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A B S T R A C T   

Grid frequency support is one of the most challenging issues in wind rich islanded power systems. This problem 
becomes critical with the displacement of synchronous generators and their associated services (i.e., inertia and 
primary operating reserve). The services that are lost can be replaced by other sources, such as demand response 
schemes to enhance the resiliency and security of power system operations. Demand response based on internet 
data centers is expected to become an increasingly important asset to make a significant contribution to fre-
quency ancillary services. To exploit this resource, internet service companies are expected to combine the ca-
pabilities of a variety of data centers to participate as a single provider similar to a virtual power plant. In this 
context, this work develops a novel framework for cooperative participation of data centers delay-tolerant 
workloads and backup power supply units to provide effective fast frequency response service. This is ach-
ieved by employing the model predictive controller to initiate reference signals to data center resources while 
respecting device operating conditions and constraints. Various case studies are run on the modified linear model 
of the 39 Bus system via dynamic simulations for the projected 75 % system non-synchronous penetration. 
Simulation results demonstrate the potential of different data center configurations to stabilize grid frequency 
during signal delays and severe cascade failures. The analysis shows that the proposed framework is critical to 
the adoption of renewable energy and reduces the requirement for an expensive spinning reserve used in a 
typical power system.   

1. Introduction 

Internet data centers (IDC) have emerged as major electricity con-
sumers that accounted for 2 % of the total global final electricity demand 
in 2019 and are expected to reach 8 % in 2030 [1]. Data centers are 
anticipated to become a significant segment and major energy consumer 
of the Irish power system. There is currently approximately 1000 MVA 
contracted demand capacity to large energy consumers, primarily IDC 
[2]. The installed capacity of IDC infrastructure is anticipated to reach 

nearly 1100, 1400 MVA, and 1900 MVA in the low, median, and high 
demand forecast scenarios respectively [2]. The forecasted build-out per 
future scenario out to 2028 is shown in Fig. 1. Analysis by Ireland’s 
transmission system operators (TSOs) EirGrid and SONI shows that de-
mand for IDC in the median scenario will account for 29 % of the total 
system electricity demand by 2028, making IDC the fastest growing 
energy consumption subsector [2]. However, the good news is that IDC 
technologies are highly automated and technically can adapt their 
power consumption in a fine-grained way using a variety of power 
management techniques at different levels of data center architecture (i. 
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e., hardware, workload, infrastructure, and applications) [3]. 
The potential expansion in the numbers and scales of IDC should be 

considered, especially in light of the energy system undergoing its own 
engineering, corporate and social changes due to government regula-
tions for greenhouse gas emissions to combat global warming. The 
outcomes of the intergovernmental panel on climate change (IPCC) 
2018 report were evident, globally carbon-neutral by 2055, to stand any 
chance of enduring by the Paris Agreement and to minimize the po-
tential impacts of catastrophic runaway global warming [4]. It can be 
argued that electrical power systems are among the easiest energy 

supplies to decarbonize when compared to transportation and heating. 
As part of the climate action plan, the European Union (EU) has set 
ambitious targets to produce 54 % of the gross generated electricity mix 
from renewable sources by 2030 [5]. Among the EU countries, Ireland 
has set itself the challenge of sourcing 70 % of its electricity generation 
from renewable energy, predominantly variable speed wind generation 
(VSWG) by 2030 with no generation from peat and coal [2]. The system 
is currently operating at 70 % system non-synchronous penetration 
(SNSP) [6] and there will be requirements to be able to operate with 95 
% generation coming from non-synchronous resources to achieve 2030 

Nomenclature 

List of abbreviations 
CPP Conventional power plants 
CPU Central processing unit 
DR Demand response 
DFIG Doubly-fed induction generator 
DVFS Dynamic voltage frequency scaling 
EMS Energy management systems 
FFR Fast frequency response 
HVDC High voltage direct current 
HWLI High wind low inertia 
IBR Inverter based renewable 
IDC Internet data center 
IR Inertia response 
IT Information technology 
ISC Internet service companies 
LSI Largest single infeed 
LFC Load frequency control 
LWHI Low wind high inertia 
MPC Model predictive controller 
MWMI Medium wind medium inertia 
NWHI No wind high inertia 
POR Primary operating reserve 
PV Photovoltaics 
PMU Phasor measurement units 
RoCoF Rate of change of frequency 
SNSP System non-synchronous penetration 
STAR Short Term Active Response 
SLA Service level agreement 
TSO Transmission system operators 
UFLS Under-frequency load shedding 
UPS Uninterruptable power supply 
UK United Kingdom 
VSWG Variable speed wind generation 

List of symbols 
GDB Synchronous generators deadband 
GRC Generation rate constraint 
KIRi RoCoF controller gain 
KUPSi Fast frequency response controller gain 
KDRi Demand response controller gain 
KCCP Synchronous generator distribution coefficient factor 
KW Wind farm distribution coefficient factor 
ΔPmi Power generation in an Area 
ΔPLi Total demand in an Area 
ΔPwi Wind power generation in an Area 
ΔPtie,i Tie-line power flow between two adjacent Areas 
ΔPFFR Volume of fast frequency response power 
ΔPUPS Aggregated UPS power 
ΔPDR Aggregated IT load capacity 
PIR Virtual inertia response 

Pmin
UPS UPS minimum power 

PFFR Fast frequency power 
Pup

FFR Regulation up 
Pdown

FFR Regulation down 
Pmax

UPS UPS maximum power 
ΔPUPSi

ref Reference power of a UPS in a data center 
EUPS (t) UPS delivered energy 
Pmin

DR Minimum available demand power 
Pmax

DR Maximum delivered demand power 
dp+/dt UPS ramp up rate limit 
dp-/dt IT load ramp down rate limit 
df/dt Rate of change of frequency 
Δfi Frequency deviation in an area 
fDB,CPP Synchronous generator frequency deadband 
fDB,FFR Fast frequency response deadband 
fo Nominal system frequency 
ρ Air density 
A Swept area 
Cp Indicates power coefficient 
Vw Wind speed 
λ Tip speed ratio 
β Pitch angle 
Hi Inertia constant of an Area 
Di Damping coefficient of an Area 
N Set of controlled Areas 
M Number of participated UPS and IT loads 
αi Sharing factor 
Ri Synchronous generators droop coefficient 
SoCmax UPS maximum state of charge 
SoCmin UPS minimum state of charge 
TR Response time 
TFFR Sustained response time 
τd Delay time 
τa Actuation time 
τc Communication delay 
TIR RoCoF controller time constant 
TDRi IT load FFR controller time constant 
Tij Tie-line synchronizing torque coefficient 
UUPSi UPS control signal 
UDRi IT load control signal 

List of SI units 
kW kilowatt 
kWh kilowatt hour 
MW Megawatt 
MVA Megavolt ampere 
p.u. per unit 
Hz Hertz 
mHz millihertz 
s second 
ms millisecond  
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targets [7]. 
The increased levels of inverter-based renewables (IBR) (i.e., wind 

turbines, and solar photovoltaics (PV) systems) and high voltage direct 
current (HVDC) interconnectors) impose new previously unseen chal-
lenges to real-time power systems operational control. This is because 
IBRs are not electromechanically coupled to the utility grid, and thus the 
inertia of their rotating mass, as in VSWG, is not exposed to the trans-
mission network. Consequently, large penetrations of IBRs further dis-
places the amount of spinning mass and necessitates a significant 
reduction in the overall power system inertia [8]. It is this rotating mass 
that gives the system its property of inertia. Namely, the inertia makes 
the system reluctant to a change in its angular velocity, and frequency. 
In addition, at the grid-scale of IBR, the number of online synchronous 
generator units providing primary operating reserve (POR) reduces, 
meaning that the system is less able to handle the loss of large infeeds, 
and not as effective with remaining stable during significant faults [9]. 
Consequently, the instantaneous balance between generation, demand 
and power grid management in real-time is becoming a challenging task 
for TSOs [10]. 

A direct threat from low system inertia and spinning reserve is a 
larger and faster rate of change of frequency (RoCoF) with higher fre-
quency deviation (nadir). Extreme RoCoF and frequency nadir are 
highly undesirable as they contribute to triggering the anti-islanding 
RoCoF protection relays followed by load shedding, which in turn may 
lead to cascading failures and eventually complete system blackout 
similar to that which occurred in the South Australia 2016 blackout 
[11]. Similarly, on August 9th, 2019, two power plants were tripped in 
the United Kingdom (UK) and consequently, system frequency reached a 
nadir of 48.8 Hz [12]. This resulted in triggering the under-frequency 
load shedding (UFLS) protocols which affected one million customers, 
and numerous factories and facilities. 

Currently, uncertainties associated with the operation of IBR are 
handled by means of the spinning reserve of conventional generators 
[9]. However, significant penetrations of IBRs can potentially reduce 
interconnection frequency response if they are not operated with fre-
quency sensitive mode. Alternative system frequency services (e.g., 
virtual inertia response (IR) and fast frequency response (FFR)) are 
being explored by countries like Ireland, UK, and Australia to securely 
operate the system with high IBRs [13]. The FFR aims to deploy re-
sponses with a shorter time delay (i.e., less than or equal to 2 s from the 
start of the event) than traditional droop-based response, thereby 
enhancing extreme frequency deviations [14]. Thus, if the service is 
provided from renewable resources or from demand response (DR) that 
is entirely supplied by renewable energy, it will not only be at par with 

traditional regulation mechanisms in terms of efficiency but it will also 
be environmentally friendly. 

