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Abstract. With the fast growth of renewable energy generation, the power system faces the challenge of low 
inertia. Lower system inertia makes it more challenging to keep the frequency stable, and the conventional 
frequency response mechanism is not capable of ensuring frequency within the limit. In this paper, a new 
frequency response mechanism is proposed to help to improve the frequency performance, where electric 
vehicles (EV) are used as energy storage, and they will cooperate with existing primary frequency response 
(PFR) to form an EV+X storage supporting power system frequency. This approach is proposed based on 
rigorous mathematical derivation, where the relationship between frequency and active power is quantitively 
analysed. To validate the new mechanism's feasibility, simulation models are built to simulate the frequency 
behaviour after a big disturbance, and a series of tests are conducted. Both technical and economic benefits 
are investigated, considering the difference in EV control strategies and the proportion of EV responses. The 
result shows that EV+X storage can be a promising solution to the frequency stability problem. 

1 Introduction 

Frequency is a crucial parameter in the alternating-current 
(AC) power system [1]. The inertia of the power system 
makes it able to resist frequency fluctuation by nature. 
Conventional generators with heavy turbine and shaft 
provide sufficient inertia by nature. However, the 
proportion of renewable energy keeps increasing in recent 
years, which results in a lower level of inertia and brings 
a series of challenges to frequency stability [2]. To 
overcome the effect of low inertia, faster frequency 
response is in need. EV acting as energy storage is a 
promising solution to support power system frequency. 
However, the conventional frequency response source 
also has its advantages and can not be replaced. EV and 
conventional frequency response can cooperate as EV+X 
storage to achieve a better frequency regulation effect.  

This paper aims at investigating the effect of EV+X 
storage to support power system frequency. The following 
chapters of this paper is organised as follows: 

Section 2 analyses the relationship between active 
power and frequency from the perspective of mathematics. 
Based on this analysis, a control model is built to simulate 
the frequency behaviour after a disturbance. The cost of 
frequency response is also analysed in this section, which 
will be used to evaluate the economic benefit in following 
tests. Section 3 shows the simulation results with different 
control strategies and different proportions of response 
source. Section 4 concludes the whole work. 

2 Methodology and Modeling 

To analyse the feasibility of EV+X storage to support 
power system frequency, the first step is to figure out how 
the frequency behaves after a disturbance. Besides the 
technical feasibility, the economic benefit should also be 
taken into consideration. The following subsections will 
analyse the frequency fluctuation mechanism and build a 
control model simulating this process, then a price model 
will be built based on the cost analysis. 

2.1 Mathematic Relationship between 
Frequency and Active Power 

In an AC power system, the frequency is actually the 
embodiment of the angular velocity of synchronous 
rotating components. So the analysis will start with a 
single synchronous generator. 

For a single synchronous generator, its inertia constant 
is defined to be the ratio of kinetic energy stored in the 
rotating part of generator to power, as shown in Equation 
(1): 

 𝐻 ൌ
𝐸௞

𝑆௡
ൌ

1
2 𝐽𝜔ଶ

𝑆௡
 (1) 

Where, 𝐸௞ is the kinetic energy stored in the turbine 
(J), 𝑆௡ is the nominated apparent power of the generator 
(VA), 𝐽 is the moment of inertia (kg‧m2). 

For the rotor of the generator, the mechanical torque 
provided by prime mover is the torque driving it and the 
electromagnetic torque is the retarding torque, the 
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imbalance between these two torques leads to an 
acceleration or deceleration, as shown in Equation (2): 

 𝑑𝜔
𝑑𝑡

ൌ
𝑇௠ െ 𝑇௘

𝐽
 (2) 

Assuming the system is working at the nominated 
frequency, i.e. 𝜔 ൌ 𝜔௡ , substituting Equation (1) into 
Equation (2), and replacing the torque with power (𝑃 ൌ
𝜔𝑇), the acceleration of rotor can be expressed as: 

 𝑑𝜔
𝑑𝑡

ൌ
𝑇௠ െ 𝑇௘

𝐽
ൌ

ሺ𝑇௠ െ 𝑇௘ሻ𝜔௡
ଶ 

2𝐻𝑆௡
ൌ

ሺ𝑃௠ െ 𝑃௘ሻ𝜔௡

2𝐻𝑆௡
 (3) 

Where, 𝑃௠ is the mechanical power provided by prime 
mover, 𝑃௘ is the electromagnetic power. 

