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Abstract: Power-electronic interfacing based devices such as wind generators (WGs) and electrical
vehicles (EVs) cause harmonic distortions on the power grid. Higher penetration and uncoordinated
operation of WGs and EVs can lead to voltage and current harmonic distortions, which may exceed
IEEE limits. It is interesting to note that WGs and EVs have some common harmonic profiles.
Therefore, when EVs are connected to the grid, the harmonic pollution EVs impart onto the grid
can be reduced to some extent by the amount of wind power injecting into the grid and vice versa.
In this context, this work studies the impact of EVs on harmonic distortions and careful utilization
of wind power to minimize the distortions in distribution feeders. For this, a harmonic unbalanced
distribution feeder model is developed in OpenDSS and interfaced with Genetic Algorithm (GA)
based optimization algorithm in MATLAB to solve optimal harmonic power flow (OHPF) problems.
The developed OHPF model is first used to study impact of EV penetration on current/voltage total
harmonic distortions (THDs) in distribution grids. Next, dispatch of WGs are found at different
locations on the distribution grid to demonstrate reduction in the current/voltage THDs when EVs
are charging.

Keywords: electric vehicles; wind generators; harmonics; distribution grids; optimization

1. Introduction

Electric vehicles (EVs) and wind energy provide economic and environmental benefits, which
demonstrate their large-scale interconnection possibilities at distribution grid level. EVs and wind
power have capability to help reduce the emissions and depletion of fossil fuel. Despite the benefits,
integration of EVs and wind generators (WGs) in the power network also causes adverse impacts
because of the increased load from EV charging and intermittency of wind power [1,2]. The placement
and number of EV loads and WGs impact the voltage profile in the distribution network. Similarly,
studies have shown that uncoordinated charging of EVs leads increased peak demand, which impacts
the overall reliability of the grid [3,4]. Also, the presence of EVs can cause increased power losses and
power quality issues including harmonic distortions in the distribution grids.

Past studies focus on optimal planning and dispatch of WGs, optimal EV scheduling, impact of EV
loads in distribution grids, and combined impact of EVs and WGs to the distribution grid operations.
A Genetic Algorithm (GA) based approach is used in [5] to determine the location and size of the
distributed generators (DGs) with feeder loss minimization as the objective. In [6], a multi-objective
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programming and decision theory based approach is used to solve voltage quality and total harmonic
distortion (THD) issues with the help of DGs. Similar studies are carried out in [7–9], 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.

Uncoordinated charging of a large number of EVs impacts the overall residential load curve,
increases power losses, causes overloading of lines, and also increases harmonics in the power grid
due to non-linearity. Two EV charging schemes are considered in [10] to analyze such adverse
impacts. In the uncoordinated random charging scenario, maximum node voltage deviation and
poor power quality are observed. However, power losses and voltage THDs are found much less
in the case of coordinated charging of EVs. In [10], it is 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 [11] that low EV penetration may not cause significant impact on THDs. Harmonics
in EV currents cause abnormal operation including increased power losses, temperature rise, premature
insulation and windings failure of transformers, etc. [12]; this can cause adverse impacts on reliability,
security, and efficiency of the power grid. Previous studies carried out in [10,12–14] find the impact
on harmonics due to the integration of EVs; however, these studies do not consider WGs in the
network which has potentials to reduce THDs if operated in coordination with the EVs. In [15],
EVs and WGs are considered to demonstrate their impacts on voltage THDs but without considering
the possible coordinated operations of EVs and WGs to reduce THDs. Uncoordinated charging of EVs
in a system with significant WGs can lead to significant harmonic distortions that may exceed IEEE
prescribed limits [16].

Power-electronic interfacing based devices used in the EV chargers and WG system cause
harmonic currents. The current drawn by EVs contains significant 5th , 7th , 11th , and 13th harmonic
components [17,18]. The harmonic profiles of WGs show significant 2nd to 8th, 11th, and 13th
harmonic currents [19]. It is interesting to note that WGs and EVs have some common harmonic
profiles. Therefore, when EVs are connected to the grid, the harmonic pollution EVs impart onto the
grid can be reduced to some extent by the amount of wind power injecting into the grid and vice versa.
In this context, this work studies the impact of EVs on harmonic distortions and careful utilization
of wind power to minimize the distortions in distribution feeders.

