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Abstract 
 

In the power system, inertial response and frequency stability are the most 

stressed challenges, and it is believed that they become challenging based on the 

power generator sources. Also, addressing these two challenges becomes more 

crucial when electric vehicles are integrated with the power system. This paper 

provides a comparative study on the inertial response and frequency stability, 

considering the power system classification in four categories. These four 

categories include the renewable power system, non-renewable power system, 

hybrid power system, and power system integrated with energy storage and 

electric vehicle. This study's observations were discussed, and this work 

provides useful information for the readers to choose the most considerable 

power system for extensive integration of electric vehicles. 

 

Keywords: Interconnected Power System, EV Integrated Power System, 

Electric Vehicles, Inertial Response, Frequency Control, Multi-source Power 

System. 

 

1 Introduction 
 

The de-carbonization of the electric power system and transportation 

encourages the penetration of renewable energy sources supporting plug-in 

hybrid electric vehicles [1]. Renewable energy source integration brought 

concerns over the power system's operation and control due to their 

intermittency nature. The successful introduction of the non-synchronous  
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sources will augment the difficulty of frequency regulation [2]. 

Electric Vehicles (EVs) are gaining more attention because of growing 

concerns about climate change, depletion of fossil fuels, and reduced carbon 

imprints. EVs are broadly classified as fully EV, Hybrid EV(HEV), and FC 

(fuel cell ) EV [1]. EVs require batteries with a large energy storage capacity 

and with huge charging needs. Thus, there is a need to study the impacts and 

challenges of electric vehicle penetration in EG. The extensive integration of 

EVs has a considerable impact on the electric power system [3]. Ev's 

deployment in the electric power system affects its operation and control and 

facilitates more eco-friendly generation sources. EVs can act as manageable 

loads, which aid in frequency regulation in the electric grid (EG).  

The load frequency control shortly referred as LFC is one of the most 

essential function in the reliable operation of power systems.  The two crucial 

variables of interest for the successful function of integrated power systems 

are: Tie-link power exchanges and frequency [4].  The system’s frequency 

fluctuates due to a gap in demand-generation to maintain stability.  With the 

complexity increasing day-by-day, LFC has been addressed with 

uncertainties in parameters, load characteristics, ac/dc transmission links, 

FACTS devices, PV, energy storage devices, and EVs [5,6]. The massive 

penetration of EVs into the EG assist in LFC [7,8]. The aggregator gathers 

the information about EVs and directs them. The active power discharged by 

the EVs is available to meet grid load demand, making it a Distributed 

Energy Resource (DER). The DER responds by sensing the necessary power 

imbalance and allows synchronous generators to fulfill them instantaneously 

[9].  

In the LFC architecture, the conventional controllers are optimized for an 

operational condition to offer excellent performance about the design point, 

over a suitable range. In PS, however, there is a difference in device state 

parameters and working conditions. Therefore, the fixed parameters of the 

conventional controllers are fixed periodically. The fixed parameters are not 

suitable for all operating configurations and conditions. Most research have 

supported that with assistance of metaheuristic algorithms, different 

alternatives for intelligent controllers are proposed to improve conventional 

controller’s optimal performance [8]. 

The problem of AGC has been thoroughly addressed for more than three 

decades. The linearized models of two/multi-area power systems are studied 

in most of the work reported. It is essential to analyze the influence of EVs 

on LFC in the control of PS frequency and tie-line power oscillations 

triggered by demand variance. Wide penetration of EVs is expected to 

increase energy usage during charging times. Consequently, power transfers, 

voltage profile, and grid losses around the grid will change dramatically. 

Besides, the EV capacity to supply the infrastructure with electricity would 

also affect grid flows. Combining all these effects may cause the grid to be 

reinforced at specific locations [2]. 
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of all these effects may cause the grid to be reinforced at specific locations 

[2]. 

                  

2 Multi-source Power Generation System 
 

 Power generation systems in the power system would include both 

renewables and non-renewable. With the development of distributed energy 

systems, the integration of electric vehicles and energy storage is widely 

seen. The traditional electricity system mainly dominant by the hydro, 

thermal, and in some cases nuclear. However, in this new era, because of the 

decline of fossil fuels and the threat to environmental contamination, non-

conventional energy sources play a crucial role in forming a power delivery 

grid [8,10]. Thus, the LFC is an imperative question, must therefore be 

discussed in both the traditional and the Distribute Generation. Considering 

these multi-sources, the power system is broadly classified into four types 

and is shown in Figure 1. 

 

 
Figure 1 Classification of Multi-source Power Generation System 

 

2.1 Renewable Power System 
 

The value of green energy sources for environmental conservation and 

sustainable growth cannot be overemphasized. It is well known and agreed 

that sustainable and non-conventional sources of energy could play an 

increasingly important role in the future as they are safer and easy to use. 

