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Abstract— Accurate estimation of harmonics in partially 

monitored power networks with uncertain, power electronics 

interfaced low carbon technologies can facilitate efficient 

planning and operation of future net-zero distribution 

networks. A recent study demonstrated a methodology for 

estimating harmonic distortions in partially monitored, 

typically radial, residential distribution networks. This study 

extends the general applicability of the harmonic estimation 

method to higher voltage meshed networks. The Morris 

screening method based harmonic variation sensitivity analysis, 

and the sensitivity method based on electrical distance were 

proposed in this study and were combined together to determine 

the optimal/minimum number and location of PQ monitors. 

Appropriate scaling factors were recommended as well. This 

solves the problem of sub-optimal selection of monitoring 

locations when harmonic distortion is not highly correlated with 

the voltage drop at buses in the meshed network. Different types 

of harmonic injections from nonlinear loads are fitted using 

Kernel non-parametric distribution and are estimated 

separately according to different load types. The approach is 

validated, and its accuracy and reliability were demonstrated on 

a highly interconnected (meshed) section of the power system.  

Keywords— Harmonic estimation, meshed network, sparsely 

monitored system, uncertainties, power electronics, power quality, 

probabilistic analysis 

I. INTRODUCTION 

As the goal to reach Net Zero carbon emissions by 2050 
rapidly approaches, the UK government has announced a 
package of 18 deals worth £9.7 billion to support green growth 
on top of the £5.8 billion already committed for sustainable 
projects [1]. To achieve this, a large amount of non-
conventional, renewable generations (e.g., 40GW of offshore 
wind by 2030, with more onshore, solar, and other 
renewables) and storage technologies will be connected to the 
power system through power electronic (PE) devices. At the 
same time, the reliance on PE-connected technologies, such as 
voltage source converter-based high voltage direct current 
(VSC-HVDC) lines, line commutated converter-based high 
voltage direct current (LCC-HVDC) transmission lines, and 
flexible alternating current transmission systems (FACTS), 
will increase, typically in meshed networks, to enhance the 
efficiency and security of the power supply. In view of the 
customer side, the increasing utilization of PE 
based/connected loads (e.g., heat pumps and lighting) and 
electric vehicles (EVs) charging have been foreseen [1, 2].  

The proliferation of these PE switching devices amplifies 
the non-sinusoidal disturbance of the power system, 
challenging the monitoring of power quality (PQ) issues, 
especially the harmonic distortion issues which result in 
uncontrolled component overheating, additional power losses, 
and significant financial losses [2, 3]. Moreover, since the 
renewable generations are largely stochastic and intermittent 

in nature, and the EVs tend to be affected by spatial and 
temporal uncertainties, the harmonic phenomena will be more 
pronounced in future power gird.  

In order to effectively anticipate and mitigate harmonic 
problems, the harmonic state estimation (HSE) method [4] has 
been widely explored in transmission networks [5-7] and in 
radial distribution networks [8-10]. A recent study [10] 
demonstrated a methodology for estimating harmonic 
distortions in partially monitored, typically radial, residential 
distribution networks. Even though this method has been 
shown to be very effective and reliable, it remains challenging 
to implement it directly to meshed networks in two aspects: 

i. The correlation between the harmonic voltage levels 
and the voltage-drop levels defined in [10] is not 
obvious at buses in the meshed network due to the 
higher complexity of the power flows. 

ii. The non-linear (NL) loads are commonly categorized 
into different types in the meshed network, e.g., 
commercial type, and domestic type. It is more realistic 
to estimate harmonic injections according to different 
load types.  

Building on [10], this paper proposes an alternative 
method to solve the problem of sub-optimal selection of 
monitoring locations when harmonic distortion is not highly 
correlated with the voltage drop at buses in the meshed 
network. To obtain a more accurate estimation of harmonic 
current injections, the harmonic distortions from nonlinear 
loads are fitted and estimated separately according to different 
load types. 

