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Abstract—Converter-connected resources, such as electric 

vehicles and stationary batteries, are being recognized by grid 
operators as contributors to frequency stability. Their fast-
response potential makes them ideal candidates to provide fast 
frequency control.  

In this paper we discuss and present evidence on what kind of 
dynamics a power system experiences when using electric vehicles 
to provide frequency control. Initially, we present a method to 
assess a system balance by deriving so called system residuals, 
given historical frequency time series and components 
characteristics. The system residuals consist of the non-
controllable, and not explicitly measured, part of generation and 
load. Afterwards, the Danish island of Bornholm, where vehicles 
are used on a commercial basis to provide primary frequency 
control, is used as the test-bed for the investigation. The analysis 
is supported by validating the described components and system 
models against real measurements from the islanded power 
system.  

The key outcome is that the overall response time needs to be 
within 1 second. For the considered system scenarios, the share of 
reserve provided by electric vehicles should be up to 30% to 
improve the system stability. We finally generalize the results by 
highlighting key factors needed to replicate the findings in other 
power systems. 
 

Index Terms—Converter-connected; Electric vehicles; 
Frequency control; Frequency stability; Power system dynamics.  

I. INTRODUCTION 

A. Background 

Currently, power systems mostly rely on controllable 
generation units to steer the balance between production and 
variable consumption. This simple, yet effective, principle is 
challenged by the increase of uncontrollable sources connected 
to the grid. Together with the growth of high voltage direct 
current connections and converter-connected resources, the 
ability of the power system to maintain a stable operation is 
highly reduced due to the reduction in inertia [1]. 

The conventional approach for controlling frequency relies 
on inertia, primary, secondary and tertiary frequency control 
[2]. However, the reduction of rotating inertia challenges the 
effectiveness of conventional ways of maintaining frequency 
stability. In a joint effort to address this challenge, the Nordic 
Transmission System Operators (TSOs) have classified three 
different low-inertia mitigation measures [3], [4]: 
1. Limiting the size of dimensioning incidents in the system. 
2. Quantifying the minimum inertia of the system. 
3. Procuring fast active power reserves, which supplement 

the primary frequency control (PFC). 

One can appreciate that the third measure is the only one that 
determines a new and additional frequency service.  Reference 
[5] discusses fast frequency control services and indicates that 
fast frequency regulation fits storage systems well. Other TSOs 
are exploring the potential of fast frequency services as well, 
and are setting response speed requirements in the range of 0.5 
to 2 seconds, as reported in [6].  

However, frequency provision requirements are still 
designed while keeping in mind the dynamic response of 
rotating generators. This leads to the risky assumption that a 
control scheme designed for rotating machines could work 
equally well for converter-driven units. The focus of this work 
lies on the implications of procuring fast frequency reserve 
with converter-connected resources and on whether set 
requirements are beneficial to frequency stability. Electric 
vehicles (EVs) with bidirectional control capability are taken 
as an exemplary case for the investigation of the method 
proposed in the paper and related validation. The derived 
results are, however, applicable to converter-connected 
resources, being all of them characterized by the absence of 
rotating components and by power response affected by delays. 

B. State of the art 

The ability to control the charging process of EVs with 
bidirectional (namely V2G, vehicle-to-grid) and unidirectional 
charging is key for serving both users and power systems [7]-
[9]. Various commercial and research projects involving EVs 
focus on providing ancillary services and flexibility for the 
power system [10]. Providing ancillary services with tight time 
requirements, such as PFC, can be challenging due to delays 
caused by non-optimized hardware, communication latencies 
and centralized schemes. Smaller, sub-second latencies can be 
achieved with commercial vehicles, as demonstrated in [11], 
though only with unidirectional control.  

Challenges remain when implementing PFC outside a lab 
environment and on a larger set of geographically distributed 
EVs: as discussed in [12] and [13], non-optimized hardware 
and communication infrastructures can determine large 
latencies. Moreover, the presence of bidirectional chargers, 
although increasing the controllable power by allowing both 
charge and discharge, can increase the overall response time 
[14]. A decentralized approach to cope with hardware 
inefficiencies and latencies that simplifies the control and 
communication chain has been suggested in [15], although only 
studied at a theoretical level.  

As in all dynamic systems, latencies are crucial for stability. 
In a previous work, we looked at the frequency stability 
problem when considering system disturbances, but without 
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analyzing the effect of EV latencies during normal operation 
[16]. The lack of real data to capture fluctuations in normal 
operation is also present in [17], where the authors have 
assumed randomly generated fluctuating load time series as 
input: the number of EVs is constant, and the V2G operation is 
considered almost latency-free and without any ramping 
limitation. Reference [18] describes a control strategy for EVs 
providing frequency regulation in a multi-area system 
considering only communication delays and drivers’ behavior: 
a random load input to simulate V2G operation is used.  

The importance of well-designed control loops and methods 
for improving system stability are analyzed in [19], although 
cases only include load steps to perturb the system. EV 
response delays are assessed also in [20], where an H∞ method 
is used to design the control loop and determine the stability 
with fictitious load variations. EVs are also investigated while 
providing frequency control with virtual inertia emulation, 
though their effectiveness is tested only on a simulated level 
[21]. A sizing approach on the fast frequency requirement is 
discussed in [22], however latencies are neglected in the 
modelling approach. Finally, the authors of [23] analyzed the 
contributions of V2G in providing a combined frequency 
response and dynamic grid support, however not including 
transport delays in the response of the vehicles.  

