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ABSTRACT 
Temporal variations of system operating conditions and 
continuous assessment of low-order harmonic emissions 
from customer installations are considered with reference 
to the IEEE Benchmark Test System (BTS), previously 
proposed by the IEEE PES Task Force on harmonic 
modelling, simulation and assessment [1]. A proper weekly 
time sequence of operating conditions is introduced and 
statistically modelled. Numerical results of simulations for 
emission-relevant quantities obtained using the modified 
IEC approach confirm that BTS can be used for 
probabilistic analysis and also show the differences in 
calculated statistical figures. 

INTRODUCTION 
The subject addressed in this paper falls in the framework 
of the “Continuous Assessment of Low-Order Harmonic 
Emissions from Customer Installations”, which is also the 
title of the Joint CIGRE/CIRED Working Group C4.42 and 
in which all authors are members.  
Standards and relevant literature indicate that continuous 
assessment of contributions from customer installations 
requires knowledge of both system and customer harmonic 
impedances [1]-[3]. The determination of impedance 
values in a real-life system during its operating stage is a 
challenging task and different proposals continue to be 
subject of debate [1]. Moreover, harmonic impedances 
frequently change over the time, depending on inherent 
changes in system configurations, loading conditions, 
types and outputs of connected generation, etc. Similarly, 
the emission levels from customer’s installations will also 
change over the time according to the working activities 
and connected equipment. 
To acknowledge these changes, all standards recommend 
to consider proper observation time intervals (e. g. one 
week, or multiples of it) to perform the measurements and 
then to present the results using suitable statistical figures, 
such as percentiles (95th, 99th, etc.). 
This paper considers IEEE Benchmark Test System (BTS) 
from [1] in the context of time varying loads and network 
configurations. A weekly cycle, based on typical night/day 
and weekday/weekend variations, is introduced and its effects 
are analysed at the customer points of connection (PCCs). 
Reference is made to harmonic impedance values, harmonic 
emissions and resulting harmonic voltage distortions in the 

IEC standard framework. Probabilistic models and 
appropriate statistical processing methods are utilized to 
obtain the statistical figures for the quantities of interest. 
 

BACKGROUND 

Modified IEC Approach 
This paper considers a modified IEC approach [2], which 
can be described with reference to Fig. 1.  
The IEC method uses the Thevenin equivalent circuit, in 
which utility (system) side is represented with a voltage 
harmonic source (𝑉"##$%& ) and with an impedance (𝑍%&) at 
the each harmonic order h. The emission of the customer 
at a given harmonic order, (𝑉"##$#& ), is the difference 
between background distortion (𝑉"##$%& ) and measured 
value (𝑉"##& ) at the PCC. This is illustrated in the phasor 
diagram in Fig. 1, where also the projections of 𝑉"##$#&  and 
𝑉"##$%&  on 𝑉"##&  are represented.  

 
Fig. 1: Phasor diagram (left) and Thevenin equiv. circuit (right). 

The calculation requires only the data from the 
measurements at the PCC (𝑉"##&  and 𝐼"##& ) and the 
knowledge of the harmonic impedance of the supply 
system are needed for continuous assessment.  
The method calculates the background distortion using 
equation: 

𝑉"##$%& = 𝑉"##& − 𝑍%& ∙ 𝐼"##& = 𝑉"##& − 𝑉"##$#&  . (1) 
The background distortion is the contribution to the total 
harmonic voltage distortion at PCC from the network, 
including other customers connected elsewhere in the 
supply system.  
If phasors VhPCC-C and VhPCC-S are projected onto the 
direction of VhPCC as shown in Fig.1, there are two possible 
situations: 

,𝑉"##& , > ,𝑉%$"./0& ,, (2) 
,𝑉"##& , ≤ ,𝑉%$"./0& ,. (3) 

When (2) is satisfied, the customer is contributing to the 
distortion at the PCC and ,𝑉"##& , − ,𝑉%$"./0& , is a measure 
of its contribution to the total distortion; when (3) is 
satisfied, the customer is compensating the overall 
distortion and IEC attributes a nill emission to it. 
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Probabilistic Voltage Distortion Analysis 
The change of the supply impedance is affected by the 
variations of the relevant quantities during time, which has 
particular impact on both resonance frequencies and 
impedance amplitude at resonant frequencies; moreover, 
load variability in time requires adjustment of the 
capacitors for the power factor correction. These temporal 
variations of supply conditions, in particular of the 
harmonic impedances, can be effectively taken into 
account by means of a probabilistic voltage distortion 
analysis.  
In real cases, statistical correlations among currents, 
impedances and voltages do exist, requiring the use of 
proper simulation methods for the analysis.  
Fig. 2 [3] shows the main links between the final quantity 
of interest (the harmonic voltage VhPCC) and quantities of 
direct influence (the harmonic current IhPCC, the supply 
harmonic impedance ZhS and background voltage VhPCC-S), 
as well as the quantities of indirect influence (the total 
active and reactive load current I1PCC at fundamental 
frequency, the supply fundamental voltage V1PCC and time 
t). 

