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Abstract—Power-electronic interfacing based devices such as
photovoltaic (PV) panels and electric vehicles (EVs) cause
voltage/current harmonic distortions on the power grid. The
harmonic current profiles from EVs and PVs depend on the
design of the controllers integrated to the PV inverters and EV
chargers. Similarly, the voltage and current harmonic distortions
on a grid change throughout the day as the PV output power,
number of grid connected EVs, and the other load pattern
change. In this context, we present harmonic assessment to
demonstrate cumulative effect of large number of EVs and PVs
on a medium voltage distribution grid. We will demonstrate the
case studies on the IEEE 123-node distribution feeder with 20%,
50%, and 100% PV and EV penetrations, based on time series
simulations carried out for an entire day.

Index Terms—Electric Vehicles, Photovoltaics, Distribution
Grid, Total Harmonic Distortion, Power Quality

I. INTRODUCTION

Electric vehicles (EVs) and photovoltaic (PV) systems

provide economic and environmental benefits, which motivate

large scale adoption of the technologies in residential energy

distribution systems. EVs and solar power have capability

to help reduce the emissions and depletion of fossil fuels.

However, the EV and PV technologies have some downsides

as well. Integration of EVs and PVs in the power network

causes adverse impacts due to the increased load from EV

charging, and reverse power flow and intermittency of solar

power [1], [2]. The placement and number of EV loads

and PVs impact the voltage profile in the power distribution

network. Similarly, studies have shown that uncoordinated

charging of EVs leads to increased peak demand, which

impacts the overall reliability of the grid [3]. Also, the

presence of PVs and EVs cause power quality issues including

harmonic distortions in power grids.

The EVs and PVs connect to the grid through power-

electronic interfacing devices (i.e., PV inverters and EV

chargers), which make the EVs/PVs function as nonlinear

devices. Therefore, integration of EVs/PVs on the grid causes

current and voltage harmonic distortions. The harmonic profile

of the devices depends on several factors including the design

of the controllers in the inverters and chargers, and hence it

widely varies across the manufacturers. With the advancements

on technology, the current total harmonic distortion (THDi)

from individual EV chargers is rapidly going down. For

example, the chargers from 1993 show an average THDi value

of 50%, while the average THDi level on EV chargers from

1995 is 6.12% [4]. Based on the current limits for individual

harmonic in IEC standard [5], the maximum THDi allowed for

an individual EV charger would be 17.3% [6]. IEEE Standard

[7] defines – THDi limit caused by an individual load should

be less than 15% for upto 11th harmonics [8]. On the voltages,
IEEE Standard [7] defines limit of 3% for individual voltage

distortion and 5% for total harmonic distortion (THDv) for

voltage level less than 69 kV [9].

Harmonic currents cause abnormal operation including

increased power losses, temperature rise, premature insulation

failure, and winding failure of transformers [10]– this can

cause adverse impacts on reliability, security, and efficiency of

the power grid. Previous studies carried out in [8], [10]–[13]

find the impact of harmonics due to the integration of EVs.

For example, based on [8], lost in transformer life depends on

THDi and the relation is quadratic. Reference [8] also suggests

that THDi should be limited to 25–30% for better transformer

life.

Two charging schemes are considered in [11] to analyze

the adverse impacts of EVs. In the uncoordinated random

charging scenario, maximum node voltage deviation and poor

power quality are observed. However, power losses and THDv

are found much less in the case of coordinated charging

of EVs. In [11], it is also demonstrated that when the EV

penetration is low, THDs are not significant and the scenario

is not concerning to the utilities. Similar conclusion is made in

[14] that low EV penetration may not cause significant impact

on THDs. Reference [15] evaluates harmonic distortion and

voltage drop considering different EV penetration levels and

with various charging strategies. It is observed that power

quality issue becomes concerning when the EV penetration

level exceeds 45%. Reference [15] also evaluates THDv with

THDi of 17.4% for individual EVs, and it is found that voltage

THDv can go as high as 14.2% on low voltage (LV) network

with mutiple EVs. Based on [16], THDv on the secondary of

service transformer should not be an issue if EVs operate at

power factor of 95% and THDi less than 20%.

Harmonic profiles of EVs and PVs are also time varying

quantities. Reference [17] shows EV charging process where

2017 7th International Conference on Power Systems (ICPS) 
College of Engineering Pune, India. Dec 21-23, 2017

978-1-5386-1789-2/17/$31.00 ©2017 IEEE 621



the THDi at the beginning of charging is below 5.26%, while

the THDi reaches to 28% at the end of the charging. Another

study in [9] shows quite different observation that the THDi

increases up to 45% in the beginning of the charging process,

then it achieves fairly constant values between 11.5-12.5%,

and increases again towards the end of the charging process.

