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Abstract There is an increasing interest to penetrate low carbon vehicles into the transport 
system. Take the Great Britain (GB) as an example, the number of electric and plug-in hybrid 
vehicles will make up to at least half of new vehicle sales. Electric vehicles (EVs) are expected to 
contribute to the ancillary services of the frequency response because EVs can provide immediate 
frequency response and sustain its response for considerable period of time. This paper addresses 
the design of a Dynamic Vehicle Grid Support (DVGS) control algorithm for the provision of local 
frequency response. The DVGS considers a dynamic relationship between the state of charge of EVs 
and frequency set-points. Thus, it can be installed locally avoiding the cost and the time delay 
associated with the communication system between EVs and the control centre. The DVGS control 
algorithm was demonstrated using the reduced GB transmission power system model with a 
reduced system inertia. The simulation results showed that the EVs are promising assets for the 
provision of frequency response and reducing the rate of change of frequency (RoCoF). Moreover, 
EVs can be controlled geographically to provide the zonal frequency response, reducing the 
dependency on the power from the spinning reserve, especially with a reduced system inertia. The 
financial benefits of using the aggregated DVGS for firm frequency response (FFR) service in the 
GB is calculated. 
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1. Introduction 

The generation and consumption sectors of the modernized power systems are undergoing significant 

changes. The increasing levels of the intermittent generation sources provide a fluctuating output which can 

impact the mismatch of power between the generation and the supply. In addition, the use of electric vehicles 

(EVs) with uncontrolled charging schemes and the electrification of heat systems can result in a higher power 

mismatch. Therefore,  the electrical power system requires new capabilities and control schemes to maintain 

the fundamental levels of reliability, including frequency and voltage response [1-4]. The new frequency 

control measures are provided by three main elements generation, demand, and storage systems. However, 

the focus of the literature review for this paper is on the demand and storage elements for the provision of the 

frequency response. 

 

1.1 Relevant Work 
 

 Recently, considerable attention has been paid to residential and industrial flexible assets, where the topic of 

demand response has been addressed in several scientific publications. The Thermostatically Controlled Load 

(TCL) units were used as flexible loads to balance the power of generation with demand [5-9]. For example, 



in [5, 6], the researchers studied the usage of industrial loads as sources of ancillary services, while references 

[7-9] investigated the usage of household appliances, such as refrigerators and heat pumps, to regulate the 

grid frequency with a high renewable energy penetration. Because of the thermal storage characteristics, the 

normal operation of these assets was temporarily interrupted to mitigate a severe frequency deviation without 

undermining the temperature. In [6, 7], a dynamic frequency control algorithm (DFC) was developed to 

reduce the power consumption of domestic heat pumps and industrial bitumen tanks in response to a loss of 

a generation unit. The DFC algorithm used a dynamic relationship between the temperature and the pre-

defined trigger frequencies to switch off the loads smoothly and to avoid a severe load payback after the 

frequency recovery. 

The participation of demand in the frequency response markets was investigated in [9, 10]. In [10], the 

researchers introduced an innovative market structure, where the ‘mean field game’ method was used to 

coordinate the complex interactions of groups of TCL units and the grid. In [9], different TCL assets were 

combined to provide a Firm Frequency Response (FFR) service. 

Several publications have addressed the role of storage systems in the development of the future electric 

grid. In [11-13], various storage technologies for grid support were reviewed and the importance of storage 

systems for energy delivery was presented. References [14, 15] have proposed simplified models to integrate 

a number of small-size energy storage units, including batteries and flywheels, into the grid. In [16, 17], 

hierarchal control for a battery population using a Markov chain was developed to mimic the frequency 

deviation. It was concluded that a population of small-size storage systems could provide a frequency 

response similar to the response obtained from the generation units. 

In recent years, there has been an increasing interest in EVs from the environmental, technical, and 

economic perspectives. For example, Element Energy, an energy consultancy in the UK, carried out a 

comprehensive study to assess the potential effects of EVs on the power system from the abovementioned 

perspectives [18].  

Typically, the residential EVs are available for charging for 8 to 11 hours per day, but only need 3 to 7 

hours for full charging depending on the charging scheme [18]. Therefore, the charging of EVs can be 

interrupted on the basis of a signal from the operator for a certain period of time without undermining the 

charging function. In [19], a tool was proposed to estimate three types of EV charging strategies (dumb, off-

peak, and smart charging). The EVs were used to provide the primary frequency response for the Great Britain 

(GB) power system. In [20], a smart charging strategy for of EVs was presented to mitigate the effect of the 

fluctuation of the renewable energy sources (RES) outputs. 

In parallel, other researchers have proposed a dynamic frequency control strategy for EVs, taking into 

account the travelling behaviour of the EV users. In addition, the droop control method was used to regulate 

the EV charging power, offering a frequency response with the presence of high levels of renewables. It has 

been concluded that the controlled response drawn by EVs can be the same as the response of the generating 

units [21, 22]. In this study, we have developed a new frequency control algorithm. Instead of using the droop 

control method, a low and high frequency set-points were used and are dynamically updated with the state of 

charge of EVs throughout the time. Also, a new control algorithm during critical time was presented to ensure 

that each EV reached fully charge by the morning. 

 



 

1.2 Contribution of This Study 
 

The design of a suitable control algorithm for the provision of the frequency response from EVs is yet under 

development. In this study, we investigated the effects of aggregated EVs on the grid frequency. A dynamic 

frequency control algorithm was developed to disconnect the charging of EVs in response to an operator’s 

signal. The control algorithm presented in this paper is hereafter named Dynamic Vehicle Grid Support 

(DVGS). The frequency control algorithms for EVs have been previously applied in the application of power 

systems [21-23]. The main novelties of this paper to the state of art are firstly, to adopt a dynamic relationship 

between the state of charge of each individual EV and grid frequency set-points assigned to each EV. The 

frequency set points are updated continuously (and dynamically) based on the state of charge of EVs. 