Rewrite Equation (3) into the form of Equation (4): 
 𝑃௠ െ 𝑃௘

𝑆௡
ൌ 2𝐻

𝑑𝜔
𝑑𝑡

1
𝜔௡

ൌ 2𝐻
2𝜋𝑑𝑓

𝑑𝑡
1

2𝜋𝑓௡
ൌ 2𝐻

𝑑𝑓
𝑑𝑡

1
𝑓௡

 (4) 
Which can be expressed in per-unit: 

 
𝑃௠ ௣.௨. െ 𝑃௘ ௣.௨. ൌ 2𝐻ሺ

𝑑𝑓
𝑑𝑡

ሻ௣.௨. (5) 

Equation (5) is the swing equation, which gives the 
relationship between power imbalance and ROCOF in 
per-unit form. The result is based on a single generator, 
but can also be generalized to the whole system, where the 
inertia constant is defined to be the ratio of kinetic energy 
stored in all the spinning elements to rated apparent power, 
as shown in Equation (6): 

 
𝐻௦௬௦ ൌ

𝐾ா௦௬௦

𝑆௡௦௬௦
ൌ

∑ 𝐻௜𝑆௜

𝑆௡௦௬௦
 (6) 

Where, 𝐻௦௬௦ is the inertia constant of system, 𝐾ா௦௬௦ is 
the kinetic energy in all the rotating components among 
the system, 𝑆௡௦௬௦  is the nominated apparent power of 
system, 𝐻௜  is the inertia constant of each machine, 𝑆௜  is 
the nominated apparent power of each machine [3]. 

2.2 Frequency Response Model 

To focus on the most important factors, some 
simplification and assumptions are made in this 
subsection. The first assumption is that there is no system 
oscillation, hence all the generators can be represented by 
a single big generator. The second assumption is that all 
the synchronous generators in the system are reheat steam 
turbine generators since most large units participating in 
PFR are this type. 

As introduced before, PFR is conducted by 
synchronous generators with the governor. Taking reheat 
steam turbine generators as the example, ignoring other 
factors, the behaviour of reheat steam turbine generators 
is predominated by the time constant of reheater time 
constant [4]. Assuming the proportion of power coming 
from high-pressure turbine is 𝐾ு௉ , the proportion of 
power coming from low-pressure turbine will be 1 െ 𝐾ு௉. 
The synchronous generator response model can be 
represented by Figure 1, where 𝑇ோ is the time constant of 
reheater. 

 

Figure 1. Control model of frequency response 

2.3EV Models 

The general idea about EV supporting frequency is to 
make it output power when the frequency contingency 
occurs, but the details can be complicated. Different 
control strategies also have an influence on the result of 
frequency response. According to EV’s control strategy of 
releasing power, two response modes are proposed:  

(1) Time-linear Output, which is the simplest model, 
where the output power of EV is proportional to time once 
the response is triggered, until reaching the maximum 
output power. The relationship between power and time is 
expressed by Equation (7). 

𝑃௟௜௡௘௔௥

ൌ ൜   
𝑘௟௜௡௘௔௥𝑡,         𝑖𝑓     𝑘௟௜௡௘௔௥𝑡 ൑ 𝑃௠௔௫

𝑃௠௔௫ ,               𝑖𝑓     𝑘௟௜௡௘௔௥𝑡 ൐ 𝑃௠௔௫
 

(7) 

(2) Droop Control, which emulates the droop 
characteristic of the generator. In this mode, the output 
power of EV is linear over frequency deviation, as shown 
in Equation (8). 

