk+1 = hk + (bk+1 −Ak+1hk)Ak+1Pk+1 (9)

2.2 Parameter Estimation in Single Phase
Circuits

The proposed technique represents the load & the
utility by its equivalent at each frequency, as shown

in Fig. 2. The current phasor (Iix,ω+jIiy,ω) and
the voltage phasor (Vix,ω+jViy, ω) are both avail-
able from the Adaptive Kalman filter. Superscript i
denote the sample number and subscript ω indicates
the angular frequency under consideration.

Fig.2: Load & utility model at angular frequency.

Applying Kirchhoff’s voltage law to the equivalent
circuit of the load,

V i
x,ω + jV i

y,ω = V i
x0,ω + jV i

y0,ω+

(Ri
ω + jXi

ω) · (Ijx,ω + jIiy,ω) (10)

Equations (1) may be put in the form of a matrix
equation:

[
Iix,ω Iiy,ω 1

]
·

 R1 X2

X1 R2

V i
x0,ω V i

y0,ω

= [
V i
x,ω V i

y,ω

]
(11)

Where R1 = R2 = Ri and X2= -X1= Xi
ω. Consid-

ering several successive samples, the recursive least-
squares based on singular value decomposition esti-
mate of the parameters R1, X1, R2, X2, Vi

x0,ω, V
i
y0,ω

are obtained subject to the constraints R1 = R2 and
X1 = -X2. The recursive least-squares procedure for
estimating the parameters values is fully described in
[21]. The procedure explained before will be repeated
for the utility side. Fig. 3 shows the equivalent circuit
of the load and the utility system at the PCC.

Fig.3: Equivalent circuit of the load & utility at the
PCC.

2.3 Parameter Estimation in Three Phase
Circuits

At the point of common coupling between a 3-
phase distribution system and an industrial load, the
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variables to be measured are the 3-phase voltages
(V ai, V bi, V ci) and the currents (Iai, Ibi, Ici). The
frequencies in each of the waveforms are estimated
and the Kalman filter provides estimates of the volt-
age and current phasors for each phase, at each fre-
quency. Let the voltage phasors be (V aix,ω+jV aiy,ω),

(V bix,ω + jV biy,ω), (V cix,ω + jV ciy,ω) and the cur-

rent phasors be (Iaix,ω + jIaiy,ω), (Ibix,ω + jIbiy,ω),

(Icix,ω + jIciy,ω).
The voltage and current phasors are then resolved

into the positive, negative and zero sequence compo-
nents, at each frequency, using the symmetrical com-
ponents transformation:

V pix,ω+jV piy,ω
V ni

x,ω+jV ni
y,ω

V zix,ω+jV ziy,ω

=1

3
·

1 a a2

1 a2 a
1 1 1

·
V aix,ω+jV aiy,ω
V bix,ω+jV biy,ω
V cix,ω+jV ciy,ω

(12)
Ipix,ω+jIpiy,ωIni

x,ω+jIn
i
y,ω

Izix,ω+jIz
i
y,ω

=1

3
·

1 a a2

1 a2 a
1 1 1

·
Iaix,ω+jIaiy,ωIbix,ω+jIb

i
y,ω

Icix,ω+jIc
i
y,ω

 (13)

Where a = ej120.
After that the parameters of the equivalent circuit

in positive, negative and zero sequences will be esti-
mated by using recursive least square based on SVD
method.

2.4 Estimating the Contribution to Voltage
Distortion

The procedure for estimating the contribution to
voltage distortion will be applied to each sequence,
at each frequency. For example the pair (V pix,ω +

jV piy,ω), (Ipix,ω + jIpiy,ω) are used to estimate the
positive-sequence voltages at the PCC due the utility
and the consumer. In a similar manner, the zero-
sequence and negative-sequence contributions at the
PCC are calculated. In order to estimate these contri-
butions three approaches will be used which are 1) us-
ing the superposition principle 2) critical impedance
3) voltage rate.