The approach was demonstrated using a combination of  
MATLAB (estimation) and DigSILENT/PowerFactory  
(network modeling and probabilistic Monte Carlo (MC) 
simulations to account for various operating scenarios and 
associated uncertainties)  simulation environment [11].  

II. METHODOLOGY 

A. Overview 

To estimate harmonic distortions across the whole meshed 
network, harmonic measurements at a small subset of 
monitored buses are used and the results are extrapolated to 
unmonitored buses. Fig.1 summarizes the information 
required before and during the harmonic estimation. At stage 
one, the simulations are carried out once until the optimal 
locations of PQ monitors are obtained. The information 
required for this process is (in the yellow box): weekly voltage 
profile (1st harmonic only) at all buses, system configuration, 
and relevant system parameters (this is not necessarily 
required).  
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At stage two, the harmonic injections at all the NL load 
buses are first estimated. The information required for this 
process are (in the purple box): the harmonic measurements 
from installed PQ monitors (in the green box), together with 
the NL load demands. The active power of NL loads can be 
obtained by the conventional meters or assumed to be 
predicted in advance as in [12]. Then, with the real-time 
information on V, P and Q profiles at all network buses, the 
harmonic distortions at all unmonitored buses can be 
calculated based on the adopted algorithm as in [10]. 

B. PQ Monitor Location 

Accurate voltage harmonic estimation in a realistic 
network requires the identification of the optimal number and 
location of PQ monitors. Since these monitors are assumed to 
be installed at/selected from buses connected to NL loads (the 
assumption is kept throughout this study), the key issue of this 
monitor location approach involves placing a PQ monitor at a 
representative bus in each group of buses that have: 

a) Short electrical distance from monitored buses and 
high sensitivity of voltage variations to voltage drops 
at the monitored buses.  

b) High sensitivity of harmonic variations at unmonitored 
buses with respect to the harmonic distortions injected 
at the monitored load buses.  

C. Electrical Distance Sensitivity 

Electrical distance plays a significant role in power system 
analysis, aiding in the identification of internal and external 
connections between buses [9, 13]. The extent of interaction 
between buses is largely dependent on the magnitude of 
electrical distance. This study utilizes a sensitivity-based 
method (SM) [13] to simplify computational complexity 
while calculating electrical distance. The degree of voltage 
coupling between node i and node j is measured through the 
attenuation of voltage variations between them (𝛥𝑉𝑖 , 𝛥𝑉𝑗 ), 

represented by equation (1). 

𝛼𝑖,𝑗 =
𝛥𝑉𝑖

𝛥𝑉𝑗
                                      (1) 

where 𝛼𝑖𝑗  represents voltage variations at node i (selected 

from all buses) with respect to the perturbation on node j 
(selected from NL load buses). A smaller 𝛼𝑖𝑗  represents 

weaker electrical connection between the two nodes.  

In this study, to accommodate different system operating 
conditions and system uncertainties, 𝛼𝑖𝑗  is calculated as the 

average values of voltage variations during the entire 
sampling time span (T), as in equation (2). 

𝛼𝑖,𝑗 =
1

𝑇−1
∑ |

𝑉𝑖
𝑡− 𝑉𝑖

𝑡+1

𝑉𝑗
𝑡− 𝑉𝑗

𝑡+1|𝑇−1
𝑡=1                        (2) 

In theory, the electrical distance between the bus i and bus 
j when i=j, 𝛼 =1, should be the shortest. Therefore, the 
logarithm is utilised to standardise 𝛼 and thus the equation can 
be expressed as:  

𝑑𝑖,𝑗 = |𝑙𝑜𝑔 (𝛼𝑖,𝑗)|                               (3) 

where 𝑑𝑖,𝑗 represent the electrical distance between node i and 

node j. The more 𝑑𝑖,𝑗  is approaching 0, the shorter the 

electrical distance between node i and node j. 

