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Abstract

Harmonic pollution is one of the most important power quality issues in electric power
systems. Correct location of the main harmonic disturbance source is a key step to
solve the problem. This paper presents a method to detect the location of harmonic
disturbance source in low voltage network through Bayesian inference. The harmonic
state is estimated based on the measurement data from limited measurement points
whereby the measurement error is also considered. The performance of the proposed
method is assessed through a case study applied in a typical low voltage network. Monte
Carlo simulation is used to obtain the statistical results. The influence of different
parameters like disturbance level and measurement accuracy level etc. are discussed.
The proposed method shows the adequacy for the analysis of distribution networks.

1. Introduction

One of the significant changes in current distribution network is the large applica-
tions of power electronic devices due to the rapid development of semiconductor tech-
nology. Therefore more and more nonlinear loads are connected to the system which
results in higher harmonic pollution levels. According to [1], the survey conducted by
the Electric Power Research Institute shows that only 15%-20% of the total loads were
nonlinear in 1992 while the percentage of nonlinear loads will be over 50% of all loads
in the future. Harmonic pollution may have serious consequences to the system such as
overheating and damaging of equipment, unexpected tripping of sensitive loads, failure
of protective relays, and disturbance to the communication circuit.

Locating the main harmonic disturbance source is important to improve the power
quality (PQ) level of the network. Moreover, it is crucial for the distribution system
operator (DSO) to share the responsibilities. There are many literatures discussing
the identification and detection of harmonic sources in distribution systems. In [2],
the vector-matrix form the Kirchhoff law is solved with a hybrid weighted least squares
estimator, and then the harmonic signal magnitudes are obtained. The harmonic power
direction-based method is one of the most common tools to figure out the solution [3],
[4]. The principle of the method is to investigate the direction of harmonic active
power. If it is from the utility to customer, the utility is considered to be dominant to
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the pollution, and vice versa. The harmonic power approach is improved according to
[5] in which several concerns are addressed for the application to radial system and a
modification is proposed to generalize its application to non-radial systems. Simulations
and experiments carried out in [6] present that the single-point strategy can give useful
indications for the detection of the dominant harmonic source, upstream or downstream
the measurement point. The strategy is improved in [7] which has been proved to be
successful in several simulations. In [1], Saxena et al. proposed a method based on
the direction of harmonic power flow at system nodes with the measurement of voltage
phasor measuring unit, which are used to categorize and rank the suspected buses. In
[8], sensitivity analysis and the minimum variance criterion are utilized to determine the
optimal locations of measurement devices for locating harmonic sources. It is proposed
in [9], [10], [11], [12] to calculate the harmonic sources of the utility and customer
with the measured harmonic impedances at point of connection (PoC). The Norton
model is applied to represent the harmonic equivalent circuit. In [13], Ma and Girgis
addressed two problems: the optimal locations of a limited number of harmonic meters
and the optimal dynamic estimation of harmonic source locations, and it is solved by
the Kalman-filtering-based technique. The principle of critical impedance is applied to
identify the harmonic disturbance according to [14], [15]. The exact information of the
internal impedances or admittance both of the supplier and customer sides’ equivalent
circuits is demanded for this method. In [16], a combined approach of superposition
and critical impedance is reported which is considered as an improvement of critical
impedance method. In [17], Dan proposed a method of monoparameter variation for the
identification of the existence of a harmonic source. Harmonic state estimation (HSE)
which is capable to calculate the harmonic generation and penetration throughout the
grid is applied to locate the nonlinear load in the network [18], [19], [20]. Modern
techniques are also applied to harmonic characterization and detection. The neural
network algorithm is applied in [21], [22], [23], the fuzzy logic is utilized in [24], the
method based on independent component analysis and mutual information theory [25]
and Yang et al. introduced a data clustering method in [26].

This paper proposes a harmonic disturbance location (HDL) approach based on
Bayesian inference which takes the measurement errors and load diversities into ac-
count. Bayesian inference is a method of inference in which Bayes’ theorem is applied
to calculate the probability distribution. The inference applies existing information
(based on expert knowledge, past studies, etc.) into the data analysis. This existing
information is represented as a prior distribution, and the data likelihood is effectively
weighted by the prior distribution when the data analysis results are calculated. Sta-
tistical results can be obtained which are the rankings of suspected loads. In section II,
the mathematical model behind the problem and the location method framework are
presented. In section III, the prior distribution of the harmonic background distortion
and injection is calculated. Section IV defines the grid condition and the measurement
framework. In section V, the solution of the posterior distribution of the harmonic
disturbance source is given. Section VI addresses on the numerical concerns for the
high-dimensional integral. In section VII, the detailed parameters of the network mod-
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Figure 1: The equivalent circuit for harmonic disturbance location

elling and the simulation algorithm for the case study are presented. In section VIII,
several scenarios are carried out to investigate the impacts of different factors, like levels
of harmonic disturbance, the number and locations of measurement devices, measure-
ment parameters and measurement accuracy levels as well as the definition of the prior
distribution. Comparing with other methods, the advantages of the proposed method
are discussed.