C. Manuscript objectives 

In order to assess system performance during normal 
operation it is necessary to recreate realistic system conditions 
that would require complete observability of all generating and 
consuming units with a fine time resolution. While it is nearly 
impossible to get such information due to the lack of second-
based metering in all consumption and generation points, it is 
easier to get reliable measurements of the electrical frequency. 
From this data and the balance equation of the power system, it 
is possible to recreate the system under analysis. Practically, 
this information can be used to reverse-engineer the balance of 
the power system and calculate what we call “system 
residuals”. As a matter of fact, the system residuals consist of 
the non-controllable, and not explicitly measured, part of 
generation and load. We can therefore recreate a simulated 
system where stability studies can be performed.  

To the authors’ knowledge, no studies published until now 
have considered a complete overview of the aspects necessary 
to perform a comprehensive and validated assessment of the 
influence of converter-connected resources, such as EVs, on 
system stability. Therefore, the key contributions of the paper 
are: 
• A method to derive system residuals given historical 

frequency time series and power plants characteristics. 
• An assessment of the effect of EVs providing frequency 

control on system stability, validated with real data. 
Section II discusses the developed method to derive the 

necessary system residuals from a historic frequency time 
series. Section III describes the model used to characterize the 
analyzed case study with particular focus on conventional 
generating unit (CGU) and aggregation of EVs with 
bidirectional chargers. The proposed method is validated 

against real measurements in Section IV. Section V reports a 
stability analysis to quantify the role of EVs in the system 
balance. Section VI generalizes the results by inferring 
conclusions that can be applied to power systems of different 
sizes and characteristics. Section VII concludes the paper. 

II. INFERRING THE SYSTEM BALANCE 

A. The balance of a generic system 

As discussed in Section I.C, to assess the frequency stability 
of a generic power system during normal operation it is 
necessary to recreate a simulated system capable of capturing 
the dynamics of interest. In order to do so, we need to derive 
the system residuals, whose calculation requires a clear 
understanding of the different inputs and parameters that affect 
the active power balance in general terms.  

The instantaneous balance of any power system can be 
described by the following first order differential equation, 
which highlights the key elements associated with the 
dynamics. The formulation offers a proper description of the 
balance as long as voltages are constant and close to their 
nominal values. All variables are time dependent, therefore 
time (t) is omitted: 

 
 𝑃 + 𝑃 − (𝑃 + 𝑃 ) = 𝐽 ∙ 𝜔 ∙

𝑑𝜔
𝑑𝑡 + 𝐷 ∙ 𝜔 . (1) 

𝑃 + 𝑃  is the sum of the controllable (c) and non-
controllable (nc) generation on the mechanical side (m). 
Controllable generation includes all types of generators for 
which production is adjusted according to the measured 
frequency. This is the typical situation of all generators 
providing regulating reserve. Wind turbines whose generator is 
synchronously connected to the main grid typically fall in the 
nc part, along with other CGUs not providing regulating 
reserve. Converter-coupled wind turbines can be included as 
well, if their mechanical response is controlled by the converter 
[24].  

𝑃 + 𝑃  is the sum of the controllable and non-controllable 
electrical load (e). Controllable loads include all units that can 
be modulated: EVs and heat pumps can fall under this category, 
if subject to a suitable control logic. Solar plants, and in general 
all generation interfaced with a power converter, fall in the load 
part (as negative load) due to the absence of a mechanically 
rotating mass. 

𝐽 is the overall system moment of inertia, which is mostly 
supplied by the controllable generators quota. It is important to 
remember that any rotating machine, regardless if generating 
or consuming power, will contribute to system inertia [25]. All 
generators connected via converter will not provide any 
relevant contribution. Moving towards a renewables-based 
system will tend to reduce overall system inertia, increasing the 
risk of potential instabilities. 

𝜔  and 𝑑𝜔
𝑑𝑡 are, respectively, the electrical rotational 

speed of the system, which means 2π times the electrical 
frequency, and its time derivative. In the rest of the paper we 
will refer to ω simply as frequency. For large power systems it 
is necessary to define a single system frequency due to the 
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presence of multiple machines and interconnectors. Usually, an 
average value is considered as system frequency [26].  

𝐷 is the self-regulating effect of the rotating loads. It 
represents the inherent dependency of some types of loads to 
frequency. An example is electrical motors driving mechanical 
loads whose torque characteristic is either constant or 
decreasing with speed (e.g., fans and pumps): they will tend to 
consume less power if the system frequency drops (and vice-
versa) [27].  

B. Deriving the system residuals  

In order to assess the performance of a specific unit it would 
be necessary to have two identical systems, subject to the same 
external factors: one with the investigated unit and one without. 
While this could be recreated in a laboratory, it is clearly not 
possible when performing assessments on large power systems. 
Reliable and validated models that can properly describe 
system behavior are therefore essential. In this subsection we 
discuss the developed method that will make it possible to 
recreate the dynamics of the system under investigation and 
perform stability analysis. 

Starting from (1), we can see that 𝑃  and 𝑃  can be 
determined with appropriate models. Electrical frequency can 
be measured, while system parameters such as J and D can be 
estimated from generators and loads characteristics. The 
remaining terms 𝑃  and 𝑃  are more difficult to model 
explicitly, due to the fact that they include the power generated 
and consumed by numerous devices. The objective is therefore 
to determine the non-controllable (and unknown) part of 
generation and load, which we call system residuals 𝑃 − 𝑃 .  