Following this, a sensitivity-based electrical distance 
matrix (Mv) can be calculated, which reflects the connection 
level between all the buses in the network (including buses 
with NL load and the rest of the buses). 

D. Harmonic Sensitivity Analysis  

Morris screening method, which identifies and ranks the 
input parameters according to their influence on the output 
parameters  [14], is applied to perform harmonic sensitivity 
analysis (#SA). It introduces a Δ change in each variable, one 
at a time. The definition of the elementary effect (EE) of a Δ 
change in the ith factor at a certain position x is defined by  (4). 

𝐸𝐸𝑝
𝑖 (𝑥) =

𝑦(𝑥1,…𝑥𝑖−1,𝑥𝑖+𝛥,𝑥𝑖+1,…,𝑥𝑘)−𝑦(𝑥)

𝛥
               (4) 

where x is a point chosen from the input region so that the 
disturbed point, x + ∆, remains in the input region. Since r is 
the total number of permutations, the step size ∆ is calculated 
as a multiple of 1/(r-1). For each Morris simulation, a 
trajectory is constructed where only one variable is varied by 
∆ in each step, while the values of other variables remain 
constant. After each step, another variable is randomly 
selected, and the process is repeated until each variable has 
undergone r steps. To obtain the trajectory, a starting point is 
selected for each uncertainty by randomly choosing a base 
value between Δ and 1- Δ. This enables the creation of an input 
trajectory in the uncertain parameter space [14]. 

For example, in this study, there are 9 input parameters, 
which represent the variation of harmonic injections from 9 
NL loads. It is assumed that the input range of individual 
harmonic currents is 0%-3%, the level r=4, and the step size 
∆ is calculated by multiplying the value of the range of inputs 
by 1/(r-1), which is ∆= 3×1/(4-1)= 1%. Therefore, 9 × 4 + 1 = 
37 simulations are required. The trajectory of harmonic 
current injection changes at each load bus is generated 
randomly using MATLAB. 

 
Fig.  1. Required information for proposed harmonic estimation methodology. 
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At different simulation steps, the harmonic magnitude 
injections from non-linear loads are set as different fixed 
values based on the MATLAB trajectory, the same for all the 
harmonic orders. Meanwhile, in order to eliminate the 
influence of all the other harmonic sources in the entire 
system, including both distribution loads and generations, the 
corresponding harmonic injections (both magnitude and phase 
angle) are set as 0%. 

One index to evaluate the elementary effects of each input 
variable is the mean value (μ), as defined in (5). μ expresses 
the sensitivity strength between the pth input variable and the 
output. A high value of μ demonstrates a high contribution of 
the input to the output, which means the uncertain parameter 
is more influential [14]. 

𝜇 =
1

𝑟
∑ |𝐸𝐸𝑝

𝑖 |𝑟
𝑖=1                                 (5) 

In this study, to accommodate different system operating 
conditions and system uncertainties, the final mean values are 
calculated as the average values of the entire sampling period. 

Following this, a sensitivity-based mean value matrix (Mh) 
can be calculated, which reflects the influence of harmonic 
distortions at NL load buses and all other buses in the system.  

E.  Optimal PQ Monitor Locations and Bus Clustering 

The basic idea of this monitor location method relies on 
placing a PQ monitor in each group of buses with high 
sensitivity of both harmonic variations and voltage 
disturbances among them. In order to establish the appropriate 
PQ monitor placement and to cluster different unmonitored 
buses into the monitored group, the following steps are as 
taken: 

i. In order to account for the combined effect of the index 
Mv and Mh, they are combined proportionally as in the 
summation equation (6) below. 