𝑃ௗ௥௢௢௣

ൌ ൜   
𝑘ௗ௥௢௢௣∆𝑓,         𝑖𝑓     𝑘ௗ௥௢௢௣∆𝑓 ൑ 𝑃௠௔௫

𝑃௠௔௫ ,                𝑖𝑓     𝑘ௗ௥௢௢௣∆𝑓 ൐ 𝑃௠௔௫
 

(8) 

2.4Cost Analysis and Price Model 

For conventional PFR, the cost includes two parts, the 
holding cost and energy cost. To compare the cost of 
conventional PFR and EV response, it is assumed that they 
have the same holding cost and energy cost. However, the 
battery degradation must be taken into consideration. EV 
participating in frequency response will charge and 
discharge more frequently, thus will have a shorter battery 
life. To compensate for the additional cost of battery 
replacement, the price of EV response will be higher than 
conventional PFR. Assuming the degree of degradation is 
positively correlated with the amount of charge and 
discharge. If the cost of battery replacement is normalized 
to every kWh throughput, the battery degradation cost can 
be expressed as Equation (9). 

 
𝐶ௗ௘௚ ൌ

1000𝐶௥௘௣

𝑛௖௬௖ ൈ 𝐶𝑎𝑝
 (9) 

Where, 𝐶ௗ௘௚  is the battery degradation cost 
normalized to every kWh throughput energy, in 
pounds/MWh, 𝐶௥௘௣ is the battery replacement cost, 𝑛௖௬௖ 
is the number of cycles when the battery needs to be 
replaced, 𝐶𝑎𝑝 is the capacity of battery, in kWh. 

As both energy cost and battery degradation cost are 
proportional to energy consumed, they will be integrated 
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together as equivalent energy price 𝐶௘௡௘௥௚௬_௘௤, as shown 
in Equation (10). 

𝐶௘௡௘௥௚௬_௘௤

ൌ ቊ
𝐶௘௡௘௥௚௬       𝑓𝑜𝑟 𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝐹𝑅
𝐶௘௡௘௥௚௬ ൅ 𝐶ௗ௘௚    𝑓𝑜𝑟 𝐸𝑉 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 

(10) 

To compare the cost performance in different 
scenarios, the energy consumption of frequency response 
in 30s after the generation loss is recorded and the total 
cost is calculated as Equation (11). 

 𝐶𝑜𝑠𝑡 ൌ 𝐶௘௡௘௥௚௬ ൈ 𝐸௉ிோ ൅ ሺ𝐶௘௡௘௥௚௬ ൅ 𝐶ௗ௘௚ሻ ൈ 𝐸ா௏  (11) 

3 Simulation and Result Analysis 

Based on the analysis above, a control model is built in 
MATLAB/SIMULINK to simulate the frequency 
behaviour after a significant disturbance. A series of test 
scenarios are designed to investigate the performance of 
different response mode, as well as EV proportion.  

The test scenarios are designed delicately based on a 
real event. According to the Technical Report on the 
events of 9 August 2019 [5], the load is 29GW when the 
event happened and there is 32GW available, among 
which 50% is provided by conventional synchronous 
generators. Assuming the power factor is 0.85, which is 
typical for British Power system [6], the base value is set 
to be 29÷0.85=37.647GVA. Considering the potential loss 
of the maximum infeed unit, Sizewell nuclear station with 
the capacity of 1260MW, the minimum reserve should be 
1260MW, i.e. 0.03347 in per-unit. In the test, a 1260MW 
generation loss is simulated and the total reserve capacity 

is 1260MW, which is provided by EV and PFR together. 
Other parameters are listed in Table 1. 

Table 1. Parameters of the testing system 

𝐾ு௉ 𝐾ௌீ H D R 
10% 50% 3s 1 0.05 

 
The average price of the day-ahead market in the past 

ten years (from [7]) is taken as the energy cost, which is 
45.7 pounds/MWh. As for battery degradation, 𝐶ௗ௘௚ is set 
to 211 pounds/MWh [8,9,10]. 

