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Abstract—Transportation electrification is an integral com-
ponent of the energy decarbonization transition. This paper
investigates the impact of distributed energy resources (DERs),
including distributed photovoltaics (DPV) and electric vehicles
(EVs), in the primary frequency response of the power grid.
Increasing DER adoption poses challenges to maintaining grid
frequency stability. However, DERs’ ability to provide fast
frequency regulation services—primary frequency response (PFR)
and secondary frequency response (SFR)-can be exploited to
recover the frequency after an N-1 contingency event in the
system. This paper also investigates the importance of a droop
control strategy through dynamic models of DPV and EV to
provide the primary frequency regulation services following
the contingency event. A dynamic EV model, based on the
PVD1 model Western Electricity Coordinating Council (WECC)
introduced, has been used for the simulation. Further, DERs’
primary frequency response is studied for five different cases of
DER penetration levels after the system is exposed to the gener-
ator trip. Additionally, different frequency regulation capacities
of EVs are analyzed. The studies show that an increment in
DERs capacity providing effective PFR can improve the system
frequency nadir and stabilize the frequency faster after the
generation trip contingency.

Index Terms—Distributed energy resources, distributed pho-
tovoltaic, electric vehicle, primary frequency regulation

I. INTRODUCTION

Many countries have declared their carbon neutrality goals.
The power sector has a defining role in reaching the zero-
carbon emission target. The adoption of Distributed Energy
Resources (DERs) in the form of distributed photovoltaics
(DPV), energy storage, and electric vehicles has been increas-
ing, as it plays a significant role in de-carbonizing the power
sector [1]. However, the increased variable generation can
replace the conventional fossil-fuel-based generation, lowering
the overall system inertia. As a result, the requirement of the
primary frequency regulation reserves augments following the
sudden generation loss to stabilize the frequency and improve
the frequency nadir [2]. Therefore, if DERs do not provide fre-
quency regulation responses, the increased penetration level of
DERs increases the burden of frequency regulation on conven-
tional synchronous generators, which might be inadequate to
provide this service in the future system. However, DERs can
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provide frequency regulation services to improve frequency
stability. Moreover, the frequency regulation services from
inverter-based DERs can be activated faster than mechanical
governor-based frequency regulation [3]. There are frequency
regulation services—primary frequency response (PFR) and
secondary frequency response (SFR)-in real-time operation
to balance the load and generation during contingency to
recover the grid frequency [4]. A sudden loss of a generator or
connection of a large load to the system causes an imbalance
between demand and generation and subsequent deviation
from the nominal frequency. The frequency deviation is first
arrested by the inertial response of the overall system via
PFR. Now, the error between the nominal resulting steady-
state frequency and nominal frequency is corrected by SFR
[5].

Especially, EVs are capable of providing up-regulation
(discharging) and down-regulation (charging) to balance the
demand and supply provided that they have the flexibility to at-
tend grid services without compromising mobility demand [6].
Similarly, DPV can be a reliable and economically viable SFR
provider under the high penetration of renewable energy [7].
Recent advancements in grid-supportive innovative inverter
technology coupled with the modern plant control strategy
have allowed DERs to provide voltage support and frequency
response during various operation modes [8]. According to
IEEE 1547-2018 Clause 6.5.2.7, DERs are required to have
the technical capability to provide frequency-droop response
similar to conventional generators [9]. Equipped with the bat-
tery energy storage system, EVs have the flexibility to provide
fast frequency response to improve frequency stability. When
vehicle-to-grid (V2G) service includes primary frequency con-
trol along with grid support, the system’s overall stability
remains invariable under critical contingencies [10]. EVs can
also provide V2G frequency regulation services during peak
load times if they are plugged in and have flexibility, as may
be the case during long dwell times such as at workplace
charging on commercial feeders or evening charging on res-
idential feeders. There could be reservations about whether
the V2G frequency regulation negatively impacts the battery
life, charging times, or electric range. Battery degradation has
been determined not accelerate significantly, as the capacity
loss of battery will be about 35.03% for frequency regulation
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while it will be about 31.41% for EV driving and calendar
aging if Level 1 charger is used at home [11]. However, user
reservations about participation given impacts on charging
times and electric range when providing services are still
being explored. However, this V2G frequency regulation may
negatively impact distribution network voltage profiles [12].
Moreover, increasing EV charging load during peak grid load
times causes dips in the nodal voltage on the distribution
system [13]. With very high adoption rates of EVs, the peak
can even be shifted by EV charging and cause voltage drops
during previously non-peak hours. [14]. Nevertheless, with
smart charging management and grid-support capability of EV
chargers, EV charging infrastructure can provide grid voltage
stability and improve the distribution system along with other
DERs [15].

DERs play an important role in the system’s dynamic
frequency response, improving nadir frequency and steady-
state frequency [16]. PFR provided by these sources is pivotal
for real-time power imbalance management as it uses a droop
control strategy which is activated until the frequency devia-
tions are more significant than the PFR dead band [17]. Both
EV and DPV can provide primary regulation with this control
strategy.

