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The electrification of heating and cooling resources such as Heat Pumps has increased its
share in the electricity consumption throughout the world. Furthermore, the utilization of
domestic HPs is increasing within the Europe especially in Italy; however, the increased
use of heat pumps along with other domestic loads can have a significant impact on the
low voltage distribution network in terms of its harmonics injection to the network. This
problem needs to be addressed properly by means of suitable models. This paper presents
an aggregated load modelling approach to address the harmonic injections of heat pumps
into low voltage distribution networks. For this study simulations are conducted in co-
simulation environment of OpenDSS and MATLAB implementing the Iterative Harmonic
Analysis considering a simple scenario of three independent houses connected to the
distribution system. The results are presented in the form of generated harmonic currents,
voltages, and percentage errors between considered models for the study. Frequency
domain modelling approach appeared to be the best performing model in terms of tradeoff
between accuracy and computational time.

1. INTRODUCTION

In the past couple of decades, a dramatic increase has been
noticed in the number of consumer electric devices connected
to the low voltage distribution network (LVDN) by means of
power electronic converters. Heat pumps (HP), televisions,
refrigerators, computers, and lighting etc. add significant
burden over LVDN. All of these devices are resulting in
distorting the shape of voltage and current of the power
supplied by LVDN. Distorted power is leading to losses and
heating of cables and components in the electrical network
reducing the LVDN capacity. The electrification of heating
and cooling resources such as Heat Pumps (HPs) has increased
its share in the electricity consumption throughout the world.
Furthermore, the utilization of domestic HPs is increasing
within the Europe especially in Italy because of the high
demand being capable of dual functionality i.e., cooling in
summers and heating in winters. The trend is expected to
increase in next decade worldwide. However, the increased
use of heat pumps along with other domestic loads can have a
significant impact on the LVDN in terms of its harmonic
injection to the network due to their non-linear behavior [1-4].

One of the main issues in analyzing, modelling, and
simulating LVDN is the fact of having a huge number of
components or devices. Therefore, there is a need to reduce the
large number of devices to make its modelling and analysis
convenient [4, 5]. Modelling the electrical network in the
presence of only linear loads is a common practice but when
non-linear loads increase their penetration it may get
complicated. This problem needs to be addressed properly by
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means of suitable models. Therefore, dedicated attention is
needed to come up with a compensative solution for this
problem to have less or no harmonic injection through HPs in
to the LVDN.

This research paper presents an aggregated approach for
modelling the components of LVDN for its harmonic analysis
in steady state conditions. For this purpose, a test case of a
typical LVDN branch is considered having three houses
connected to each phase of the network. The houses have
different kind of loads such as HPs, lighting, television,
cellphones, computers, ironing, dishwasher, and washing
machines etc. For this the total load of the house is divided in
to two clusters. The first cluster consists of solely HPs of the
house and the second cluster consists of combined rest of the
loads. Detailed power flow analysis is performed and
afterwards the impact of harmonics generated by HPs on the
LVDN is computed numerically implementing the Iterative
Harmonic Analysis (IHA) through co-simulation of MATLAB
and OpenDSS comparing their results with a reference model
implemented in SIMULINK.

Section II of the manuscript discusses the aggregated load
modelling in detail. Section III enlightens methodology
adapted for this research study along with system model in
detail. Section IV elaborates results and discussion.
Conclusion and future research are detailed in section V.

2. AGGREGATED LOAD MODELLING

The aggregated load modelling is usually utilized for the
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analysis of the power systems in the steady state. This
modelling approach is grounded on the standard constant
impedance, constant current, and constant power
representation of load component in static mode, while only
some other loads (e.g. induction motors) is represented in
dynamic mode. Guo et al. [2, 3] have proposed an aggregated
load modelling approach (ALMA) for residential consumers
for its harmonic study. In the study [2], previous time-domain
model (TDM) was utilized in terms of aggregated TDMs.
Dedicated analysis is undergone for harmonic cancellation
effects among loads of same and diverse categories. The
authors then converted same study to frequency domain model
(FDM) representation in admittance matrices in coupled
harmonic state. ALMA is proposed [4] where equivalent load
model is derived for the representation of load characteristics
of a specific area within the electrical network. Particle swarm
optimization (PSO) technique is used for identification of
unknown parameters within the system and IEEE 14-bus and
IEEE 57-bus systems were employed for conducting
simulation study. Different load models were thoroughly
studied for aggregating residential loads considering its non-
linear behavior for assessment of harmonic levels injected into
LVDN [5]. A simple IEEE 4-bus and IEEE Europe LV test
feeder systems were utilized for simulation study.