2. Harmonic Disturbance Problem and its Location Framework

2.1. Harmonic Disturbance Problem

Distribution grids are mostly operated in radial structure. The power is delivered
to the customers connected along the feeder. Fig. 1 shows the equivalent circuit for
harmonic disturbance location. The harmonic characteristic of each load is represented
by the Norton equivalent model and the grid side is represented by the Thevenin equiv-
alent model. The high level of harmonic pollution may be caused by the grid voltage
(Us) or a disturbing customer which produces extremely high level of harmonic current
(Idh) when the other customers’ injections are under certain values (Ih1 to Ihn). Zc1 to
Zcn represent the cable parameters. Zl1 to Zln give the load parameters. If one of these
customers deteriorates the power quality, it is necessary to analyse the disturbance for
the responsibility-sharing and problem-solving.

2.2. Harmonic Disturbance Location Framework

Fig. 2 shows the methodology framework, which illustrates the proposed HDL
approach. It includes 3 parts; 1) the pre-processing to obtain the prior distribution of
harmonic background distortion and injection, 2) the Bayesian inference to acquire the
posterior distribution, and 3) the ranking of possible harmonic disturbance locations.

In the pre-processing part, the prior distribution (marginal distribution) of harmonic
background distortion and injection is acquired based on several groups of input data.
The field measurement database and historical harmonic disturbance statistics are used
to determine the harmonic injection distribution. The grid condition for the Bayesian
inference is obtained through state estimation [27]. The measured voltages and currents
will also be recorded and provided to the inference process. With the network parame-
ters, the grid condition and measured quantities, the posterior distribution (conditional
distribution) can be obtained with the application of Bayesian theorem. The network
parameters give the information of components (cable, transformer) parameters, the
grid impedance, the number of customers, and the length of cable sections between
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Figure 2: The framework of harmonic disturbance location

each pair of customers. In the post-processing part, the probability that the main har-
monic disturbance is from the background distortion or each customer is calculated.
Eventually, the ranking of possible harmonic disturbance location is acquired.

Bayesian inference is applied to detect the exact location of the disturbance source
and the Bayes formula is given in (1) [28]. Bayesian probability models compute a
conditional probability based on new data information and former probabilistic beliefs.
The model parameters in Bayesian inference are usually treated as random rather than
fixed quantities which are applied in classical statistics.

fΘ(Θ|x1, · · ·, xn) =
fx(x1, · · ·, xn, |Θ)fΘ(Θ)∫

ΩΘ
fx(x1, · · ·, xn, |Θ)fΘ(Θ)dΘ

(1)

where Θ is considered as a continuous (similar for discrete or mixed random variables)
random variable (a scalar or vector) which needs to be investigated. fΘ(Θ) is the
probability density function (PDF) of the prior distribution. fx(x|Θ) is the condi-
tional pdf of the observation x which is called the Bayesian likelihood function where
x = (x1, · · ·, xn) is the observed data vector. fΘ(Θ|x) is called posterior pdf and it
is the central object of interest. ΩΘ is the whole space of Θ where the integral is cal-
culated. The pdf of Θ is assumed and existed beforehand, the observation of data x
will affect the information of Θ and the Bayes’ rule is used to update the information
further. The posterior pdf thus conveys the knowledge of Θ with the consideration
of the vector x [29]. In other words, the posterior fΘ(Θ|x) depends on the converse
likelihood fx(x|Θ) and the prior pdf fΘ(Θ). The pdf fΘ(Θ) determines the scale of
pdf fx(x|Θ), which means it can definitely affect the accuracy of the posterior pdf
fΘ(Θ|x). According to the Bayesian statistics, the prior distribution can come from
the existed knowledge, besides, it can also come from the objective data or statistical
hypothesis tests like chi-squared or Kolmogorov-Smirnov tests [30]. In this paper, Θ
represents the harmonic disturbance location and x is the measurement data. fΘ(Θ|x)
gives the ranking of suspected disturbance locations and is calculated with the priori
fΘ(Θ) and measurement data x.
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3. Prior Distribution of Harmonic Background Distortion and Injection

The prior distribution which refers to the marginal distribution needs to be de-
termined based on the fact that the harmonic disturbance can be either from the
background voltage (grid side) or the customer harmonic injection (load side). The
probability of the harmonic disturbance at the grid side (which means the harmon-
ic disturbance is originated from the whole external grid) is defined as PGD, and the
probability of the harmonic disturbance at load side is defined as PLD.

