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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 
PVDl 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 [l]. 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 

Nadia Panossian 
Center for Integrated Mobility Sciences 

National Renewable Energy Laboratory 

Golden, CO, USA 
N adia.Panossian@nrel.gov 

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 modem 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, EV s 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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