 

 
Fig. 2: Main links existing among the harmonic voltage Vh

PCC, 
quantities of direct influence (harmonic current Ih

PCC, supply 
impedance Zh

S , background voltage Vh
PCC-S) and quantities of 

indirect influence (V1
PCC, I1

PCC. and time t). 

CASE STUDY 

Benchmark Test System (BTS) [1] 
The BTS proposed in [1] is a three-phase symmetrical 
network model for harmonic analysis, illustrated in Fig. 3. 
It consists of an equivalent 110 kV high voltage (HV) 
network and HV to medium voltage (MV) transformer, 
which feeds the 20 kV MV busbars in the substation. From 
the MV busbars, three customers are supplied by separate 
MV lines/feeders. Customers PCCs are on the MV side of 
their MV to low voltage (LV) transformers. There are two 
power factor correction capacitor banks on the LV sides of 
transformers supplying Customers 1 and 3 and a passive 
detuned harmonic filter at Customer 2. Utility company has 
its own power factor correction capacitor bank on the MV 
busbars in the substation. The other load connected to the 
MV network of the substation is modelled as a three-phase 
symmetrical resistive-inductive load. Customer’s loads are 
both linear and non-linear loads. Linear loads have been 

modelled using simplified equivalent circuits. Nominal 
frequency of this model is 50 Hz. 
The solution of the system needs the development of the 
models of the HV/MV Substation, Lines, Transformers and 
three Customers connected at three different PCCs. Their 
description and the corresponding parameters and 
numerical values are reported in Section II of [1]. 

 
Fig. 3: Benchmark test system used for the analysis. 

Table 1: Description of Considered Cases 
Case Description 

Case A 
(load responsibility in 
PCC 1) 

Compensator and loads of Customer 2 
are off (only harmonic source is 
Customer 1); 

Case B 
(network responsibility 
in PCC 3) 

Same as Case A, with different 
parameters for induction motor and 
compensator of Customer 3, in order to 
cause resonance in the network close 
to the 11th harmonic; 

Case C 
(shared responsibility) 

All devices are on and parameters for 
Customers 1 and 3 are the same as in 
Case A; two harmonic sources are 
located at Customer 1 and Customer 2. 

Case D  
(modification of Case C) 

MV capacitor bank is switched off 

Case E  A new case, in which there is only 
equivalent MV linear load, while 
PCC1, PCC2 and PCC3 loads are all 
switched off; 

Case F  
(modification of Case B) 

MV capacitor bank is switched on 

Case G  
(modification of Case C) 

Induction motor absorbed power is 
increased to 600 kW and its capacitor 
bank is set at 995 µF 

Note: The detailed parameters for cases A-C are listed in Table V 
of [1], while component parameters are reported on the IEEE-PES 
Task Force web page [4]. 

Operating Conditions  
Concerning the network operating conditions, Table I 
presents the seven considered cases. The first three cases 
(A, B, C) of network operating states are taken from [1]. 
Furthermore, for each of the abovementioned seven 
operating conditions three further different operating 
points of the MV linear load, corresponding to 25%, 50%, 
75% and nominal value of 100%) have been added. In total, 
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28 different operating conditions are analysed for the test 
system of Fig. 3 (A25%, A50%, A75%, A100%, …, G75%, G100%). 