Similarly, harmonic profile of PVs depend on the design

of inverters and several other factors including the solar

insolation. Reference [18] shows that the current regulated

current source inverter (CRCSI) and current controlled voltage

source inverter (CCVSI) exhibit different harmonic patterns.

Reference [19] studies the variation of harmonic distortions

due to PV plant when the solar insolation changes. The THDi

during sunrise and sunset can be as high as 50% when the third

harmonic current shows peak values. In overcast days, THDi

can vary between 17.65 to 50%. However, it is observed in

[19] that THDv is not affected by the solar insolation and is

observed below 2%.

At the aggregation level, the impact of EVs and PVs on

THDs would not be simply additive. Due to the diversity

of chargers and inverters available in the market, harmonic

cancellation can take place to certain extent [9]. Reference

[20] presents harmonic cancellation effect using Monte Carlo

Simulation for the aggregation of EV chargers. Some of

the past studies focus on optimal planning and dispatch

of distributed generators (DGs) and EVs considering the

harmonic distortion. In [21], a multi-objective programming

and decision theory based approach is used to solve voltage

quality and THD issues with the help of DGs. Similar

studies are carried out in [22]–[24], where Particle Swarm

Optimization (PSO) is used for optimal siting and sizing of

DGs with objectives to reduce THDs and to improve voltage

profiles in the grid.

In the context that THDs change throughout a day and

depend on the penetration of EVs/PVs, this paper provides

an assessment of daily THD profiles on a medium voltage

distribution grid considering three different penetration levels

of EVs and PVs. The rest of the paper is organized as

following. Section II develops the harmonic power flow model

necessary to evaluate the THDs, Section III presents the

case studies and discussion, and Section IV draws the main

conclusions observed from the simulation case studies.

II. MODELING

A. Harmonic Power Flow (HPF) Model

For the harmonic power flow calculation, harmonic

decoupled approach is considered as in [25]–[27]. Figure 1

shows the connection of series and shunt elements, which is

the basis of building the harmonic power flow (HPF) model.

At harmonic frequencies, the system is modeled using

passive elements and harmonic current sources. The

impedance of the conductors, cables, and transformers are

modified based on the frequencies of interest following

the models explained in [28]. The following frequency

dependent A,B,C,D parameter matrices derived from the

EVs
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Ch Dh

Ah Bh
Ch Dh

Base
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Fig. 1. Circuit connection showing the branch currents and nodal voltages
used for modeling the harmonic power flow.

line parameters are used to relate sending and receiving end

voltages and currents similar to [29],

[
Vi,p,h

Ise,j,p,h

]
=

[
Aj,p,h Bj,p,h

Cj,p,h Dj,p,h

] [
Vi+1,p,h

Ire,j,p,h

]
(1)

where subscripts i, j, p, se, re, h represent node, branch

connecting node i and i + 1, phase, sending end, receiving
end, and harmonic frequency, respectively. V and I represent
three-phase complex voltages and currents, respectively.

The A,B,C,D parameter matrices of conductors, cables,

transformers are not time varying except for the transformer

load tap changers (LTCs). A,B,C,D matrices for the LTCs

depend on the tap position, which can be written as,

[
Ajl,p,h

]
=

⎡
⎣1 + ΔStapjl 0 0

0 1 + ΔStapjl 0
0 0 1 + ΔStapjl

⎤
⎦ (2)

[
Bjl,p,h

]
=

[
Cjl,p,h

]
= 0 (3)

[
Djl,p,h

]
=

[
Ajl,p,h

]−1

(4)

where jl ∈ j represents the LTC branches and tap ∈ [−16, 16]
represents tap position. ΔS represents per unit voltage change
due to one tap position. In equation (2), the tap is assumed the
same for all phases and is also independent of the frequency

of interest.

