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Abstract—The paper presents results of a study on the dynamic 

response of Electric Vehicle’s (EV) when participating in 

frequency control of an islanded system. The following cases were 

considered: when there is no EV performing frequency control, 

when the EV participates in primary frequency control and when 

the EV participates in both primary and secondary frequency 

control. Different parameters are tested in various combinations, 

and their influence on frequency deviation as well as power and 

energy provided by the EV with vehicle-to-grid (V2G) capability is 

shown. 

Index Terms—Electric vehicles, island operation, load frequency 

control, primary frequency control, V2G 

I. INTRODUCTION  

The increasing percentage of renewable energy sources 

(RES) in the power production results in growing amount of 

fluctuating active power injected into the transmission and 

distribution grids. This leads to imbalances and consequently 

the need for additional control reserves to ensure the balance 

between production and consumption. Small islanded systems 

will be highly affected by such power imbalances and as a 

result, the frequency can suffer severe fluctuations [1], [2]. An 

example of an islanded system is a micro-grid detached from 

the main grid or operated as an autonomous system. In such 

system, the frequency is more sensitive to changes in power 

balance (e.g. power deficit). This may lead to limitations on the 

percentage of RES penetration in islanded systems and 

ultimately also in larger power systems. Adding electric 

vehicles (EVs) with uncontrolled charging schemes can cause 

even larger imbalances in the system.  

Control measures can be taken by loads the same way as they 

are taken by generating units. Electric vehicles with Vehicle-to-

Grid (V2G) capability can be considered as controllable loads 

which may respond to frequency variations with the following 

advantages [3]: 

1) A large number of small loads can provide ancillary 

services more reliably than a few large generators where 

a failure has a more significant impact [4]. 

2) EVs have the capability of charging/discharging their 

power very quickly responding to an operator’s requests 

almost instantaneously.  

3) The distribution of EVs throughout the grid allows them 

to act like mobile power plants if considered in groups 

[5]. 

In [6], resources scheduling scenarios under uncertainty in a 

smart grid, with renewables and plug-in electric vehicles was 

analysed. In [7], a control strategy is proposed for a solar power 

based micro-grid, combining solar generation during the day 

with night consumption delivered by EVs using the V2G 

concept. Moreover, a comparative study is performed in [8] in 

order to quantify the amount of wind power that can be 

integrated in an isolated electricity grid if EVs are used only as 

dumb loads and if EVs participate in frequency control. 

It is argued that EVs with V2G capability can provide 

regulation services and can compete in electricity markets, such 

as markets for ancillary services, where there is payment for 

available capacity apart from the payment for the actual 

dispatch. Frequency control is one of the services which can be 

provided by EVs through this market [6]. More specifically, 

Primary Frequency Control (PFC) can be suitably provided by 

EVs, due to their flexible operating mode and ability to 

seamlessly alter the consuming/producing power under the 

V2G concept [9]. Since a single vehicle is too small to provide 

regulation alone, an aggregator must gather a considerable 

amount of EVs and act as a Virtual Power Plant [10], [11]. 

Frequency reserves provided by EVs can additionally be used 

in secondary frequency control or Load Frequency Control 

(LFC), which is also a part of the automatic control system 

together with PFC. The task of PFC is to bring the frequency 

back to acceptable values in the short term leaving a frequency 

error due of the fully proportional control law. LFC has the task 

to compensate for the remaining frequency error after the 

primary control has acted and to ensure the same frequency 

levels between interconnected systems. Thus, it releases the 

primary control and takes into account the changes in the load 

flows [12]. 

This paper presents the impact that V2G has on the frequency 

when operated in an islanded system. The participation of the 

EV in PFC as well as in LFC is studied and results regarding 

the behaviour of system frequency as well as the active power 

and energy provided by the EVs are presented. 
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II. METHODOLOGY 

A.  Network Model 

This paper presents the results of a study performed in 

Matlab-SimPowerSystems regarding the influence of EVs with 

V2G capability participating in frequency control of an islanded 

system. A single busbar system is used for evaluating the 

capability of EVs to perform frequency control. The 10 kV 

busbar is connected to a 100 kW synchronous generator which 

includes a simple hydraulic governor and an excitation system 

as described in [12]. The overall machine inertia is equal to 3 

seconds. A 10kV/0.4kV transformer is used to connect the 

generator with the rest of the network. A static load is 

connected to the system and the frequency dynamic is triggered 

by an increase in the load set-point. Table I shows the model 

characteristics in terms of generation and load sizes. 