The motivation of this analysis lies in the fact that IDCs represent a 
particularly promising sector for the adoption of DR programs to help 
create a balance in the future low inertia power grids. However, the key 
challenge remains the commitment of the IDC sector to drive to net-zero 
carbon as part of their social corporate due diligence to support grid 
operators and governments to achieve renewable and sustainable energy 
targets. The biggest hurdle to truly analyzing this opportunity, so that 
regulators can support such a grid support service, is the commercial 
sensitivity and availability of IDC operations datasets. Important ques-
tions arise are, first what data structure required to predict and control 
IDCs that could enable real-time IR and FFR services? What is the po-
tential impact of IDCs in the future of frequency control as synchronous 
generation fraction reduces? 

In this context, this research proposes a radically new approach for 
rebalancing frequency deviation at grid-level using the joint advantages 
of the on-site uninterruptable power supply (UPS) and information 
technology (IT) workload shifting. A model predictive control (MPC) as 
an optimization-based control scheme has been applied in the coordi-
nation control of different IDC resources to enhance the whole power 
system stability. The MPC method appears to be promising to integrate 
all the aforementioned aspects into a uniform problem formulation [15]. 
The capability of the MPC to compute optimal control signals based on 
predictions of future state evaluation has made it an attractive controller 
for IBR to provide FFR service [15,16], virtual IR response [17], and 
power system frequency regulations [18]. Furthermore, utilizing MPC 
for IDC load control has recently gained attention due to the controller 
capability of incorporating state-space network model and disturbance 
forecasts while taking the device operational constraints [19,20]. This 
analysis adds to the literature while particularly focuses on a framework 
that aims at leveraging IDCs fast response capabilities to real-time 
control signals, thereby managing system frequency rapidly and guar-
anteeing secure operation of the power system at 75 % SNSP. The main 
contributions of this paper are listed below: 

1. A centralized MPC based FFR framework that enables internet ser-
vice companies (ISC) to detect signaling from the grid and provide a 
coordinated response from UPS systems and IT load reduction is 
presented. The proposed framework can be added as an additional 
layer to the current frequency response services.  

2. The MPC method is implemented, which can act as a catalyst to send 
reference signals to the IDC participants to provide reliable fre-
quency support while respecting the IDC operational constraints. The 

Fig. 1. The expected installed capacity from assumed build-out of IDC large energy users in Ireland.  
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negative impact of the IDC operational constraints on the FFR pro-
vision is also examined.  

3. Extensive sensitivity analysis is carried out emphasizing future 
operational dispatches with large penetration of IBRs which do not 
provide POR capabilities. The effectiveness of the proposed frame-
work on the important system frequency metrics (i.e., RoCoF, nadir, 
time to nadir, and settling frequency), following credible and non- 
credible cascading disturbances, is demonstrated.  

4. The impact of uncertainties associated with the variability of wind 
power generation and communication delays are also investigated. 
The capability of the MPC controller to reject disturbances during 
various delay signals is assessed. 

The rest of the paper is organized as follows: Section 2 presents an 
overview of data center participation in DR. The proposed IDC frame-
work is given in Section 3. This is followed by the model of the IDC using 
the MPC method in Section 4. Simulation results and discussion are 
illustrated in Section 5. Section 6 concludes the work with some 
remarkable future directions. 

2. Background study 

Power consumption in IDCs can be broadly categorized into power 
consumed by IT equipment (i.e., servers, storage, networks) and infra-
structure (i.e., cooling, lighting). In a typical data center, IT power 
consumption accounts for 50 % of the total power consumed [21]. This 
is followed by the cooling system with 35 %, electrical losses attributed 
to the UPS energy conversion with 11 %, and lighting with 4 %. The 
server power consumption can vary to some degree depending on the IT 
workloads. The practical use of IDC assets in the ancillary service market 
can be best attributed to two key reasons.  

1. Data centers utilize an array of batteries with a number of redundant 
UPS systems that could be used to provide instantaneous grid support 
during disturbances.  

2. The cloud of modern era IDCs can dynamically adjust their power 
consumption via various strategies to participate in FFR services. 

2.1. Uninterruptable power supply 

The primary task of the current UPS systems is to take inbound power 
and produce high-quality constant output power for the IT servers. 
Furthermore, they protect IDC critical loads during power supply failure 
for a very short interval of time, usually, less than 1 min until the onsite 
backup generators start [22]. Although the required energy for a typical 
IDC during disturbances is comparatively less than the installed UPS 
capacity [23], the current UPS systems are technically not enabled 
and/or utilized to provide the ancillary services to the grid. 

However, if the UPS system were reconfigured and upgraded, they 
could provide system frequency services during disturbances. This job 
requires additional functionalities to be implemented in the power- 
electronics converters to enable them to receive control signals. There 
are significant efforts underway within the industry (e.g., Eaton’s En-
ergy Aware 93 M and 9395P UPS systems) to incentivize modern UPS 
design with bi-directional converters and in-built control algorithms 
that can feed power back to the grid in the event of disturbance [24]. 
Indeed, this idea has been proposed and examined for primary and 
secondary frequency response in Refs. [25,26] respectively, as well as 
for FFR service in our previous works in Refs. [10,27]. Nonetheless, the 
potential benefits from this resource are not investigated in the presence 
of high wind power generation which is the main focus of this research. 

2.2. IT loads 

The cloud of modern era IDCs can dynamically adjust their power 

consumption via various strategies to participate in FFR services. The 
most common mechanisms amongst these modern era IDCs are work-
load migration [28,29], dynamic capacity provisioning [30], and dy-
namic voltage and frequency scaling (DVFS) [31,32]. In the former 
technique, the IDC power demand from one particular geographical 
location can be massively and discretionarily moved to another area via 
the data network. This offers both temporal and spatial load regulation 
by utilizing geographical load balancing techniques. Accordingly, the 
cooperative IDCs can act as an important DR resource to help ISCs 
reduce their energy costs. 

It is essential to note that the average required time for IDC server 
migration could take up to 8 min [32]. Similarly, capacity provisioning 
deals with turning ON and OFF the computing servers to adjust the 
segregated power consumption of the IDCs. This method, however, re-
quires a long actuation time as well as the ON and OFF transition process 
of the servers leading to higher energy consumption. Nonetheless, DVFS 
deals with the central processing unit (CPU) frequency alteration to 
minimize the server’s overall power consumption. The main disadvan-
tage of these techniques is their significant impact on the service level 
agreement (SLA) performance degradation in terms of average response 
time and job deadline violations [23]. 

Moreover, the majority of the existing work in IDC DR has been 
mainly focused on the development of mathematical algorithms for 
optimizing the price performance of different IDCs in the DR market. For 
instance, in Ref. [19] the authors performed IDC cost optimization using 
MPC based deferrable jobs in order to increase renewable energy usage. 
Furthermore, the MPC based control framework to leverage IDC cooling 
systems, delay-tolerant workloads and enable UPS units to participate in 
price-based DR services and to minimize IDC operational costs devel-
oped in Ref. [20]. At faster timescales, the joint optimization of IDC and 
plug-in electric vehicles (EV) for frequency regulation examined in 
Ref. [31]. Similarly, a synergic control strategy that combines power 
management of IT loads and cooling systems to provide frequency 
regulation using proportional, integral, and derivative controllers 
studied in Ref. [32], but no reference to system-level frequency studies. 
In another work, the potential of IDCs in the ancillary secondary fre-
quency response services explored in Ref. [33], but again without fre-
quency analysis. 

Importantly, the main focus of literature has been on the application 
of IDCs on a timescale of hours or longer [34], which wastes the full 
capability and effectivity of IDCs as DR resources. When the level of 
system inertia reduces, the timescale of interest shrinks to seconds or 
less. The broad goal of this analysis is to help fill this research gap that 
considers joint advantages of IDC load shifting and UPS systems at high 
wind power generation. The most tempting significance of load post-
poning is its instantaneous reaction time with guaranteed SLA avail-
ability [35]. As we are aiming for the FFR service, the fastest possible 
timescale less than 2 s, real-time workload shifting is of interest rather 
than CPU throttling or workload migration. Load shifting or resched-
uling provides flexibility to temporarily delay non-critical workloads to 
future timeframes for the sake of reducing IT power consumption. The 
workloads in a typical cloud computing environment have flexibilities in 
terms of SLA (e.g., agreements of backup services do not necessarily 
need to be carried out instantly) when the operation should be per-
formed. Nonetheless, they require a frequent backup operation, and 
their availability is maintained at a high level, such as 99.99 % [35]. 
Compared to other types of electric loads, IT servers are well-suited to 
participate in real-time frequency services because of their fine granu-
larity controllable power consumption (not ON/OFF) with fast ramp 
rates [36]. However, utilizing the fundamental IT resources corresponds 
to the available amount of workloads that need to be completed. An 
empirical field study by Lawrence Berkeley National Laboratories 
(LBNL) [37] demonstrated that in a typical IDC, 15 % of the total IT 
workloads could be shifted for up to several hours. 
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3. Proposed IDC framework for FFR service 

In the above context, a novel centralized FFR framework is devel-
oped to manage a portfolio of IDCs in a typical ISC. The proposed 
method is conceptually summarized in Fig. 2, which identifies four 
participants in the DR scheme, namely power system, TSO, IDC central 
controller interfaced with the power system control center, and energy 
management systems (EMS). System frequency and RoCoF are measured 
from each area of the power system by utilizing a number of phasor 
measurement units (PMU) sparse in the network. The PMU devices use a 
global positioning system (GPS) to transmit real-time snapshots of the 
frequency with small time-steps of 20 ms [38] via communication 
channels. These data are processed in the central controller enabling 
regulation signals (R(t)) for the IDC central controllers to provide FFR at 
time instant (t). 