Figure 1 shows a high-level conceptual diagram that demonstrates the distorted currents
withdrawn by EVs can be compensated by controlling WG output power. The distribution system
operator can send dispatch signals to wind farm and EV aggregators to achieve this objective.
The distribution system operator requires harmonic analysis tools and optimal harmonic power
flow type models to reduce the harmonic pollution by controlling EV charging and WG output. In this
context, this paper contributes on the following:

• To develop a three-phase unbalanced distribution system model required for harmonic power
flow (HPF) studies. The model is used to study the impact of EVs on voltage and current THDs
in distribution system with varying degree of penetration. The same model is used to demonstrate
that careful dispatch of WGs can help to reduce the harmonic distortions caused by the EVs.

• To develop optimal harmonic power flow (OHPF) model that utilizes previous HPF model
as constraints and WGs as decision variables, and solution method based on GA. The model
is then used to find optimal dispatch WGs that will reduce the voltage or current THDs in the
distribution circuit with varying penetration level of the EVs.

The rest of the paper is organized as follows: Section 2 describes the HPF and and OHPF models.
Section 3 presents the solution approach. Section 4 discusses impact of low and high EV penetration
on IEEE 34-node distribution test feeder. The results of the OHPF is presented in the Section 5.
A summary of the presented work is discussed in Section 6.
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Figure 1. Conceptual diagram depicting cancellation of harmonic from electric vehicles (EVs) by wind
generators (WGs) at distribution feeder level.

2. Modeling

The mathematical modeling of HPF and OHPF are discussed next.

2.1. Harmonic Power Flow (HPF) Model

For the harmonic power flow calculation, harmonic decoupled approach is considered as in [20–22].
Figure 2 shows the connection of series and shunt elements, which is the basis of building the harmonic
power flow (HPF) model.
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Figure 2. Circuit connection showing the branch currents and nodal voltages used for modeling the
harmonic power flow.
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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 [23]. The following frequency dependent
A, B, C, D parameter matrices derived from the line parameters are used to relate sending and receiving
end voltages and currents similar to [24],[

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

]
∀ 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 + ∆S tapjl 0 0
0 1 + ∆S tapjl 0
0 0 1 + ∆S tapjl

 ∀ jl, p, h (2)

[
Bjl,p,h

]
=
[
Cjl,p,h

]
= 0 ∀ jl, p, h (3)[

Djl,p,h

]
=
[

Ajl,p,h

]−1
∀ jl, p, h (4)

where jl ∈ j represents the LTC branches and tap ∈ [−16, 16] represents tap position. ∆S 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,∣∣IL

il,p,h
∣∣ (∠Vil,p,h −∠IL

il,p,h
)
=
∣∣IoL

il,p,h
∣∣∠θL

il,p,h ∀ il, p, h (5)∣∣IS
is,p,h

∣∣ (∠Vis,p,h −∠IS
is,p,h

)
= −

∣∣IoS
is,p,h

∣∣∠θS
is,p,h ∀ is, 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 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 + IL
i,p,h + IS

i,p,h ∀ i, p, h (7)

where il ∈ i represents node in distribution feeder where loads are connected. Equations (1)–(7)
represent harmonic power flow model.

2.2. Optimal Harmonic Power Flow (OHPF) Model

An optimal harmonic power flow model is developed based on the HPF model. Minimization
of cumulative voltage and current THDs is considered as the objective of the OHPF model.
The cumulative THDs account for sum of voltage and current THDs at each node and phase of the
distribution circuit, which can be expressed as,
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Min ∑
i

∑
p

THDV
i,p + ∑

i
∑
p

THDI
i,p (8)

where THDV and THDI represent voltage and current THDs, respectively. Voltage and current THDs
in (8) can be computed from the nodal current and voltage information as [17],

THDV
i,p =

[
∑13

h=2 |Vi,p,h|2
] 1

2

|Vi,p,h=1|
∀ i, p (9)

THDI
i,p =

[
∑13

h=2 |Ii,p,h|2
] 1

2

|Ii,p,h=1|
∀ i, p (10)

The THD limits prescribed by the IEEE [16] can be represented as,

THDV
i,p ≤ THDV

max ∀ i, p (11)

THDI
i,p ≤ THDI

max ∀ i, p (12)

The OHPF model consists of the objective function given in (8), equality constraints (1)–(7), (9), (10),
and inequality constraints (11) and (12). Other inequality constraints which represent nodal voltage
and branch current limits are also considered in the modelling.