TABLE I     
PARAMETERS OF GRID COMPONENTS 

 

B. EV frequency control 

The single EV considered in the system has V2G capability 

enabling it to inject power back to the grid if needed. Thus, the 

EV battery is simulated as controllable load connected to the 

system which can either absorb power in case of frequency rise 

or inject power in case of frequency drop. It is assumed that the 

EV is three-phase connected and initially is not charging. As a 

result, the EV load is set to 0 at the start of the simulation. 

To manage EV output, frequency, which is an instantaneous 

indication of the power balance in the island network, is used to 

adapt the charging/discharging of the EV battery [8]. A 

frequency control droop loop is adopted to adjust the active 

power set-point of the battery as shown in Fig. 1. 

The EV frequency control consists of the droop control and a 

simplified battery inverter component. The droop control 

includes the droop gain which gets the deviation in frequency as 

an input and gives the change in EV’s power level as an output. 

Blocks of time delays are included in both components 

simulating the latency in the transfer of the frequency signal. 

The battery inverter model includes a saturation block with 

upper and lower limits that imposes a restriction on the 

maximum amount of active power which can be exchanged 

between the EV and the grid. This limit depends on the capacity 

of the charging infrastructure that the EV is connected to. A 

limit is also imposed on the EV’s rate for either absorbing or 

injecting active power. Another time delay is included in the 

inverter component in order to simulate the delay occurring 

during the transformation of the signal from droop control to 

actual change in power level of the battery.  

 
  

 
Fig. 1. PFC and LCF control loop and EV model. 

 

Transient droop compensation used for emulating inertial 

response is also studied in this paper. This is accomplished by a 

transient gain reduction compensation which can be connected 

in series to the droop control and has the transfer function: 

 
1

R
T

R

sT
R

sT
 (1) 

where TR  and RT  are temporary droop and reset time 

respectively [14]. Their initial values are given in Table II. The 

optimal combination of these values is chosen based on their 

impact on system frequency. 

The EV participation in secondary control is also studied. For 

this reason, a secondary control component is added to the 

output of the droop control (PFC) as shown in Fig. 1. The input 

for the secondary control is again the frequency change 

compared to nominal value, which is then integrated and added 

to the output signal of the PFC. Table II shows the parameters 

of the frequency control components. 

TABLE II      
PARAMETERS OF EV FREQUENCY CONTROL COMPONENTS 

Components of Frequency Control  

Droop (%) 10/7/5/2 

Signal delay(sec) 1/2/3/4 

Saturation limit (kW) 3 

Rate limiter (kW/sec) 1 

Inverter delay (sec) 1 

Temporary droop RT 0.4 

Reset time TR (sec) 5 

C. Scenarios 

The different scenarios analysed are: 

 No EV contributes to frequency control 

 EV participating in primary frequency control 

 EV participating in primary and secondary frequency 

control 

Generation/loads Power (kW) 

Synchronous generator (Pgen) 100 

Initial load at steady-state (Pload) 50 

Load connected after 10 sec (ΔPload) 5 



III. RESULTS ANALYSIS 

Dynamic simulations are performed for the described 

scenarios. EV participation in PFC is studied under different 

value combinations for certain parameters, namely the droop 

value, the inertia of the machine connected to the system and 

the delay in signal transmission to droop control. These 

parameters are considered to be critical for the influence of EV 

in PFC. Table III contains the synthetic overview of the steady-

state frequency and the maximum rate of change of frequency 

(ROCOF), with different combinations of signal delay and 

machine inertia. In these combinations, the droop is set to 5%. 

Two ROCOF are calculated: the first one is the frequency drop 

in the first 0.1 seconds after the contingency while the second 

one is the frequency drop evaluated in the time window 

between 1 and 1.1 seconds. Fig. 2 and Fig. 3 illustrate the 

minimum frequency (nadir) and the total energy provided by 

the EV battery to the system during the simulation period 

respectively. It can be observed that without the EV 

participation in PFC, the steady-state frequency is higher than 

when the EV participates. 