It is to be noted that from the system operator perspective, the faster 
IDC response is desirable to quickly offset frequency deviation at the 
early stage of the disturbance. Thus the current scheme of FFR service 
mandates delivery of the contracted resource magnitude within 2 s from 
the start of the disturbance while incentivizing quicker response times 
[14]. However, from the IDC perspective, controllable IT loads may not 
immediately respond due to the actuation delay as well as delay asso-
ciated with the communication signals received at the IDC central 
controllers. Currently, a variety of communication techniques are 
deployed in wide-area monitoring systems such as fiber optic, telephone 
lines, satellite links, etc. each method has a certain delay that is in the 
range of 100 ms, 200 ms, and 500 ms respectively [39]. The significant 
impact of these delays on the dynamic performance of the system fre-
quency response will be considered in Sub-Section 5.3. 

3.1. System operator 

The system operator is the licensed entity that continuously monitors 
demand and supply variations. The main task of the TSO is to pre-set a 
frequency defense plan against disturbance based on the availability of 
inertia and wind penetration level in the system. Here the TSO is 
assumed to receive regular information about the capability of IDC re-
sources participating in the FFR service from the IDC central controller. 
Accordingly, the TSO runs an optimization process to prioritize the 
available resources in each area, considering constraints within the 

system inertia, spinning reserve, and transmission line capabilities. This 
process does not need to be conducted in real-time and is only required 
when there is a significant change in the system status (i.e., level of wind 
power, and FFR resource availability) [38]. This is a stand-a-lone control 
system that is updated periodically during which the TSO requests 
required response latency e.g., ramp rate limit (dp/dt), MW volume of 
response power (ΔPFFR), response time (TR), and sustained time (TFFR) 
from IDC central controllers. 

3.2. Central controller 

Data centers providing ancillary FFR services remain in normal 
operational condition until called upon during large disturbances to 
reduce their power consumption. Once the dispatch command R(t) is 
received, based on the nature of the signal (e.g., regulation up or down 
∈ [Pup

FFR, Pdown
FFR ]), the IDC central controller uses a number of local MPCs to 

assign reference signals (UUPSi) and (UDRi) to each resource participating 
in the FFR service to counteract a part of the estimated disturbance, as 
shown in Fig. 2. The controller computes control actions based on the 
state space predictions to prevent threshold violation of system fre-
quency deviations while respecting IDCs resource level constraints. It is 
assumed that the central controller has full knowledge of the status and 
characteristics of IDC servers and UPS systems and can perform direct 
control actions in communication with the EMS. This assumption is 
considered for simplicity and transparency, and to set upper and lower 
constraints on IDC response capability. 

The first control signal (UDRi) minimizes the power consumption of 
the IDC servers at the most beneficial time, demonstrating suitable 
efficient predictions of the system needs for active power to arrest sys-
tem frequency drop as quickly as possible. The second command signal 
will be issued to the UPS system (UUPSi), the objective of which is to 
provide the fastest maximum power response in the event of frequency 
disturbances, thereby contributing additionally to the FFR service. The 
MPC method places reference active power order for the UPS in each 
delivery period to participate in the FFR service in which ∀ ΔPM

UPSi ∈

[Pmin
UPS, Pmax

UPS ]. When the FFR service is delivered, IDCs can transition all 
resources back to normal operation after TFFR following the event 
initiation. This procedure is implemented in cooperation with the IDC 
EMS and named a low-level real-time control process due to the 
instantaneous response (i.e., TR < 2 s). 

Fig. 2. Structure of the proposed centralized real-time FFR framework.  
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3.3. Data center energy management 

The EMS responds autonomously to the central controller frequency 
deviation signals through optimal management of the IDC non-critical 
workloads (e.g., video streaming). Here it is assumed that EMS imple-
ments the first come first out (FIFO) policy for scheduling server jobs 
while respecting SLA. Based on the available and forecasted nonessential 
workloads, the EMS computes the aggregated power capacity (ΔPDR) 
and drives a virtual droop curve (KDR) for the server load power con-
sumption. Similarly, the statutes of the UPS systems (i.e., available 
power (ΔPUPS), and state of charge (SoC) levels) will be estimated to 
allocate enough storage capacity for the critical IT loads while 
respecting the FFR request signals. In this analysis, the steady-state 
SoCmax of the UPS is set to 80 % and no power exchange with the 
network during the load flow operation [40]. With this setting in place, 
there will be a 20 % tolerance to protect against transient 
over-frequency disturbances. Different from conventional energy stor-
age, the SoCmin of the UPS system is set to deplete down to 40 % to 
prolong the UPS lifetime and to account for worse case scenarios if the 
power system completely crashed to recover from the frequency event. 

4. Dynamic modeling of grid-scale IDC for frequency response 
analysis 

4.1. Dynamic modeling of the power system under study 

This subsection presents the dynamic model of the ith Area in a 
Three-Area simplified 39 Bus system. It is to be noted that the remaining 
two areas are identical except that IDC resources are only integrated into 
Area 1. As illustrated in Fig. 3, conventional power plants (CPP) are 
available to participate in load frequency control (LFC) and system 
balancing services during steady-state and transient events. The CPPs 
are equipped with a steam turbine, which includes both fast and slow 
power system dynamics. The variables (Tgi and Tti) represent generator 
governor and turbine time constants, respectively, whereas βi is the area 
bias factor, in which detailed parameters associated with the system can 
be established [18]. Furthermore, constraints and conditions required 

by real power systems are also considered (e.g., generation rate 
constraint (GRC) is applied to the CPPs). The GRC of non-reheat thermal 
generation is set at 12 % p.u. MW/min to be consistent with the Irish 
grid code requirements for normal operating frequency variations [41]. 

Load frequency dependence is set to 1 p.u., to capture the essential 
characteristics of the load, and lumped into a damping constant (Di) 
using the system base of 1000 MVA. Furthermore, an area control error 
(ACEi) is applied with the help of a proportional-integral-derivative 
(PID) controller for the provisioning of the secondary frequency con-
trol loop. Under normal operation, the generator deadband (GDB) is 
specified as (0.03 %) to maintain system frequency deviations (Δfi) 
within the nominal permissible range (fDB,CPP = ±15 mHz) [41]. How-
ever, in the event of serious generation/demand imbalance, associated 
with the rapid frequency change, the primary frequency control of 
synchronous generators will be activated. These generators deploy 
droop coefficients (Ri), setting between 3 % and 5 % according to the 
Irish grid code for the provision of primary frequency response. Reserve 
from conventional resources is limited to 75 % of the largest single 
infeed (LSI) to be consistent with the traditionally required POR in 
Ireland and Northern Ireland power systems [42]. 

In this analysis, wind farms based on the doubly-fed induction 
generator (DFIG) wind turbine models are integrated into each control 
area and the detailed parameters associated with the wind generator are 
given in Ref. [43]. It is worth noting that the proposed DFIGs are not 
involved in the LFC and thus the output power variations are directly 
interfaced to the area controller. The variability in wind power is 
modeled using the standard deviation of wind speed multiplied by 
random output fluctuations which are implemented utilizing a white 
noise block along with a low-pass filter in Matlab/Simulink environ-
ment. A cubic function in (1) is used to determine output power gen-
eration from the wind speed data. 

Pwi = 1
/

2.ρ.A.Cp(λ, β).V3
w (1)  

where ρ is the air density, A represents swept area, Cp indicates power 
coefficient, Vw is the wind speed, λ and β are tip speed ratio and pitch 
angle, respectively. Total wind power generation in the system is varied 

Fig. 3. The frequency response model of ith Area in a Three-Area power system with DFIG wind turbine and IDC dynamic models.  
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through four main operational dispatches in which the total system 
inertia and the POR of synchronous generators are systematically 
reduced, as summarized in Table 1. The TSO controls the power gen-
eration dispatch of synchronous generators and wind farms, in each 
area, using CPP distribution coefficient factors (KCCP) and wind farm 
distribution coefficient factors (KW) respectively. It is to be noted that 
the level of wind penetration, in this analysis, reflects the anticipated 
average wind generation in the Irish power system for 2030 [2]. Under 
no wind operational dispatch, the total inertia of the system is expected 
to be about 2410 MW s which corresponds to H = 2.41 s on the system 
base. This value is scaled up to be in line with the current operational 
constraint limit that ensures the all-island inertia does not fall below 23, 
000 MW s [42]. However, in Ireland, the operational limits for the 
system inertia floor are likely to be reduced while deploying a new 
RoCoF limit of 1 Hz/s in 2030 [7]. Thus we run extensive dynamic 
analysis to show the capability of IDCs to facilitate the requisite reduc-
tion in the minimum synchronous inertia level and securely operate at 
75 % SNSP (see Table 2). 

Furthermore, IDC UPS and IT loads are the last two essential ele-
ments in the area controller, with the model parameters found in Refs. 
[17,44], respectively. The UPS and DR units, in this analysis, employ a 
generalized low-order model that holistically presents the flexibility 
constraints of each resource. Although higher-order dynamic models can 
be deployed for the UPS and DR units, the low-order dynamic models 
considered in this analysis are sufficient to evaluate frequency control 
over a short transient time window of 30 s [17,18], and [44]. The control 
design for each of these elements and the algorithm related to their 
operation are described in Sections 4.2 and 4.3. To ensure the system 
robustness and practicality, communication and actuation delay time 
issues with the FFR service have also been fully considered in the system 
design using a time delay (Td = e− sτdi ) block expressed in the Laplace 
domain. The time delay of the control loop is calculated using (2). 