Under a set of assumptions, it is possible to reduce the 
complexity of (1) so that the system residuals can be inferred. 
Firstly, since we are interested in the variation of generation 
and load, rather than in their absolute values, we focus on 
deviations (indicated by Δ hereafter). Secondly, as long as 
frequency deviations are in the range of few hundreds of mHz, 
it is acceptable to assume 𝜔  constant and equal to 314 rad/s 
(for a 50 Hz system), which we call 𝜔 . Equation (1) can be 
therefore written as follows: 

 
 ∆𝑷𝒎

𝒄 + ∆𝑷𝒎
𝒏𝒄 − (∆𝑷𝒆

𝒄 + ∆𝑷𝒆
𝒏𝒄)

= 𝑱 ∙ 𝝎𝟎 ∙
𝒅∆𝝎𝒆

𝒅𝒕 + 𝑫 ∙ ∆𝝎𝒆. 
(2) 

In order to simplify the solution of the differential equation, 
we move to the Laplace domain: 

 
 ∆𝑃 + ∆𝑃 − (∆𝑃 + ∆𝑃 ) = ∆𝜔 ∙ (𝐽 ∙ 𝜔 ∙ 𝑠 + 𝐷). (3) 

Our interest is to calculate an unknown combination of non-
controllable (and not explicitly measured) amount of 
generation and load variation 𝛥𝑃 − 𝛥𝑃 . Controllable units 
represented by the terms 𝛥𝑃 − 𝛥𝑃  can be modelled, and 
therefore be explicitly calculated: 

 
 ∆𝑃 − ∆𝑃 = ∆𝜔 ∙ (𝐽 ∙ 𝜔 ∙ 𝑠 + 𝐷) − ∆𝑃 + ∆𝑃 .  (4) 

The reader will notice how the formulation in (4) cannot be 
solved because such a model is non-causal, meaning that the 
output at any given time would depend on future input. 

Therefore, a first order transfer function with a reasonably 
small time constant τ (for example 20 ms) must be included. 
The loss of information caused by the inserted delay is not 
considered critical for the analysis, as it will remove variations 
substantially faster than the ones of interest. This leads to the 
final formulation: 

 
 ∆𝑃 − ∆𝑃 = ∆𝜔 ∙

∙ ∙

∙
− ∆𝑃 + ∆𝑃 .  (5) 

Fig. 1 provides a graphical view of (5) by summarizing the 
resulting dynamic model. It is important to stress that the top 
and bottom blocks, representing controllable load and 
generation, depend on the frequency signal and their model will 
be explained in Section III. 𝛥𝑃  quantifies the output of CGUs 
with prime mover dynamics and droop control action, and 𝛥𝑃  
quantifies the output of the controllable load.  

The reader has to note that, although (5) looks similar to (1), 
in equation (5) we want to derive the unknown combination of 
non-controllable amount of generation and load variation, 
given a frequency time series as input, while in equation (1) 
frequency is the result of known power time series. 

 

 
Fig. 1. Block diagram describing the derivation process of the system residuals 
given a frequency time series and modelled controllable generation and load.  

C. Using system residuals for frequency stability studies 

Our interest is to use the previously calculated system 
residuals to recreate a simulated system where selected 
parameters can be modified. In this way we can perform 
dynamic simulations where the newly calculated frequency 
depends on the system under investigation. Equation (6) 
indicates how the new simulated frequency deviations are 
calculated based on system properties and controllable 
generation and load models.  
 

∆𝜔 =
𝜏 ∙ 𝑠 + 1

𝐽 ∙ 𝜔 ∙ 𝑠 + 𝐷
∙ [−(∆𝑃 − ∆𝑃 ) − ∆𝑃 + ∆𝑃 ]. (6) 

 
It is worth noting that this new frequency deviation is 

indicated as 𝛥𝜔  and is different from the historic frequency 
deviation 𝛥𝜔  that has been used to derive the system residual. 
The resulting model is reported in Fig. 2. As stated at the 
beginning of Section II, all variables are time-dependent and 
both calculated system residuals as well as the new frequency 
deviations are time series. One final remark concerns a 
limitation of the proposed method to geographically large 



4 
 

power systems (such as continental systems), where the 
definition of a single frequency value is not straightforward. 

 

 
Fig. 2. System model used to calculate the simulated frequency deviations 𝛥𝜔  
given system residuals and controllable generation and load models. 

III. MODELLING OF THE CASE STUDY 

A. Bornholm system overview 

The island of Bornholm is chosen as a case study thanks to 
its capability to be operated either synchronously with the rest 
of the Nordic system or in islanded mode, when the 
interconnection cable to the mainland is offline. The local 
utility, besides managing the grid while operating 
synchronously connected to the Nordic system, is responsible 
for keeping the system balanced whenever the island gets 
electrically islanded.  

Due to maintenance operation of the interconnection cable, 
the system was islanded during the night of May 9, 2019. 
During this period primary frequency control was provided by 
only one CGU and an aggregation of 19 EVs with bidirectional 
chargers, furthermore a certain amount of uncontrollable wind 
production was in function, as reported in TABLE I. 
Consumption and wind, which form the non-controllable part 
of load and generation, are only known as average values over 
the selected time period. System inertia is assumed equal to the 
one provided by the CGU called Block 5 (B5) and is described 
in Section III.B. 

Reference [28] gives an overview of the key characteristics 
of generation and consumption on the island. It is worth 
stressing that the data behind the investigation was gathered 
once the island was electrically islanded from the Nordic 
system. During islanded mode the balance of the system can 
also be supported by one or more diesel generators present on 
the island, nevertheless no diesel generators were operated 
during the considered time window.   