PGD = Pg, PLD = 1− PGD (2)

where Pg is the basic probability of harmonic disturbance at grid side.
Therefore, the potential harmonic disturbance location L is a discrete random vari-

able represented by a probability mass function (PMF), which are fL,D(l). In Fig.
2, the prior distribution is obtained through a pre-processing with field measurement
database and historical harmonic disturbance statistics. For the sake of simplicity, the
basic prior distribution is assumed to be uniform in this paper. So Pg is 1/(1 + Nload)
where Nload is the number of customers.

fL,GD(l) =

{
PGD l ∈ SGD
PLD/Nload l ∈ SLD

(3)

where SGD represents the grid side and SLD is the set of all customers which can be
shown as {

SGD = {0} grid side
SLD = {1, 2, · · ·Nload} load side

(4)

where the 0 means the disturbance is from grid side and the 1 to Nload means one
particular customer originates the disturbance.

4. Grid Condition and Measurement

To carry out the Bayesian inference, grid condition needs to be defined and voltage
and current signals needs to be measured.

4.1. Grid Condition

The grid condition is a vector that gives all the input parameters of the inference
except the disturbance location. The parameters vector Gc is considered as random
variables from different distributions to consider the uncertainties. In this paper, Gc is
given as

Gc = [Zg,Sload, Ush, Ihload] (5)

where Zg is the impedance of the grid side. Sload is the vector of the loads in the
network. Ush refers to the background harmonic distortion and Ihload represents the
injected h-order harmonic currents of loads.
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Zg is the impedance of the grid side in front of the first measurement point, which is
at the secondary busbar of the transformer. So it includes the external grid impedance
Zeg (the impedance of higher voltage levels) and the transformer impedance Zt. It is
difficult to estimate Zeg accurately, so a normal distribution is applied to define Zeg.

Zeg ∼ N (Zeg,µ, Z
2
eg,δ) (6)

where Zeg,µ is the mean value of the normal distribution for Zeg and Zeg,δ is the assumed
standard deviation. The values of short-circuit power at medium voltage (MV) side of
the MV/LV transformers are mostly between 50MVA and 150MVA and the value of
X/R is about 0.5 for a cable network [31]. Zeg,µ can be calculated with these parameters.
Sload is the vector of the loads in the network, can be shown as

Sload = [Pli Pfi] 1 6 i 6 Nload (7)

where Pli is the active power of the ith load and Pfi is the power factor of ith load. Sload
is calculated via state estimation and the applied approach is illustrated in [27].Given
the estimated load status, the real load status is assumed to follow the multivariate
normal distribution with mean Sload,µ and covariance matrix Σse. The covariance matrix
Σse represents the state estimation error and it is a diagonal matrix containing the
variance of all the individual components: Plδ,i and Pfδ,i.

Ush represents the background harmonic distortion. Field measurements of LV and
MV networks were carried out in several European countries and the voltage distortion
results are given in [31], [32], [33]. These measurement data are used as the basis to
determine the values of the parameters for Gc. In this paper, the background voltage
distortion is assumed as a uniform distribution during the measurement period.

Ush ∼ U(Ush,pmin, Ush,pmax) · Un (8)

where Ush,pmin
and Ush,pmax are the low and high levels of the magnitudes for harmonic

current in percentage of nominal voltage Un. Ush,dpmin
and Ush,dpmax are the limits applied

when the grid is the harmonic source.
Ihload is the vector of the injected h-order harmonic current of each load which can

be shown as

Ihload = [Ih,p,i Θhload,i] 1 6 i 6 Nload (9)

where Ih,p,i is the magnitude for Ihload of the ith load and Θhload,i represents the phase
angle for Ihload of the ith load. The uniform distribution is applied for the values which
is a function of fundamental current.