Owing to the limited supply of coal, substantial attempts are being made to 

build alternative/renewable/new/clean energy sources. 

In a renewable power system, power generation sources include solar 

photovoltaics, wind turbines, fuel cells, biomass, geothermal, etc. Among 

these, solar and wind are most preferred due to the benefits seems in terms of 

installations and applications [11,12]. Large-scale renewable power systems  
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are limited to microgrid, nanogrid, and smart grid range only in the present 

power sector [9,13]. An example of the renewable power system is shown in 

Figure 2. 

 
 

Figure 2 Renewable  PS Powering the Community Loads [14] 

 

2.2 Non-Renewable Power System 
 

In a non-renewable power system, the generators are mostly driven by 

steam turbines. For producing steam, fossil fuels like coal, oils, natural gas 

are fired. The power generation capacity can range from MW to GW level. In 

the conventioanl power system, two main energy sources are prominent, i.e., 

coal based thermal energy generators, and oil or gas based thermal power 

generators. In thermal systems, combustion of various fossil fules will be 

taking place to generate and help in steam generation. This produced steam 

will run the turbogenerator to produce energy. Mostly the conversion 

efficiencies be around 40-45%. An example of a non-renewable power 

system with four generators is shown in Figure 3. 

 

 
 

Figure 3 Non-Renewable Power System with Four Thermal Generators [2] 
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2.3 Hybrid Renewable and Non-renewable Power System 
 

The hybrid power system (HPS) is employed to provide an economical 

and sustainable power. It combines a primary source and an energy storage 

device. In this type of systems, the primary source can be a thermal based 

and/or renewable energy based.  

Energy storage devices may include batteries, fuel cells, superconducting 

magnetic energy storage device, pumped storage, electric vehicles. In Figure 

4, a hybrid renewable and non-renewable power system are shown. These 

types of power systems are becoming quite popular these days and mostly 

seen in small scale microgrids [15]. On the other side, the integration of 

renewables with existing largescale thermal power generators is becoming 

feasible.  

 

 
 

Figure 4 Hybrid Renewable and Non-Renewable Power System [15] 

 

2.4 Power System with Energy Storage and Electrical Vehicles 
 

There are a number of issues with storing energy in vast amounts. The 

energy that can be transformed into electricity can be retained in a variety of 

forms. Storage of some sort is expensive, though, and the economy needs to 

be carefully thought out. Various options available include pumped storage, 

compressed air, heat, hydrogen gas, batteries, flywheels, fuel cells, 

superconducting coils, and electric vehicles. 
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With the technical advancement, the transportation sector has evolved 

with electric vehicles [1]. Mostly, these electric vehicles are powered by 

residential charging devices.  

In the case of smart cities, EV charging stations are also adopted. In 

Figure 5, the grid integrated DC and AC charging facility for EV is shown 

[9]. 

 

 
 

Figure 5 The DC and AC EV Charging Configuration [9] 

 

3 Main Challenge of Integrating EV to Power System 
 

Plug-in Hybrid Electric Vehicles (PHEVs) can operate either as loads or 

as sources in a vehicle-to-grid structure (V2G). The V2G principle will boost 

EG performance. This finally enhances the efficiency, reliability, and 

stability of the EG. A V2G-enabled EV provides many benefits such include 

reactive power support, current harmonic filtering, active power control, load 

harmonizing [1,2].  
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Though V2G systems have several advantages, the augmentation of 

PHEVs affect the dynamics and performance of power system equipment by 

overloading feeders, transformers, and cables. Battery infrastructure and high 

initial costs relative to ICE vehicles[2] are the most critical obstacles facing 

the V2G transformation. 

Limitations on PHEV use for V2G are likely to apply to the introduction 

of encrypted and secure communications, especially between aggregators and 

many PHEVs.[2]. 

 

3.1 Frequency Control 
 

The rapid use of electric vehicles would have to be considered for all 

operations in power systems. However, certain operations are likely to be 

subject to more stringent changes, both in operational and technical terms. 

Due to the increased market value for the EV storage and minimal stress on 

regulatory services are a probable step for V2G. In order to minimize 

unbalanced energy and to balance the active power, control of frequency is 

needed [1,2]. Frequency control is currently employed through the cycling of 

large generators. It is expensive. PHEVs battery charging and discharging 

rates make V2G a good alternate for frequency control [1,2].  

The charging of the PHEV can be controlled. If there is a need for 

control, the EV storage, i.e., battery can be discharged. If the EV is on charge 

mode, its charging function may be halted rather than flipping to an option of 

discharge. Here, the secondary frequency control is based on activation bids 

and this is applied for tertiary control too [1]. When the need for control 

increases, the lowest bid is triggered first. Here, the charging can be done for 

a cheaper value based on regulation down, and it can be lucrative for EVs. 