 
TABLE I. BORNHOLM SYSTEM OVERVIEW IN THE INVESTIGATED PERIOD 

Parameter 
 

Symbol Value Unit  

Time (UCT) t 01:15:00 – 
02:00:00 

s 

System load consumption 
(average value in the period) 

Pload 19.2 MW 

System wind production 
(average value in the period) 

Pwind 4.2 MW 

Base power of the system (equal 
to B5 base) 

Snominal 29.4  MVA 

Self-regulating effect of the load 
 

D 0.384 MW/Hz 

Self-regulating effect of the load 
(relative value to the load) 

d 2 %/Hz 

System inertia  
(assumed equal to inertia of B5) 

J 2564 kg·m2 

System acceleration constant 
(as above, determined by B5) 

H 4.3 s 

B. CGU (Block 5) model 

The CGU in the analyzed system (B5) is a steam turbine 
power plant fueled with oil, solely used during islanded 
operation. The dynamic model is derived based on a dialogue 
with the local utility and by analyzing previously conducted 
studies, as discussed in [29]. The model consists of a series of 
four blocks: a droop gain, governor and turbine time constants 
(both modelled as first order functions) and a ramp rate 
limitation to account for the regulating speed of the prime 
mover. The values are consistent with parameters from the 
literature [30] and are summarized in TABLE II. The droop 
constant is defined as the ratio between frequency deviation 
and regulating reserve as reported in (7), in both absolute (RB5) 
and relative terms (rB5): 

 
 𝑅 =

𝛥𝑓
𝛥𝑃 ;    𝑟 =

𝛥𝑓
𝛥𝑃 ·

𝑃
𝑓 .  (7) 

 
Fig. 3. Simplified block diagram describing the dynamic model of the CGU. 

TABLE II. CGU (B5) PARAMETERS 

Parameter Symbol Value Unit  
Governor time constant 
 

Tg 0.2 s 

Turbine time constant 
 

Tt 0.3 s 

Electrical generator rating 
(defined as machine base) 

SB5_nominal 29.4  MVA 

Prime mover nominal power  
 

PB5_nominal 25 MW 

Generator nominal speed 
 

ωB5 3000 rpm 

Ramp limit (absolute value) RLB5 0.0042 
0.25  

MW/s 
MW/min 

Ramp limit 
(relative value on machine base) 

rlB5 0.167 
10 

%/s 
%/min 

Droop constant (absolute value) 
 

RB5 0.06 Hz/MW 

Droop constant 
(relative value on machine base) 

rB5 3 % 

Regulating reserve (linear over 
100 mHz) 

RR B5 1.667 MW 

C. Aggregated EV model 

The aggregated EV model is derived from experimental 
work previously carried out on similar equipment installed in 
our laboratory [14]. It consists of a series of four blocks: a 
transport delay, a droop characteristic in the form of a look-up 
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table, a ramp limiter and a gain to account for the number of 
EVs involved. The two key differences compared to the 
dynamic model presented in Section III.B are: the presence of 
the transport delay in the form of e-sτ instead of the first order 

delay 1 (1 + 𝑠𝑇), and a droop characteristic discretized in 

steps of 0.4 kW. The discreteness, as explained in [14], is due 
to the fact that each charger can be controlled with a current 
granularity of 1 A on the DC side. Considering an average DC 
voltage of 400 V on the EV side, this corresponds to changes 
of approx. 400 W per charger. A graphical representation is 
reported in Fig. 4.  

The EV injects into the grid 8.4 kW if frequency is 49.9 Hz 
or lower and will consume 10 kW if frequency is 50.1 Hz or 
higher. At 50.0 Hz, the EV will charge with 0.8 kW. As 
explained in [31], this is needed to ensure that losses in the 
bidirectional charger are not paid by a reduction in the EV state 
of charge. Each charger nominal rating is equal to 9.2 kW. 
An aggregation of 19 chargers determines a reserve of 175 kW 
(discretized in steps of 7.6 kW). Values are summarized in 
TABLE III. The reserve is fully deployed once frequency is 
below 49.9 Hz (discharging) or above 50.1 Hz (charging), 
according to the requirements set by the grid operator [32]. The 
19 aggregated EVs provide a regulating reserve, which is 
approximately 10% of that provided by B5. However, if the 
deviation is larger than 0.1 Hz, B5 will supply more power, 
while the EVs reserve provision will reach its maximum. 
Finally, a ramp limiter is included to consider that the charger 
takes 3 seconds to change from no to full power (either charge 
or discharge) [14]. The resulting rlEV value is equal to 32.6 %/s 
for the aggregation and is also deemed of relevance for the 
stability of the system. In the newly released grid connection 
code for storage systems of the Danish TSO [32] it is requested 
not to be higher than 20 %/s. 

 

 
Fig. 4. EV droop characteristic. Negative power values imply charge. 

 

 
Fig. 5. Simplified block diagram describing the dynamic model of the EVs. 

TABLE III. PARAMETERS OF EV AGGREGATION 

Parameter 
 

Symbol Value Unit  

Number of bidirectional chargers 
 

NEV 19 - 

Measurement&communication 
delay 

e-sτ1 4 s 

Charger delay 
 

e-sτ2 2 s 

Aggregation nominal power 
(defined as machine base) 

PEV_nominal 0.175 MW 

Ramp limit  
(absolute value) 

RLEV 0.057 MW/s 

Ramp limit  
(relative value on machine base) 

rlEV 32.6 %/s 

Ramp limit  
(relative value on B5 base) 

 rlEV_B5 0.228 %/s 

Aggregated droop constant 
(absolute value) 

REV 0.572 Hz/MW 

Aggregated droop constant 
(relative value on machine base) 

rEV 0.20 % 

Aggregated droop constant 
(relative value on B5 base) 

rEV_B5 28.6 % 

Aggregated regulating reserve 
(discrete, in steps of 7.6 kW, over 
100 mHz) 

RR EV 0.175 MW 

IV. MODELS VALIDATION 

A. Overview of key performance indicators 

Before performing the frequency stability analysis, we need 
to validate the models described in Section III. We will do so 
by comparing the simulated frequency generated by the model 
𝛥𝜔  against the historic one ∆𝜔 . We consider the following 
metrics: mean absolute error (MAE), root mean squared error 
(RMSE) and correlation coefficient. The MAE calculates the 
average of the absolute differences between simulated and 
historical values. It is worth noting that both frequency will be 
compared as time series, therefore at each time instance t over 
N samples. MAE is given by: 