Ih,p,i ∼ U(Ih,pmin, Ih,pmax) · If,i 1 6 i 6 Nload (10)

where Ih,pmin and Ih,pmax are the low and high levels of the magnitudes for harmonic
current in percentage of the fundamental current magnitude If,i. These limits are
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for non-disturbing customers. In [31], different household devices are connected to
define different types of household loads, which are called low, average, high load cases
respectively. The harmonic spectrum of these models is measured up to 50th harmonic
order which can be applied to define the distribution of Ih,p,i. Ih,p,i also includes the
disturbing customer, Idh,pmin and Idh,pmax are the low and high level for disturbance,
which are much higher than Ih,pmin and Ih,pmax.

Θhload,i ∼ U(Θh,min,Θh,max) 1 6 i 6 Nload (11)

where Θh,min and Θh,max defines the phase angle range of harmonic currents. The values
can be assumed according to some field measurement research about harmonics [34].

4.2. Measurement

4.2.1. Measurement Points and Quantities

It is almost impossible to install the measurement units at every PoC in the dis-
tribution network due to the huge economic cost and information capacity. So some
points need to be selected as the measurement points and the harmonic states on the
non-monitored nodes need to be estimated. In this paper, the measurement points are
recommended at the following locations

• At the secondary side of MV/LV transformer (At the beginning point of the
feeder).

• At the node and branch of the PoC connected at the end of the feeder.

• At the nodes and branches of PoCs which are likely to produce high level of
harmonic currents.

The number of the dimensions for measurement vector M ′ is 11 × Nmea × Nt, where
Nmea is the number of measurement points in the grid and Nt is the number of time
steps.

M ′ =[U ′
h(a, b, c)t1, I

′
h(a, b, c)t1,ϕ

′
h(Ua, Ub, Uc)t1,

ϕ′
h(Ia, Ib, Ic)t1,U

′
h(a, b, c)t2, I

′
h(a, b, c)t2,

ϕ′
h(Ua, Ub, Uc)t2,ϕ

′
h(Ia, Ib, Ic)t2, ...,U

′
h(a, b, c)tn,

I ′h(a, b, c)tn,ϕ
′
h(Ua, Ub, Uc)tn,ϕ

′
h(Ia, Ib, Ic)tn]

(12)

where U ′
h(a, b, c) and I ′h(a, b, c) are the magnitudes of voltages and currents,

ϕ′
h(Ua, Ub, Uc), ϕ′

h(Ia, Ib, Ic) are the phase angle vectors and t1 to tn represents the
time vector since the harmonic pollution is a continuous power quality phenomenon.
The phase angle of h order is calculated when the fundamental of phase a is considered
as the reference phase.
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4.2.2. Measurement Error

The error of measurement devices is generally considered to be normally distributed
[35]. So the real value vector is defined as M correspondingly. Its standard deviation
θ can be calculated as:

θ =
1

3
Ψτ (13)

where Ψ is the measuring range and τ is the maximum relative error. The absolute
error is obviously lower when the measuring range is narrower and at the same time
the range should also cover the largest measured value with sufficient margin. For the
phase angle measurement, the standard deviation θϕ is:

θϕ =
1

3
τϕ (14)

where τϕ is the maximum error of phase angle measurement.

4.2.3. Conditional Distribution of Measured Value

Given L andGc, the real values of measurement vectorM can be calculated through
harmonic load flow, which can be shown as:

M = hlf (L,Gc) (15)

With a specific disturbance location l, grid condition gc and the real value vector of
measurement vector m, the conditional PDF of M ′ can be calculated as

fM ′(m′|l, gc) = N(m′|m,Σe) (16)

where N(·|µ,Σ) is the PDF of multivariate normal distribution with mean µ and
covariance matrix Σ, Σe is the covariance matrix with measurement uncertainties.

5. Posterior Distribution of Harmonic Disturbance and Ranking of Suspect-
ed Disturbance Locations

The relevant measurement vector m′∗ can be obtained with a particular grid con-
dition. Given the harmonic disturbance location l, the probability density of m′∗ can
be calculated via the integral on the sample space of grid conditions to consider the
different grid conditions, shown in (17)

fM ′(m′∗|l) =

∫
ΩGc

fM ′(m′∗|l, gc)fGc(gc)dgc (17)

Applying the law of total probability, the marginal probability density of m′∗ in-
cludes two summations which are corresponding to fL,GD(l) and fL,LD(l) as shown in
(18).
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fM ′(m′∗) =
∑

l∈SGD∪SLD

fM ′(m′∗|l)fL,D(l) (18)

Applying (1), the posterior conditional PMF of disturbance location L given the
measurement vector m′∗ can be acquired by (19).

fL,D(l|m′∗) =
fM ′(m′∗|l)fL,D(l)

fM ′(m′∗)
(19)

With the posterior distribution of harmonic location, the probability that the har-
monic disturbance is from the grid or each particular load can be calculated. Then the
ranking of suspected harmonic disturbance location is obtained.