Temporal Variation of Harmonic Impedances 
In order to build a realistic scenario for evaluation of 
temporal variations of harmonic emissions in BTS, a whole 
week of operating conditions/states has been developed, as 
standards typically require one week as the minimum 
observation period. This is done by establishing a 1-week 
temporal series from consecutive time sequences for the 
working hours and non-working hours of five working 
days and two weekend days. The details of the whole 
sequence in terms of specific conditions and corresponding 
durations are reported in [4].  
A visually simplified illustration is given with reference 
only to changes in the powers absorbed by the three PCCs 
in Fig.4a and for the MV load and for the HV/MV 
transformers in Fig.4b for a whole week, starting on 
Monday. 
Fig. 5 shows the results obtained by statistically processing 
the abovementioned whole week time sequence; the joint 
probability mass function (JPMF) of the different possible 
combinations of operating conditions and MV linear load 
levels during the whole week is presented. It is evident that 
the conditions A100, B75, B100, C25, D75, D100, E75, E100, F25, 
G25 and G50 do not occur during the whole week. 

 
Fig. 4: Absorbed active power versus time for a whole week: 

a) three PCCs, b) MV load and HV/MV transformer. 

NUMERICAL RESULTS 
In this section the results obtained from the 17 simulations 
performed for operating conditions in Fig. 5 that have 
probability of occurrence different from 0 are considered.  

Harmonic Impedance Variations 
For each simulation, the frequency scan is utilised to 
evaluate impedance values versus frequency for the three 
PCCs of the test system. Fig. 6 shows the impedance loci 
for all considered conditions, where the columns (from left  
 

 
 
Fig. 5: Joint probability mass function of the different possible 
combinations of operating conditions and MV linear load levels 

during the whole week. 

to right) show results for the different odd harmonic orders 
(5th to 13th), while the rows (from top to bottom) refer to 
the three PCCs. It is possible to observe that: 
• For the 5th harmonic, no appreciable differences arise 

comparing the three PCCs and sensitivity to operating 
conditions is relatively limited and related mainly to 
the changes of the real part (max value up to 7 times 
the min value); 

• For the 7th harmonic, there are similar considerations 
as for the 5th, but with a greater variability of the real 
part (max value up to 20 times the min value); 

• Concerning the 11th harmonic, the most sensitive is 
PCC1, then PCC2 and then PCC3; for PCC1, the real 
part max value is up to 60 times the min value, while 
the imaginary part ranges from - 15 W to +43 W; 

• As for the 13th harmonic, the sensitivity for different 
PCCs is similar to the 11th, but more pronounced; for 
PCC1, the real part max value is up to 75 times the 
min value, while the imaginary part ranges 
from -22 W to +55 W; 

• The behaviour of the 11th and 13th harmonics is 
expected consequence of the resonance already 
commented in [1] and discussed below. 

 
Fig. 7: PCC1 impedance versus frequency for operating 

conditions F25%, F50%, F75% and F100% and for the simple RL 
equivalent: a) magnitude; b) phase angle. 

Fig. 7 shows PCC1 equivalent impedance versus frequency 
for operating conditions F25%, F50%, F75% and F100%. The  
resonance frequency varies due to the different MV load 
operating conditions from about 475 Hz to 550 Hz. The  

 

100%
75%

50%
25%

0%
2%
4%
6%
8%
10%
12%
14%
16%
18%
20%

A B C D E F G

43%

MV lin
ea

r lo
ad

 

Network operating states 

Fr
eq

ue
nc

y 
of

 o
cc

ur
ra

nc
e 

~ 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 1795 
 

 

CIRED 2019  4/5 

 5th 7th 11th 13th 

PC
C1

 

    

PC
C2

 

    

PC
C3

 

    
Fig. 6: Impedance loci for all load conditions, where the columns (from left to right) show results for the different harmonic orders (5th to 
13th), while the rows (from top to bottom) refer to the three PCCs (symbols from Case A to G are ‘¡’, ‘¯’, ‘à’, ‘Î’, ‘r’, ‘☆’’, ‘ ’ while 
colors ‘blue’, ‘green’, ‘red’, ‘black’ are used for ‘25%’, ‘50%’, ‘75%’, ‘100%’ of the nominal MV linear load absorbed power. 
 

equivalent impedance obtained using the 50 Hz resistance 
and inductance values and assuming a simple RL series 
behaviour is also reported, demonstrating the importance 
of a comprehensive representation, in particular accounting 
the linear MV load.  

Harmonic Voltage Statistics 
The statistics for VhPCC, VhC-Proj, and VhS-Proj are obtained on 
the basis of 17 simulated different operating conditions. 
Each voltage level is characterized by a frequency of 
occurrence value obtained starting from the JPMF of the 
operating conditions from Fig. 5. 
Fig. 8 shows PMF (blue bars) and cumulative mass function 
(CMF, orange line) of the projection of customer contribution, 
VhC-Proj, in Volts, on the PCC harmonic voltages, VhPCC, for the 
whole week, where columns (from left to right) show results 
for the different odd harmonic orders (5th to 13th), while the 
rows (from top to bottom) refer to three PCCs. It is possible 
to observe that: 
• For all harmonic orders and at all PCCs, the most 

frequent voltage magnitude corresponds to almost 0. This 
is due to the prevalence of night operating conditions, 
characterised by the absence of distorting loads.  