Mubhssin et al. [6] investigated an aggregated load approach
and proposed a simplified model for residential HPs. An
algorithm based on decentralized temperature was utilized for
controlling the ON-OFF cycle of HPs. Seven different case-
studies were interpreted for identification of suitable number
of HP model to be represented as total number of heat pumps
verified with MATLAB simulations through aggregation of
5000 HPs. Wang et al. [7] proposed an impedance based
method for the analysis and modelling of harmonic interaction
among grid and aggregated loads. It was proposed that limits
of impedances must be specified and to be used as additional
design parameter for limiting the load’s harmonic distortion
impact on distribution network. Analytical models were
reviewed in the study [8] for representing aggregated linear
loads in the distortion and harmonic propagation studies. The
results demonstrated higher sensitivity of harmonic distortion
to the type of model used for representation of the load. At
peak periods, residential appliances can be controlled by
means of an aggregator in the form of a single representation
for reduction of it aggregated energy consumption [9] through
Gaussian mixture model and gaussian copula function.

The researchers aim to investigate the effects of linear
aggregated loads [10] for its harmonic analysis. Different load
models were utilized for checking the systems’ sensitivity to
harmonic voltages and impedance. Athiappan et al. [11] have
proposed an aggregated frequency coupling matrix model
based on artificial disturbances utilizing sources of distributed
generation. The study [12] details the impact of harmonic
current cancellation of the aggregated load currents illustrating
impact over the network through demonstration of a
comparison among harmonics generated by measurements and
mathematical calculations. Collin et al. [13] presented a
component-based technique for building an improved
aggregated load model having capability of preservation of
electrical characteristics enabling its utilization in the analysis
of power flows, harmonic and voltage profile analysis. Salles
et al. [14] presented a probabilistic harmonic analysis
technique grounded on modelling residential loads’ random
harmonic injections through simulation of its random states. A
generic methodology for the development of an ALMA is
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presented [15] for power systems analysis in steady state
utilizing the UK residential load sector for the purposes of
simulation.

3. METHODOLOGY AND SYSTEM MODEL

This research study incorporates the co-simulation
environment of two software i.e., SIMULINK/MATLAB and
OpenDSS. OpenDSS is an open-source software specifically
designed for supporting complex analysis through
customizable and flexible platform for meeting current and
future challenges attributed to distribution systems.

A simple LVDN is shown in Figure 1 with a 3-¢ voltage
source of 20kV connected to a step-down A — Y transformer
with neutral (20kV/400V). A 3- ¢ line with neutral is
connecting bus-A with B. Three single phase lines are
connecting bus B with C, D, and E. The buses C, D, and E
represents the connecting points of the houses. Each house is
connected to a phase line and neutral line. Each house is
supposed to have nominal voltage at 230V line to neutral.

The load of houses is modelled with an ALMA i.e. the loads
are divided in to two main clusters. The first cluster consists
of HPs only as distinct loads and rest all of the loads of the
houses such as refrigerator, television, hair dryer, microwave,
lighting, and chargers etc. are combined together as single
aggregated load. The specifications of LVDN are given in
Table 1. Harmonic spectrum of first 10 odd harmonics from 1-
19 is considered for the study.

Source Bus Transformer Bus-A

A
IH @ #1+ H— - ---- 'ﬁ’\
A

Figure 1. Low voltage distribution network [16]

Table 1. LVDN specification

Entity Value with Units
Voltage Source 20kV
Transformer 20kV-230V

R1=0.12Q, Ro=0.3420,
X1=0.072(), X0=0.089Q
1km
R1=1.15Q, Ro=1.2Q,
X1=0.0830, X0=0.083Q
0.01km

Impedance Line A-B
Length Line A-B
Impedance Line B-C,D,E
Length Line B-C,D,E

A co-simulation iterative algorithm between OpenDSS and
MATLAB implementing the Iterative Harmonic Analysis
adapted for this study is presented in Figure 2. In the first
iteration the LVDN is implemented in OpenDSS and
simulated under undistorted conditions. The fundamental
harmonic current is given 100% amplitude with phase angle 0°
and is then fed to OpenDSS for the load connected to 1% phase
and repeated for the other two phases but with phase angles as
-120°and 120< The resultant fundamental and harmonic
voltages acquired from OpenDSS are then fed to the frequency
domain harmonic model (FDM) having loads of both clusters.
For the representation of the aggregated load of each house,
the HP model is taken from the study [17] as a generalized



Norton equivalent whereas aggregated load is modelled with a
parallel RL circuit. The resultant fundamental and harmonic
currents generated by the aggregated FDM model are then fed
to OpenDSS. A while loop is run for the iteration till computed
total harmonic distortion (THD) is less than considered
threshold. This modelling approach is called IHAfpm in next
section.