Pgd = fL,D(0|m′∗) (20)

Pi = fL,D(i|m′∗) (21)

where Pgd is the probability that the harmonic disturbance is from the grid and Pi is
that from the ith customer.

6. Monte Carlo Integration with Independent Importance Sampling

Given the measurement vectorm′∗, for each particular l of the harmonic disturbance
location L, fM ′(m′∗|l) in (17) needs to be calculated while the number of dimensions
of the integral equals to that of the grid condition Gc, which is 2 + 2Nload + 2Nload.
Applying deterministic approach to calculate this high-dimensional integral is almost
impossible. Thus, Monte Carlo integration should be applied with independent impor-
tance sampling [36], [37]. Since the parameters in Gc are not dependent on each other,
it is viable to sample each component independently and merge them together. The
uniform distribution and truncated normal distribution are carried out in this paper to
acquire the PDF p(gc).

When NMC random grid conditions are sampled like (22), fM ′(m′∗|l) in (17) can
be calculated with (23) approximately and the error of the approximation decreases as
1/
√
NMC theoretically.

p(gc) ⇀ g1
c , · · · , gNMC

c ∈ ΩGc (22)

fM ′(m′∗|l∗) ≈ 1

NMC

NMC∑
k=1

fM ′(m′∗|l∗, gkc )fGc(g
k
c ))

p(gkc )

=
1

NMC

NMC∑
k=1

fM ′(m′∗|l∗, gkc )

(23)
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Figure 3: The LV network for case study

7. Network Modelling and Simulation Algorithm

In this section, a LV network is modelled and several scenarios are designed to
investigate the performance of proposed methodology by simulation. The sensitivity
study is carried out with different simulation parameters.

7.1. Network Modelling

The LV distribution network in the Netherlands are mostly operated in a radial
structure. Fig. 3 shows the topology of LV grid for case study. The feeder is distributed
with a 10/0.4kV substation and the cable is made of aluminium with the cross-section of
150mm2. The other parameters are presented below and some of them will be changed
in the simulation to investigate the sensitivity.

• Zeg,µ = U2
n/Ssc, is the mean value of the normal distribution. Un = 400V is

the nominal voltage of the grid and Ssc = 100MVA is the applied short-circuit
power. Zeg,δ = 0.0001Ω is the assumed standard deviation when Zeg,µ is calculated
as 0.0016Ω.

• Nl = 60, Nl is the number of PoCs on feeder. In LV network, the customers are
usually single-phase connected. So the harmonic load flow is calculated on one
phase Nload which has 20 PoCs .

• h = 5th, the investigated harmonic order is 5th.

• In each simulation case, the network state is randomly generated first. Then the
real load status can be obtained based on the truncated normal distribution with
the covariance matrix Σse. The range of estimated active power is considered
same for all loads which is U(400W, 1100W ) and Plδ,i is equal for each load as
30W . The power factor of the estimated loads are randomly chosen from 0.98
capacitive to 0.95 inductive with Pfδ,i of 0.05 for all loads.

• Ush,pmin and Ush,pmax give the range of background harmonic voltage distortion.
The 5th harmonic voltage distortion is between 2% to 4.4% of nominal voltage
in one day as shown in [32]. In a relatively short measurement time like 1 hour,
the average value of differences between the maximum and minimum distortion
in each hour is about 0.2%. Therefore, Ush,pmin = 3% and Ush,pmax = 3.2% are
assumed. If the disturbance is from the grid side, Ushpmin and Ush,pmax are 3.5%
and 3.7% respectively.

10



• Ih,pmin = 5% and Ih,pmax = 8% give the low and high levels of harmonic current
in percentage of the fundamental current. If the disturbance is from one specific
customer, Idh,pmin and Idh,pmax are 50% and 80% when the disturbance level (DL)
is 10 by default.

• Θh,min = 270◦ and Θh,max = 360◦. The phase angle range of 5th harmonic current
is based on the results of field measurement in one LV network in the Netherlands
[34].