τdi = τci + τai (2)  

where τci presents the communication delay in (s), τai is the server 
actuation delay which is set to 6 ms [31,32]. It is to be noted that one of 
the essential properties of a power system dynamic is related to 
continuous electromechanical oscillations. If delays are increased at the 
input of the controller, the IDCs will begin to inject active power into the 
network quickly in anti-phase with the electromechanical energy of 
synchronous generators. As the system dynamics become fast at high 
wind penetrations, delays can push the action of the controller closer to 
180◦ out of phase with the system electromechanical dynamics. Indeed, 
this is extremely dangerous as it results in frequency overshoot and at 
high SNSP levels, it may drive the system to complete instability. 
Theoretically, the delay time (τd) introduces phase lag (ϕ) in the input 
signal of the controller for an oscillation mode with frequency (f) [45]. 
The magnitude of the phase lag can be determined mathematically using 
(3). 

ϕi = 360of τdi (3) 

As an example, a delay time of 100 ms in a communication channel 
for a dominant frequency of 0.5 Hz can bring in a phase lag of 360o ×

0.5× 0.1 = 18o. Equation (3) indicates that ϕ is affected by both the τd 

and oscillation mode f . For the same f , the corresponding phase lag is 

larger with higher delay signals. Thus generating a phase lead will be an 
essential need in order to compensate for the impact of phase differences 
and neutralize the impact of communication delays. Indeed, a number of 
methods have been developed to approach this issue including delay 
compensators with fixed parameters [46]. Nevertheless, time delay 
compensators are more sensitive to process parameter settings which 
requires self-tuning in complex applications. This has been managed in 
Refs. [47,48] using an adaptive delay compensator, which is out of the 
scope of this paper. 

Now system frequency dynamics of a center of inertia (COI) of the 
complete one area system can be derived from the swing equation using 
(4) and (5). Here the whole system generators in the area are modeled as 
an equivalent synchronous machine. Such a representation is practically 
proven to be sufficiently accurate for dynamic frequency stability [18, 
44], and [49]. 

2Hi
dΔfi

dt
+DiΔfi = ΔPmi − ΔPLi (4) 

Traditionally, the primary and secondary frequency control loops 
were responsible for restoring system frequency deviation following a 
sudden power imbalance in the system. However, the POR is not fast 
enough at high wind power generation. Thus, the combined FFR service 
and POR are essential to arrest and recover the frequency to the nominal 
value using (5). It is obvious that the FFR based on the IDC control loop 
gives more freedom to the TSO to keep the frequency deviation within 
the permissible range. 

Δ̇fi= −
Di

2Hi
Δfi

+
1

2Hi

[
∑N,M

k=i=1

(
ΔPk

mi .KCPP+ΔPk
wi.KW

)
−

∑N,M

k=i=1

(
ΔPk

Li+ΔPk
tie,i

)
+Td

∑N,M

k=i=1
ΔPk

FFRi

]

(5)  

where Δfi is the frequency deviation due to a disturbance in (Hz). Hi and 
Di denote the equivalent inertia constant and damping coefficient in the 
Area, respectively. As an example, if the value of Di is set to 1, it means 
that a 1 % change in the system frequency would result in 1 % of load 
variations [18]. N is the set of control areas which is three in this 
analysis. ΔPmi and ΔPLi are the total power generation and demand. ΔPwi 
presents uncertainty associated with the output power generation of the 
integrated wind farm area i. ΔPFFR,i is the aggregated IDCs response 
power. M is the number of participated units. ΔPtie,i tie-line power flow 
between two adjacent areas can be expressed in (6). From the point of 

Table 1 
System configurations for different operational power dispatches.   

Operational dispatches 
Wind 
penetration 

System inertia (H) (s . 
p.u) 

CPP distribution coefficient 
(KCCP) 

Wind farms distribution coefficient 
(KW) 

Reserve per area (p. 
u) 

No wind high inertia (NWHI) 0 % 2.41 1 p.u. 0 0.375 
Low wind high inertia (LWHI) 40 % 1.446 0.6 p.u. 0.4 p.u. 0.375 
Medium wind medium inertia 

(MWMI) 
60 % 0.964 0.4 p.u. 0.6 p.u. 0.375 

High wind low inertia (HWLI) 75 % 0.602 0.25 p.u. 0.75 p.u. 0.375  

Table 2 
Data center resource parameters.  

Parameters UPS IT loads 

ΔPFFR 250 MW 100 MW 
Power/unit 1 MW 0.335 kW 
Number of units (M) 500 1,755,926 
Gain (K) KIR = 3, KUPS = 2 KDR = 1 
dp(±)/dt [MW/s] 500 200 
TR [s] 0.2 ≥ 0.25 ≥
Td [ms] 100 200 
TFFR [s] 60 90 
fDB,FFR [mHz] 20 20  
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view of power balance, the ΔPtie can be added to the ΔPL of the area. 

˙ΔPtiei = 2π
∑N

j∈N− (i)

Tij
(
Δfi − Δfj

)
(6)  

where Δfi and Tij are the frequency deviation and synchronizing torque 
coefficient of a transmission line between two adjacent areas i and j, and 
N is the total number of areas. 

4.2. FFR resource modeling 

4.2.1. Data center resource coordination 
The dynamic power exchange between the IDC components and the 

power system is modeled using first-order transfer functions to present 
holistically the flexibility and constraints of two types of controllable 
operating resources (e.g., UPS and IT loads). Each IDC UPS system may 
be featured to provide a combination of very fast responding virtual IR 
(PIRi) and fast frequency response (PFFRi). The former is usually instant 
initiation with a response time (e.g., TR ≤ 300 ms) when Δfi is outside 
the frequency deadband (fDB,FFR = 20 mHz), while the latter is a rela-
tively slower response (e.g., TR ≤ 2 s) and larger energy rating [14]. 
These signals are weighted by (KIRi), (KUPSi) and (KDRi) factors to present 
the IR and FFR gains, respectively. The response from the UPS and IT 
loads are coordinated to perform actions considering the characteristics 
and capabilities of each resource so that the net response is quick and 
sustained for a sufficient timescale to handover with the POR and sec-
ondary operating reserve (SOR) services [42]. It is to be noted that a 
number of parameters are used to coordinate each resource participating 
in the FFR (e.g., TR, dp/dt, ΔPUPS, ΔPDR, and TFFR) [38]. This is graphi-
cally illustrated for an under-frequency event using the ideal active 
power-frequency curve in Fig. 4. It is noteworthy, that the response to an 
over-frequency disturbance will follow the same pattern. As can be seen, 
compared to the synchronous generators, a larger deadband is chosen 
for the FFR service in order to accounts for uncertainties associated with 
wind power variability. 

The UPS frequency controller is synthesized by two lag blocks that 
can be added to the power converter to dispatch active power based on 
the swing equation. The inertia response controller is computed based 
on the RoCoF to add extra active power when a disturbance appears. As 
the RoCoF controller is hypersensitive to noise, a low-pass filter is in-
tegrated into the control loop, as in (7): 

PIRi =
KIRi

1 + sTIRi

(
df
dt

)

(7)  

where s denotes Laplace operator, fo ∈ R is the nominal system frequency 
in (Hz), df/dt is the rate of change of frequency (RoCoF) in (Hz/s), PIRi ∈

R is the delivered emulated power in (MW), and TIRi is the UPS RoCoF 

controller time constant in (p.u). Considering that the response time of 
IR of all UPS units is considerably the same across the ISC [16], the IR 
power injected can be approximated using (8). 

PIRi ≈ KIRi

(
df
dt

)

(8) 

For the purpose of this analysis, the UPS units are equipped with the 
selector block that enables the controller to switch between IR and FFR 
based droop characteristic services when required. The overall delivered 
power (ΔPUPSi) can be presented as in (9). 

ΔPUPSi =

[

Δfi
KUPSi

sTUPSi + 1
+KIRi

(
df
dt

)]

UUPSi (9)  

where TUPSi represents the UPS FFR controller time constant. As we have 
implemented an aggregator containing six IDCs, the TUPS values are 
varied between 5 and 7.5 p.u in step 0.5. UUPSi ∈ R represents a control 
signal received from the IDC MPC controller. For proportional sharing of 
the IR among all participating UPS units during disturbances, it is im-
plicit that KIRi1 = KIRi2 = … KIRin = KIR, where KIR ∈ R ≥ 0 is the coor-
dinated IR gain among all UPS systems. Similarly, the droop coefficients 
for all UPS controllers are coordinated through the controller gains to 
specify the rate of change of the UPS power (dp/dt) so that KUPSi1 =

KUPSi2 =… KUPSn = KUPS. Where KUPS ∈ R ≥ 0 represents the coordinated 
FFR gain among all participants. In a typical IDC, there might be more 
than one UPS system that is willing to participate in the FFR service. The 
mean power reference for the ith UPS in the IDC (ΔPUPSi

ref ∈ R) can be 
calculated by a simple proportional algorithm: 

PUPSi
ref =∝i PUPSIDC

ref , with ∝ =
∑M

i=1
∝i = 1  

where M is the number of UPS systems in the IDC, PUPSIDC
ref is the power 

reference for the total quantity of UPS systems participating in the FFR 
service, ∝i is the sharing factor for the ith UPS system. Lastly, the FFR of 
the IDC servers is presented by another transfer function as in (10). 