𝑘ℎ𝑀ℎ + (1 − 𝑘ℎ)𝑀𝑣 = 𝑀𝑐𝑏                   (6) 

where the scaling factor kh represents the participation 
of the SA-based harmonic index Mh into the combined 
index Mcb. With the increase of kh, the harmonic 
fluctuations at NL load buses become more influential 
on finding optimal PQ monitor locations, the bus 
grouping results, and the final estimation accuracy, and 
vice versa.  

ii. A threshold (λcb) was applied to classify the Mcb into 0 
and 1. Mcb=1 (true value) means that the corresponding 
bus and the NL load bus are highly correlated. The 
value of λcb is decreased from the max value to the min 
value in 20 steps so that different matrices (Ccb) of 
classified sensitivity ranking can be obtained.  

iii. Following each step decrease of λcb, an optimization 
process is run to identify the smallest number/best 
location of PQ monitors. This solution ensures that all 
the buses (rows in matrix Ccb) are covered by at least 
one true value when considering only the selected 
monitored load buses (columns in the matrix Ccb). The 
position represented by these selected columns is the 
optimal solution for placing the PQ monitors. The 
detailed optimization algorithm can be found in [10].  

iv. Then the buses highly correlated to the monitored 
buses (true values in the selected columns) are 
clustered into the same group. In other words, each 

group consists of one monitored bus and its correlated 
buses. 

v. In order to avoid duplicate assignments of the same 
bus, if an unmonitored bus is highly correlated to 
multiple monitored buses, it will be assigned to the 
cluster where the bus with the higher value of Mcb is 
located. If, however, a monitored bus is also correlated 
to any other monitored bus it will be removed from the 
other bus groups. 

It is important to note that the procedure to locate PQ 
monitors is performed just once prior to the estimation and can 
be continuously utilised until the general system topology 
changes, which does not commonly happen in the 
medium/higher-voltage distribution/sub-transmission meshed 
networks. The PQ monitor locations are not reliant on specific 
bus location, but rather on the relative electrical distance 
between buses. 

F. Harmonic Estimation 

In order to obtain a more accurate estimation of harmonic 
current injections from different types of NL loads, this study 
fits the harmonic measurements separately according to 
different load types. The estimated values are combined 
according to their share in the total demand at the bus. Kernel 
non-parametric (KNP) distribution is utilised for fitting and 
estimation. The parameters of KNP distributions are 
determined by the power demand (to estimate harmonic 
magnitude) and the harmonic currents (to estimate harmonic 
phase angle) measured by PQ monitors. The harmonic 
estimation methodology is detailed in [10]. Given that both 
the magnitude and the phase angle of all individual harmonic 
injections have been estimated, the method can be generally 
applied for the harmonic cancellation, amplification, and 
attenuation studies. 

Estimation of harmonic voltage distortions at unmonitored 
buses is then performed following the methodology proposed 
in [10,], with the equations below. 

    𝑘𝑖𝑗 ≃ (𝑉𝑗 −  𝑉𝑖)/𝐼𝑗𝑖                               (7) 

𝐼𝑖𝑗 ≃ √∑ (𝑃𝑘
2 + 𝑄𝑘

2)𝑛
𝑘=𝑗 /𝑉𝑗                         (8) 

𝑘𝑖,𝑗
ℎ = 𝑘𝑖,𝑗(𝑅 + 𝑗ℎ𝑋 )                            (9) 

√𝑅2 + 𝑋2 = 1                                (10) 

𝑉𝑗
ℎ =  𝑉𝑖

ℎ +  𝑘𝑖,𝑗
ℎ ∑ 𝐼𝑘

ℎ𝑁𝑟
𝑘=𝑗                         (11) 

where 𝑉𝑖 and 𝑉𝑗 represent the voltage at the adjacent buses i 

and j, respectively. Current 𝐼𝑖𝑗  represents the equivalent total 

current injected from bus j to i, which is calculated by 
considering the cumulative active power P and reactive power 
Q flowing from bus j to the most electrically distant bus n. The 
parameter 𝑘𝑖𝑗  stands for the equivalent impedance between 