• The lower and upper bounds of the measuring ranges are shown as ΨU for voltage,
ΨI for current. The measurement error of phase angle is shown as τϕ. ΨU ∼
[10V, 1.25Un], ΨI ∼ [5A, 200A] and τϕ ≤ 5◦, where Un is the nominal bus
voltage.

• θI = 0.3A and θU = 0.05A. The sensitivity of measurement accuracy to detection
results is investigated in the following section.

• Nm = 2. The initial measurement points are installed at the beginning and and
the end of the feeder.

• Nt = 6. The measurement is carried out during the period T . The default number
of groups of measurement results are assumed to be 6.

• NMC = 10000 and N ′MC = 100 for the Monte Carlo integration and Monte Carlo
simulation.

7.2. Simulation Algorithm

Fig. 4 shows the algorithm flow chart of the HDL by simulation. A random grid
condition is generated, and the measurement values with error are obtained. Then the
probability that the harmonic disturbance is from the grid or each customer is calculated
with (20) and (21) applying Monte Carlo integration. In order to get a statistic result,
Monte Carlo simulation is run to obtain more cases. Eventually, the average value of
the rankings of the real locations in the calculated PMFs is obtained as (24).

εr,a =
1

N ′MC

N ′
MC∑
k=1

εk (24)

where N ′MC is the number of Monte Carlo simulations and εk is the ranking of the real
location in the calculated PMF. Fig. 5 shows a bar chart of probability of the suspected
harmonic source. The 0 on horizontal axis represents the grid side and numbers 1 to
20 represents each customer. In this example, the real disturbance location is at PoC.
8 and the calculated probability at PoC. 8 ranks at the second place. So εk is 2 in this
case and εr,a can be obtained with N ′MC repetitions of the simulation.
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Figure 4: The algorithm flow chart for the simulation

8. Analysis of Simulation Results

The sensitivity study of different parameters to the detection performance is carried
out in this section. The results can be used to determine the necessary measurement
conditions according to the required performance level, or help to know the optimum
number of measurements which both considers the performance and the cost.

8.1. Influence of the Number of Measurement Points, Locations and Measurement
Quantities on Time Series

The detection performance when different number of measurement points are ap-
plied is investigated in this section. εr,a is used as an index to observe the performance
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Figure 5: The probability of each location to be the harmonic source
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as shown in Fig. 6. The detection performance is considered better when the index is
lower. For 1 measurement point case, it is located at the LV busbar of the transformer
while the ending point is also measured when there are two measurement points. The
other measurement points are assumed to be evenly installed along the feeder when
there are 3 measurement points or more. The location accuracy is found to grow when
more measurement devices are installed in the feeder. For example, εr,a is up to 2
when there are 6 devices installed. In order to investigate the impact of measurement
locations, the measurement devices are assumed to be at particular points, which may
be feasible when some customers are more likely to produce the disturbance. In the
simulation , if there are 3 measurement points on the feeder, besides the beginning
and ending points, the third point is assumed at the point of disturbance. The branch
current in front of the disturbance source and the voltage at this PoC are measured. If
there are 4 measurement devices, besides the previous mentioned 3 points, the current
in the branch behind the disturbance source and the voltage at the next PoC are also
measured. The comparison with Fig. 6 in which the measurement points are distributed
evenly on the feeder are shown in Table 1. The statistics show that the performance is
better when the measurement units are installed at the particular points than when the
devices are installed evenly on the feeder. Therefore, the additional measuring points
can be installed at points which has higher probability to inject disturbance. Since the
additional measuring point at ending point brings higher accuracy comparing with the 1
measurement point case, 2-points measurement is assumed in the following parts which
discuss the impacts of other parameters. The default number of measurement vectors
on time period T is 6 which is considered as 10-min value in 1 hour. Fig. 7 shows
the values of εr,a when Nt is 3, 6, 12, 15, 20, 30, 60 and 120 which represent 20, 10,
5, 4, 3, 2, 1 and 0.5-min measurement values respectively. It shows more measurement
quantities which bring more information increases the detection accuracy.

1 2 3 4 5 6

ε

0

2

4

6

8

10

r,a

Nm

Figure 6: The values of εr,a with different number of measurement points

8.2. Influence of Disturbance Level

In this part, the different disturbance levels of loads are applied and Fig. 8 shows
the values of εr,a with different disturbance levels. The disturbance level means the
integer multiples of the injection value from non-disturbing customer. It is found that
the detection accuracy is better when the disturbance level is higher. The mean of
indices is lower than 3 when the disturbance level is more than 15, which is considered
as a good performance.