Primary frequency control is expected to have the maximum value for V2G.   

 

4 Comparative Discussion  
 

Frequency steady frequency after an extreme system disruption resulting 

in a major imbalance between generation and load" The frequency response 

depends on three major factors: kinetic energy stored in the system at the 

time of disturbance, energy reserves, dimensioning incident [16].  

The inertia of the power system is characterized as the ability of the 

system to counteract changes in frequency due to resistance from the kinetic 

energy of the rotating masses in the individual turbine governors. [17].  

The inertia of a power system is calculated as: 
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where  Sn, sys = ∑    
 
   ,     is the generator   rated apparent power [VA] and 

   is the turbine generator   inertia constant [s]. 

Expressing inertia as a form of kinetic energy stored in synchronous 

generators present in the system.  

Thus, 

                  =  ∑      
 
     [MWs] 

 

The dynamic behavior of a synchronous turbine-generator is expressed 

by using the swing equation: 

  

   
  

  
  

 

      
          

 

where    is the generator   frequency,    is the rated frequency,     is the 

mechanical power of the turbine   and     is the generator electrical power  . 
The above equation clearly shows that the imbalance between the 

mechanical power of a turbine and the generator’s electrical power impacts 

the derivative of frequency. The rate of frequency change is characterized by 

the difference and inertia of the generator [18].  

The transfer function model of the power system which links frequency and 

power change is shown below: 

   
  

               
   

 

          
 

where    is the variation in frequency,    is the imbalance between load 

and generation,   is the Laplace operator,   is the frequency-dependent loads.  

The rotating machines (synchronous generators and motor load) in the 

traditional power system can store kinetic energy and contribute to the 

system's inertial response. Due to growing environmental concerns and 

depletion of fossil fuels, the traditional power system is rapidly changing into 

a distributed, decentralized power system by utilizing renewable energy 

sources such as solar, wind, geothermal, CHP, tidal, and energy storage 

systems [19].  

These energy systems would include Battery Energy Storage Systems 

(BESS), Superconducting Magnetic Energy Storage (SMES), compressed 

air, flywheel, and High Voltage Direct Current (HVDC) interconnections [9].  

Since the renewable integration to the grid is through power electronic 

converters and increasing HVDC interconnections together decrease the 

amount of kinetic energy stored in the system. These changes impact the 

frequency response of the system due to an imbalance between supply and 

demand.  

The frequency response in a power system after disturbance can be 

divided into four categories: Inertial Frequency Response, Primary frequency 

control, Secondary Frequency Control, Tertiary Frequency Control. 
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The synchronous generator's inherent rotational inertia and damping 

properties aid in primary frequency regulation to maintain the electric grid's 

stability and restore generation-load balance. During any contingency (loss 

of generation or sudden large demand fluctuations), the stored kinetic energy 

in the synchronous generators' rotational mass is an essential factor that helps 

reduce the oscillations in frequency and slow down the dynamics of 

frequency variations [19,20]. 

 
 

Figure 6 Frequency Control in Conventional Electric Grids 

 

In recent times, the penetration of non-synchronous non-conventional 

energy sources like wind and photovoltaics has risen significantly. These 

sources are connected to the electric grid through power electronic converters 

and, as a result, their operation is mostly different from the conventional 

types, where the frequency is directly coupled with the rotational speeds. 

This absence of rotational mass results in considerable power swings with 

deviations in ROCOF. Compared to conventional electric grids, the 

intermittent and zero inertia nature of renewable energy sources leads to 

challenges in power system operation and control. If the system is entirely 

based on renewable energy sources (mainly solar), the synchronous inertia is 

absent [13,20]. 

The absence of inertia would impact the system's frequency response and 

has an adverse effect on stability. The inclusion of thermal generation 

provides a minimal amount of inertia to the system, which helps obtain the 

system's initial frequency response and helps maintain the system's stability. 

 
 

Figure 7 Frequency Control with Extensive Penetration of Renewable Energy 

Sources 
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During any contingency, the frequency drops, and the under-frequency 

relay acts to prevent its fall [19,20]. Governor response of the thermal system 

plays a vital role in achieving a steady-state frequency. 

 
 

Figure 8 Frequency Control with 100% Renewable Energy Sources 

 

5 Conclusions 
 

This paper provided the comparative discussion on the inertial response 

and frequency stability considering the case of an interconnected power 

system with EV integration. The discussion is mainly presented by 

considering the four categories of the power system, which include 

renewable power system, non-renewable power system, hybrid power 

system, and power system integrated with energy storage and electric 

vehicle. This study is expected to serve as useful information for the readers 

to choose the most considerable power system for bulk penetration of EVs. 
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