 
 𝑀𝐴𝐸 = ∑ |𝛥𝜔 (𝑡) − 𝛥𝜔 (𝑡) |.  (8) 

The RMSE, similarly to the MAE, measures the square root 
of the average of squared differences between simulated and 
historical values. Since the errors are squared before being 
averaged, it weighs more the larger errors: 

 
 𝑅𝑀𝑆𝐸 = ∑ [𝛥𝜔 (𝑡) − 𝛥𝜔 (𝑡)] .  (9) 

MAE and RMSE are complemented with the correlation 
coefficient, which shows how correlated the pattern of the 
simulated and historical signals are. Correlation coefficient 𝜌 is 
defined in terms of covariance (COV) of the two signals, 
divided by the product of the standard deviations of the two 
signals: 

 
 𝜌(𝛥𝜔 , 𝛥𝜔 ) =

𝐶𝑂𝑉(𝛥𝜔 , 𝛥𝜔 )

𝜎 𝜎
. (10) 
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Fig. 6. Models used for system validation in step 1 and step 2 (upper block diagram) and in step 3 (lower block diagram). In all models the validation relies on the 
comparison between historic 𝛥𝜔  and simulated frequency deviations 𝜔  .

The system balance model, including system parameters 
such as inertia, load damping, CGU model and aggregated EV 
model, is validated in Section IV.B. The aggregated EV model 
is also analyzed in more detail in Section IV.C. 

B. Validating the system residual method  

The first validation consists in verifying the method 
described in Section II. The generated system frequency 𝛥𝜔  
is compared against the historic one ∆𝜔 . The historic 
frequency time series has a sampling rate of 0.5 seconds. Since 
the model smallest time constant is equal to 0.02 seconds, the 
variable step solver has a maximum time step of 0.01 seconds. 
The simulations are carried out in Matlab-Simulink 2019b. 

The results are reported in TABLE IV for the three steps that 
will be now explained. The model used for the validation is 
reported in Fig. 6: the model combines the different parts 
explained in Section II and III and is used to create a frequency 
series that tries to match the historic frequency, which is given 
as input in order to calculate the system residuals. If the 
previously described components and system models had no 
non-linearity, one would expect a perfect match between the 
resulting frequency deviation 𝛥𝜔  and the historic frequency 
deviation ∆𝜔 . The validation is performed in three steps in 
order to assess the effects of CGU and EV models. 

 
TABLE IV. SYSTEM MODEL VALIDATION 

Model design MAE 
(mHz) 

RMSE 
(mHz) 

ρ (%) 

Step 1: B5 without ramp limiters 0.5 0.60 99.99 
Step 2: B5 with ramp limiters 6.2 7.66 97.68 
Step 3: B5 & aggregated EVs with 
ramp limiters (complete system model) 

6.7 8.55 97.18 

The objective of the first step is to derive the residuals as 
described in Section II.B and to verify that the method is 
correctly implemented. We want to assess whether the time 
constant τ, needed to make the system causal, is not introducing 
any substantial error. At this point we are not considering any 
ramp limit in the model in order to avoid non-linearity, which 
would make the system non-bijective. In fact, the transfer 
function characterizing the model can be reversed without loss 
of information. The simulated frequency has a correlation 
coefficient almost equal to 100% and a MAE close to zero, 
indicating that the effect of the introduced time constant τ is 
negligible. 

In the second step we include the ramp limiter for B5, which 
is responsible for the increasing mismatch between simulated 
and historic frequency. It is not possible to have an explicit 
validation of the CGU model because measurements of the 
mechanical power on the shaft are not available. In the third 
step, we include the aggregation of EVs with their own ramp 
limiter. The complete (lower) block diagram of Fig. 6 
represents the model used. The increase in error is marginal and 
the system model reported in Section III.D is considered 
validated.  

As seen in TABLE IV, by adding more complexity in the 
model we increase the discrepancy between simulated and 
historic frequency: while this may be rather logical one could 
argue why choosing the more complicated model if the 
discrepancy is larger? The reason for choosing the model 
discussed in step 3 is because it allows us to separate the non-
linear behavior of the CGU and of the EVs aggregation from 
the system residuals. In this way we can explicitly model their 
role and adjust key parameters (such as delays) that will allow 
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us to perform the frequency stability analysis discussed in 
Section V and VI. Practically, the system residuals in step 3 
include load and generation variations that are not deemed 
explicitly relevant for the assessment of the stability.  

C. Validating the aggregated electric vehicle model  

As previously mentioned, it is not possible to have a precise 
validation of the CGU as measurements on the mechanical axis 
are not available, therefore we have to rely on literature models. 
However, it is possible to perform a precise validation of the 
aggregation of EVs. The validation is done on the aggregated 
level by comparing their power output against the chargers 
historical power measurements, which are sampled every 
second. Fig. 7 shows the historic (recorded) aggregated EV 
response (blue curve second subplot) and the simulated 
response through our model (red curve second subplot). The 
simulated response that it would happen if no latencies were 
considered in reported in dashed-black and it is mirroring the 
frequency pattern reported in the first subplot. 

As reported in TABLE III, the EVs respond with an average 
delay equal to 6 s and they are controlled based on the droop 
presented in Fig. 4. Due to the bidirectionality of the chargers, 
the EVs provide active power to the grid (positive power) when 
the frequency is under 50 Hz, and consume (negative power) 
when the frequency is over 50 Hz.   