13



N
3 6 12 15 20 30 60 120

1
2
3
4
5
6

t

ε r,
a

Figure 7: The values of εr,a with different measurement time steps

Table 1: The comparison between the cases when the measurement locations are evenly distributed
and at the particular points

hhhhhhhhhhhhhhhhhhhhNumber of points

Cases of locations
case 1 case 2

3 points 2.930 2.258

4 points 2.493 1.441

case1, the measurement points are evenly distributed;
case2: the measurement locations are at particular points

8.3. Influence of Measurement Parameters and Accuracy

One important advantage of applying Bayesian inference is to consider the measure-
ment error of devices. Fig. 9 shows the influence of different measurement accuracy
levels of both current and voltage to the detection accuracy. Fig. 9(a) shows the values
of εr,a changes from 3.8 to 4.5 when θI increases from 0.1A to 0.8A (θU = 0.03V ). Gen-
erally, the value of εr,a is higher when the current measurement accuracy level of device
is lower. However, it is not a continuous growth because the detection result is sensi-
tive to other parameters applied in Monte Carlo simulation as well. A smooth growing
curve can be obtained if a larger number of Monte Carlo simulations is run which can
be very time-consuming. Comparing with the results shown in Fig. 9(a), the detection
performance shows to be more sensitive to the accuracy level of voltage measurement
accuracy (Fig. 9(b)). The value increases from 2.6 to 8.2 when the accuracy level of
voltage measurement decreases (θU grows from 0.01V to 0.19V and θI = 0.3A). The
sensitivity of phase angle to the detection result is not significant while the total change
of εr,a is about 0.8 with different measurement accuracy level of phase angle (θϕ = 5◦

to 40◦). Fortunately, the voltage measurement accuracy in LV grid can be quite high
since the voltage signal can be sampled directly while the current measurement may
have relatively bigger error because current transformers (clamp) are mostly applied.

8.4. Influence of the Definition of Prior Distribution

In the previous simulation, the marginal probability as shown in (3) of grid and
each customer is considered equally. However in reality, some customers may have a
higher probability to be the harmonic pollution source than others because of particular
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Figure 8: The values of εr,a with different disturbance levels
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Figure 9: The values of εr,a with different measurement accuracy levels (a) Current. (b) Voltage.

combination of loads and the prior distribution can be modified to get a more accurate
estimation. In this section, the marginal probability to be the harmonic source of one
particular customer is assumed to be m% more than other customers as shown in (25).
As shown in the Fig. 10, m is considered to be from 0% to 100% which means the
marginal probability of the particular customer is 1 to 2 times as other customers. It
is clear that more accurate definition of prior distribution will bring better estimation.

fL,D(l) =


PGD l ∈ SGD

(1 +m)PLD
(1 +m+Nload)

l ∈ Sith
PLD

(1 +m+Nload)
l ∈ SLD1

(25)

where Sith is the particular customer which has a higher probability to inject harmonic
and SLD1 is the set of the other customers.

15



m (%)
0 20 40 60 80 100

0

1
2

3

4

5

ε r,
a

Figure 10: The values of εr,a with different prior distributions

8.5. Summary

Table 2 shows the approximate required value of each individual parameter to
achieve a certain performance level (εr,a) when the other parameters are kept at their
default settings. For the cases that the disturbance level is not remarkably high, better
results can be achieved with more measurement data or higher measurement accura-
cy. However, the measurement accuracy level of current is less influential than that of
voltage. If more research on the priori has been done, a non-uniform prior distribution
can be applied to have a better performance. In addition, the combined adjustment of
several measurement parameters could help to achieve the required performance. For
example, when the second row of Table 2 which are Nm = 3, Nt = 15, DL = 15,
θI = 0.3A, θU = 0.01V and m = 7 are applied in the simulation simultaneously, the
value of εr,a almost equals to 1 instead of 3 which is achieved by the adjustment of
single parameter.