In this study, only the constant current model is considered,

i.e., harmonic loads are modeled as constant current

withdrawals and harmonic sources are modeled as constant

current sources. This can be represented by the following

equations,∣∣ILil,p,h∣∣ (∠Vil,p,h − ∠ILil,p,h
)
=

∣∣IoLil,p,h∣∣∠θLil,p,h (5)∣∣ISis,p,h∣∣ (∠Vis,p,h−∠ISis,p,h
)
= −∣∣IoSis,p,h∣∣∠θSis,p,h (6)

where il ∈ i represents node in distribution feeder where loads
are connected. Similarly, is ∈ i represents node where sources
are connected. IL and IS represent harmonic load and source
current, respectively. IoL represents magnitude of harmonic
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load current at nominal voltage and θL represents power factor
angle of harmonic load. Similarly, IoS represents magnitude of
harmonic source current at nominal voltage and θS represents
power factor angle of harmonic source.

At each node, phase, and for each harmonic frequency a

current balance equation is used as following,

Ise,j,p,h = Ire,j,p,h + ILi,p,h + ISi,p,h ∀ i, p, h (7)

where il ∈ i represents node in distribution feeder where loads
are connected. Equations (1)-(7) represent HPF model.

After HPF model is solved, voltage and current THDs can

be computed from the nodal current and voltage information

as [30],

THDV
i,p =

[∑∞
h=2

|Vi,p,h|2
] 1
2

|Vi,p,h=1| (8)

THDI
i,p =

[∑∞
h=2

|Ii,p,h|2
] 1
2

|Ii,p,h=1| (9)

B. Modeling of Base Load, EVs, and PVs

Base loads, EVs, and PVs are modelled as constant current

source/loads in the HPF model. Fig. 2 shows the variation

of base load profile (normalized), power consumption of one

EV, and output profile of one PV used in the simulation.

EV consumption profile is obtained using method similar to

[31], where an optimization is run to schedule customer’s EV

based on dynamic energy price and customer’s and battery’s

constraints. EVs are assumed connected to the grid in the

morning and after evening, and most of the charging of EVs

takes place at night when the energy prices are less expensive.

The flat power profile of EV during night is due to the socket

rating. PV capacity of 4 kWp is assumed, and the output

profile in Fig. 2 corresponds to a slight cloudy day.
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Fig. 2. Normalized base load profile, power consumption profile of one EV,
and generation profile of one residential PV.

Fig. 3 shows harmonic profiles used for the simulation

case studies. Harmonic currents up to the 40th harmonic are
considered. Base load is assumed to have THDi of 8.24%

[32] at peak load. EV charger’s harmonic profile is obtained

from [20], [30], which results in THDi of 31.94% at peak

EV charging load. For the PVs, harmonic profile from [33] is

used, which results in THDi of 4.99 at peak generation %.
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Fig. 3. Harmonic profile (h = 2nd to 40th order) of currents for base loads,
EVs, and PVs.

III. CASE STUDIES

HPF model is implemented in OpenDSS [34] and solved for

4.16 kV IEEE 123-node test feeder [35], [36]. The model in

OpenDSS is interfaced with MATLAB for easy data exchange.

Topology of the test feeder is shown in Fig. 4 where red

colored nodes represent nodes with loads, EVs, and PVs.

Simulations were carried out considering three different

penetration levels for EVs and PVs, i.e. high, medium, and

low penetration levels. High penetration represents 100%

penetration of EVs and PVs. In this case, total number of

EVs is 517, and total number of PVs is 411. Similarly, medium

and low penetration levels represent 20% and 50% penetration

levels, respectively. Simulation results for all these three cases

are discussed next.

A. Low Penetration

This case uses only 20% of the PVs and 20% EVs in the

simulations. Due to space constraints, simulation results for

only two nodes are presented. The first one is a single phase

node (phase-a) far from the substation, i.e., node 46, second

one is a three phase node closer to substation, i.e., node 7.

Fig. 5 shows the daily change of the voltage total harmonic

distortion (THDv) at node 46. The solid line represents the

THDv for a base case, and dotted line represents the case with

penetration levels of EVs and PVs. It can be observed that the

changes in the harmonics are in concordant to the daily EV

charging and PV output profiles given in Fig. 2.

The daily change of the current total harmonic distortion

THDi on line 45-46 for base case load and 20% penetration

levels of EVs and PVs are given in Fig. 6. The solid and dotted

lines represent daily changes of THDi for base case load, and

low penetration level, respectively. It can be observed that the

change in harmonics due to PVs and EVs do not change the
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Fig. 4. IEEE 123-node distribution feeder for harmonic analyses [35], [36].
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Fig. 5. Node 46 daily change of THDv low penetration level.

order of the maximum and minimum values of the harmonic

profiles. Profile values are slightly changing around 3.5% and

10% for THDv and THDi throughout the day.
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Fig. 6. Line 45-46 daily change of THDi for low penetration level.