The MAE is 12.84 kW, which normalized to the nominal 
regulating reserve of the EVs is equal to 7.3%. The correlation 
coefficient is 97.18%. A final remark on this validation refers 
to the fact that the chargers are subject to a state-of-charge 
(SOC) based correction which tends to change the regulating 
reserve if the SOC is either too low or too high, as explained in 
[33]. This type of behavior is considered non-critical to the 
short-term frequency stability of the system given that it is not 
dependent on frequency. Therefore, it is not deemed relevant to 
replicate this response in the model. 

  

 
Fig. 7. Frequency input (first plot) for 1 minute and corresponding aggregated 
EV power (second plot) in the historic V2G case with 6 second delay (blue 
curve), in the simulated V2G case with 6 seconds delay (red curve) and in the 
simulated V2G case without any delay (black dashed curve). 

V. FREQUENCY STABILITY ANALYSIS 

A. Overview of scenarios 

The model described in Section II.C is employed for the 
stability analysis. The analysis includes two cases: normal 
operation, which is reported in Section V.B, and normal 
operation with disturbance, which is reported in Section V.C. 
The main objective of both investigations is to quantify the 
influence of the EV response delay on the frequency stability. 
The reason for assessing both cases is that often in the literature 
normal operation is neglected while response to disturbances is 
taken as a reference case. We will show in our investigation 
that it is important to consider both: the method presented in 
this paper is essential for conducting a clear numerical analysis.  
In order to better frame the influence of the delays, we selected 
the following five scenarios that are applied to both cases 
(normal operation and normal operation with contingency): 
1. No EVs (benchmark) scenario: the aggregated EV active 

power is subtracted from the historic scenario, and the 
system is analyzed only with B5 offering PFC.  

2. 19 EVs (historic) scenario: 19 EVs and B5 are offering 
PFC, as originally recorded. 

3. 50 EVs scenario: 50 EVs and B5 are offering PFC. 
Aggregated EVs are simulated with 6, 1, and 0.5 second 
delays in three different sub-scenarios (3.1, 3.2, and 3.3).  

MAE and RMSE are used to quantify the results. However, 
compared to the validation results in Section IV, equation (8) 
and (9) need to be interpreted as follows: the frequency 
deviations generated by the model 𝛥𝜔  are compared against 
the nominal system frequency (50 Hz). In this way, it can be 
evaluated which scenarios bring frequency closer to 50 Hz. 

 
𝑀𝐴𝐸 = ∑ |𝛥𝜔 (𝑡) − 0|. (11) 

 

𝑅𝑀𝑆𝐸 = ∑ [𝛥𝜔 (𝑡) − 0] . (12) 

B. Stability results – normal operation 

Firstly we assess the stability of the system when EVs are 
providing frequency control during normal operation. The 
calculated system residuals are used as input for the model 
discussed in Section II.D to determine frequency over the 
different scenarios.  In Fig. 8, a 1-minute simulation 
comparison between the historic and the no EVs scenario is 
reported. The upper plot shows the system residuals as 
described in (5), and the lower plot shows the corresponding 
frequency behavior as described in (6).  

TABLE V gives an overview of the frequency stability for 
the different scenarios. The MAE value of 30.8 mHz is the one 
that needs to be made smaller: this means that having more EVs 
should bring frequency closer to 50 Hz and not cause any 
sustained oscillations. From the comparison with the 
benchmark (no EVs) scenario, the historic scenario is slightly 
increasing frequency oscillation amplitudes. Even though this 
increase is just 0.3 mHz (approximately 1% in relative terms) 
in the analyzed 45 minutes, it gives an indication that EVs 
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responding with 6 second delay are not beneficial in normal 
operation and negatively affect the system.  

 

 
Fig. 8. System residuals (first plot) and resulting frequency (second plot) for 
the benchmark scenario (w/o EVs, red curves) and the historic scenario (19 
EVs, blues curves). 

TABLE V. SYSTEM ASSESSMENT FOR 45-MINUTES - NORMAL OPERATION. 
RED IDENTIFIES NUMERICAL RESULTS FOR THE BENCHMARK SCENARIO, BLUE 

FOR THE HISTORIC ONE, BLACK FOR THE 50 EVS SCENARIO. 

Scenario Delay 
(sec) 

RREV 

(MW) 
RRB5 
(MW) 

MAE 
(mHz) 

RMSE 
(mHz) 

1 
(Benchmark) 

- - 1.667 30.8 38.0 

 2  
(19 EVs 
Historic) 

6 0.175 1.667 31.1 38.4 

3.1 
(50 EVs) 

6 0.460 1.667 93.3 108.9 

3.2 
(50 EVs) 

1 0.460 1.667 24.0 28.8 

3.3 
(50 EVs) 

0.5 0.460 1.667 20.4 24.3 

 
The rest of TABLE V reports the results for the scenarios 

with 50 EVs. In these cases, a clear trend can be observed: the 
smaller the delay, the smaller MAE and RMSE. Only the cases 
with 0.5 and 1 second delay result in smaller MAE and RMSE 
compared to the benchmark case. This strongly suggests that a 
6 second delay (or more) would not be acceptable with an 
increasing number of vehicles providing frequency control 
with such a droop-based approach.  

Fig. 9 presents selected results for a 1-minute period. As 
explained in Section II.C, each scenario has the system 
residuals as input reported in the first plot. With the 6 second 
delay simulation, it can be seen that employing a higher number 
of EVs destabilizes frequency. Period and amplitude of the 
frequency and the MAE are larger in the 6 second delay 
scenario compared to the 1 and 0.5 second scenarios. 