By applying the superposition principle in Fig. 3,
the contribution to the voltage at the PCC in fre-
quency, ω, is given by:

VUtility,ω=
Ri

ω+jX
i
ω

(Ri
ω+jX

i
ω)+(RT+jωLT )

·(Ei
x0,ω+jE

i
y0,ω)

(14)

VConsumer,ω=
RT+jωLT

(Ri
ω+jX

i
ω)+(RT+jωLT )

·(V i
x0,ω+jV

i
y0,ω)

(15)

where
Ex0 = real part of source voltage phasor;
Ey0 = imaginary part of source voltage phasor;
Vx0 = real part of load voltage phasor;
Vy0 = imaginary part of load voltage phasor;

R= real part of load impedance;
X = imaginary part of load impedance;
RT = real part of source impedance;
ωLT = - imaginary part of source impedance;
Superscript i = the ith sampling interval;
Subscript ω = the angular frequency ω.

In critical impedance approach [5] a quantita-
tive index will be defined by the name of critical
impedance:

CI = 2
Q

I2
(16)

The Q is reactive power which is generated by
the load and “I” is the current in the Fig. 3. If
CI>0 then the load is dominant in producing distor-
tions. If CI>0 then there will be three conditions: if
|CI| > Xmax then the utility side is the main har-
monic contributorthe (Xmax is the maximum of all
possible values), if |CI| < Xmin then load side is the
main harmonic contributorthe (Xmin is the minimum
of all possible X values) and if Xmin < |CI| < Xmax

then no definite conclusion can be drawn. In volt-
age rate approach [5] the following rate has been pro-
posed:

θv = |Z + Zc|/|Z − Zu| (17)

With applying the voltage rate in Fig. 3, the con-
tribution to the voltage at the PCC in frequency ω is
given by:

Vu = (Ec)/θv(1 + Zu/Zc) (18)

Vc = θv(Eu)/(1 + Zu/Zc) (19)

Where, Ec is the harmonic source of customer side,
Eu is the harmonic source of utility side; Zc and Zu

are the harmonic impedances of the customer and
utility side respectively.

The voltage rate method uses the following de-
cision criteria for localizing dominant harmonic
sources:

D =

 Dc if θv < 1
Dn if θv = 1
Du if θv > 1

(20)

Where Dc, Dn, Du, are the decisions: ‘load is dom-
inant’, neutral decision and ‘utility is dominant’.

3. SIMULATION RESULTS

The procedure described above for estimating the
parameters of the load & supply circuit was verified
for two circuits which will be explained.
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Table 1: parameter estimation for the hypothetical system for the utility side.

Table 2: parameter estimation for the hypothetical system for the consumer side.

Table 3: The contribution of load & utility for the hypothetical system with superposition principle.

Table 4: The contribution of load & utility with critical impedance.

Table 5: The contribution of load & utility for the hypothetical system with voltage rate.

3.1 Simulation in a Hypothetical System

As mentioned before, at first the procedure is ver-
ified for the three-phase circuit of Fig. 4. In this
circuit, the impedances and voltage sources behind
the utility’s impedances have been set to the values
shown in Table 1 & 2.

The voltage source behind the consumer’s
impedance and utility system impedance comprises
the positive-sequence fundamental frequency compo-
nent, as well as the Negative-sequence 5th, positive-
sequence 7th and Negative-sequence 11th harmonic
components. The impedance of the load comprises
the series combination of 130 Ω resistor and 66.3mH
inductor. The utility system impedance is 2.5 Ω resis-
tor and 39.8mH inductor. The circuit was analyzed

Fig.4: Three-phase test circuit.

and the voltage and current waveforms at the PCC
were extracted. Then, these waveforms were used
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Fig.5: IEEE standard 13-bus power system.

as the input data for the parameter estimation algo-
rithm and the electrical circuit of the load and supply
were estimated. The estimated parameters and their
exact values are shown in Table 1. The agreement
between them is satisfactory.
3.1.1 Determination of Utility and Consumer
Contribution

After estimating the parameters of load and util-
ity, the three methods that had been introduced in
section 2.3 are used to estimate the contribution of
load and utility to harmonic distortion. The results
are shown in Tables 3, 4 and 5.