Secondly, to use a new way to control the charging process during the critical time to ensure that the user will 

receive his/her EV fully charged in the morning regardless the frequency event. The control algorithm in this 

paper provides many advantages: 1) it can be installed locally near to the charging point. Thus, avoiding the 

cost and the time delay associated with the communication system with the control center, 2) provide smooth 

frequency response as the population of EVs will be tripped gradually based on the dynamic relationship 

between the frequency set-points and the EVs’ state of charge, and 3) at the end, every EV is fully charged.  

The following aspects are considered throughout this study: 

• It seems that several of research studies that have been done on the vehicle-to-grid (V2G) technology 

(in population) were optimistic in terms of economic viability, impact on battery, and social acceptance. 

However, the design of the DVGS aims to control the behavior of the charging EVs without performing 

vehicle-to-grid (V2G) technology. This could provide another view for the capability of EVs to provide 

frequency response. 

• A dynamic relationship is adopted through the design of the DVGS controller so that the frequency set-

points vary dynamically with the state of charge of the EVs. 

• The whole control algorithm is developed to shape the system operator’s understanding about the 

potential role of residential EVs to provide frequency response and reducing the rate of change of 

frequency (RoCoF). This was done by examining the capability of DVGS control algorithm to provide 

dynamic frequency response to the reduced GB transmission power system model through a 

collaborative work with National Grid. 

• The frequency control algorithm does not interfere with the normal operation of the charging process, 

i.e. every individual EV will be fully charged at the end. This was done by accessing the DVGS with a 

charging control algorithm during critical time. 

• The financial benefits of the aggregated EVs to participate in the balancing service based on the present 

operational practice of the GB power system is investigated. 

 

2 Generic Model of EV Charger 
 

Fig. 1 shows the generic EV charging system [19, 24]. The generic model has a DC–DC converter to step 

down the voltage for the EV charger. The model also contains an inverter connected to the grid. The resistor 



represents the resistance of the reactor and the inverter losses. The inverter is controlled using a pulse-width 

modulation (PWM) switching technique. Active and reactive power controls were used with vector control, 

which was utilised to provide the modulating signals for PWM. 

The current 𝑖(𝑡) in Fig. 1 was governed by a first-order differential equation as shown in (1). 

 

𝐿
𝑑𝑖(𝑡)

𝑑𝑡
+ 𝑅𝑖(𝑡) + 𝑉𝐸𝑉 = 𝑉𝑔𝑟𝑖𝑑                             (1) 

However, the voltage between the EV terminals 𝑉𝐸𝑉 can be written as in (2), where the value of the constant 

𝛼 (0.5 or 1.0) depends on the topology of the inverter. 𝑀 is the PWM modulation index of the inverter, 𝑤 is 

the angular velocity of the grid, and 𝛿 is the angle between the voltage of the grid and 𝑉𝐸𝑉 [24]. 

 𝑉𝐸𝑉 = 𝛼𝑀𝑉𝐷𝐶sin (𝑤𝑡 + 𝛿)                          (2) 

 

 

 

 

 

 

 

 

 

 

 

 

3 Configuration of Electric Vehicles 
 

Electric vehicles have different types of battery systems, but the lead-acid and Li-ion batteries are the most 

relevant technologies [25, 26]. This study considered the use of the lead-acid battery technology for domestic 

EVs. Moreover, the study considered only the slow charging process as this is the most common way to 

charge EVs at home [18]. Thus, the rated power of 3 kW for home charging, typical in the UK is considered. 

A simplified curve fitting method was used to model the behaviour of the EV charging based on an actual 

charging profile given in [19]. Equation (3) was used to fit the behaviour of the actual state of charge 𝑆𝑜𝐶 of 

the EVs, where 𝜇 is the coefficient of the nominal zone, 𝜎 is the coefficient of the exponential zone, and ƞ is 

the charging time constant. Fig. 2 shows the actual and the estimated 𝑆𝑜𝐶 profile, using (3), for an EV with a 

lead-acid battery. According to [25, 26], the speed of charging the lead acid battery is quicker when its 𝑆𝑜𝐶 

is low and slower when its 𝑆𝑜𝐶 is higher. This can be also shown in Fig. 2, for example, at time 0-2 hours, 

the 𝑆𝑜𝐶 has increased by 50% (from 0% to 50%) while between 4-6 hours, the 𝑆𝑜𝐶 has increased by 

approximately 20% (from 75% to 95%).  Every EV requires approximately 5 hours, (if its initial 𝑆𝑜𝐶 is 50%) 

and 3 hours (if its initial 𝑆𝑜𝐶 is 75%) for full charging. Hence, the EVs can participate in the ancillary services 

of the frequency response by disconnecting their charging process whenever they are available for charging.  

 

Fig. 1 The generic EV charging system 
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Fig. 2 Charging profile for lead acid battery 



𝑆𝑂𝐶(𝜇, 𝜎, Ƞ) = 𝜇 + 𝜎𝑒−𝑡/Ƞ                               (3) 

 

4 The Design of DVGS Control Algorithm 
 

The components of the DVGS control algorithm are shown in Fig. 3. The whole control system is setup 

locally next to the charging point. The DVGS is equipped with a frequency sensor to measure the grid 

frequency locally. It is also equipped with a clock to measure the time of day. The user inputs (such as desired 

𝑆𝑜𝐶 and the time that which charging required to be completed) can be managed locally within the internal 

control unit (or may be specified remotely). It is assumed that the population of EVs driven by decentralised 

DVGS units will be distributed widely among the network where the volume of the dynamic frequency 

response can be predicted based on the number of charging units, hence, the unnecessarily centralized control 

with the third party which results in significant time delay can be avoided. However, the third party (such as 

an aggregator or National Grid) can still communicate with the control unit to monitor the power 

consumption. This assumption was also adopted by several studies [6, 18].  