Fig. 7 shows the daily change of 3 phase THDv on node

7 for base case and 20% penetration levels. Since node

7 is closer to substation compared to node 46, THDv of

node 7 is less than node 46 throughout the day. It can be

observed that voltage and current harmonics are increased

when PVs are injecting power. However, they are decreased

when EVs are charging at both nodes. This is particularly due

to the definition of THD, in which fundamental qualities are

used in denominator and the fundamental current due EVs is

increased relatively more compared to other harmonics. It is

obvious from the figure that the level of THDv of node 7 is

approximately 4 times less compared to that of node 46 due

to the proximity to the substation.

01:00 05:00 09:00 13:00 17:00 20:30 24:00
Hours in a day

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

%
 V

ol
ta

ge
 T

H
D

Base Load, Phase-a
Base Load, Phase-b
Base Load, Phase-c
Base Load+EV+PV, Phase-a
Base Load+EV+PV, Phase-b
Base Load+EV+PV, Phase-c

Fig. 7. Node 7 daily change of THDv for 3 phases, low penetration level.

B. Medium Penetration

This case uses 50% of the PVs and 50% EVs in the

simulations. The simulation results are provided for node 46

and node 7. Fig 8 represents the daily THDv change on node

46. Similar to the low penetration case, it can be observed

that the THDv is more when PVs inject power, and is less

when EVs. Maximum and minimum THDv obtained in this

test case are approximately 3.6%, and 3%. THDv are not of

significant concern.

When the number of PVs increase, THDi increases more

when PVs inject power. However, it decreases when EVs are
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Fig. 8. Node 46 daily change of THDv medium penetration level.
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Fig. 9. Line 45-46 daily change of THDi for medium penetration level.

charging (this is attributed to the definition of THD). This can

easily be observed on Fig. 9 for node line 45-46 where the

maximum THDi jumped to an approximate value of 18%, and

minimum THDi dropped to an approximate value of 7%.

Similar results are observed for medium penetration level on

3 phases of node 7 as shown in Fig. 10. It can be observed that

the increase in penetration level has higher rise of THDv as

compared to the rise of THDv for low penetration level when

PVs are injecting power. Similarly during the EVs charging,

the decrease in THDv due to EVs are more compared to

low penetration level. However, since this node is close to

substation the changes are lower compared to node 46.
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Fig. 10. Node 7 daily change of THDv for 3 phases, medium penetration
level.

C. High Penetration

Simulation results 100% penetration for node 46 are shown

in Fig. 11 and Fig. 12 for THDv and THDi, respectively. It

can be observed that the increases and decreases of THDv

during PV operations and charging of EVs are the highest.

The results confirm the observations of the results observed

for the low and medium penetration levels.
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Fig. 11. Node 46 daily change of THDv high penetration level.

Similar results are observed for THDi in Fig. 12. From

the figure, it can be observed that minimum and maximum

THDv are approximately 2.9% and 3.9%. The THDv is not

of concern even for higher penetration level of EVs/PVs.

Similarly, these values are 5% and 33% for THDi as observed

from Fig. 12.
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Fig. 12. Line 45-46 daily change of THDi for high penetration level.

The THDv values of node 7 for high penetration level

is shown on Fig. 13. Compared to the results with medium

and low penetration level, the maximum and minimum THDv

values are higher and lower, respectively.
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Fig. 13. Node 7 daily change of THDv for 3 phases, high penetration level.

IV. CONCLUSION

This paper presented the harmonic assessment to understand

the total impact of EVs and PVs on distribution systems.

Simulations were carried out for low, medium, and high

penetration levels, and results were presented for THDv and

THDi for two selected nodes and lines on the medium

voltage IEEE 123-node test feeder. It was observed that

the harmonic voltages are becoming higher on nodes farther
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away from substation. The impact on voltage and current

harmonics increases as the level of penetration increases.

When PVs are injecting power, both voltage and current

harmonics increase. On the other hand, both voltage and

current harmonics decrease when EVs are charging (due to

the definition of THDs). From the results, it can be concluded

that the existence of high number of PVs and EVs in future

electricity distribution systems can create additional problems

due to current harmonics; however, the voltage harmonics may

not be much of a concern. Current harmonic issues could

possibly be mitigated by coordinated charging of EVs and

control of distributed PVs by using optimization approaches

in a system with large pentration of EVs/PVs.
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