3. Solution Approach

The HPF model is developed in OpenDSS. A standard genetic algorithm (GA) based solution
method [25] is developed in MATLAB and interfaced with the OpenDSS (see Figure 3) to solve OHPF.
The GA code in MATLAB uses OpenDSS as function whenever HPF needs to be run in the OHPF model.
In the MATLAB script, the inequality constraints of the OHPF are evaluated. The fitness function
of the GA is comprised of the objective function in (8) and the summation of constraint violations
of the OHPF model. Figure 4 provides flow chart of the solution approach. Key settings of the GA
are: 8-bit representation; Population pool = 20; Max. Generations = 1000; Mutation probability = 1%;
Convergence criterion ≤ 0.1% relative change in the fitness value on two consecutive GA generations;
single-point cross over after the 5th bit.

Optimization Model
(MATLAB)

Method: Genetic Algorithm

Constraints: Voltage limits
                      Current limits

                              Current THD limits
                              Voltage THD limits

Objective: Fitness related to total
                         harmonic distortion

Output: THD values
                       Dispatch of WGs

Dispatch of WGs

Harmonic Power Flow
 Solution

Harmonic Power Flow
(OpenDSS)

Components: UG Cable
                                             Overhead conductor

                            Base Loads
                        EV Loads

                               Transformers
                          Capacitors
                          Regulators

                                       Load tap changers
              WGs

                                         Harmonic Spectrum
                                                  Normalized Load Shapes

Figure 3. The developed interface between the harmonic power flow (HPF) model in OpenDSS and
Optimization model in MATLAB.
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Figure 4. Flowchart of the solution algorithm where a Genetic Algorithm (GA)-based optimization
algorithm is built in MATLAB and a harmonic power flow model is built in OpenDSS.

4. Impact of EV Penetration on THD

To demonstrate the impact of EV on THD, IEEE 34-node test feeder is considered. Level-2
charging infrastructure is assumed with a socket rating of 8.8 kW. The number of EVs is calculated
based on the 30% residential load mix in the aggregated load profile (base load), the average residential
monthly energy of 1500 kWh and average hourly electricity load of 2.0833 kW [2]. EV current harmonic
profiles are obtained from [17,18] and are listed in Table 1. Wind generator current harmonic profiles
are obtained from [19], which are listed in Table 2.

Table 1. Line Current Harmonic Content of the EV Charger [17,18].

Harmonic Order Magnitude (%) Angle (◦) Harmonic Order Magnitude (%) Angle (◦)

1 100 −26 11 9 −67
5 25 −94 13 5 −46
7 17 −67
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Table 2. Wind Generator Current Harmonic Content (in p.u. based on 100 MVA) [19].

Harmonic Order Mag. (p.u.) Harmonic Order Mag. (p.u.) Harmonic Order Mag. (p.u.)

2 0.000183 6 7.33 ×10−5 13 7.33 ×10−5

3 0.000147 7 0.00033 25 3.67 ×10−5

4 0.00011 8 3.67 ×10−5 45 3.67 ×10−5

5 0.00077 11 0.000293 47 0.00011

First, an uncoordinated EV-WG system is studied with low EV penetration, i.e., 30%. In the Case-1,
only base loads and the EV loads are considered. The system loads of the IEEE 34-node test feeder
are used as base load at the fundamental frequency, i.e., 60 Hz. EVs are modeled as non-linear loads
with no reactive power. For the Case-2, one WG of 2 MW is added at node 848 as shown in Figure 5.
For the Case-3, two more WGs of 2 MW are added at node 834 and node 890.

Figure 5. IEEE 34-Node Test Feeder System after the addition of Three WGs.

Table 3 lists voltage THDs obtained (for selective feeder sections) from the three case studies
with low EV penetration. It can be seen that THD values are subsequently low, i.e., less than 5%
and are under the limits prescribed by the IEEE [16]. This implies that the lower EV penetration
does not make significant impact on the voltage THDs. On the other hand, current THD values
(see Table 4) are higher in feeder sections away from the substation node. With the addition of WGs,
the voltage THDs are reduced at some of the feeder nodes (e.g., THD of Vab at line 844–846). This
is an interesting observation that the WGs can help reduce the harmonic distortions caused by the
EV charging. Similarly, with the introduction of WGs, the current THD values are also significantly
reduced in the range of 1.5–4.5%.

Table 3. Phase to Phase Voltage total harmonic distortions (THDs) for Low EV Penetration.

Case Studies Branch THD Vab(%) THD Vbc(%) THD Vca(%)

Case 1 (EV)

844–846 4.62 4.64 4.14
828–830 2.73 2.77 2.52
808–806 0.09 0.09 0.08
834–860 4.58 4.60 4.11
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Table 3. Cont.