 The control algorithm of the DVGS, outlined in Fig. 3, is divided into three blocks: Blocks A, B and C. 

 

4.1 Charging Control Algorithm  
 

This part is shown in Block A of Fig. 3. The Charging Control algorithm is responsible for controlling the 

charging state of the EV’s battery on the basis of the status of the EV’s 𝑆𝑜𝐶. The Charging Control algorithm 

measures the 𝑆𝑜𝐶 of the EV’s battery and generates the charging state signal 𝑆𝑐ℎ
𝑒𝑣. The Charging Controller 

turns the  𝑆𝑐ℎ
𝑒𝑣  signal to ‘1’ to charge the EV’s battery and to ‘0’ to disconnect the charging. The power 

consumption of a group of EVs can be represented by (4). 𝑃𝑐ℎ𝑟 is the charging power consumed by the EVs’ 

batteries during the normal charging period. 𝑃𝑒𝑣 is the kilowatt power of an EV battery. 𝑁𝐸𝑉 is the number 

of EVs. 

The algorithm of the Charging Controller is explained in Table 1 (rows 1 and 2). As shown in row 1, if the 

𝑆𝑜𝐶 of an EV is lower than 10%, the charging process is prioritised irrespective of the frequency incidents. 

In this case, the Charging  Controller turns the 𝑆𝑐ℎ
𝑒𝑣 signal to ‘1’, and the power consumption of the vehicles 

𝑃𝑐𝑜𝑛 (shown in Fig. 3) is set to 𝑃𝑐ℎ𝑟 based on (4). 

However, if an EV reaches the maximum charging value  (as shown in row 2), the Charging Controller 

disconnects the charging process by setting the 𝑆𝑐ℎ
𝑒𝑣 signal to ‘0’, and hence, 𝑃𝑐𝑜𝑛 becomes 0 kW. 

𝑃𝑐ℎ𝑟 = ∑ 𝑆𝑐ℎ
𝑒𝑣 × 𝑃𝑒𝑣

𝑁𝐸𝑉

𝑘=1
        0% ≤ 𝑆𝑂𝐶 ≤ 90%                                (4) 

 

𝑃𝑉𝐺𝑆 = ∑ 𝑆𝑉𝐺𝐶−1,2
𝑒𝑣 × 𝑃𝑒𝑣

𝑁𝐸𝑉

𝑘=1
        10% ≤ 𝑆𝑂𝐶 ≤ 90%                        (5)  
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𝑆𝑜𝐶𝑟𝑒𝑓  
 

𝑆𝑜𝐶 

𝑆𝑜𝐶max 𝑆𝑜𝐶min 
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𝑁_𝑓𝑟𝑒𝑞  

 

𝐿_𝑓𝑟𝑒𝑞(𝐻𝑧) 
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𝑆𝑜𝐶 
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𝑁_𝑓𝑟𝑒𝑞  

 

50.5 

 

 𝐻_𝑓𝑟𝑒𝑞(𝐻𝑧) 
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0 0 
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𝑆𝑐ℎ𝑟

𝑒𝑣
 

 

𝑆𝑡−𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  

 
𝑆𝑉𝐺𝐶−1

𝑒𝑣  

 
𝑆𝑉𝐺𝐶−2

𝑒𝑣  

 
𝑃𝑐𝑜𝑛 

output 
Modes 

0 0 x x 0 no charging (reached full charge) 

1 0 1 1 1 normal charging 

1 0 0 0 0 low frequency event 

0 0 0 1 1 high frequency event 

1 1 x x 1 forced charging (critical time) 

 
Power consumption from grid (𝑃𝑐𝑜𝑛) 

 𝑓(𝑡) 

Clock (24hr) 

𝑆𝑜𝐶 (EV) 

𝑆𝑡−𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  

Block B Block C 

𝑆𝑉𝐺𝐶−1
𝑒𝑣  𝑆𝑉𝐺𝐶−2

𝑒𝑣  

𝑃𝑒𝑣 = 3𝑘𝑊 

𝑆𝑜𝐶min 

𝑆𝑜𝐶max 

𝑡(ℎ𝑟) 

𝑆𝑜𝐶  

𝑆𝑐ℎ𝑟
𝑒𝑣

 

𝑆𝑐ℎ𝑟
𝑒𝑣

 

1 
0 

 Block A 

𝑃𝑒𝑣 = 3𝑘𝑊  

𝑃𝑐ℎ𝑟  

Decision truth table 

 

 

 

  

 

 

  

 

 

 

 

 

  

 

 

 

 

 

  

 

 

  

 

4.2 Frequency Control Algorithm  
 

This part is shown in Block B of Fig. 3. The second part of the control algorithm is the Frequency Control 

algorithm, which aims to control the grid frequency by disconnecting the charging EVs on the basis of a 

frequency signal. The power consumption of a group of EVs can be represented by (5). 𝑃𝑉𝐺𝑆 is the curtailed 

power obtained by disconnecting the charging EVs during the occurrence of the frequency event. 𝑆𝑉𝐺𝑆
𝑒𝑣  is the 

control state signal which controls the charging state of the EVs from the frequency control side. For instance, 

the Frequency Controller sets 𝑆𝑉𝐺𝑆,1
𝑒𝑣  to ‘0’ to disconnect the charging when there is a low-frequency event 

and 𝑆𝑉𝐺𝑆,2
𝑒𝑣   to ‘1’ for the occurrence of a high-frequency event. 