Fig. 10 shows the probability density functions of frequency 
values over 45 minutes for the five scenarios. It is clear how 
the 50 EVs scenario with 6 second delay is increasing the 
frequency variability. On the contrary, the 50 EVs scenario 

with 0.5 and 1 second delay determine a narrower distribution 
compared to the benchmark and historic case. 

 

 
Fig. 9. System residuals (first plot); frequency (second plot) for scenarios 1, 2 
and 3.1; frequency (third plot) for scenarios 1, 2 and 3.2; frequency (fourth 
plot) for scenarios 1, 2 and 3.3. 

 

 
Fig. 10. Frequency distribution for each scenario: comparison between 
benchmark (red), historic (19 EVs) with 6 s delay (blue), 50 EVs with 6 s delay 
(black), 50 EVs with 1 s delay (brown) and 50 EVs with 0.5 s delay (grey). It 
can be seen how both benchmark and the 19 EVs scenario have similar trend, 
while the lower the delay, the tighter the distribution is.    

C. Stability results – normal operation with disturbance 

The scenarios are now investigated with the addition of a 
disturbance to the system residuals previously considered. A 
temporary 1-MW wind generation loss event is included in the 
system residuals, corresponding to a 5% step with reference to 
the load. Since we are analyzing a contingency, we also include 
the calculation of the maximum rate of change of frequency 
(RoCoF) in the investigated period based on the formulation 
reported in equation (13) and using a Δt equal to 200 ms, as 
discussed in [11]. 

 
𝑅𝑜𝐶𝑜𝐹 = max[

( ) ( ∆ )

∆
]  . (13) 
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As shown in Fig. 11, the generation event is only added for 
30 seconds because, while it is of interest to study the behavior 
of the system during the transient, it is still relevant to calculate 
MAE and RMSE for the whole 45-minute period. It is assumed 
that a manual secondary reserve, normally dispatched by the 
control operator, removes the 1-MW imbalance. As it can be 
seen in the upper plot of Fig. 11, system residuals incorporate 
the 1-MW deviation which is part of the non-controllable 
generation. The lower plot shows the resulting frequency in 
selected scenarios.  

 

 
Fig. 11. System residuals, with 1-MW event for 30 seconds added (first plot); 
system frequency (second plot) for the benchmark (red), historic (19 EVs) with 
6 s delay (blue), 50 EVs with 6 s delay (black), 50 EVs with 1 s delay (brown) 
and 50 EVs with 0.5 s delay (grey). The 50 EVs scenarios with 1 s and 0.5 s 
determine a frequency response almost identical, while the larger swings of the 
50 EVs with 6 s are more visible. 

TABLE VI reports the results for all scenarios. Also in this 
case the benchmark is the scenario without EVs in the system 
(scenario 1). The key learning from this set of results is that the 
same pattern of large delay and large number of EVs is causing 
larger MAE and RMSE. 

 
TABLE VI. SYSTEM ASSESSMENT FOR 45-MINUTES WITH 1-MW EVENT. RED 

IDENTIFIES NUMERICAL RESULTS AND CURVES FOR THE BENCHMARK 

SCENARIO, BLUE FOR THE HISTORIC ONE, BLACK FOR THE 50 EVS SCENARIO. 

Scenario Delay 
(sec) 

RREV 

(MW) 
RRB5 
(MW) 

MAE 
(mHz) 

RMSE 
(mHz) 

RoCoF 
(Hz/s) 

1 (Bench- 
mark) 

- - 1.667 36.3 51.6 0.151 

 2  
(19 EVs - 
Historic) 

6 0.175 1.667 34.3 48.8 0.151 

3.1 
(50 EVs) 

6 0.460 1.667 94.7 111.9 0.156 

3.2 
(50 EVs) 

1 0.460 1.667 26.0 34.1 0.151 

3.3 
(50 EVs) 

0.5 0.460 1.667 22.5 29.9 0.145 

 
On the other hand, when we consider 0.5 second delay 

scenario, EVs are improving both RoCoF and minimum 
temporary frequency (nadir), while the 1 second delay is only 
improving the nadir. Since the reduction of the RoCoF is not 

part of the control objective, the overall improvement of this 
metric in the different scenarios is rather limited. This can be 
seen in the first 15 seconds of the second plot of Fig. 11. The 
scenario with 19 EVs and 6 second delay, although not 
improving RoCoF and nadir, is contributing to a faster recovery 
of the frequency deviation. This leads us to conclude that even 
with such delay, EVs are still beneficial when the system 
experiences large contingencies. Activating the EVs with a 
threshold-based approach rather than the traditionally 
implemented droop-based approach is a possible solution. This 
type of approach resembles under-frequency load shedding 
protections, which are designed to disconnect a predefined 
share of load at a given frequency. 

VI. RESULTS GENERALIZATION 

The results gained from Section V are extended for 
providing guidelines that can be used in power systems with 
different characteristics and mix of regulating reserves. During 
the time period of this investigation, it is known that the 
primary reserve available for the control operator is 1.842 MW 
(1.667 MW from CGU and 0.175 MW from EVs), fully 
released for a 100 mHz deviation. As primary reserve is a 
market product, the system operator is not interested in the 
amount of EVs providing it, but in procuring the same amount 
of reserve for a specific hour. Therefore, in this section the total 
primary reserve amount is kept constant: when increasing the 
numbers of EVs we reduce the reserve from the CGU (by 
increasing its droop gain). Each 5% step corresponds to 10 
EVs. Therefore, the 25% EV share is equal to 50 EVs providing 
frequency control with the characteristics discussed in Section 
V. By performing different sensitivities, we highlight the 
influence of different parameters on the frequency stability: 

1. Ramping rates of the conventional unit (see Fig. 12). 
The delay of the EVs is kept constant to 1 second, and 
the system inertia is kept constant to 4.3 seconds. 