This paper studies the impact of DPV and EVs on primary
frequency regulation services. Moreover, it focuses on the
sensitivity of PFR concerning the percentage penetration levels
of DPV and participating EVs for this study in the existing grid
and the regulation capacities of EVs. The major contributions
of this paper are summarized below:

e The impact of DPV and EV on the primary frequency
regulation is analyzed under different DER penetration
levels.

o The impact of increasing EV PFR capacities following
N-1 contingency is analyzed.

The rest of this paper is organized as follows: Section
IT presents the dynamic models of DPV and EV. Section
III performs the case studies on the sensitivities of DER
penetration levels and EV regulation capacities. Section IV
concludes the paper.

II. DPV AND EV DYNAMIC MODELS

The overall dynamic model of DPV and EV is added to
ANDES [18], a power system electro-mechanical dynamics
tool. The power flow and dynamics data of IEEE-39 bus
system [19] are parsed and fed into the ANDES system. The
dynamic models of PVD1 and EV are discussed below.

A. PVDI model

PVDI is a generic model introduced by the Western Elec-
tricity Coordinating Council (WECC) to represent the dynamic
response of DPV. The current injection model has reactive and
active power control and protection functionality. The model
in Fig. 1 considers both PFR and SFR [20].
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1) PFR: PFR uses droop control, i.e., when the frequency
deviation is larger than a PFR Deadband, the DPV change its
active power output accordingly. An additional power output
Pg4yp is added to the generation output [12]:

(60 —dbyr) — f

Dpnif f <60
L (606—?— dbor) M
Do if f> 60

where dbyr and dbop are the under-frequency and over-
frequency deadband, respectively; and Ddn is the per-unit
power output change to 1-p.u. frequency change (frequency
droop gain).
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Fig. 1. Block diagram of PVD1 dynamic model

B. EV model

The EV model has been developed based on the Western
Electricity Coordinating Council PVD1 model. This EV model
can provide frequency regulation depending on the charging
and discharging of EVs. In this model, the participation factor
(pcap) determines the charging or discharging of EVs. The
value of Pcap ranges from -1 to +1, where -1 represents EV’s
maximum power is 100% charging while +1 represents the
100% discharging. EVs can change the status of the charge to
provide PFR. Furthermore, the state-of-charge (SOC) related
block determines the current flowing in and out of the battery
storage system [4]. This model provides PFR in the same
way as described in subsection II-Al. The max power from
charging an EV is linear between about 5% SOC and 85%
SOC for level 2 charging. The EV model in this paper is
an aggregation of many participating level 2 EV chargers for
grid frequency response, so we assume that all vehicles are
only charging and discharging between 5-85% SOC, so the
maximum power can be linearly controlled. High power and
DCEFC are not considered here because it is assumed that users
will not be wiling to participate and increase charge times
when connected to fast chargers. It also assumes that there
are sufficient participating charging stations such that vehicles
are available according to the participation specified in each
case.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



Peap * Pmax SOCinit

SOCmax |
Poen P [~ 504

State-of-Charge
Control

Oref’

freqref ‘ —+ Pdrp
1 =~ Fil
-| 5T '

fea /1 e

frilag

Fig. 2. Block Diagram of EV2 dynamic model including PFR

III. CASE STUDIES

IEEE-39 bus system network has been used for the case
study. This system has 10 synchronous generators and 46 lines.
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Fig. 3. Single Line Diagram of IEEE-39 bus transmission system

At first, five cases of different DER penetration levels were
studied to observe the dynamic frequency response of the
overall system when N-1 contingency occurs. 5% of active
power regulation is provided by DPV and EV in each of these
cases. At 5 seconds, Generator 6 with 687 MW power at bus
35 is tripped. The penetration level of 10%, 20%, 30%, 40%,
and 50% is used to simulate the different DER penetration
scenarios. The penetration level is calculated by equation 2.

> Porv
> P
where > Pppy is the total active power generated by

distributed generation (DPV or EV) and ) Py, is the total
active power consumed by loads.

Y%penetration =

(@)

Second, to observe the impact of the regulation capacity of
EVs on PFR provision, the different participation levels of EVs
in the system have been simulated at 10% DER penetration
level in Case VI, and the frequency responses were noted.
Fig. 4 shows the system’s frequency response when the N-
1 contingency is applied in the base case. It shows that the
system’s frequency dips to 59.827 Hz after Generator 6 is
tripped at 5 seconds and the final frequency settles at 59.841
Hz.

System Frequency

0 10 20 30 40 50
Time(s)

Fig. 4. Frequency Response of base case

A. Case I: 10 % penetration level

To introduce the 10% penetration level of DER in the
system, 0.59 GW of DPV generation and 0.59 GW of EV load
are added in the same buses (Bus 16, Bus 21). The dynamic
frequency response after the N-1 contingency in Fig. 5 shows
that the frequency nadir has reached 59.838 Hz and it settles
at 59.85 Hz.