As shown in Block B of Fig. 3, the frequency controller of each EV was assigned with two frequency set-

points, namely the low- and the high-frequency set-points (𝐿_𝑓𝑟𝑒𝑞 and 𝐻_𝑓𝑟𝑒𝑞, respectively). The threshold 

Fig. 3 Framework of EV frequency control system (DVGS controller) 

 



of these set-points can be adjusted by the operator according to the GB grid code for delivering the service 

[7]. However, the ranges (−0.015 𝐻𝑧, −0.5 𝐻𝑧) and (0.015 𝐻𝑧, 0.5 𝐻𝑧) were assigned to the 𝐿_𝑓𝑟𝑒𝑞 and 

𝐻_𝑓𝑟𝑒𝑞  set-points. The ranges of these set-points were chosen to conform to lower and upper threshold of the 

dynamic FFR service of National Grid with deadband equal to ±0.015𝐻𝑧 [1]. 

The Frequency controller compares the grid frequency 𝑓(𝑡) with the frequency set-points to check for the 

frequency change incidents. As shown in Table 1 (rows 3–5), when the grid frequency 𝑓(𝑡) drops lower than 

𝐿_𝑓𝑟𝑒𝑞 this implies that there is a low-frequency incident. To maintain the health of the EV’s battery, the low 

frequency controller is only activated when 𝑆𝑜𝐶 is greater than 10% The frequency controller then sets 𝑃𝑐𝑜𝑛 

to 𝑃𝑉𝐺𝐶 and 𝑆𝑉𝐺𝑆,1
𝑒𝑣  to ‘0’ on the basis of (5) to disconnect the responsive EVs and reduce the power 

consumption of the EVs. Similarly, if the grid frequency increases to more than 𝐻_𝑓𝑟𝑒𝑞 (as shown in row 5), 

this means that there is a high-frequency incident. The frequency controller then drives the EVs to the 

charging mode (i.e., 𝑃𝑐𝑜𝑛 = 𝑃𝑉𝐺𝑆 and 𝑆𝑉𝐺𝑆,2
𝑒𝑣 = 1) to increase the power consumption. As shown in row 5, if 

the grid frequency 𝑓(𝑡) has a value between 𝐿_𝑓𝑟𝑒𝑞  and 𝐻_𝑓𝑟𝑒𝑞  and also if the 𝑆𝑜𝐶 lies in the range [0% −

90%], this means that there is no frequency event and the normal operation of the charging system has to be 

maintained. Therefore, the frequency controller sets 𝑆𝑉𝐺𝑆
𝑒𝑣  to ‘1’ and 𝑃𝑐𝑜𝑛 to 𝑃𝑉𝐺𝐶 on the basis of (5). 

Then, the all signals (𝑃𝑐ℎ𝑟, 𝑆𝑉𝐺𝐶−1,2
𝑒𝑣 , and 𝑆𝑡−𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) were connected to logic gates to obtain the final power 

consumption from the grid according to the descion truth table shown in Fig. 3. Delay of a minimum 1min 

was given to avoid frequent charging/stop charging actions which may affect the battery life.  

 

 

 

Table 1 Frequency Control Algorithm 

 

CONDITIONS 
CHARGING 

CONTROLLER 

FREQUENCY 

CONTROLLER 

row1 𝑆𝑜𝑐 ≤ 10% 

𝑆𝑐ℎ
𝑒𝑣=1 

𝑃𝑐𝑜𝑛 = 𝑃𝑐ℎ𝑟 Based on 

(4) 

− 

row2 𝑆𝑜𝑐 ≥ 90% 

𝑆𝑐ℎ
𝑒𝑣=0 

𝑃𝑐𝑜𝑛 = 0 Based on 

(4) 

− 

row3 

𝑓(𝑡) ≤ 𝐿_𝑓𝑟𝑒𝑞 

AND 

10% ≤ 𝑆𝑜𝐶 ≤ 90% 

− 
𝑆𝑉𝐺𝑆−1

𝑒𝑣 =0 

𝑃𝑐𝑜𝑛 = 𝑃𝑉𝐺𝑆 
Based on (5) 

row4 

𝑓(𝑡) ≥ 𝐻_𝑓𝑟𝑒𝑞   

AND 

10% ≤ 𝑆𝑜𝑐 ≤ 90% 
− 

𝑆𝑉𝐺𝑆−2
𝑒𝑣 =1 

𝑃𝑐𝑜𝑛 = 𝑃𝑉𝐺𝐶 
Based on (5) 

row5 
𝐿_𝑓𝑟𝑒𝑞  ≤ 𝑓(𝑡) ≤ 𝐻_𝑓𝑟𝑒𝑞    

0% ≤ 𝑆𝑜𝑐 ≤ 90% 
− 

𝑆𝑉𝐺𝑆
𝑒𝑣 =1 

𝑃𝑐𝑜𝑛 = 𝑃𝑉𝐺𝐶 
Based on (5) 

 

 

4.3 Dynamic Relationship between SoC and Frequency Set-points 
 

In this study, the frequency set-points     ) L_freq and H_freq( were chosen to vary dynamically with the SoC 

of the EVs according to the 2nd degree polynomial dynamic shape presented in Fig. 4. The 2nd degree 



polynomial shape was used instead of the linear shape to expand the region of the triggering action which 

causes more EVs to respond quicker to the frequency event. Hence, the whole control algorithm was named 

the Dynamic Vehicle Grid Support (DVGS) control algorithm. The threshold of these set-points can be 

adjusted by the operator according to the GB grid code for delivering the service [7]. However, the ranges 

(−0.015 Hz, −0.5 Hz) and (0.015 Hz, 0.5 Hz) were assigned to the L_freq and H_freq set-points. The ranges 

of these set-points were chosen to conform to lower and upper threshold of the dynamic FFR service of 

National Grid with deadband equal to ±0.015Hz. 