ΔPDRi =

[
KDRi

1 + sTDRi

]

UDRi (10)  

where TDRi is the time constant of the IT load FFR controller and for 
simplicity, it is assumed that all servers in a particular IDC have the same 
time constants varied between 0.3 p.u and 0.4 p.u, KDRi1 = KDRi2 = … 
KDRin = KDR for KDRi ∈ R ≥ 0 is the controller gain utilized for propor-
tional sharing between one IDC to another. The controller gain can also 
specify the rate at which IT load power consumption (dp/dt) changes. 
UDRi ∈ R is the controller reference signal. Due to the fact that the UPS 
systems are coordinated by a droop frequency controller, the EMS in an 

Fig. 4. Proposed active power-frequency response for coordinating UPS systems and IT workloads.  
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IDC needs to manage a group of IT loads as virtual energy storage with a 
virtual droop curve [49]. Thus, based on the available maximum and 
minimum delay-tolerant loads ∀ ΔPM

DRi ∈ [Pmin
DR , Pmax

DR ], the corresponding 
droop curve can be derived, as shown in Fig. 4. Whereby the response is 
sustained while the frequency recovers to quasi steady-state similar to 
response required from PV power plants in Australia [50]. Practically, 
response duration (TFFR) depends on the sensitivity of delay-tolerant 
workloads. Now the total power dispatched (ΔPFFRi ∈ R) by the ith IDC 
can be formulated using (11). 

ΔPFFRi =
∑M

i=1
ΔPUPSi + ΔPDRi M ∈ R (11)  

4.2.2. Data center resource availability 
This subsection illustrates the excess energy availability in data 

centers using the high demand forecast scenario for IDCs in Ireland in 
2028, as explained in Section 1. Joint participation of 350 MW of IT 
servers and UPS systems for the provision of FFR service is investigated. 
This surplus energy is a result of IT workload shifting and UPS redun-
dancy, respectively. The analysis is based on the fact that IT loads have a 
typical power consumption of 50 % of total data center energy usage 
[21]. It was assumed that each IT server has a typical power consump-
tion of 0.335 kW [32]. The maximum regulation capacity of the IT 
servers is set to 17 % of its nominal power consumptions [31,32]. Thus, 
using the high demand forecast scenario, it is estimated that IT servers 
could participate in DR programs with up to 170 MW for both regula-
tions up and down. 

Furthermore, for the provision of FFR service, the UPS systems are 
only needed for a short period of 10 s after the frequency change, 
meaning they do not require a huge storage capacity. However, they can 
also remain in operation to participate in other ancillary services (e.g., 
POR and SOR services). In this analysis, each UPS device is presumed to 
be equipped with battery capacity for 10 min of autonomy time. This is a 
typical design value in data centers and similar to Ref. [25] is supposed 
to correspond to 167 kWh of energy, meaning 1 MW/UPS for a window 
of 10 min. However, the expected power requirement to securely 
operate critical loads in each IDC during this timeframe is set to 500 kWh 
which corresponds to 3 MW for 10 min. Using the 2 N topology UPS 
redundancy, the total accumulated and total exceeded bi-directional 
energy in the UPS will be 1000 kWh and 500 kWh respectively. With 
this configuration, there will be three UPS systems each with a 1 MW 
dispatch capacity that can be used to inject or absorb power from the 
network during disturbances. Nevertheless, in this analysis, the 
maximum capabilities of both the IT loads and the UPS are constrained 
to 100 MW and 250 MW in each scenario, respectively, using the MPC 
method. Furthermore, the maximum dispatch durations for both re-
sources are limited to the end of SOR service in Ireland and set at 60 s 
and 90 s correspondingly [42]. This is to avoid second frequency dip 
which may appear during the charging process of the UPS. The detailed 
implemented parameters for the proposed IDCs are given in Table 2. 

4.3. MPC based fast frequency response for data centers 

4.3.1. State-space formulation 
In this subsection, the linearized state-space model of a power system 

with integrated IDCs is deduced from (5), (6), (9), and (10). These 
equations represent the complete state-space model of the linear time- 
invariant power system described in Fig. 3 in sub-section 4.1. The dy-
namic model of the IDC and wind farms are also formulated. 
{

ẋi(t) = Aixi(t) + Biui(t) + Eidi(t)
yi(t) = Cixi(t) + Diui(t)

(12)  

xi =
[
Δfi ΔPtie,i ΔPUPSi …ΔPUPS,Mi ΔPDRi…ΔPDR,Mi

]T (13)  

where xi ∈ R2, define the state vector at discrete time step k and ui ∈ RN+1 

denoting a control vector for the IDC resources, yi(t) = Δfi is the output 
vector, Ai, Bi, Ci, Di and Ei are the system matrices and di is the distur-
bance vector. As (12) implies the uncertainty associated with the wind 
power fluctuation is included as a measured disturbance in the state 
space equations. The power system state and input and output matrices 
can be expressed as: 

Ai =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

− Di

2Hi

− 1
2Hi

1
2Hi

…
1

2Hi

1
2Hi

…
1

2Hi

Ptieij 0 0 … 0 0 … 0

0 0
1

TUPS,1i
… 0 0 … 0

⋮ ⋮ ⋱

0 0 0 …
1

TUPS,Mi
0 … 0

0 0 0 … 0
− 1
TDRi

… 0

⋮ ⋮ ⋱

0 0 0 … 0 0 …
− 1

TDR,Mi

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Bi =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0
0 0
KUPSi 0
⋮ KDRi
KUPS,Mi ⋮
0 KDR,Mi

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

, Ci =

⎡

⎢
⎢
⎢
⎢
⎣

1
0
0
⋮
0

⎤

⎥
⎥
⎥
⎥
⎦

T

, Ei =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
2Hi

− 1
2Hi

0 0

0 0

⋮ ⋮

0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, Di = 0 (14)  

di = [ΔPwi ΔPLi]
T ui = [UUPSi UDRi]

T (15)  

where Ptieij = 2π
s

∑3

j∈N− (i)
Tij, N is the set of controlled areas, ui includes the 

control variables for the UPS and DR reference signals (UUPSi) and (UDRi), 
respectively. In this study, uncertainties associated with wind power 
variations (ΔPwi) and load power changes (ΔPLi) are considered as 
disturbance signals. 

4.3.2. Objective function and constraint formulation 
The MPC method implies state measurements to generate reference 

signals (UUPSi and UDRi) for each IDC while optimizing an appropriate 
cost function, as depicted in Fig. 5. The controller combines an opti-
mization mechanism with the system constraints and limitations 
throughout a finite time horizon. Assuming that H = {k, k+1, …, k + N} 
denotes the MPC prediction horizon over Np, and k is the current 
controller time step. As the main interest of this study is in the dynamics 
of the network (5) subject to a sudden power imbalance, the proposed 
optimization problem aims at minimizing frequency nadir to prevent 
critical threshold violations (e.g., 50.5 ≥ Δf ≥ 49.5 Hz) while respecting 
IDC resource constraints. This is the maximum permissible steady-state 
frequency deviation after 1 s following a disturbance [14]. The second 
objective of the optimizer is to minimize the control efforts (ui(k)) over 
the full prediction horizon Np (i.e., ∀k ∈ H) while ensures sufficient IDC 
reserve is available to meet the loss of LSI. It is essential to integrate this 
information into the power system economic dispatch [51,52] in order 
to guarantee the predicted Δf following the loss of the largest generator 
for a given operational dispatch stays above the security threshold limits 
±0.5 Hz. 

The proposed controller utilizes the MPC active set solver, that im-
plements the Knows What it Knows (KWIK) algorithm [17] to periodi-
cally solve the following quadratic programming problem at each step of 
the optimization: 
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J(k)=
∑Np

i=0
{fi(k + i|k) − fo(k + i|k)}2

Qfi

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Term 1

+
∑Nc − 1

i=0
{ ΔuUPSi(k + i|k)}2

QUPSi

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Term 2

+
∑Nc − 1

i=0
{ ΔuDRi(k + i|k)}2

QDRi

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Term 3

(16a) 

s.t. 

xi(k+ 1)=Aixi(k) +Biui(k) + Eidi(k) (16b)  

Δfmax ≤Δfi ≤ Δfmin (16c)  

uUPSimax ≤ uUPSi ≤ uUPSimin (16d)  

uDRimax ≤ uDRi ≤ uDRimin (16e)  

Pmin
UPS ≤ΔPUPSi ≤ Pmax

UPS (16f)  

Pmax
UPS ≤max

t≥TR
PUPS(t) ∀ t ∈ TFFR (16g)  

SoCmin
UPS ≤ SoCUPSi ≤ SoCmax

UPS (16h)  

Eus
UPS =(SoCmax − SoCmin) Ea

UPS (16i)  

Emax
UPS ≤max

t≥TR
EUPS(t) ∀ t ∈ TFFR (16j)  

Pmin
DR ≤ΔPDRi ≤ Pmax

DR (16k)  

Pmax
DR ≤max

t≥TR
PDR(t) ∀ t ∈ TFFR (16l)  

where f(k + i|k) is the predicted output at sampling instant k. Δu(k + i|k) 
= u(k+1) - u(k + i-1) is the predicted reference signal increment. Np and 
Nc ∈ R > 0 are the predicted and the control horizons respectively, their 
values are defined in Table 3. The controller predicts the operational 
states of the shifted workload as well as the SoC of the UPS over a 
window of 2 s, the time that mandates the FFR service to reach full active 
power. When the control horizon Nc (Nc ≤ Np), the quadratic perfor-
mance index of the optimization function satisfies (16a). For a plant 
containing delays, it is good practice to specify Np − Nc≫ τd/

Sampling time. With this setting, the controller will have a complete 

image of the decision variable on the future states in the presence of 
delays. Nevertheless, this setting does not necessarily guarantee long 
time delays as well as stochastic delays which may require complex 
optimization algorithms. Qf, QUPS, and QDR ∈ R ≥ 0 are the weighting 
matrices that compromise the output error and control effort. Sensitivity 
analysis is used to verify the best weights for the controller such that it 
incentivizes the use of control resources at an earlier time step to avoid 
late reactions as well as frequency oscillations near the frequency limit 
resulting from the resource reference signal variations. Small weight 
values mean that the corresponding variable has less impact on the 
overall performance index. In this analysis, the larger weight factor is set 
on the IDC servers as it is assumed to be able to delay workloads and 
sustain for a longer time duration. 