For verification purposes the aggregated FDM model of
each house is substituted by means of an equivalent
SIMULINK model within the IHA algorithm called (IHAsmk)
in the next section.

Input Data
(LVDN)

i=1

OpenDSS

Harmonic
Currents

U]

Harmonic
Voltages

MVl
h 4
FDM Model j

A
THD Cal

i=i+1

r

culation

h A
THD Error < Threshold

Yes

h
Harmonic
Analysis

Figure 2. Co-simulation IHA algorithm

4. RESULTS AND DISCUSSION

Load profile of two different days (Table 2) of a week are
selected i.e. working day and a weekend day in order to
properly analyze the HP generated harmonics impact on
LVDN.

For verification purposes a reference model is developed in
SIMULINK and reference simulations are computed with load
profiles of both selected days. Afterwards, the simulations
done through IHArpm and IHAsvk methods are compared with
that of the developed reference model. Percentage error is also
computed for the generated current and voltage harmonics.

For the sake of simplicity only a single hour is selected i.e.
17:00 to show the results for the resultant generated harmonic
currents and voltages with both IHA implementations in
comparison to the reference model. A single hour is taken so
as to simplify the analysis because the load profiles at the same
hour are different for both working day and weekend.
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Table 2. Load profiles

Load Profiles
Working Day Weekend Day
Hour Aggregated  Heat  Aggregated Heat
Load Pump Load Pump
00 1.611 0.72 1.985 0.87
01 1.159 0.72 1.874 0.72
02 1.001 0.72 0.856 0.72
03 0.8 0.87 0.8 0.72
04 0.8 0.87 0.8 0.87
05 0.8 0.87 0.8 0.87
06 1.896 0.72 1.001 1.07
07 1.958 0.72 1.236 1.07
08 2.395 0.87 2.395 1.07
09 2.55 1.07 2.546 1.13
10 2.969 1.07 2.998 1.13
11 2.856 1.13 3.546 1.22
12 3.965 1.13 3.856 1.22
13 4.025 1.13 4.015 1.22
14 3.568 1.33 4.658 1.33
15 3.158 1.33 4.972 1.33
16 2.568 1.33 5.103 1.33
17 1.698 1.22 5.103 1.33
18 2.365 1.22 5.103 1.33
19 2.898 1.33 5.012 1.22
20 4.856 1.33 4.698 1.22
21 3.103 1.33 4.125 1.07
22 3.001 1.13 3.985 1.07
23 2.654 1.13 3.354 0.87

4.1 Load profile of working day

Figures 3 and 4 illustrate the comparison of harmonic
voltages and currents in between reference, IHArpm and
IHAsmk models for a working day. During the working day,
the HP load is 1.22kW and the aggregated load is 1.698kW. It
is depicted in figures that for the considered odd harmonics,
generated voltages and currents are almost equivalent to that
of the reference model for both IHArpm and THAsuk. However,
there is a little difference between assumed to be because of
the control scheme selected for the non-linear load i.e., heat

pump.
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Figure 3. Comparison of harmonic voltages between
reference, IHArpm, and IHAsuk models for working day
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Figure 4. Comparison of harmonic currents between
reference, IHArpm, and IHAsvk models for working day

25

' v : v ; : i
e, "y I, Moy, PP, P,
I Prase, HA,, [ Phase, IHA,, [ Phase, IHA.,,,

20 - q

Percentage (%) Error

1
Harmonic No.

Figure 5. Comparison of percentage errors between
fundamental and harmonic voltages obtained by IHAfpm, and
IHAsvk models compared with reference for working day
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Figure 6. Comparison of percentage errors between
fundamental and harmonic current obtained by IHArpm, and
IHAsmk models compared with reference for working day

Figures 5 and 6 show the percentage error between
reference and IHAsmk model as well as reference and IHArpm
model in terms of harmonic voltages and currents for a
working day. It can be seen that for the fundamental and 5%
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harmonics are showing minimum errors of under 2%. Overall,
for all considered harmonics the percentage error in voltages
is less than acceptable range i.e. 10%. Whereas, in currents the
harmonics for 5th, 11th, and 19th are a little higher but overall,
the percentage error is in acceptable range.