Based on this analysis, the equivalent energy for 
conventional PFR and EV response are listed below: 

𝐶௘௡௘௥௚௬_௘௤

ൌ ൜
𝐶௘௡௘௥௚௬ ൌ 45.7 𝑝𝑜𝑢𝑛𝑑𝑠/𝑀𝑊ℎ       𝑓𝑜𝑟 𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝐹𝑅

𝐶௘௡௘௥௚௬ ൅ 𝐶ௗ௘௚ ൌ 256.7 𝑝𝑜𝑢𝑛𝑑𝑠/𝑀𝑊ℎ    𝑓𝑜𝑟 𝐸𝑉 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 
(12) 

3.1Test Result of Time-linear Output 

In this section, the influence of EV response parameters 
such as ramp-up rate (𝑘௟௜௡௘௔௥) and response time delay (𝑡ௗ) 
are investigated first. Then the proportion of EV response 
is adjusted to find an optimal value.  

3.1.1Influence of 𝒌𝒍𝒊𝒏𝒆𝒂𝒓 

Here the percentage of EV response is set to 50%, and the 
time delay is set to 0.5 seconds. The ramp-up rate 𝑘௟௜௡௘௔௥ 
ranges from 200 MW/s to 1000MW/s, with a step length 
of 200MW/s. The frequency performance, power 
consumption and cost are shown in Figure 2.  

   
(a) frequency (b) power consumption (c) cost 

Figure 2. Performance of different 𝑘௟௜௡௘௔௥ 

The result indicates that the frequency nadir increases 
with 𝑘௟௜௡௘௔௥, but when 𝑘௟௜௡௘௔௥ is larger, the increase tends 
to be slower. The quasi-steady-state frequency does not 
change with 𝑘௟௜௡௘௔௥. The energy provided by EV increase 
slightly with the increase of 𝑘௟௜௡௘௔௥. As the energy from 
EV only increases a little, the cost does not increase 
significantly.  

3.1.2Influence of 𝒕𝒅 

To investigate how time delay 𝑡ௗ  affects the frequency 
behaviour, another set of cases are designed, where 
𝑘௟௜௡௘௔௥ is kept 700MW/s and the proportion of EV stays 
at 50%. The time delay is set to 0.2s at the first case and 
increases by 0.2s until 1.8s. The performance is shown in 
Figure 3. 
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(a) frequency (b) power consumption (c) cost 

Figure 3. Performance of different 𝑡ௗ 

The curve shows that the frequency nadir decreases as 
𝑡ௗ  increase and the relationship is nearly linear, which 
indicates that response speed is crucial to frequency 
stability. The quasi-steady-state frequency stays the same 
as the total response capacity is the same. As the time 
delay increases, the energy coming from EV decreases, 
while the energy provided by PFR increases. As a result, 
the total energy consumption ranges from 9.808MWh to 
9.677MWh, which do not change with 𝑡ௗ obviously. This 
indicates that time delay does not affect power 
consumption significantly. 

3.1.3Influence of EV Proportion in Time-linear 
Output Mode 

To find an optimal proportion of EV response, test cases 
are designed to have the same EV parameters 
(𝑘௟௜௡௘௔௥ =700MW/s, 𝑡ௗ =0.5s), but the percentage of EV 
response changes from 10% to 90%, while the total 
reserve is kept the same. Figure 4 shows the performance. 

   
(a) frequency (b) power consumption (c) cost 

Figure 4. Performance of different EV response proportion 

As the EV response increase, though the total response 
capacity is the same, the quasi-steady-state frequency 
increase from 49.86Hz to 49.98Hz. However, the 
frequency nadir shows a different trend. The energy from 
EV increases with EV’s proportion and the total energy 
consumption tends to increase. Because the equivalent 
energy price of EV response is much more expensive than 
conventional PFR, the total cost is nearly linear to the 
proportion of EV. This result implies that even if the time-
linear EV response is able to improve the frequency 
behaviour, it may not be cost-efficient enough. 