node i and node j and therefore has the impedance unit (Ω). In 

order to consider harmonic frequencies, the coefficient 𝑘𝑖,𝑗
ℎ  is 

updated and transformed into complex numbers by 
multiplying an equivalent harmonic model characterized by 
by the harmonic order h, resistance R, and reactance X. At the 
end, the harmonic voltages at a non-monitored bus j, 

represented as 𝑉𝑗
ℎ, can be calculate using equation (11) where 

𝑉𝑖
ℎ  represents the harmonic voltage distortion at the 

monitored bus i, 𝑘𝑖,𝑗
ℎ  can be derived from equation (9) and 
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(10), and 𝐼𝑘
ℎ  equals to the estimated harmonic current 

injections from non-linear load buses. 

In this way, the harmonic voltages at the other non-
monitored bus, for example, bus j+1, can be subsequently 
calculated by assuming all the relevant parameters at bus j are 
available. Thus, by repeatedly applying equation (5) to the 
buses located electrically further away from the monitored 
bus, all the harmonic voltages can be estimated sequentially 
for all the non-monitored system buses.  

III. TEST NETWORK 

 

Fig. 2. Simplified 48-bus meshed section of the modified 295-bus 
GDN. 

The GDN network was widely used in various types of 
studies in the past [15-17]. The network parameters were 
modelled based on realistic UK distribution networks. The 
annual hourly loading curves were extracted from the year 
2010 survey of different types of loads. A detailed description 
of modelling of network parameters and distribution generator 
(DG) outputs can be found in [17].  

Different types of non-linear loads and DGs were 
modelled probabilistically as harmonic current sources. As 
required in the IEC Standard 61000-3-6 [18] and the 
Engineering Recommendation G5/4 [19], a total of 50 
harmonics were modelled for planning and controlling 
purposes. The range of individual harmonic-order injections 
was selected based on the long–term measurements and on the 
harmonic spectrum of PE interfaced components reported in 
[2, 6, 7, 18, 19]. For the wind, solar, and storage, the harmonic 
magnitude injections were randomly sampled from uniformly 
distributed ranges as utilised in [6,7]. For the NL loads, the 
harmonic magnitude injections were randomly sampled from 
uniformly distributed ranges from 0 to the values specified in 
standard G5/4 [19]. The NL loads are composed of 80% 
domestic load (D type) and 20% commercial load (C type). 
All the harmonic angle injections were randomly sampled 
using uniform distribution within a range of (0°, 180°). The 
simulations were performed using Monte Carlo approach that 
considers the uncertainties resulting from the non-linear 
portions of loads and the changing switching frequency of 
converters. In accordance with standard EN50160 [20], the 
assessments of harmonics were performed considering 
weekly evaluation, with a 10-mins time-step. 

It should be noted that even if this study concentrates on 
discussing the harmonic estimation of only the meshed section 
of the GDN, the simulations were performed based on the 
operation of the entire GDN, i.e., all NL loads and distributed 

generations connected at different voltage levels were 
considered during simulations, thus influencing the harmonic 
propagations throughout the network.  

IV. CASE STUDY 

A. Base Case 

The proposed methodology is initially (Case 1.1)    
implemented in the meshed sections of the network 
surrounded by 132 kV voltage level. The fitted cumulative 
distribution function (CDFs) of total harmonic distortions 
(THD) absolute estimation errors (= estimated values – actual 
values) at all test network buses is illustrated in Fig. 3. The 
results indicate that the majority of the mean values of fitted 
absolute errors are centred around 0%, and during 95% of the 
observation period, the total absolute errors are less than 
0.05%. Therefore, these findings provide compelling evidence 
that the proposed model is sufficiently accurate in estimating 
THD at unmonitored buses. 

 
Fig. 3. Fitted CDFs of absolute estimation errors of THD for Case 1.1. 