4.2 Load profile of weekend day

Figures 7 and 8 illustrate the harmonic voltage comparison
of reference, IHArpm, and IHAsmk models for a holiday or
weekend. During the day at 17:00 hours, the HP load is
1.33kW and the aggregated load is 5.103kW. It can be noticed
in figures that for considered odd harmonics, generated
voltages and currents are almost equivalent to that of the
reference model for both IHArpm and IHAsuk. However, there
is a little difference between assumed to be because of the
control scheme selected for the non-linear load i.e., heat pump.
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Figure 7. Comparison of harmonic voltages between
reference, IHArpm, and IHAsmk models for weekend day
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Figure 8. Comparison of harmonic voltages between
reference, IHArpm, and IHAsuk models for weekend day

Figures 9 and 10 show the percentage error between
reference and IHArpm model as well as reference and IHA smk
model in terms of harmonic voltages and currents for a
weekend day. It can be seen that the fundamental harmonic has
minimum error of under 3%. Overall, for all considered
harmonics except 19, the percentage error in voltages is less



than acceptable range i.e. 10%. Whereas, in currents the
harmonics for 5%, 11" 13% and 19" are a little higher but
overall the percentage error is in acceptable range. The high
percentage error in currents is because of peak load.

It can be noticed from the results that IHArpm model
presents better results when compared to IHAsvk model.
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Figure 9. Comparison of percentage errors between
fundamental and harmonic voltages obtained by IHAfpm, and
IHAsmk models compared with reference for weekend day
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Figure 10. Comparison of percentage errors between
fundamental and harmonic current obtained by IHArpwm, and
IHAsmk models compared with reference for weekend day

4.3 Computation times

Finally, it is important underlining that the computation of
IHArpm model is way faster than reference and THAswmk
models. IHArpm model takes almost 15 times lesser time for
the computation when compared to reference and THAswmk
model.

5. CONCLUSION AND FUTURE WORK

This study comprised of an aggregated load modelling
approach for studying the harmonic impact produced by non-
linear loads such as heat pumps on the low voltage distribution
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network. Along with modelling a reference model for the
study, two other iterative models IHArpm and IHAgwuk are
developed. The generated harmonics in currents and voltages
acquired with reference model are verified through developed
iterative models comparing the results with a reference model
fully developed in SIMULINK. The little difference at each
harmonic order is because of the approximations introduced
by the developed models and control scheme adapted for the
heat pump. It is noticed that the computation of IHArpm model
is almost 15 times faster than reference and IHAsvx models.
Furthermore, the results achieved with IHArpym model are
better when compared to IHAsmk model.

The future work comprises of expanding the current low
voltage distribution network (LVDN) by adding more
branches containing additional houses. Furthermore, the loads
within the houses may also be considered diverse i.e.,
considering other types of electrical loads usually used in
houses. Also, the simulations are to be performed based on
yearly load profile instead of daily load profile. The expansion
of study will help to analyze the impact of harmonic
distortions generated by heat pump into LVDN in a better way.

REFERENCES
[1] Mollerstedt, E. (1998). An aggregated approach to
harmonic modelling of loads in power distribution
networks. Department of Automatic Control, Lund
Institute of Technology, Lund, Sweden.

Guo, Z., Al-Shibli, N., Xiao, X., Djokic, S., Collin, A.,
Langella, R., Testa, A., Papic, 1., Blanco, A., Meyer, J.
(2019). Aggregate harmonic load models of residential
customers. Part 1: Time-Domain Models. In 2019 IEEE
PES Innovative Smart Grid Technologies Europe (ISGT-
Europe), Bucharest, Romania, pp- 1-5.
https://doi.org/10.1109/ISGTEurope.2019.8905621

Guo, Z., Al-Shibli, N., Xiao, X., Djokic, S., Collin, A.,
Langella, R., Testa, I.P., Blanco, A., Meyer, J. (2019).
Aggregate harmonic load models of residential
customers. Part 2: Frequency-Domain Models
[Conference Presentation]. In 2019 IEEE PES Innovative
Smart Grid Technologies Europe, Bucharest, Romania.
https://doi.org/10.1109/ISGTEurope.2019.8905746

Wei, J.L., Wang, J.H., Wu, Q.H., Lu, N. (2005). Power
system aggregate load area modelling by particle swarm
optimization. International Journal of Automation and
Computing, 2: 171-178. https://doi.org/10.1007/s11633-
005-0171-5