2. System inertia (see Fig. 13). The delay of the EVs is kept 
constant to 1 second, and the ramping rate of 
conventional units is equal to 0.25 MW/min. 

3. The delay of the EVs (see Fig. 14). The system inertia 
is kept constant to 4.3 seconds, and the ramping rate of 
the conventional unit is equal to 0.25 MW/min.  

In all cases EV ramp limits are kept constant. The scenario 
used for the generalization reported in Fig. 12 and Fig. 13 is the 
one with 1 second delay, as the most conservative approach that 
is beneficial for the system in most cases. The results 
highlighted with the black line refer to the same system 
conditions reported in Section V while changing the share of 
reserve provided by EVs. The other lines instead report results 
while changing one specific system parameter at the time. The 
authors wish to highlight how the recently released Danish grid 
code for stationary batteries participating in frequency control 
is requiring a 1 second maximum response time for deploying 
the regulating reserve [32]. As of today, this requirement does 
not apply to V2G chargers, even though V2G chargers are 
treated as stationary storage in the grid code.  
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Fig. 12 shows that the larger the ramping rates of the CGU 
gets (meaning the faster the unit is in changing its power 
output), the smaller the improvements of MAE are when 
increasing the share of EVs. The results are obtained with an 
increasing number of EVs (5% at the time) and constant system 
inertia. In all ramping cases, it can be said that 30% reserve 
share from EVs is the upper limit before system performance 
starts deteriorating.  

 

 
Fig. 12. Stability analysis keeping the same system inertia, but changing the 
ramp limit for CGU in function of the EVs share in the total reserve. The results 
highlighted by the red line are determined by ramp rates equal to 0.5 MW/min, 
the ones by the black line are with rates equal to 0.25 MW/min, and the ones 
by the light blue line are with rates equal to 0.125 MW/min. 

Fig. 13 describes the case when ramping of CGU is kept 
constant, but inertia and EV reserve share is changing. It is clear 
that a reduction in system inertia is progressively making the 
response of EVs less effective, even if their overall response 
time is only 1 second. Therefore, the smaller the system inertia, 
the smaller the amount of EVs that can be accepted before 
system performance starts to deteriorate. Ramping rates of 
CGU play a critical role when having a small share of EVs in 
the reserve provision. It is clear that replacing slow-responding 
units with fast regulating EVs is improving the stability of the 
system. On the other hand, system inertia is critical when the 
share of EVs increases and the lower the inertia gets, the 
smaller is the amount of EVs that can be employed. The 
advantage of reporting system inertia in terms of accelerating 
constant H makes it easier to transfer the results to different 
power systems. 

Fig. 14 reports the case where both ramping rate of the CGU 
and system inertia are kept constant but the delay of the EVs is 
changed from 0.5 s to 2 s. It can be seen that the minimum MAE 
decreases when reducing the delay and when increasing the 
share of EVs in the total reserve. However, the presence of the 
transport delay that characterizes the response of converter-
connected units ultimately compromises the frequency stability 
of the system when their share increases. It is interesting to 
observe how the minimum for the different curves tends to 
move towards the right side of the plot (high share of EVs) in 
the moment that the delay decreases. However, a 2-second 

delay does not bring any improvement to the stability of the 
system with any share of EVs. 
 

 
Fig. 13. Stability analysis keeping the same ramp limit for the CGU, but 
changing the system inertia (H) in function of the EVs share in the total reserve. 
The results highlighted by the brown line are determined by H equal to 4.3 
seconds, the ones by the blue line are with H equal to 2.15 seconds, and the 
ones by the black line are with H equal to 1.075 seconds. 

 
Fig. 14. Stability analysis keeping the same ramp limit for the CGU and system 
inertia, but changing the EV delay in function of the EVs share in the total 
reserve. The results highlighted by the light green line are determined by EV 
delay equal to 2 seconds, the ones by the black line are with delay equal to 1 
second, and the ones by the pink line are with delay equal to 0.5 seconds. 

VII. CONCLUSIONS AND FUTURE WORK 

The investigation demonstrated that converter-connected 
resources are capable of providing fast frequency control and 
contribute to the frequency stability as long as certain 
conditions are fulfilled, primarily response time and share in 
the total reserve. This is in line with the key principles of a 
dynamic system where the controlling action is realized with a 
proportional based controller activating a unit after a delay.  

The analysis started by discussing how to derive the system 
residuals given historical frequency time series and power plant 
characteristics. This was done in order to recreate a simulated 
model that characterizes the normal operation of a generic 
power system. The method was applied to the Bornholm power 
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system and validated by using EVs with bidirectional 
controllability as specific type of converter-connected 
resources. 

A reduction in system inertia and regulating reserve for PFC 
from CGUs determines faster frequency dynamics, which can 
only be properly balanced if the aggregation of EVs is 
responding fast enough. The 1 second threshold is identified as 
a target requirement and this is supported by the new version 
of the Danish grid code for stationary storage. Considering the 
control characteristics analyzed, a share of 30% EVs in the total 
regulating reserve is seen as a recommended limit for the 
investigated system inertia and ramping limits of CGU.  

The current dynamic performance of EVs providing 
frequency control is not suitable in stabilizing the system if the 
number of EVs increases. This does not mean that EVs, even 
nowadays, cannot be used for providing frequency control: for 
example a threshold based activation logic, mimicking under-
frequency load-shedding protections can still be beneficial 
even if the response time is larger than 1 second.  

In future works we will focus on validating the approach also 
on larger power systems, such as the Nordic power system 
where the definition of a single frequency is not 
straightforward, as well as investigating the consequences of 
different types of controlling actions on the aggregation of 
converter-connected resources.  
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