Boxplots comparing estimated and real THD values at 
various unmonitored buses for Case 1.1 are presented in Fig. 
4. A notable observation is that the medians, width, and 
boundaries of both actual and estimated THD values are 
largely overlapping for the majority of the buses. This strongly 
suggests that the estimated THD value distributions closely 
align with their actual values, thus providing further validation 
of the broad applicability of the proposed methodologies in 
harmonic estimation for meshed networks. 

B. Effect of the Estimated Harmonic Injections 

In order to investigate the effect of modelling different 
types of harmonic injections, two cases are considered. In 
Case 2.1, the harmonic measurements obtained from PQ 
monitors are fitted in segments using KNP distribution. Based 
on the fitted distribution, the harmonic injections from 
unmonitored NL loads are estimated by segments, regardless 
of load type. In case 2.2, the PQ measurements are separately 
fitted for the C-type loads and D type of loads. Then the 
harmonic injections from both types of loads are estimated 
based on different distributions and are combined together 
according to their corresponding proportions at the NL loads. 
Table I summarises the average mean values of the absolute 
estimation errors and the average 95th absolute estimation 
errors among all the buses.  

It can be seen that when estimating harmonic injections 
without considering different harmonic distributions for 
different load types, the mean values of error distribution will 
increase and the 95th estimation errors will be amplified. 
Therefore, the appropriate harmonic distributions should be 
fitted, and the harmonic injections should be estimated by 
considering different NL load types.  
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Fig. 4. Boxplots of THD values for Case 1.1. 

TABLE I.  AVERAGE MEAN VALUE AND 95TH
 ABSOLUTE ESTIMATION ERROR 

FOR CASE 2.1-CASE 2.3. 

Case no. 
Average 95th absolute  

estimation error 
Average mean value 

Case 2.1 0.105% 0.074% 

Case 2.2 0.060% 0.029% 

Case 2.3 0.058% 0.028% 

 

As one of the factors that influence the estimation 
accuracy of the final harmonic distortions at unmonitored 
buses, the process of estimating harmonic injections at NL 
loads has to be evaluated. To realise this, in Case 2.3, the 
harmonic injections from unmonitored NL load buses 
obtained by sampling corresponding probability distributions 
are replaced with the actual values. The corresponding results 
can be found in Table I. Compared with Case 2.2, Case 2.3 
results in very similar average mean values and 95th estimation 
errors. Therefore, the estimated harmonic injections are 
sufficiently accurate so that the final accuracy will not be 
affected by it when estimating the THD at unmonitored buses. 

C. Effect of the Scaling Factor kh  

Since the proposed methodology introduces a scaling 
factor kh to represent the participation of the SA-based 
harmonic index Mh into the combined raking index, it is 
necessary to investigate its influence on the estimation 
accuracy. Therefore, the harmonic distortions at unmonitored 
buses were estimated while increasing gradually the scaling 
factor kh from 0 to 1. Fig. 5 plots the average 95th absolute 
estimation errors at all unmonitored buses and the 
corresponding required number of PQ monitors with respect 
to scaling factor kh. 

It can be seen that the average 95th absolute estimation 
error initially slightly increases from 0.05% to 0.06% when kh 
is increasing from 0 to 0.2, then the error keeps decreasing to 
0.04% and then sharply increases when kh increases to 0.77. 
Once the kh reaches the knee point of 0.78, the estimation error 
increases to 0.51% and pretty much stays at that level (approx. 
0.53%) for further increase in kh. The number of the required 
PQ monitors tends to be larger with a higher kh. In this case 
study, two PQ monitors are required to be installed in this 
system so that the harmonic distortions at all the unmonitored 
buses could be estimated more accurately. 

Therefore, in practical application, it is recommended to 
set the scaling factor Rh to lower values (approximately 0.2 to 
0.77) to achieve the best estimation accuracy with the lowest 
number of PQ monitors. The sensitivity-based harmonic 
distortion matrix (Mh) should not be used independently since 

it will result in relatively large errors in THD estimation. 
However, if the configuration and the parameters of the 
system are not accessible in advance, i.e., Mh is unavailable, 
the sensitivity-based electrical distance matrix (Mv) can be 
used independently as it will result in higher estimation 
accuracy than if Mh was used independently.  