The first term of the cost function is associated with the error in 
system output over the prediction horizon that minimizes the frequency 
deviation metric (Δfi) with respect to the reference signal f(k + i|k). The 
second and the third terms indicate control efforts over the horizon Nc 
that minimize reference signal variations for the UPS and DR units, 
respectively. At the current discrete sampling period k ∈ Z ≥ 0, the 
controller receives the latest available measurements from the data 
center central controller and utilizes state space-based predictions to 
estimate the optimal control sequence u(k), u(k+1), …, u(k + Np-1) over 
a horizon of Np ∈ Z ≥ 0 future sampling time steps to satisfy the applied 
constraints at the minimum cost. Typically, the first control sequence u 
(k+1) is implemented as the actual control signals for the UPS and DR 
units, and the rest of the sequences are discarded. 

Moreover, constraints (16b) and (16c) ensure the security of the 
power system remain within the permissible range (i.e., Δf = ±0.5 Hz) 
while (16d) and (16e) are constraints on the MPC output reference sig-
nals to control the injected power during each sampling instant (k). 
Physical limitations for each resource are also considered using con-
straints (16f) – (16l). These include the upper and lower bounds of the 

Fig. 5. Schematic diagram of the deployed MPC method to control IDC resources.  

Table 3 
MPC method parameter definitions.  

Parameters Values Parameters Values 

Qf 0.51 fo 50 Hz 
QUPS 0.73 uo 0 
QDR 0.82 Np 20 
Sample time 0.1 s Nc 3  
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aggregated power from deferable server jobs as well as the UPS con-
verter limitations. Equation (16h) guarantees the SoC of the UPS bat-
teries does not surpass the predefined values. As the storage cost is 
significantly affected by the maximum installed capacity and the rate of 
energy delivered, these metrics are carefully constrained as follow:  

• Maximum installed capacity (Pmax
UPS): constraint (16g) ensures the UPS 

does not exceed its maximum installed capacity at any time during 
the FFR timeframe (TFFR). This metric is practically essential in order 
to correctly size the converters (i.e., a larger value of Pmax

UPS meaning a 
larger converter will be needed).  

• UPS energy rating: constraints (16i) and (16j) maintain the 
maximum useable energy (Eus

UPS) during the whole period of the 
disturbance within the total available energy (Ea

UPS) at any time (t). 
The maximum amount of energy supply determines the requisite 
storage capacity that highly contributes toward the overall storage 
cost. 

Similarly, the remaining constraints (16k) and (16l) are applied to 
limit the maximum deferred power consumption of the IDC loads. 

4.3.3. Disturbance predictor 
A disturbance predictor is an essential part of the MPC method which 

is used to continuously predict the disturbance magnitude over the 
prediction horizon. This can significantly affect how far the controller 
can forecast future disturbances and how precisely the controller can 
select the control variables. Nevertheless, this research aims for the FFR 
service such that the prediction is going to be over a very short time 
period. Thus, for the purpose of simplicity and practicality of the model, 
a straightforward approach has been employed to predict frequency 
deviation in swing equation (4) during which the predicated disturbance 
power Pd(k+1) is assumed to be equal to the current measured distur-
bance Pd(k). This assumption is in agreement with the previously 

utilized MPC method for IR and FFR applied to grid-friendly distributed 
energy resources and wind farms in Refs. [15,16] respectively. 

5. Results and discussions 

The proposed IDC models with their control loop parameters have 
been implemented in MATLAB/SIMULINK platform. The dynamic per-
formance of the system IDC frameworks is evaluated inside a simplified 
model representing the governor, inertia, and damping of the well- 
known standard 39 Bus New England system, as depicted in Fig. 6. As 
shown, the New England system is divided into three control areas with 
relevant loads, generators, and network data which can be found in 
Ref. [18]. The generalized LFC of one area of the system is described in 
Fig. 3 in Section 4.1. The New England grid is augmented with six 
geographically distributed energy-intensive IDCs integrated into Area 1. 
For simplicity, it is assumed that all IDCs in the area are owned by two 
ISC that provide internet-scale services with low latency and high reli-
ability. The two ISCs share the same parameters, each of which partic-
ipates in the IR and FFR services with a number of UPS and DR units, as 
described in Section 4.2. 

Three operational scenarios are presented to evaluate the potential 
resilience benefits from the proposed IDC framework. Scenario 1 illus-
trates the capability of FFR from IDC resources to facilitate secure 
transactions to high wind power generation. The impact of different IDC 
resource configurations on the system frequency nadir, time to nadir, 
RoCoF, and tie-line stabilities under credible disturbances are exten-
sively discussed. In Scenario 2, the importance of various IDC resources 
following non-credible cascaded system failure that may trigger UFLS 
protection relays are explored in the presence of wind power un-
certainties. Lastly, the effect of communication and actuation latencies, 
that may appear during the response of IT servers, on the system fre-
quency dynamics are examined in Scenario 3. 

Fig. 6. The modified IEEE 39 bus system including data centers ISC, central controller, and wind farms.  
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5.1. IDC benefits in low-inertia systems 

Dynamic performance of the power system with IDCs as a source of 
IR and FFR service is investigated using six case studies. For each case 
study, the disturbance is generated through a step change in active 
power with a value of 500 MW in Area 1 at 0 s and the test conditions are 
recorded for 30 s. This contingency reflects the outage of one of Ireland’s 
LSI machines or current HVDC interconnectors with Great Britain.  

• Case A: No IDC support  
• Case B: UPS as a source of FFR service  
• Case C: UPS joint with sustained IT loads as a source of FFR service  
• Case D: UPS as a source of inertia response (IR)  
• Case E: UPS as a source of inertia and FFR service (FFR-IR)  
• Case F: UPS as a source of inertia and FFR service (FFR-IR) joint with 

sustained IT loads 

5.1.1. Effect of IDC on the frequency response 
The impact of wind penetration on the dynamic frequency response 

can clearly be seen from Case Study A in Fig. 7. As shown, the system 
frequency nadir as well as the quasi-steady-state frequency dropped 
significantly with the increased penetration of wind power generation. 
As an example, in dispatch NWHI, system frequency dropped to 49.59 
Hz as a nadir, whereas for the same disturbance in dispatch HWLI, the 
frequency reached a nadir 48.81 Hz due to low inertia conditions. 
Indeed, in the Irish power system, such frequency decline could even-
tually breach both the Short Term Active Response (STAR) relay and the 
UFLS limits that automatically disconnects voluntarily contracted cus-
tomers on the distribution network for the frequency deviations below 
49.3 Hz and 48.85 Hz, respectively [41]. These results demonstrate that 
the capability of the active frequency response of synchronous genera-
tors becomes insufficient when the system is operated with high wind 
power generation that does not provide POR service. Thus additional 
under frequency containment supports are required to securely operate 
the system at 75 % wind penetration. This is where IDCs equipped with 

Fig. 7. System frequency response for different wind penetration levels (a) no wind high inertia (NWHI), (b) low wind high inertia (LWHI), (c) medium wind 
medium inertia (MWMI), and (d) high wind low inertia (HWLI). 
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frequency sensitive modes can play an essential role. 
The impact of the proposed FFR method on the system frequency 

dynamics for the population of 350 MW IDC resources is compared in 
Fig. 7. Case Study B is conducted to examine the capability of the 
aggregated UPS systems to participate in the FFR service. Nevertheless, 
the impact of joint operation of 250 MW UPS system and sustained 100 
MW IT loads on the frequency deviation is shown in Case Study C. 
Frequency responses for the same wind operational dispatches are 
recorded. 

It is obvious that IDC UPS systems can arrest system frequency nadir 
above the tolerable limit for up to MWMI dispatch during which system 
frequency is arrested at 49.5 Hz. However, as demonstrated in dispatch 
HWLI, the aggregated IDC UPS supports failed to fully compensate the 
disturbance and thus the frequency is contained at a minimum point of 
49.35 Hz. This has resulted from the constraints that the controller ap-
plies to the converter maximum power dispatch. It is essential to note 
that the addition of another 100 MW IT loads in coordination with the 
UPS units was able to enhance system frequency over the timeframe of 
the FFR and POR services. Clearly, the frequency deviation is arrested at 
49.43 Hz as a nadir which is marginally higher than Case B but it is still 
below the tolerable limits. Similarly, the post nadir frequency reaches a 
quasi-steady state at 49.75 Hz which is lower than the NWHI dispatch 
which settles at 49.9 Hz. Generally, the steady-state frequency is higher 
in the case when joint support is provided from the UPS and DR units. 
This is because of the capability of IT loads to reduce their power con-
sumption and sustain for the complete duration of the POR in contrast to 
the UPS units that exactly follow the system frequency trace. 

The analysis is further developed to examine the impact of IR service 
on the system frequency performance. With this feature in place, the 
UPS can provide higher energy at the beginning of the disturbance in 
response to the system RoCoF. Shown in Fig. 7, system frequency traces 
for the three new case studies (D, E, and F) at different wind penetration 
levels. As illustrated, IR based UPS controller can considerably extend 
the time window of frequency deviation. It is worth noting that with an 
increasing level of wind penetration, the potential impact of virtual IR 
on the system frequency nadir increases. This clearly indicates that at 
high wind power generation, the system is highly dependent on the 
proposed IDC units to support system frequency. 