 TABLE III       
RESULTS FOR DIFFERENT SIGNAL DELAY AND MACHINE INERTIA VALUES 

Delay (s) Inertia 
(sec) 

Steady state 
(Hz) 

Steady 
state>49 

Hz 

ROCOF 
@0.1s 

(Hz/s) 

ROCOF 
@1s 

(Hz/s) 

No EV 49.89 yes -0.41 -0.46 

1.00 1.50 unstable no -0.81 -1.04 

3.00 49.80 yes -0.41 -0.46 

4.00 49.81 yes -0.31 -0.34 

5.00 49.83 yes -0.25 -0.26 

2.00 1.50 unstable no -0.81 -1.04 

3.00 49.80 yes -0.41 -0.46 

4.00 49.81 yes -0.31 -0.34 

5.00 49.82 yes -0.25 -0.26 

3.00 1.50 unstable no -0.81 -1.04 

3.00 49.77 yes -0.41 -0.46 

4.00 49.81 yes -0.31 -0.34 

5.00 49.82 yes -0.25 -0.26 

4.00 1.50 unstable no -0.81 -1.05 

3.00 49.71 yes -0.41 -0.46 

4.00 49.83 yes -0.31 -0.34 

5.00 49.81 yes -0.20 -0.22 

 

Furthermore, in case of the machine inertia reduction from its 

initial value of 3 seconds to 1.5 seconds, meaning the machine 

is less capable of counteracting frequency changes, the system 

becomes unstable. This points out the incapability of the EV to 

have the primary role in frequency control. An increase in 

machine inertia to 5 seconds leads to higher steady-state 

frequency values. In all cases, except those of instability in the 

system, frequency is brought back to values very close to 

nominal. ROCOF is higher for smaller values of machine 

inertia while it is not influenced by changes in signal delay 

values. ROCOF after the 1st second of the contingency is higher 

than ROCOF at the first 0.1 seconds. 

 

 
Fig. 2. Frequency nadir provided by the EV for different signal delay and 

machine inertia values. 

 

 
Fig. 3. Total energy provided by the EV for different signal delay and machine 
inertia values. 

 

Fig. 2 shows that frequency nadir reaches its minimum value 

for higher signal delays and the machine inertia value of 1.5 

second. In this case frequency drops down to less than 46.5 Hz 

while in cases where machine inertia is 4 or 5 seconds, it drops 

down to only around 48.5 Hz. The energy provided by the EV 

to the grid is significantly higher in case of low machine inertia 

due to the instability of the system, as shown in Fig. 3. In case 

of a stable system, the EV injects around 8.5 Wh to the grid. 

Results for combination of different signal delay and droop 

values are presented in Table IV, Fig. 4 and Fig. 5. Machine 

inertia is set to 3 seconds. With no EV participation in PFC, 



steady-state frequency is higher than with EV participation. A 

droop value of 2% results in lower steady-state value while in 

case of 3 seconds of signal delay, the system becomes unstable. 

It can be pointed out that the influence of signal delay and 

droop values on steady-state frequency is quite small, while 

ROCOF remains stable at -0.41 Hz/sec and -0.46 Hz/sec 

respectively, for all different cases. 

TABLE IV 

RESULTS FOR DIFFERENT SIGNAL DELAY AND DROOP VALUES 

Delay (s) Droop (%) Steady state 

(Hz) 

ROCOF 

@0.1s 

(Hz/s) 

ROCOF 

@1s (Hz/s) 

No EV 49.89 -0.41 -0.46 

1.00 10.00 49.84 -0.41 -0.46 

7.00 49.82 -0.41 -0.46 

5.00 49.80 -0.41 -0.46 

2.00 49.76 -0.41 -0.46 

2.00 10.00 49.84 -0.41 -0.46 

7.00 49.82 -0.41 -0.46 

5.00 49.80 -0.41 -0.46 

2.00 49.74 -0.41 -0.46 

3.00 10.00 49.84 -0.41 -0.46 

7.00 49.81 -0.41 -0.46 

5.00 49.77 -0.41 -0.46 

2.00 unstable -0.41 -0.46 

4.00 10.00 49.84 -0.41 -0.46 

7.00 49.81 -0.41 -0.46 

5.00 49.71 -0.41 -0.46 

2.00 48.70 -0.41 -0.46 

 

Frequency nadir values vary from 48 to 48.5 Hz as shown in 

Fig. 4. Total energy provided by EV battery varies a lot: from 4 

Wh for a droop of 10% to around 16 Wh for a droop of 2% as 

shown in Fig. 5. Change in signal delay values does not 

influence the total energy provided, since it just postpones the 

injection of EV power into the system. Fig. 6, Fig. 7 and Fig. 8 

illustrate the change in frequency and in power and the energy 

provided by the EV throughout the simulation.  