 
Fig. 5. Average 95th absolute estimation errors and required number of 

PQ monitors with respect to the scaling factor kh.  

D. Validation of the Model 

In order to validate the general applicability of the 
proposed methodology, harmonic measurements have been 
obtained by simulating the entire 48-buses meshed GDN test 
network. The proposed methodology is then applied to 
estimate the harmonic distortions at all unmonitored buses in 
the entire meshed section of the test GDN. The boxplots of 
absolute estimation errors of THD are shown in Fig.6. The 
boxplots of THD values are compared in Fig. 7.   

In this case, four PQ monitors are required to be installed 
at Bus 242, Bus 243, Bus 247, and Bus 258, i.e., at 
approximately 8% (4/48) of the buses in the network. More 
PQ monitors are required in this case as there are more NL 
load buses, as well as more unmonitored buses in the  48-bus 
meshed GDN. Based on the harmonic measurements obtained 
from these monitors, the harmonic injections at NL load buses 
and the harmonic distortions at all the unmonitored buses can 
be estimated sequentially. The average mean value of the 
absolute estimation errors is 0.14% and the average 95th 
absolute estimation error is 0.24%. According to standard IEC 
TR 61000-3-6 [18], both of the estimation errors are relatively 
insignificant compared with the 3% THD limit at the 132 kV 
system and the 6.5% THD limit at the 33 kV system. 

 It can be seen from Fig. 7 that the boxplots of estimated 
and actual THD values are approximately overlapped, which 
proves that the estimated THD values are following the same 
trend as their actual harmonic variations. Meanwhile, it can be 
seen from Fig. 6 that for the majority (36/48=75%) of the 
buses, the error distributions and mean values are 
concentrated at approximately 0%, which indicates extremely 
high estimation accuracy. At the same time, for some 
(9/48=19%) buses, the mean values of absolute estimation 
errors are concentrated at approximately -0.4% and are 
distributed narrowly, i.e., the error range from 25th to 75th is 
within 0.5%. Only three buses (Bus 265, Bus 240, and Bus 
249) had the harmonic distortions relatively larger than the 
others. According to Fig.2, this is because these buses are 
connected to the branch where a low-voltage network is 
connected downstream and continuously brings up the 
harmonic distortion levels at the upstream buses. The closer 
the bus is to the low voltage distribution network, the higher 
is the influence of low voltage connected PE and other NL 
devices and consequently higher harmonic propagation 
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fluctuations and potentially onset of harmonic resonance. 
These factors will increase the risk of over/under estimation. 
However, when compared with the 6.5% of THD limit in a 
lower voltage system, the worst 95th absolute estimation error 
is only about 5% (0.35/6.5) of the THD limit which is 
completely acceptable. 

Therefore, the proposed harmonic estimation 
methodology performs well and can be used to estimate the 
harmonic distortions at unmonitored buses in a non-radial 
network with multiple voltage levels with a good accuracy. To 
be more specific, an accurate estimation can be obtained at 
94% of the unmonitored buses by installing PQ monitors at 
approximately 8% of network buses. 

 
Fig. 6. Boxplots of absolute estimation errors for meshed GDN. 

 
Fig. 7. Boxplots of THD values for meshed GDN. 

V. CONCLUSION 

This study extends the general applicability of the 
harmonic estimation method proposed in [10] from typical 
radial residential distribution networks to higher voltage 
meshed distribution networks. The approach facilitates the 
assessment of standard compliance, reduces the extent of 
monitor installations in the network, accelerates the 
assessment of harmonic performance and mitigation in 
uncertain networks, and contributes to the forecast of potential 
harmonic issues in future power networks. 
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