Table 2: The approximate required value of each individual parameter to achieve a certain εr,a when
the other parameters are kept at their default settings

εr,a Nm εr,a Nt εr,a DL εr,a θI (I) εr,a θU (V ) εr,a m(%)
2 5 2 60 2 40 2 - 2 - 2 15
3 3 3 15 3 15 3 - 3 0.01 3 7
4 2 4 6 4 10 4 0.1 4 0.03 4 0
5 - 5 3 5 5 5 0.8 5 0.05 5 -

- means the value is not available from the results

8.6. Comparison with other Methods

Previously, the main three strategies applied to detect the harmonic source were
based on the harmonic power direction [1], [3], [4], [5], [6], [7], the critical impedance
[14], [15], [16] and the harmonic state estimation (HSE) [18], [19], [20] respectively.
Applying the harmonic power direction method, the harmonic source is determined to
be either upstream or downstream of the metering section can be determined by the
positive or negative sign of the calculated harmonic power. The principle of critical
impedance method is to compare the harmonic voltage magnitudes in the Thevenin
equivalent circuits of grid and load sides and to choose the larger one as the main
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harmonic source. Since operators can only know which side of the measurement node
has the harmonic source, these two methods are applicable only when a particular load
is suspected to be the disturbance source and it is measured at this particular PoC. If
the whole network needs to be investigated, the measurement meters are required at all
nodes of the power system. Therefore, they are considered as single point measurement
methods (SPMM). In addition, uncertainties are hardly to be taken into account if
either of them is used. To compare the performance of the SPMM and the proposed
method based on Bayesian inference (BIM), the measurement condition (the number of
devices etc.) for applying two methods is assumed to be same. A new index is defined
as (26) for BIM.

εp,a =
1

N ′MC

N ′
MC∑
k=1

εp,k (26)

where εp,k is the probability of the real location in the calculated PMF at the kth
Monte Carlo simulation and εp,a is the average probability of N ′MC times Monte Carlo
simulations. εp,a could be also concerned as the probability of detection accuracy.
For the case in Fig. 5, εp,k at POC. 8 is about 0.18. The performance is considered
better when εp,a is higher. For SPMM, the probability of detection accuracy could be
calculated analytically. Since one measurement device is supposed to be installed at the
beginning point of the feeder, the conditional probability of detection accuracy is 1 if
the harmonic disturbance is at the external grid (Pcon,GD) when the measurement error
is ignored. If the harmonic disturbance is at the load side, the conditional probability of
detection accuracy (Pcon,LD,i) is dependent on the number of measurement installations.
For the case of one measurement device, Pcon,LD,i is 1/20 because 20 loads are connected
in the system.

Pcon,GD = 1 (27)

Pcon,LD,i = Nm/Nload (28)

where the measurement devices are assumed to be installed evenly on the feeder. To-
gether with (3), the total probability of detection accuracy for SPMM can be calculated.
Fig. 11 shows the values of εp,a with different number of measurements and it is found
BIM shows higher values of εp,a when there are more than 1 measurement points even
with the consideration of uncertainties. Moreover, it should be noted that the best
scenario to apply SPMM is taken into consideration when the probability of detection
accuracy is calculated. In other words, the disturbance location (either side of the me-
ter) identified by SPMM is assumed to be always accurate which may be too optimistic
for the practical application [38].

HSE method could achieve the goal with measurements on selected buses. However,
a minimum amount of independent measurements for voltage, real and reactive power
which is 2Nnode − 1 is still required to ensure the observability of the system (Nnode is
the number of nodes), otherwise the state estimation problem cannot be solved [27].
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Figure 11: The values of εp,a with number of different measurement points

Comparing with that, the Bayesian inference has great flexibility to define the measure-
ment scalar or vector which is clearly shown in the paper. The main advantage of the
proposed method is to give results of HDL with an indication of their reliability when
uncertainties are concerned.

9. Conclusion

In this paper, a new method for harmonic disturbance location in distribution net-
work, which is mainly based on Bayesian inference, is proposed. Bayesian inference is
applied in order to consider the uncertainties of measurement values and the dynamic
states of grid (load distribution, etc.). The conditional probability expressed as the
ranking of suspected disturbance locations are obtained based on the prior distribution
(grid conditions) and measurement data. It can be used as a tool to locate the harmonic
disturbance with limited measurement information in the future.

Monte Carlo simulation is carried out to obtain the statistic results. It shows the
proposed method performs quite well when the accuracy level of measurement device is
higher than a certain level. And generally, the performance is proportional to the mea-
surement accuracy level. The detection results are more accurate when the harmonic
pollution is higher. On the other hand, more measurement points will bring better
performance. If the measurement locations can be decided according to the known
information, for example, installing at the PoC which is more likely to inject higher
harmonic pollution, then the detection is more effective.

It is essential for the estimation results to choose proper prior. An unrealistic
definition of the prior will bring results with large error. Thus the most concerned
disadvantage is that it requires a large amount of efforts to get a proper assumption.
Another disadvantage may need to be concerned is that the computation time and the
needed CPU power for applying Bayesian inference are generally bigger.
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