• Even if in PCC3 there are no distorting loads, as only 
induction motors are connected there, the bars close to 
0 of the PMFs are different from zero in the cases of 
5th, 7th and 13th; moreover, unexpected contributions 
between 5 and 15 volts for the 11th harmonic and 
between -10 and 0 volts for the 13th are present, due to 
the intrinsic limitations of the IEC method; 

• Concerning PCC1 and PCC2, there are bimodal PMFs 
with the exception of the 11th harmonic order; 

• The contribution of the customer at PCC1 for the 11th 

harmonic is multimodal due to the previously 
mentioned resonance phenomenon; 

• The contribution of the customer at PCC2 for the 11th 
harmonic is multimodal as an effect of the IEC method; 

• There is a great dispersion of the values at PCC1, 
ranging from 20 V to 30 V for the 5th and 7th, from 23 V 
to 45 V for the 11th and from 5 V to 13 V for the 13th. 
 

Fig. 9 compares the statistical parameters (mean, 95th 
percentile and max) of VhC-Proj and VhS-Proj during the whole 
week calculated from the PMFs of VhPCC, where columns 
(from left to right) show results for the three PCCs. Black 
bars correspond to VC-Proj, white bars correspond to VhS-Proj, 
the whole bar (black plus white) corresponds to VhPCC.  
It is possible to observe that:  
• The time varying nature of the loading conditions 

over the whole week, characterized by the great 
influence of the nights and of the non-working days, 
makes the mean values always very much lower than 
the 95th percentile and max values; 

• For PCC1 and PCC2, the 95th percentile is always 
very close to the max value due to the discretization 
used to evaluate the PMFs; 

• The presence of black bars gives evidence to the fact 
that the customer supplied at the corresponding PCC 
is emitting at that frequency; 

• The absence of black bars gives evidence to the fact 
that the customer supplied at the corresponding PCC 
is not emitting and not compensating at that 
frequency; 

• The lengths of black bars compared to those of the 
corresponding white bars quantify the contribution to 
the PCC distortion of the customer; 
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Fig. 8: Probability mass function (blue bars) and cumulative mass function (orange line) of the projection of the customer contribution, 
Vh

C-Proj, on the PCC harmonic voltages, Vh
PCC, for the whole week, where the columns (from left to right) show results for the different 

harmonic orders (5th to 13th) while the rows (from top to bottom) refer to the three PCCs.
PCC1 PCC2 PCC3 

 
Fig. 9: Comparison of the statistical parameters (mean, 95th percentile and max) of Vh

C-Proj and Vh
S-Proj during the whole week where the 

columns (from left to right) show results for the three PCCs. Black bars correspond to Vh
C-Proj, white bars correspond to Vh

S- Proj, the 
whole bar (black plus white) corresponds to Vh

PCC. 

• Mean values in PCC1 give the most pessimistic 
evaluation, while the mean values in PCC2 give the 
most optimistic evaluation; the proportion obtained 
from one statistical figure cannot be extrapolated to 
other figures for a given harmonic order and PCC; 

• Customer contributions in PCC1, VhC1-Proj, and in 
PCC2, VhC2-Proj, appear complementary to each other 
in determining the resulting VPCC1 and VPCC2, which 
are almost coincident, as expected, due to the small 
size of the considered benchmark system; 

• The unexpected customer contributions in PCC3 for 
11th harmonic (already commented for Fig. 8) could 
be interpreted as a “responsibility alert” caused by the 
contribution of the compensator 3 to the resonance. 

CONCLUSIONS 
This paper has evaluated the impact of temporal variations 
of system operating and loading conditions during the 
continuous assessment of low-order harmonic emissions 
from customer installations. The analysis is performed 
with reference to IEEE Benchmark Test System (BTS) 
from [1], for which a weekly time sequence of operating 
conditions (based on [1]) has been introduced and 
statistically modelled. Numerical results of simulations for 

emission- relevant quantities confirm that BTS can be used 
for a probabilistic analysis and that there are differences in 
calculated statistical figures.  
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