Case Studies Branch THD Vab(%) THD Vbc(%) THD Vca(%)

Case 2 (EV + 1WG)

844–846 3.81 4.06 3.74
828–830 2.60 2.71 2.53
808–806 0.11 0.11 0.10
834–860 3.78 4.03 3.71

Case 3 (EV + 3WGs)

844–846 3.99 4.58 4.13
828–830 2.96 3.39 3.11
808–806 0.13 0.14 0.14
834–860 3.95 4.54 4.09

Table 4. Current THDs for Low EV Penetration.

Case Studies Branch THD Ia(%) THD Ib(%) THD Ic(%)

Case 1 (EV)

844–846 25.75 24.20 23.19
828–830 8.04 7.22 6.16
808–806 5.50 6.46 6.31
834–860 6.41 3.43 6.09

Case 2 (EV + 1WG)

844–846 2.81 2.90 2.59
828–830 3.49 3.81 3.92
808–806 4.42 4.29 4.14
834–860 4.41 3.55 4.37

Case 3 (EV + 3WGs)

844–846 2.04 2.05 1.77
828–830 2.31 2.32 2.23
808–806 2.14 2.33 2.35
834–860 3.35 3.53 3.79

Three more case studies are carried out with large EV penetration, i.e., 100%. Case-4 considers
no WG, while Case-5 and Case-6 include 1 and 3 WGs, respectively. For 100% EV penetration,
it is expected that the EV load will inject more harmonics into the system. Therefore, the current
THDs are increased as high as 50% (see Table 5), which is a clear indication that harmonics distortion
gets worse with increased EV penetration. The voltage THDs are reached around 9.7% (see Table 6).
With the introduction of WGs, the current THDs are reduced below 8%, while the voltage THDs are
reduced below 7%.

Table 5. Current THDs for High EV Penetration.

Case Studies Branch THD Ia(%) THD Ib(%) THD Ic(%)

Case 4 (EV)

844–846 50.26 38.70 37.75
828–830 11.02 9.52 6.98
808–806 6.67 7.913 7.12
834–860 14.89 7.62 12.96

Case 5 (EV + 1WG)

844–846 4.50 5.03 4.03
828–830 3.43 5.98 5.93
808–806 10.91 9.00 6.46
834–860 10.20 6.37 9.56

Case 6 (EV + 3WGs)

844–846 2.59 2.73 2.07
828–830 3.87 3.78 3.72
808–806 3.72 3.99 3.96
834–860 7.39 5.88 7.33

It can be inferred from the aforementioned case studies that the inclusion of WGs certainly helps
to reduce the voltage/current THD values caused by the EVs. However, the positioning and sizing
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of the WGs make differences in the THD profile of the system. So, it would be more acceptable if the
process is more systematic to bring down the THD values. To do it in a more acceptable and systematic
way, in the next Section a GA based approach is used to reduce voltage and current THD in a system
with EV penetration and WGs.

Table 6. Phase to Phase Voltage THDs for High EV Penetration.

Case Studies Branch THD Vab(%) THD Vbc(%) THD Vca(%)

Case 4 (EV)

844–846 9.61 9.54 7.82
828–830 5.38 5.57 4.62
808–806 0.16 0.17 0.14
834–860 9.54 9.46 7.76

Case 5 (EV + 1WG)

844–846 5.43 5.84 4.73
828–830 4.19 4.04 3.53
808–806 0.18 0.18 0.15
834–860 5.40 5.80 4.62

Case 6 (EV + 3WGs)

844–846 5.91 6.80 5.84
828–830 4.47 4.97 4.35
808–806 0.19 0.20 0.19
834–860 5.84 6.72 5.77

5. Reduction of Voltage and Current THDs

In this section, GA-based approach is used to optimally reduce the THDs by coordinated dispatch
of EVs and WGs. Case studies with two EV penetration levels are discussed (low penetration of
30%, and high penetration of 100%). WGs are assumed to be connected at all nodes in the 34-node
distribution feeder.

Case 7 considers 30% EV penetration and solves for optimal dispatch of WGs. The resulting
voltage THDs are shown in Table 7, and the corresponding optimal dispatch of WGs are shown
in Table 8. In Figure 6, the characteristics of the GA fitness function over the iteration is shown.
The case studies demonstrate that the coordinated optimal dispatch of EVs and WGs significantly
reduces the harmonics. The voltage THDs are below 3%.

Table 7. THD of Phase to Phase Voltages in Low EV Penetration.