 Equations (6) and (7) were used to generate the 2nd degree polynomial shape in Fig. 4, where 𝑁_𝑓𝑟𝑒𝑞  is the 

nominal frequency with deadband = ±0.015 Hz. 𝑆𝑜𝐶𝑚𝑖𝑛 and 𝑆𝑜𝐶𝑚𝑎𝑥 are the minimum and the maximum 

 𝑆𝑜𝐶 of the EVs. The main reasons to consider this dynamic relationship is: I) to make the frequency controller 

works independently from the system operator because the state of charge will be controlled dynamically 

against the frequency set-points at a local level. Thus, the operator does not need to monitor the state of charge 

of each individual EV in real time and the delay and the cost resulted from the communication system with 

the operator is avoided. II) to ensure a gradual disconnection and reconnection of the EVs in response to the 

grid frequency, avoiding load payback that would results from recharging large number of EVs 

simultaneously after the frequency event , and to prevent the unnecessary charging disconnections. This is 

performed as follows: 

• If the frequency drops to lower than 𝑁−𝑓𝑟𝑒𝑞, the dynamic relationship in (6) assigns a frequency set-

point near to the EV that has  𝑆𝑜𝐶𝑚𝑎𝑥. Then,  with the dynamic shape in Fig. 4(a), the EVs will have a 

gradual disconnection starting from 𝑆𝑜𝐶𝑚𝑎𝑥 and in the descending order toward 𝑆𝑜𝐶𝑚𝑖𝑛. Thus, the 

charging EVs with a low 𝑆𝑜𝐶 level, has less chances to be disconnected when there is a low-frequency 

event. 

• If the frequency increases to more than 𝑁_𝑓𝑟𝑒𝑞, the dynamic relationship in (7) assigns a frequency set-

point near to the EV that has 𝑆𝑜𝐶𝑚𝑖𝑛. After, with the dynamic shape in Fig. 4(b), the EVs will be 

connected gradually to the charging mode starting from 𝑆𝑜𝐶𝑚𝑖𝑛 and in the ascending order toward 

𝑆𝑜𝐶𝑚𝑎𝑥.  

𝐿_𝑓𝑟𝑒𝑞 =
𝑁−𝑓𝑟𝑒𝑞−49.5

(𝑆𝑜𝐶𝑚𝑎𝑥−𝑆𝑜𝐶𝑚𝑖𝑛)2
(SoC − 𝑆𝑜𝐶𝑚𝑖𝑛)2 + 49.5                  (6) 

𝐻_𝑓𝑟𝑒𝑞 =
50.5−𝑁−𝑓𝑟𝑒𝑞

(𝑆𝑜𝐶𝑚𝑎𝑥−𝑆𝑜𝐶min)2
(𝑆𝑜𝐶 − 𝑆𝑜𝐶𝑚𝑖𝑛)2 + 𝑁_𝑓𝑟𝑒𝑞                               (7) 
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Fig.4 10 Dynamic relationship between the frequency set-points and the 𝑆𝑜𝐶 (a) 𝐿_𝑓𝑟𝑒𝑞 set point (b) 𝐻_𝑓𝑟𝑒𝑞 set-point. 



For the simulation of the DVGS Control algorithms, the following assumptions were considered for the 

operation of the charging process: 

• The analysis of this study depends on the number of domestic EVs that can participate in the ancillary 

service of the frequency response only when they are plugged in to the charging. Based on the data 

provided in [18], domestic EVs are usually plugged in to the frequency control unit just when they 

come back home from work (between 17:00-21:00 should be charged by 06:00). At this stage, it is 

very complex to estimate how many EVs can participate in the dynamic frequency response for the 

rest time of day. 

 

• The EVs’ batteries usually come with an initial SoC level before they are plugged into the charger. Thus, 

the initial charging states of the EVs were randomised between 10% to 90% by using a uniform 

distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The simulation results in Figs. 5 and 6 were presented to investigate the effect of the dynamic relationship 

between the EVs’ 𝑆𝑜𝐶𝑠 and the frequency set-points on the charging process with the presence of frequency 

drop. Fig. 5 shows the charging behaviour of 10 aggregated EVs being plugged into the charging point (left 

Y-axis). Fig. 5 also shows that the power consumption of the aggregated EVs has dropped to almost the 

minimum when the EVs are disconnected (right Y-axis). The frequency input signal ƒ(t) was set to a nominal 

value (i.e., 50 Hz), indicating a ‘no frequency’ event. At the beginning, the aggregated EVs consumed a 

maximum power, as all the EVs were charging at the same time. The aggregated power decreased gradually 

as the EVs’ 𝑆𝑜𝐶𝑠 converged to 100%. This was because the Charging Controller disconnected the charging 

process each time the battery reached full charge. When all the 10 EVs reached full charge, the power 

consumption approaches to zero, indicating that the charging process of the all the EVs ended. 