Rodriguez-Pajarén, P., Mendonga, H., Hernandez, A.
(2020). Nonlinear load modelling for harmonic analysis
of aggregated residential loads with opendss. In 2020
19th International Conference on Harmonics and Quality
of Power (ICHQP), Dubai, United Arab Emirates, pp. 1-
6. https://doi.org/10.1109/ICHQP46026.2020.9177922
Mubhssin, M.T., Cipcigan, L.M., Jenkins, N., Cheng, M.,
Obaid, Z.A. (2016). Modelling of a population of Heat
Pumps as a Source of load in the Great Britain power
system. In 2016 International Conference on Smart
Systems and Technologies (SST), Osijek, Croatia, pp.
109-113. https://doi.org/10.1109/SST.2016.7765642
Wang, F., Duarte, J.L., Hendrix, M.A., Ribeiro, P.F.
(2010). Modeling and analysis of grid harmonic
distortion impact of aggregated DG inverters. IEEE
Transactions on Power Electronics, 26(3): 786-797.

(2]

(4]

(6]



(8]

[10]

[11]

[12]

[13]

https://doi.org/10.1109/TPEL.2010.2091286

Burch, R., Chang, G.K., Hatziadoniu, C., Grady, M., Liu,
Y., Marz, M., Ortmeyer, T., Ranade, S., Ribeiro, P., Xu,
W. (2003). Impact of aggregate linear load modeling on
harmonic analysis: A comparison of common practice
and analytical models. IEEE Transactions on Power
Delivery, 18(2): 625-630.
https://doi.org/10.1109/TPWRD.2003.810492

Bina, M.T., Ahmadi, D. (2014). Aggregate domestic
demand modelling for the next day direct load control
applications. IET  Generation, Transmission &
Distribution, 8(7): 1306-1317.
https://doi.org/10.1049/iet-gtd.2013.0567

Vieira, F.L., Riberio, P.F., Bonatto, B.D., Oliveira, T.E.C.

(2018). Harmonic Studies in OpenDSS considering
renewable DG and aggregate linear load models. In 2018
13th IEEE International Conference on Industry
Applications (INDUSCON), Sao Paulo, Brazil, pp. 202-
207. https://doi.org/10.1109/INDUSCON.2018.8627343
Athiappan, S., Chakrabarti, S., Anand, S. (2017).
Estimation and utilization of aggregate harmonic load
model. In 2017 IEEE PES Asia-Pacific Power and
Energy Engineering Conference (APPEEC), Bangalore,
India, pp- 1-6.
https://doi.org/10.1109/APPEEC.2017.8308988

Daniel, K., Kiitt, L., Igbal, M.N., Shabbir, N., Rehman,
A.U., Shafiq, M., Hamam, H. (2022). Current harmonic
aggregation cases for contemporary loads. Energies,
15(2): 437. https://doi.org/10.3390/en15020437

Collin, A.J., Acosta, J.L., Hayes, B.P., Djokic, S.Z.
(2010). Component-based aggregate load models for
combined power flow and harmonic analysis. In
Mediterranean Conference and Exhibition on Power
Generation, Transmission, Distribution and Energy
Conversion (MedPower 2010), Agia Napa, 2010.
https://doi.org/10.1049/cp.2010.0901

1502

(14]

[15]

[17]

Salles, D., Jiang, C., Xu, W., Freitas, W., Mazin, H.E.
(2012). Assessing the collective harmonic impact of
modern residential loads-Part I: Methodology. IEEE
Transactions on Power Delivery, 27(4): 1937-1946.
https://doi.org/10.1109/TPWRD.2012.2207132

Collin, A.J., Hernando-Gil, 1., Acosta, J.L., Djokic, S.Z.
(2011). An 11 kV steady state residential aggregate load
model. Part 1: Aggregation Methodology. In 2011 IEEE
Trondheim PowerTech. Trondheim, Norway, pp. 1-8.
https://doi.org/10.1109/PTC.2011.6019381

Simonovska, A., Karunarathne, E., Karunarathne, F.,
Rojas, A.A., Ochoa, N. (2024). DER hosting capacity.
Github. https://github.com/Team-Nando/Tutorial-
DERHostingCapacity-1-AdvancedTools LV.

Ishaq, M., Langella, R. (2023). Frequency domain
modelling of a commercial heat pump for harmonic
studies. In 2023 AEIT International Annual Conference
(AEIT), Rome, Italy, pp- 1-6.
https://doi.org/10.23919/AEIT60520.2023.10330427

NOMENCLATURE

LVDN

Low voltage distribution network

HP Heat pump

ALMA Aggregated load modelling approach
TDM Time domain modelling

FDM Frequency domain modelling

THD Total harmonic distortion

IHA Iterative harmonic analysis

FCM Frequency coupling matrix

Greek symbols

¢
Q

Phase
Ohms