A summary of the main indicators (i.e., nadir and time to nadir) used 
to assess the frequency response in each case study is provided in 
Table 4. It can be observed that severe and fast nadir is reached at high 
wind generation when the level of system inertia is extremely low. As an 

illustration, in dispatch NWHI Case A, system frequency reaches a nadir 
of 49.56 Hz after 4.3 s from the start of the event. However, for the same 
case in dispatch HWLI, the nadir of 48.81 Hz is reached after 3.13 s. This 
is an extremely short time for the remaining synchronous generator to 
activate the POR. Consequently, it takes less time for post-contingency 
frequency to move outside the permissible operating range. In fact, in 
the Irish power system, the POR triggers within 5 s from the start of the 
disturbance and remain in operation for up to 15 s [42]. Indeed, these 
results identify that this kind of response is too late to maintain system 
frequency dynamics within a safe margin at 75 % wind power genera-
tion. However, as shown, the IR controller slows down the rate at which 
system frequency drops. Thus it increases the time required for the 
frequency to reach the nadir and allows enough time for the remaining 
online synchronous generators to actively contribute to the system fre-
quency containment. This is obvious from the HWLI dispatch as illus-
trated, the time to nadir increased from 3.13 s in Case A to 4.9 s in Case 
D. Thus it can be concluded that the availability of FFR service from IDCs 
plays a dominant role in maintaining frequency stability following the 
outage of LSI, by offsetting the impact of faster system dynamics. 

The aggregated power dispatch from all IDC resources in response to 
the considered disturbance for all case studies are compared in Fig. 8. 
These graphs illustrate constraints applied on the IDC maximum power 
dispatch for the low wind dispatch NWHI and the high wind dispatch 
HWLI while the remaining two dispatches are middle-ground and their 
response trajectories are similar. As shown, the response from IDC IT 

Fig. 8. Aggregated power injection from the UPS and DR units in response to the transient event for the low and high wind power dispatches.  

Table 4 
Summary of the main indicators used to assess frequency response for all 
dispatches.  

Parameters Case study NWHI LWHI MWMI HWLI 

Frequency nadir [Hz] A 49.56 49.36 49.14 48.81 
B 49.67 49.58 49.49 49.35 
C 49.73 49.65 49.57 49.43 
D 49.59 49.4 49.28 49.03 
E 49.7 49.6 49.57 49.5 
F 49.75 49.69 49.65 49.59 

Time to Nadir [s] A 4.3 3.85 3.63 3.13 
B 3.19 2.45 1.87 1.46 
C 2.86 2.04 1.65 1.34 
D 5.23 5.11 5.04 4.9 
E 4.04 3.62 3.47 3.43 
F 3.77 3.27 3.07 3.0  
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loads is coordinated with the UPS systems using the formerly mentioned 
parameters (i.e., TR, dp/dt, and TFFR). It should be noted that, once the 
IDC IT loads are activated, they follow a constant trajectory and sustain 
for the complete duration of the event. In contrast, the UPS systems are 
equipped with dynamic droop mode that continuously tracks system 
frequency deviations for any variation outside the deadband limits. This 
means that the rate of power change (dp/dt) mainly depends on the 
controller time constants and specified gains in response to the system 
frequency deviation. 

As demonstrated from these graphs, the capability of DR units 
participating in the FFR service is constrained by the maximum avail-
ability of delay-tolerant workloads which was set to 100 MW. Thus, in 
all dispatches, the DR units reduce quickly and sustain at − 100 MW in 
order to minimize stress on the contribution required from the UPS 
systems. However, since IT loads do not suffice to offset the impact of the 
disturbance totally, the UPS systems have issued a small amount of 
response that reached 125 MW to further compensate the power deficit 
(e.g., dispatch LWHI). It is to be noted that, in dispatch HWLI, the 
capability of droop-based synchronous generators is insufficient to 
actively arrest system frequency. Thus, the UPS systems are required to 
provide higher energy for a longer duration in order to maintain fre-
quency dynamics and to relieve the impact of generation reserve defi-
ciency. Nevertheless, due to constraints applied on the UPS dispatched 
power, the maximum limit of 250 MW is reached for up to 5 s, as 
demonstrated in Case B. It is worth noting that stress on this limitation is 
reduced to 2 s when the IT loads are joint with the UPS systems, as in 
Case C. 

5.1.2. Effect of IDC response on RoCoF 
This sub-section investigates the impact of different wind power 

operational dispatches on the system frequency RoCoF with and without 
an FFR service. It is worth noting that all RoCoF values are considered 
after they are filtered over a timeframe of 500 ms to be consistent with 
current gird code regulations [53]. As shown in Fig. 9, for the same 
disturbance, reducing system inertia has resulted in significantly higher 
RoCoF values. As an example, the maximum absolute RoCoF has 
increased considerably, from 246 mHz/s in NWHI dispatch to 1004 
mHz/s when the power system operational dispatch has changed to 
HWLI. Nevertheless, with the help of a fast responding of the UPS or DR 
units, power can be delivered to effectively mitigate the RoCoF. 
Comparing the bar charts A, B, and C, it is obvious that the activation of 
IDC resources has very little impact on the maximum RoCoF for the 
LWHI dispatch. This is due to the fact that initially the system inertia is 
high and the maximum RoCoF is primarily low. However, the positive 
impact of the IDC resources is significantly larger when the penetration 
of wind power is high (e.g., HWLI dispatch), thus enhancing the 

usefulness of the service. As an example, the absolute maximum RoCoF 
has reduced from 1004 mHz/s in Case A to 887 mHz/s in Case B. This 
change is due to the direct impact of the UPS energy flow on the system 
frequency during the timeframe of the inertia response which is limited 
to less than 300 ms from the time when the event began. 

Unsurprisingly, activation of DR units does not contribute toward the 
RoCoF improvement considerably. This is due to the relatively smaller 
magnitude of the IT loads as well as the time delay included with their 
communication and actuation response. In this analysis, DR units are set 
to respond within 250 ms from the start of the disturbance and reach full 
active power within 2 s to fulfill the requirements of FFR service in 
Ireland [14]. These results justify the findings in our previous work that 
the RoCoF cannot be impacted if the DR units are responded after 300 
ms [10]. Currently, the post-contingency RoCoF is limited to ±500 
mHz/s measured over a window of 500 ms across the All-Island power 
system [53]. However, the TSO of Ireland had planned for the RoCoF 
limit to be increased to ±1000 mHz/s by the end of 2017, but this level is 
still in the trial process and yet not officially implemented [42]. Obvi-
ously, the maximum RoCoF limit of 500 mHz/s is violated in dispatch 
HWLI as well as in dispatch MWMI during which the IR controller was 
disabled. 

Results obtained from the preliminary analysis of the impact of the 
proposed IR integrated into the IDC UPS systems are compared in case 
studies D, E, and F. These bar charts reflect the role of the IR support 
applied to different wind penetration levels. One important observation 
is that the impact of virtual IR on the maximum RoCoF is crucial at high 
wind penetration levels. One can see the effect clearly in dispatch HWLI 
while comparing Case A with Case D in which the maximum absolute 
RoCoF has decreased from 1004 mHz/s to 738 mHz/s respectively. 
Nevertheless, the applied level of IR still cannot offset the RoCoF 
tolerance of 500 mHz/s for the loss of LSI in dispatch HWLI. The 
effectiveness of the IR controller was limited in this analysis due to the 
applied deadband and time delay to the UPS frequency controller. Thus 
for full compensation, this suggests careful consideration of the 
controller deadbands as well as the IR controller gain KIR in order to fully 
offset the impact of reduced system inertia in all areas. Consequently, 
this would shift the maximum absolute RoCoF to below the line marked 
as the current RoCoF limit. 

5.1.3. IDC impact on tie-line stability 
In a real power system, the maximum tie-line flow in both directions 

has physical limitations that can be sustained without breaching system 
security rules (i.e., stability, line overloading, and voltage limit, etc.). 
These limitations are referred to as the total transfer capability of the tie- 
line. In this analysis, it is assumed that the line loading reaches 100 % if 
the deviation in power transfer in both directions exceeds 300 MW. 

Fig. 9. Maximum absolute RoCoF for various IDC configurations.  
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Shown in Fig. 10 are power flow deviations in the tie-line 1 that connects 
Area 1 and Area 2 during different wind power dispatches. 

Two important observations can be made from these figures. First, 
the high wind power generation severely affects the marginal stability of 
the tie-line interconnection and the maximum power transfer between 
the areas. This is due to the fact that the governor response of 

synchronous generators is gradually reduced to 25 % with the increased 
penetration of wind power generation to 75 %. It is worth noting that at 
high wind power generation, under HWLI dispatch, and prior to the full 
activation of the POR of synchronous generators, small well-damped 
oscillations are associated with the tie-line power flow. Oscillations in 
the power began during which kinetic energy of synchronous generators 

Fig. 10. Tie-line 1 power flow for different dispatches (a) no wind high inertia (NWHI), (b) low wind high inertia (LWHI), (c) medium wind medium inertia (MWMI), 
and (d) high wind low inertia (HWLI). 
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is released to cover the lost generation during the disturbance. The 
angular velocities of conventional generator rotors drop when the POR 
service is triggered. The system is more susceptible to these oscillations 
with the increased level of wind penetration and reduced amount of 
system inertia. This can clearly be seen in Fig. 10 and similar justifica-
tions can be made for power flow in line 2 in Fig. 11. 

It is also obvious from Fig. 10, that the maximum line loading is 
breached for all wind operational dispatches. For instance, the 
maximum change in the value of the instantaneous power in the tie-line 
reached 300 MW under dispatch NWHI Case A while this value has 
increased by almost 35 % to 400 MW during the HWLI dispatch Case A. 
The maximum line loading is sustained for the complete duration of the 
FFR service, and this rate is gradually reduced following the activation 
of the POR service. The difference in the line power deviations during 
the recovery period in HWLI dispatch is slightly under the line loading 
limit. However, it is still 50 MW higher when compared to the NWHI 
dispatch. This has resulted from the slow activation of the system 
spinning reserve in Area 2, and Area 3 to neutralize the disturbance in 
Area 1. In contrast, the percentage of power loading in line 2 remains 

similar during different dispatches, as in Fig. 11. 
The second important observation to be made from these analyses is 

that the proposed IDC framework can effectively handle the impact of 
the high wind power generation on tie-line stability. It is essential to 
note that the fast response from the UPS system can highly improve the 
initial power deviation in the line. As shown in Fig. 10 in Case B, the FFR 
from the UPS system arrests the line loading well below the permissible 
limit at 165 MW for all wind dispatches. 