In Fig. 6, a made of test frequency signal (right Y-axis, dotted red profile) was inserted into the model to 

examine the operation of the DVGS controller with the presence of the dynamic relationship given in (6) and 

(7). The frequency profile was given a step drop at 𝑡 = 0.83 hour and a ramp recovery, started from 𝑡 = 1.66 

hour. We can observe that the 10 EVs were charging (Left Y-axis) until the frequency signal dropped suddenly 

to around 49.78 Hz. After the frequency drop, the charging process of nine EVs stopped gradually in 

descending order starting from the highest to lowest 𝑆𝑜𝐶. This was because the frequency set-points 𝐿_𝑓𝑟𝑒𝑞 

exceeded the 𝑆𝑜𝐶 levels of nine EVs (𝐿_𝑓𝑟𝑒𝑞 > 𝑆𝑜𝐶). However, one EV (dashed black curve), which has the 

Fig.5 10 residential EVs being charged and their power consumption 
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lowest 𝑆𝑜𝐶 level, continued its charging process until the end. This EV continued its charging process because 

of the dynamic relationship given in (6), where the frequency set-point 𝐿_𝑓𝑟𝑒𝑞  did not exceed the 𝑆𝑜𝐶 of this 

EV 𝐿_𝑓𝑟𝑒𝑞 < 𝑆𝑜𝐶. After the frequency recovered at 𝑡 = 1.66 hour, the nine EVs started to recharge again in 

the ascending order from the lowest to the highest 𝑆𝑜𝐶. The gradual recharging was based on (7), where each 

EV started to recharge each time its 𝑆𝑜𝐶 value became higher than the 𝐿_𝑓𝑟𝑒𝑞 set-point. This dynamic 

behaviour between the 𝑆𝑜𝐶 and the frequency set-points can be achieved locally in real time, thuse, avoiding 

the two communication ways with the system operator.   

 

4.4 DVGS during the critical time  

 
The algorithm of the charging controller during the critical time  (shown in Block C of Fig. 3) was added to the DVGS 

to ensure that the user will receive his/her EV fully charged in the morning regardless the frequency event. This was 

done by measuring the critical time according to the SoC of each EV during the night. The critical time 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  is defined 

as the remaining time for charging the EV to get fully charged by the morning (before the travelling time). The 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  

is calculated by using (8), where 𝑡𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑖𝑛𝑔 is the travelling time in the morning, 𝑡𝑐𝑢𝑟𝑟𝑒𝑛𝑡 is the current time of the day, 

and  𝑆𝑜𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  is the critical state of charge of the EV. According to (8), the curve between the 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 and 𝑆𝑜𝐶 is 

obtained and is shown in Fig. (7).  

 

𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = [𝑡𝑡𝑟𝑎𝑣𝑒𝑙𝑙𝑖𝑛𝑔 − 𝑡𝑐𝑢𝑟𝑟𝑒𝑛𝑡]  𝑖𝑓 (𝑆𝑜𝐶 ≤ 𝑆𝑜𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  )                   (8) 

 

The control algorithm (in Block C of Fig. 3)  measures both the 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  and 𝑆𝑜𝐶 and generates the critical-charging 

signal 𝑆𝑡−𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 . If 𝑆𝑜𝐶 is greater than the 𝑆𝑜𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , the 𝑆𝑡−𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  is turned to ‘0’ indicating a no critical-charging is 

required. Then, the DVGS will activate one of the other modes stated in the decision truth operation shown in Fig.3 (no 

charging, normal operation, low frequency event, or high frequency event). However, if 𝑆𝑜𝐶 is less than the 𝑆𝑜𝐶𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  

at 𝑡 = 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , the 𝑆𝑡−𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  is turned to ‘1’ and 𝑃𝑐𝑜𝑛 to ‘1’   indicating a critical-charging (forced-charging) without any 

interrupting even if there is frequency incidents. For example, the charging behavior of two EVs (with random initial 

𝑆𝑜𝐶) were simulated with the presence of DVGS algorithm before and after injecting a frequency event as shown in Fig. 

(8). Between times (22:00-22:40), both EVs were charging based on ‘normal charging mode’. A Sudden drop of system 

frequency (around 49.4Hz) was injected at time 22:40 and hence the charging of both EVs were disconnected according 

to ‘low frequency response’ mode.  However, 𝐸𝑉1 has reached the critical time 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  at Point A and therefore the 

DVGS sets 𝐸𝑉1 to ‘critical charging’ mode until it reached fully charge by 5:00 in the morning. At Point B, 𝐸𝑉2 has 

reached its critical time late at point B and was turned to ‘critical charging’ mode. In this way, all EVs were guaranteed 

to reach full charge before the travelling time. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 Case Studies on the Reduced GB Dynamic Power System 

 

5.1 Case Study 1  
 
This case study was conducted through a collaborative work with National Grid. The reduced GB 

transmission power system model was used to assess the capability of the DVGS to provide a frequency 

response to a multi-geographical power system at the national level. This power system was modelled in 

PowerFactory by National Grid and was dispatched according to the National Grid Gone Green 2030 Future 

Energy Scenario. The schematic representation of this model is shown in Fig. 9 [27]; it consists of a 36-bus 

equivalent network representing the National Electricity Transmission System of the GB system. Each 

geographic zone in the model represents the synchronous and static generation units categorised according to 

the fuel types, demand, and HVDC interconnectors. The GB system inertia is predicted to reduce by around 

70% by 2035 as compared to the 2014 levels. Therefore, the inertia constant of the synchronous generation 

units was reduced to 3sec with the system demand equal to 39 GW. 

Aggregated EV models were connected to the 11 zones of the reduced GB model as a close geographical 

reflection to the GB Distribution Network Operators. The number of available EVs at each time of the day 

for the provision of a low-frequency response was estimated by Element Energy for the 2030 medium uptake 

scenario in the Great Britain [18] and was used as an input to the DVGS control algorithm. The aggregated 

total number of responsive EVs was distributed over the 11 zones according to the number of households in 

each zone [28], as shown in Table 2. A 1724-MW generator unit located in zone 23 was tripped at 𝑡 =5sec, 

which represents the level of power infeed risk in the GB power system [7]. 

Fig. 10 shows the power consumption of the EVs in 11 zones after the use of the DVGS controller. It can 

be seen that the EVs provided an immediate zonal frequency response (once the frequency dropped lower 

than the deadband = 49.985 Hz) in proportion to the frequency drop at 𝑡 = 5sec. The total frequency response 

drawn by the aggregated EVs in the different zones was 650 MW. After the frequency recovery, we can see 

that the charging power is recovered smoothly avoiding the load payback that would result from large number 

of EVs start recharging at the same time. 