3.2 Simulation Results of IEEE 13-Bus Stan-
dard Test System

The IEEE-13 bus test distribution power system
shown in Fig. 5 is used as a test case for above
described approach. In this case study it was as-
sumed that the sources of the harmonic are Thyristor
based 6-pulse drives which are connected to the node
680 and 671 and the point PCC is considered node
680.The firing angle of the Thyristor based rectifier
which is connected to the consumer side is considered

45 degree from 0 to 1 seconds, 75 degree from 1 to 2
seconds and the firing angle of the rectifier which is
connected to the utility side is considered 45 degree
from 0 to 2 seconds.

Three-phase bus voltage and current waveforms at
PCC were observed during two seconds. All of signals
were sampled with 20000 Hz (128samples/cycle). 3-
Phase voltage and current waveforms of bus 680 at
PCC are shown in Fig. 6. It is obvious that the
voltage and current waveforms are severely distorted
because of the harmonics.

Figs. 7, 8, 9, 10,11,12,13 and 14 show the Thevenin
equivalent circuit parameters at fundamental and
harmonic frequencies which are performed by adap-
tive Kalman filter and recursive least squares based
on singular value decomposition.

Figs. 7, 8, 9 and 10 show the amplitude of positive,
negative and zero sequence of fundamental, 5th, 7th

and 11th harmonic components. It can be seen from
these figures that the adaptive Kalman filter is track-
ing the changes of harmonic components of voltage
and current in distorted power system.

Figs. 11, 12, 13 and 14 show the estimation of
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Fig.6: Three phase voltage & current at PCC.

Fig.7: Amplitudes of positive, negative and zero sequence of fundamental component of utility & load voltage.

Fig.8: Amplitudes of positive, negative and zero sequence of 5th harmonic of utility & load voltage.

Fig.9: Amplitudes of positive, negative and zero sequence of the 7th harmonic of utility & load voltage.

Fig.10: Amplitudes of positive, negative and zero sequence of the 11th harmonic of utility & load voltage.
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Fig.11: Positive sequence impedance of the load & utility side at the fundamental harmonic.

Fig.12: Negative-sequence impedance of the load & utility side at 5th harmonic.

Fig.13: positive-sequence impedance of the load & utility side at 7th harmonic.

Fig.14: Negative-sequence impedance of the load & utility side at 11th harmonic.

Table 6: The contribution of load & utility based superposition method.

Table 7: TThe contribution of load & utility based critical impedance method.
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Table 8: The contribution of load & utility based voltage rate method.

the positive, negative and zero sequence component
of load and utility side impedance at the fundamen-
tal, 5th, 7th and 11th harmonics. It can be seen from
these figures that the recursive least squares based on
singular value decomposition as well as estimates the
changes of load and utility side impedances in differ-
ent harmonic components at distorted power system.
3.2.1 Determination of contribution of utility
and consumer in IEEE 13- bus standard power
system

Tables 6, 7 and 8 show the utility and consumer’s
contributions to the fundamental, 5th, 7th and 11th

components of the voltage at the PCC.
The fundamental and 7th component mainly ap-

pears from the utility side whereas the estimated con-
tributions to the 5th and 11th harmonic components
come chiefly from the consumer side.

Results show that the distortions in the voltage
waveforms at the PCC are due to the 5th and 11th
harmonic negative-sequence components and the 1th
and 7th harmonic positive-sequence components

4. CONCLUSIONS

A technique for estimating the utility’s and con-
sumer’s contribution to harmonic distortion of the
voltages at the PCC has been presented. The recur-
sive least-squares technique has been used to estimate
the parameters of the load and utility. The contribu-
tions to harmonic distortion are estimated by three
approaches. The validity of the technique has been
checked by means of a simulation. The technique has
been applied to an IEEE 13-bus standard system and
the contributions of utility and consumer in gener-
ating harmonic is determined. Presented simulation
results show the validity and effectiveness of adaptive
Kalman filter and recursive least squares based sin-
gular value decomposition methods in estimating the
load and utility side parameters and contributions in
harmonic distortions at a distorted power system.
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