Branch THD Vab(%) THD Vbc(%) THD Vca(%)

844–846 2.39 2.96 2.92
828–830 1.57 2.04 1.88
808–806 0.13 0.15 0.14
834–860 2.35 2.90 2.86

Table 8. Optimal WG Dispatch in Low EV Penetration.

Node WG (kW) Node WG (kW) Node WG (kW) Node WG (kW) Node WG (kW)

1 254.9 8 490.2 15 176.47 22 58.82 29 950.98
2 372.55 9 1205.8 16 352.94 23 264.7 30 2323.5
3 2450.98 10 950.98 17 88.24 24 617.55 31 1568.6
4 303.92 11 715.69 18 1568.83 25 245.1 32 2294.1
5 519.61 12 19.61 19 1833.33 26 2480.4 33 137.25
6 215.69 13 1450.9 20 833.33 27 1950.9 34 2490.2
7 1862.75 14 156.86 21 215.69 28 1382.3

Case 8 considers 100% EV penetration and solves for optimal dispatch of WGs. The resulting
voltage THDs are shown in Table 9, and the corresponding optimal dispatch of WGs are shown
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in Table 10. In Figure 7, the characteristics of the GA fitness function over the iteration is shown.
The voltage THDs are obtained below 5%. Figures 8 and 9 show the voltage THDs on two selective
feeder branches. It is interesting to observe that THDs on individual feeder section could increase
over the GA iterations given that the fitness function is the cumulative THDs over all the feeder
sections. However; the individual THDs are well below 5%, which are the constraints included in the
OHPF model.

Figure 6. Cumulative voltage THD over the GA iterations (High EV Penetration).

Table 9. THD of Phase to Phase Voltages in High EV Penetration.

Branch THD Vab(%) THD Vbc(%) THD Vca(%)

844–846 3.72 4.04 3.73
828–830 1.59 1.43 1.51
808–806 0.24 0.28 0.26
834–860 3.66 3.97 3.68

Figure 7. Cumulative voltage THD over the GA iterations (High EV Penetration).
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Table 10. Optimal WG Dispatch in High EV Penetration.

Node WG (kW) Node WG (kW) Node WG (kW) Node WG (kW) Node WG (kW)

1 2245.1 8 1813.73 15 1186.27 22 2235.29 29 2421.5
2 2264.7 9 2411.76 16 343.14 23 1196.08 30 2117.6
3 2137.25 10 2470.59 17 2450.98 24 617.65 31 323.53
4 1892.16 11 2460.78 18 1931.37 25 2215.69 32 990.2
5 2127.45 12 2303.92 19 1803.92 26 19.61 33 254.9
6 284.31 13 235.29 20 313.73 27 2245.1 34 196.8
7 1666.6 14 1529.41 21 156.86 28 1725.5

Figure 8. Voltage THD over GA iteration at branch 828–830.

Figure 9. Voltage THD over GA iteration at branch 808–806.

The harmonic reduction observed in the coordinated optimal dispatch is significant as the
voltage THDs reductions for high EV penetration are below 5% (compared to 10% in uncoordinated
cases). Similarly, the current harmonic THDs are significantly reduced to 5% compared to 50%
in uncoordinated cases. The GA algorithms took nearly one hour to run for each of the case studies
in a Windows machine with 6 GB memory and 2.80 GHz processor. The optimality tolerance was set
at 0.1%; however, the solution might have converged locally as the GA method alone does not
guarantee global optimal solutions.
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6. Conclusions

In this paper, a harmonic decoupled power flow model is developed to study the impact of EVs
and WGs on the current and voltage THDs. Simulations carried out in the IEEE 34-node test feeder
demonstrate that low EV penetration is not a concern for voltage THDs, as the THDs are below 5%,
which are within the limits prescribed by the IEEE. However, low EV penetration is shown to have
significant impacts on current THDs. Also, high penetration of EVs are shown to have adverse impacts
on both current and voltage THDs. With the integration of WGs in the test feeder consisting of EV loads,
it is demonstrated that WGs can help to reduce THDs at some nodes in the feeder, while it causes
increased THDs at other nodes. This demonstrated that WGs have the capability to reduce the THDs
caused by the EVs. However, the appropriate dispatch of WGs is to be determined in order to achieve
the benefits of WGs to reduce THDs. Thus, this paper also presented a GA based method to find
optimal dispatch of WGs in the IEEE 34-node test feeder to reduce the voltage and current THDs at
each node and phase of the test feeder below the IEEE limits.
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