Fig.7 relationship between the 𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 and 𝑆𝑜𝐶 
Fig.8 Charging behavior of two EVs with respect to low frequency 

event and critical time 
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Fig. 11 shows the grid frequency with and without the use of the DVGS controller. We observed that the 

DVGS controllers of 300k aggregated EVs reduced the frequency deviation from 49.1Hz to 49.57Hz within 

only 8sec and maintained the frequency within the threshold limit defined by National Grid, i.e. ≤ 49.5 𝐻𝑧. 

Fig. 12 shows the total change of the aggregated power output from six nuclear, two gas, one hydro, one 

biomass, and one pump storage generators located in different zones in the reduced GB power system. As can 

be seen, the generation power exhibited a significant reduction after the use of the DVGS controller. 

Fig. 13 shows the total reduction of the charging power after the frequency event. Around 650MW was 

reduced to recover the frequency, which account for 216k responsive EVs. However, there still 84k EVs were 

not responded to the frequency event because they were either reached fully charge before the frequency 

event or their frequency set- points were less than the grid frequency. V2G technology is important to control 

the behavior of the fully charged EVs in response to the grid frequency. However, comprehensive studies are 

required to address its technical benefits in comparison to the economic viability, impact on battery, and social 

acceptance. 

In conclusion, the DVGS control algorithm of EVs could sustain its frequency response for several hours 

depending on the level of the 𝑆𝑜𝐶 and the time of the frequency incident. This was attributed to the fact that 

the population of EVs has different 𝑆𝑜𝐶𝑠 levels and that they do not require a long time to reach full charge 

after the recovery of the grid frequency. The frequency response obtained from the EVs allowed the grid 

frequency to be recovered by using stand-by generation units, responding after hours, rather than using the 

power from the expensive spinning reserve responding in real time. 

 

                  Table 2 Number of EVs in Each Zone 

 

 

 

 

 

 

 

Zones 

number 
Location of Zones 

No. EVs at 

times 18:00-

21:00 

Zone-32 North Scotland 13950 

Zone-27W Central and Southern 17680 

Zone-18 North East England 26500 

Zone-26 North West England 26500 

Zone-14A Yorkshire 26500 

Zone-19 East England 28233 

Zone-15 London 28233 

Zone-10 South East England 28233 

Zone-2 Southern England 24000 

Zone-9 Merseyside, Chershire, North 

Wales, North Shropshire 

19000 

Zone-13 E. Midlands, W..Midlands, S. 

Wales and S. West England 

61500 

`Total  300k  

Fig. 9 Reduced GB 36-bus/substation transmission model 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2 Case Study 2 
 

This case study was conducted to investigate the effect of a population of DVGS control algorithms on the 

rate of change of frequency (RoCoF) during lagre imbalance contingencies applied to the GB reduced 

dynamic power system model.  The RoCoF that would result from large frequency events ranging from 1 GW 

to 3 GW were envestigated, where the size and speed of the power change were very different. The National 

Grid aims to control the threshold level of RoCoF at an early stage following the incident, i.e., (0.5 sec) [29]. 

Figs. (14-17) show the RoCoF at early stages (i.e 0.05, 0.1, 0.2, and 0.5sec respectively) following the 

frequency events with and without the use of DVGS control algorithm. The frequency events were injected 

at time 1sec. Fig. 18 is the change of the charging power drwan by the EVs after using DVGS. We can see 

from Figs. (16-20) that a population of DVGS has reduced the RoCoF at the earliest sub-seconds follwing the 

imbalance contingencies. For example, with the 2GW loss of generation power, the RoCoF has decreased 

from 0.43mHz/sec to 0.4mHz/sec at time 1.05sec, from 0.77mHz/sec to 0.62mHz/sec at 1.1sec, from 

1.15mHz/sec to 0.9mHz/sec at 1.2sec, and from from 0.85mHz/sec to 0.7mHz/sec at 1.5sec. The reduction 

of the RoCoF were obtained when the the DVGS reduced the charging power of the EVs by 20MW at time 

1.05sec, 100MW at time 1.1sec, 450 at time 1.2sec, and 250MW at time 1.5sec (see Fig. 18 with frequency 

event 2GW). With the 3GW loss of generation power, around 600MW from the charging power was curtailed 

at time 0.5 follwing the frequency event by using 230k aggregated DVGS. 
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Fig.11 Variation of frequency after generation loss 
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Fig.12 Change of power output (∆𝑃 ) of aggregated generators 
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5.3 Financial Value of the aggregated DVGS 
 

In this section, the financial benefits of using aggregated DVGS is briefly calculated. National Grid pays a 

total amount of £10.5 million for the total frequency response of 1,345,085 MWh every month through a FFR 

service [30]. We may observe that the total frequency response costs the UK £7.8/MWh per month. Then, the 

value of the aggregated DVGS (in £) to provide frequency response can be estimated using (8), where 𝐸𝑟𝑒𝑠  

in (£/MWh) is the total expenditure of the frequency response per MWh per month,  P𝑎𝑔𝑔𝑟
𝐷𝑉𝐺𝑆 in (MW) is the 
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Fig. 14 Rate of change of frequency without DVGS model at 0.05sec 

following the event 
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Fig. 15 Rate of change of frequency without DVGS model at 0.1sec 

following the event 
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Fig. 16 Rate of change of frequency without DVGS model at 0.2sec 

following the event 
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Fig. 17 Rate of change of frequency without DVGS model at 0.5sec 

following the event 
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Fig. 18 Change of charging power drawn by EVs in response to frequency event 

At time=0.05 after the incident 

At time=0.1 after the incident 
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volume of the frequency response provided by the aggregated DVGS, and t𝑡𝑒𝑛𝑑 in (hr) is the tendered time 

in which the DVGS is nominated to provide dynamic frequency response.  