System Frequency

0 10 20 30 40 50
Time(s)

Fig. 5. Frequency Response with 10% penetration level

B. Case II: 20% Penetration Level

The DPV generation and EV capacity were increased to
1.17 GW by adding DPV and EV into more buses( Bus 15,
Bus 16, Bus 21, Bus 23) to achieve a 20% penetration level.
The frequency response after an N-1 contingency shows that
the system’s frequency nadir reaches 59.852 Hz and settles at
59.868 Hz.
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Fig. 6. Frequency Response with 20% penetration level

C. Case III: 30% Penetration Level

For 30% penetration, DPV and EV were added to buses
15, 16, 21, 23, 24, and 27. The total DPV and EV added to
these buses amounts to 1.76 GW each. The dynamic frequency
response shows the frequency nadir is 59.868 Hz and it settles
at 59.897 Hz.

System Frequency

10 20 30

Time(s)

40 50

Fig. 7. Frequency Response with 30% penetration level

D. Case IV: 40% Penetration Level

The DPV generation and EV load were increased to 2.34
GW each to achieve a 40% penetration level. The frequency
response after N-1 contingency shows the frequency nadir of
the system reaches 59.882 Hz and settles at 59.897 Hz. DPV
generation and EV load have been added to buses 3, 15, 16,
18, 21, 23, 24, and 27.

System Frequency
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Time(s)

40 50

Fig. 8. Frequency Response with 40% penetration level
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E. Case V: 50% Penetration Level

The DPV generation and EVs were increased to 2.93
GW each to achieve a 50% penetration level. The frequency
response after N-1 contingency shows the frequency of the
system reaches 59.898 Hz and settles at 59.912 Hz. PV
generation and EVs’ capacity have been added in buses 3, 4,
12, 15, 16, 18, 21, 23, 24, and 27. Table I shows the summary
of simulation results under different cases.

System Frequency
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20 30 40

Time(s)

10 50

Fig. 9. Frequency Response with 50% penetration level

TABLE I
SUMMARY OF SIMULATION RESULTS

Case DPV/EV(GW) | Penetration | f(Hz) nadir | Final f(Hz)
Base Case 0 0% 59.827 59.841
Case | 0.59 10% 59.838 59.85
Case 1T 1.17 20% 59.852 59.868
Case III 1.76 30% 59.868 59.883
Case IV 2.34 40% 59.882 59.897
Case V 2.93 50% 59.898 59.912

FE. Case VI: EV Participation

In the preceding cases, the percentage of active power
regulation was fixed at 5% for both EV and DPV. However,
in this subsection, the regulation capacity of DPV is set to
zero to test the performance of the EV regulation capability.
The sensitivity of the participation of EVs has been tested to
simulate system frequency response. As per Section II, the
EVs’ active power regulation can be controlled via charging
or discharging. In this simulation, the regulation capacity is
the whole EV fleet’s capacity instead of the individual EV’s
capacity.

In this case, EV participation has been considered 5%,
10%, 20%, and 100% varying pcap values(i.e, -0.95,-0.9,-
0.8,1). When pcap is -0.95, the power output of EVs can be
changed to 95% charging, and the EV's can provide 5% of their
rated active power as the regulation up services (from 100%
charging to 95% charging). Similarly, the EVs participation
is varied by 10% and 20% by changing the pcap values to
-0.9 and -0.8. EVs can participate fully when the pcap value
changes to 1. As a result, with the increasing participation,
there will be an increase in headroom for EVs to decrease their
charging. Fig. 9 shows the frequency response of the system
at different participation levels of EV. When the participation
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increases, both the frequency nadir and stable frequency of
the system after contingency improve. This can be justified
by observing the EVs’ active power output. Fig. 10 shows the
active power output of EVs, which were added to the system.
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Fig. 10. Frequency Response with different EV Participation
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Fig. 11. Active Power Output of EVs at different participation

Fig 12 shows the output power from DPV without its
participation in primary frequency regulation: the active power
output remains the same even after an N-1 contingency event.
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Fig. 12. Active Power Output of DPV without power regulation

IV. CONCLUSION

This paper discusses the impacts of EVs and DPV on the
dynamic frequency response of the system. In this paper, the

5

impact of increasing penetration of DERs on primary fre-
quency response has been discussed. Simulation results show
the increased penetration level improves the primary frequency
response. As a result, the system frequency nadir and settling
frequency improve, and the speed of frequency restoration
following the contingency event becomes fast. Moreover, the
increasing level of EV participation in the system improves the
PFR. The flexibility of an EV charger to control the charging
power of an EV can be utilized for frequency regulation
services during contingency events. Several assumptions are
taken for the study in this paper, but the results still show
that EVs can provide PFR, and their participation also impacts
PFR. Since EVs will be a mainstay of the future transportation
system, their ancillary grid services, like frequency regulation,
reactive power support, peak shaving, and load balancing,
have to be studied in terms of techno-economic analysis and
to determine which services are best suited to each type
of vehicle and charging class. This study can be further
extended to secondary frequency regulation provided by EVs
under the different scenarios of penetration and participation.
Furthermore, the impacts of providing grid services on EV
battery lifetime will be studied with a longer-term integrated
optimization and control simulation.
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