3.2 Test Result of Droop Control 

Droop control simulates the behaviour of governors. The 
following paragraphs will show the test result. 

3.2.1Influence of 𝒌𝒅𝒓𝒐𝒐𝒑 

To analyse the influence of 𝑘ௗ௥௢௢௣ on frequency response 
result, the proportion of EV is set to 50%, while the other 
50% is provided by conventional PFR. In this 
circumstance, the EV capacity is 0.0167 in per-unit. If the 
EV gives a full delivery when the frequency falls to the 
statutory limit (±0.5Hz, i.e. 0.01 in per-unit), the 𝑘ௗ௥௢௢௣ 
will be 1.67. To achieve better response effect, 𝑘ௗ௥௢௢௣ can 
be set to a larger value. So in the tests 𝑘ௗ௥௢௢௣ ranges from 
1.67 to 10. The test result is shown in Figure 5.  
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(a) frequency (b) power consumption (c) cost 

Figure 5. Performance with different 𝑘ௗ௥௢௢௣ 

The increase of frequency is faster when 𝑘ௗ௥௢௢௣  is 
smaller. The quasi-steady-state frequency keeps 
increasing with 𝑘ௗ௥௢௢௣. Here the energy provided by PFR 
does not change significantly, but the energy from EV 
increases as 𝑘ௗ௥௢௢௣ increases. As a result, the total energy 
consumption increases from 8.200MWh to 9.477 MWh as 
𝑘ௗ௥௢௢௣  changes from 1.67 to 5.5. Larger 𝑘ௗ௥௢௢௣  means 
more power injected at the beginning of a frequency event, 
which leads to the difference on total energy consumption. 
The increase of 𝑘ௗ௥௢௢௣ brings an increase to total cost. The 
energy cost is 1046.664 pounds when 𝑘ௗ௥௢௢௣ is 1.67, and 
then increases to 1393.363 pounds when 𝑘ௗ௥௢௢௣  is 5.5, 
which increases by 33.12%. 

3.2.2Influence of EV Proportion in Droop Control 
Mode 

Assuming the total response reserve is the same, adjusting 
the proportion of EV and conventional PFR, the frequency 
regulation effects may differ. In this test, the total reserve 
is kept the same as before, i.e. 0.03347 in per-unit, and the 
𝑘ௗ௥௢௢௣ is set to 5. The proportion of EV ranges from 10% 
to 90% with a step length of 10%, and the other part of the 
frequency response reserve is provided by synchronous 
generators. 

   
(a) frequency (b) power consumption (c) cost 

Figure 6. Performance of different EV response proportion 

Figure 6 shows the frequency performance of different 
EV response proportion. The curve indicates that both 
frequency nadir and quasi-steady-state frequency increase 
first, but then goes down. The energy contributed by EV 
increase with EV proportion. The total energy 
consumption shows the same trend as quasi-steady-state 
frequency. When it comes to the cost, the increase of EV 
response will result in a significant increase in cost. In the 
testing cases, the total cost increases from 645.2377 
pounds to 2003.919 pounds, which is an increase up to 3 
times. 

4 Conclusion  

Facing the low inertia problem, this paper analyses the 
feasibility of using EV+X storage to support power 
system frequency. A frequency response model in 
MATLAB/SIMULINK is built to simulate the frequency 

behaviour after a disturbance. The cost difference between 
EV response and conventional PFR is also considered. 
Different control methods, including time-linear output 
and droop control are implemented. For each method, the 
influence of control parameter is investigated. The test 
results show that conventional PFR has its advantages and 
should not be totally replaced by EV response. EV acting 
as energy storage can be a good supplement to the existing 
frequency response mechanism. The optimal proportion 
depends on the control method and specific parameter 
tuning. EV acting as energy storage could be a promising 
way to solve the low inertia problem in the power system. 
This paper analyses the feasibility in theory, but more 
research can be done in the future. 
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