 

Value (£) = 𝐸𝑟𝑒𝑠  (£/MWh) ∗ P𝑎𝑔𝑔𝑟
𝐷𝑉𝐺𝑆 (MW) ∗ t𝑡𝑒𝑛𝑑                                                      (9) 

   

It is assumed that the domestic EVs are plugged into the charging point after coming back home at time 18:00 

and must be fully charged by 05:00, but can provide dynamic frequency response through that time. Giving 

that the maximum threshold time 7hr for each EV to be fully charged, the t𝑡𝑒𝑛𝑑 equal to 5hr (150 hour in a 

month). In this paper, a total frequenecy response of 650 MW was obtained by connecting 230k responsive 

EVs to the reduced GB power system (assuming that the power rate of each EV is 3kW for slow charging). 

Thus, using (9), the value of the aggregated 230k DVGS is £760,500/monthly (£9.125 million/yearly). The 

value contributed by each individual DVGS controller is £39.7 per year. However, the DVGS unit associated 

with each charging point is estimated to cost £10 (including the hardware and installation cost) [18]. Then, 

the net benefit from each DVGS unit is approximatly £29.7 per year. 

However, this study considered only a slow charging scenario for domestic charging. For fast charging 

scenarios, the power rate of charging is higher (more than 6kW) which significantly increases the value of 

the frequency response contributed from each EV. Also, the above calculations neglected any value that could 

be earned from the reduction of greenhouse emissions (due to reduced part-loading). 

   

6 Conclusion 

 
This paper addressed the contribution of the frequency response ancillary services from the aggregation of 

residential EVs. A DVGS control algorithm was designed to control the behaviour of charging EV on the 

basis of a frequency signal. The DVGS controller has controlled the grid frequency by disconnecting the 

charging EVs according to the frequency signal. Frequency set-points were presented to vary dynamically 

with the state of charge of EVs. Charging controller during the critical time was added to the DVGS to ensure that 

the user will receive his/her EV fully charged in the morning regardless the frequency event. 

  The population of responsive EVs driven by  the DVGS controllers were connected to the multi-zone 

reduced GB transmission power system model, with the predicted low inertia. The DVGS controllers 

distributed over the GB zones achieved an instantaneous zonal frequency response. The presented control 

algorithm helped to reduce the dependency on the frequency response provided by the conventional 

generators. Also, the load payback that could result from simultaneous reconnecting of EVs to the charging 

process is avoided as shown in Fig. 13. The finacial benefits of using aggregated DVGS to provide dynamic 

frequency respose was estimated. 

 The DVGS is a useful method to participate in providing a dynamic FFR service to the GB power system 

for the following reasons: I) The aggregation of EVs using the DVGS control method can provide, in each 

zone, the frequency response threshold of 1 MW, which is specified by National Grid to participate in the 

FFR service [31]. II) The DVGS control algorithm can alter the power consumption of EVs continuously to 

manage the second-by-second changes in the grid frequency.  



Nevertheless, there were around 84k EVs have not provided frequency response because they reached fully 

charged before the occurance of the frequency event. There are some important measures that can be taken to 

address this issue. Firstly, smart charging scenario can be considered to ensure that the domestic EVs will not 

be fully charge by the time defined by the operator. Secondly, Vehicle to grid (V2G) technology is an 

important solution that can be used discharge the EVs back to the grid to provide low frequency response 

when the EVs reach fully charge. However, comprehensive studies are required to address the technical 

benefits of the combination of V2G technology with the DVGS in comparison to the economic viability, 

impact on battery, and social acceptance. 

 

Acknowledgements 
 

The authors gratefully acknowledge Dr. Yun Li and Dr Richard Lerna, the employees at National Grid for 

facilitating the collaboration visit to National Grid and using the transmission GB power system model. The 

authors would also like to acknowledge the EPSRC project ‘‘Ebbs and Flows of Energy Systems” 

(EP/M507131/1) for supporting part of this work. The author would like to thank Mustansiriyah University 

(www.uomustansiriyah.edu.iq) Baghdad-Iraq for its support in the present work. 

 

Appendix 

 

In this section, table 3 is conducted to include a comparative study with other relevant studies presented in 

the literature. 

 

Table 3 Comparative study with other relevant studies 

 
 

Reference Assets 
proposed 
method 

Type of behavior 
type of 

charging 

Dynamic Critical 
charging 

algorithm 
Control setup 

 
 

Current 
Work 

EV DVGS 
Dynamic relationship 
between frequency 
set-points and SoC 

 Suitable for 
dumb 

charging 

Dynamic Critical 
charging 

algorithm 
decentralized  

Ref  [19 ]  EV PFR 

EV control based on 
EV charging load 
using statistical 
analysis  

Suitable for 
different 

charging type 
No decentralized  

Ref [21] EV 
Dynamic 

EV FC 
EV droop control 

 For dumb 
charging 

Forced charge 
boundary 

decentralized  

Refs [22, 32]  EV DFC EV droop control 
 For dumb 
charging 

No decentralized  

Ref [23] EV DDC 
SoC is updated 

dynamically based on 
droop control 

 For dumb 
charging 

No decentralized  

Ref [33] EV FRC droop control   Not specified No 
Centralized/ 

Limited 
communication 

 

 

PFR: Primary Frequency Response 

FC: Frequency Control 

DDC: Dynamic Demand Control 

DFC: Dynamic Frequency Control 

FRC: Frequency Regulation Control 

http://www.uomustansiriyah.edu.iq/
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