The cases of no EV in the system and EV participating in 

PFC with droop values 5% and 2% respectively are chosen to 

be compared. Machine inertia is set to 3 seconds and total delay 

is 2 seconds. 

System reaction to contingency is better in case of EV 

participating in PFC, both in terms of maximum frequency drop 

and restoration of frequency back to acceptable levels. It can be 

observed that a 2% droop value results in oscillations in 

frequency due to the high amount of power contributed by EV. 

In this case, active power is limited at 3 kW because of the 

chargers limited capacity. In terms of energy, 2% droop results 

in double amount of energy provided by the EV. 

 
Fig. 4.  Frequency nadir provided by the EV for different signal delay and 

droop values. 
 

 
Fig. 5. Total energy provided by EV for different signal delay and droop values. 
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Fig. 6.  Frequency  drop in cases with no EV in PFC and with the EV having 

different droop values.  
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Fig. 7.  Power provided by the EV in cases with no EV in PFC and with the EV 

having different droop values. 
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Fig. 8.  Power provided by the EV in cases with no EV in PFC and with the EV 

having different droop values. 

 

The effect of transient droop compensation on the frequency 

and the power provided by the EV is shown in Fig. 9 and Fig. 

10, where different sets of parameters are illustrated.  

The implementation of the transient droop results in a 

smoother curve and elimination of the oscillations occurring in 

the 2% droop case. On the other hand, the response of the EV 

frequency control component becomes slower, and maximum 

frequency drop is even higher than in case of 5% droop. The 

initial set of values (TR=10 sec and RT=0.4) was found to be the 

optimal combination with the criteria of maximum frequency 

drop and high steady-state frequency. Power provided by the 

EV does not display any oscillations in the case of transient 

droop compensation. It is worth noticing the need for power 

absorption from the EV after the first seconds of connecting the 

load. This leads to a smoother operation of the EV battery but 

the change from discharging to charging mode results in battery 

degradation. Maximum power is lower reaching 2 kW at the 

time of maximum frequency drop. 
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Fig. 9.  Effect of transient droop compensation on frequency for different sets of 

TR and RT values. 
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Fig. 10.  Effect of transient droop compensation on power provided by EV for 

different sets of TR and RT values. 

 

Fig. 11 shows the effect on frequency of LFC performed by 

EV in addition to PFC. The frequency drop is compared for 3 

cases, namely no EV in PFC, EV participation in PFC and EV 

participation in PFC and LFC. Table V highlights the effect of 

LFC performed by the EVs in steady-state frequency and in 

energy provided from the EV battery to the grid. 

In case of EV participating in LFC, frequency not only 

returns to a steady-state closer to nominal value but also 

recovers faster. In this case the energy required by the EV both 

for PFC and LFC is almost double the energy required when the 

EV participates only in PFC. 
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Fig. 11. Effect of LFC performed by EV on frequency drop. 

 

TABLE V    
 RESULTS FOR LFC PERFORMED BY EV 

 
Steady-state (Hz) Energy provided by EV (Wh) 

only PFC 49.85 8.2 

PFC and LFC 49.92 15.6 

 

IV. CONCLUSIONS 

The aim of this paper is to analyse the frequency response in 

an islanded system where an EV with V2G capability 

participates in the frequency control. PFC as well as LFC 

performed by the EV resulted in a smoother frequency drop 

with lower maximum drop compared to no EV participation. 

Reducing the inertia of the machine led to instability in the 

system showing that the EV cannot perform frequency control 

as a stand-alone component using a traditional frequency 

control. Among different droop values tested, 5% droop 

resulted in optimal performance of EV control as it does not 

require high amount of power provided instantaneously by the 

EV battery and it does not create any oscillations in the 

frequency. Specific focus has been given also to the influence 

of delays in the frequency signal. 

The results show that the delay in the frequency signal used 

for activating the primary frequency control is more important 

than the droop value of the controller itself. This aspect will be 

extremely important when evaluating the effective participation 

of an EV in providing frequency regulation. An experimental 

validation of the influence of the signal delay is currently in 

progress in the SYSLAB PowerLabDK laboratory at DTU.  

Future works will include also the improvement of LFC, 

adding the ability to control the EV battery contribution to the 

system based on available energy for frequency regulation 

which is set by the EV user. 
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