Furthermore, the joint response from the UPS with DR loads stabi-
lizes power flow in the tie-line throughout the timeframe of the POR 
reserve. Again, as the DR units remain offline for a longer duration, the 
stress on the tie-line power flow can be highly combated. The signifi-
cance of the proposed framework appears at HWLI as the IDC relives the 
impact of the lost power during the disturbance and stabilizes the power 
flow quickly at the very beginning of the event. As an example, the 
maximum power transfer in tie-line 2 in dispatch HWLI Case A reached 
170 MW which decreased to nearly 65 MW in Case Study B and less than 
60 MW in Case C. Then the tie-line power flow slowly decreases to its 
pre-disturbance scheduled value and later during the SOR service the 

Fig. 11. Tie-line 2 power flow for different dispatches (a) no wind high inertia (NWHI), (b) low wind high inertia (LWHI), (c) medium wind medium inertia (MWMI), 
and (d) high wind low inertia (HWLI). 
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LFC regulator starts to re-establish the required power in Area 1. 
However, it is to be noted that the IDC response has less impact on 

the trajectory and the initiated oscillations during the first 2 s due to the 
delayed response from IDC units. This demonstrates the system need for 
RoCoF controller and faster response, especially at HWLI operational 
dispatch. This is obvious from graphs D, E, and F that reveal the tie-line 
power flow exhibits lower oscillations and less stress with the IR sup-
port. An example of this can be seen under HWLI dispatch Case A when 
compared to Case D during the first second prior to the full activation of 
FFR service. The maximum instantaneous power transfer in line 2 
reached 100 MW and 75 MW respectively. 

5.2. Potential resilience benefits from IDC during cascading system 
failures 

This part of the analysis was conducted to stress the performance of 
the proposed IDC framework under uncertainties associated with wind 
power generation as well as under cascading system failures. It is sup-
posed that the grid is operating at LWHI dispatch and the wind farms are 
subject to uncertainties due to the wind speed fluctuations. The varia-
tions are assumed to be distributed equally among the wind farms in 
each area. It is to be noted that constraints on the synchronous generator 
reserve in each area remain at 75 % of the LSI loss (i.e., 500 MW). 
Indeed, this reduces the online reserve capability to maintain frequency 

stability during non-credible cascade failures. In this research, the 
disturbance considered is the loss of triple infeeds in Area 1 and Area 2. 
The first disturbance applied is the trip of HVDC importing a 500 MW at 
30 s. This has resulted in almost simultaneous unexpected trips of two 
wind farms operating at 320 MW and 180 MW in Area 1 and Area 2 
respectively, 30 s later. These events resulted in a cumulative level of 1 
GW power loss which is greater than the level required to be secured by 
the current security standards [42]. This kind of disturbance could 
present frequent future wind farm trips. Three case studies are examined 
to evaluate the capability of the IDC resources to offer the FFR service 
during severe cascaded failures:  

• Case A: No IDC support  
• Case B: UPS as a source of FFR service  
• Case C: UPS joint with sustained IT loads as a source of FFR service 

System frequency profiles for both incidents are shown in Fig. 12a 
with and without FFR support from IDCs. As illustrated in Case A, when 
there is no support from IDCs, system frequency drifted downward to 
49.3 Hz and below 49.1 Hz during the first and the second disturbances, 
respectively. These are extremely low frequency dips that could breach 
the STAR protection relay in the Irish power system. It is noteworthy 
that due to the high spinning reserve in Area 1, system frequency 
recovered back successfully after the first incident. Nevertheless, the 

Fig. 12. System dynamics during dispatch LWHI (a) system frequency, (b) RoCof, (c) conventional power plant response (d) aggregated UPS and DR response.  
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frequency was not able to run through the second disturbance and 
remained fluctuating below the STAR protection limit at 49.2 Hz. 

In Case Study B, it is supposed that data centers can participate with 
250 MW based on their UPS systems only, while in Case C both the UPS 
and 100 MW IT loads are participating in the FFR service. As shown, 
even with the presence of uncertainties, the IDC resources could quickly 
arrest system frequency decline above 49.62 Hz and 49.45 Hz during the 
first and the second disturbances, respectively. Furthermore, the impact 
of IT loads on the system frequency deviation is higher during the post- 
contingency period due to the sustained response of the IT loads over the 
course of POR. The results indicate that 350 MW IDC resources could 
maintain the frequency well above the STAR scheme, thereby avoiding 
possible UFLS protection activation. The trace of system RoCoF for the 
three studied cases and for the complete duration of the simulation is 
also depicted in Fig. 12b. It is important to note that the RoCoF mea-
surements are filtered and averaged over a window of 500 ms. As 
illustrated the uncertainties with wind power fluctuations result in large 
RoCoF values prior to the activation of the FFR controller. However, 
these variations are significantly diminished later when the FFR service 
is triggered. It is also worth noting that the joint participation of the IDC 
resources has combated the maximum RoCoF by more than 100 mHz/s 
during each disturbance. 

The dynamic behavior of IDC resources following the cascade system 
failure and in the presence of high wind uncertainties is shown in 
Fig. 12d. Initially, it is assumed that the IDC power consumption does 
not change significantly over the short period of 30 s prior to event 
initiation and thus the (ΔPDR and ΔPUPS = 0). Typically, IDCs have load 
profiles that are classified as flat because of the high average daily load 
factor (e.g., 98 %) which indicates flat short-term loads [21]. As can be 
seen, the power consumption of the modeled IDC loads has started to 
reduce immediately within 2 s from the start of the event providing 100 
MW from their maximum power consumption. Similarly, once the UPS 
systems are triggered, their power consumption has changed dynami-
cally in proportion to the frequency variations. The maximum dis-
patched power is reached when the system frequency deviates below 
49.5 Hz. Importantly, the FFR service was fully delivered before the full 
activation of the POR of synchronous generators. This is an essential 
property of the FFR service to bridge the gap between the inertia 
response service and the POR service, which can help the system operate 
securely at high wind power generation. This feature would allow less 
use of the slower POR and a faster way to arrest frequency nadir too far 

from 50 Hz. Shown in Fig. 12c the aggregated output power for all 
generators in the three areas of the power system. It is obvious that the 
use of IDC resources has significantly reduced the requisite online 
spinning reserve from conventional power plants by more than 25 % 
during each incident. 

5.3. IDC impact on system frequency response under signal delays 

This subsection examines the impact of delay times on the system 
frequency response and RoCoF for both the NWHI and HWLI operational 
dispatches. These dispatches are chosen to present two areas of concern 
including excessive time delay within the control loop and high pene-
tration of non-responsive wind power generation. It compares the well 
interconnected strong scenario with the most sensitive and fragile 
network due to the limited availability of synchronous inertia. From the 
practical point of view, IDCs cannot respond to trigger signals immedi-
ately and there exist delays in the process. Thus extensive assessments 
have been conducted to examine the potential benefits from the FFR 
service under a wide range of degraded responses that may occur due to 
latency and communication jitters. For the purpose of this study, six 
different emulated delay (Td) times (e.g., 200 ms, 400 ms, 600 ms, 800 
ms, and 1000 ms) are introduced to the model. 

Fig. 13 depicts an example of system frequency response for the 
NWHI operational dispatch under different delay signals. It is to be 
noted that due to the high synchronous inertia response, system fre-
quency drops slowly and reaches a nadir of 49.56 Hz after 4.3 s. Thus 
any IDC response during the early stage of this time widow can still have 
a detrimental impact on the severity of frequency deviations. As shown, 
for delay times up to 1 s, the system frequency is maintained above 
49.69 Hz. It is also essential to note that the fast response of the IDC units 
does not introduce oscillations during the quasi-steady state frequency 
recovery. Nevertheless, for all delay values, the FFR service shows a 
little or no detrimental impact on the maximum RoCoF. It is noteworthy, 
that at high delays maximum RoCoF is indistinguishable and thus the 
sensitivities to late response become meaningless. 

Noticeably, at HWLI operational dispatch, increasing time delays in 
the remote signals escalate the severity of the frequency nadir, RoCoF, 
and quasi-steady-state frequency. As can be seen from Fig. 14, the 
participation of IDC resources can significantly improve system fre-
quency deviations for different amounts of time delays up to 600 ms. 
However, the frequency nadir drifts downward close to the originally 

Fig. 13. System frequency response for NWHI dispatch with different delay signals.  
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initiated disturbance if IDCs responded later than 1000 ms. Similarly, as 
results indicate the longer delays behind 200 ms, the FFR scheme has 
very little impact on the maximum initiated RoCoF. As an example, for 
delay times of 200 ms and 400 ms, the maximum absolute RoCoF has 
reduced from 1000 mHz/s to 740 mHz/s and 933 mHz/s respectively. It 
is essential to note that for any delay values behind 400 ms, the scheme 
has no impact on the severity of RoCoF. 

It is noteworthy that the slow response of the IDC behind 400 ms has 
introduced frequency oscillatory behavior. The impact of these oscilla-
tions can clearly be seen from the trace of frequency during the recovery 
period while the delay time is 1000 ms. As shown, the post-disturbance 
subsequent frequency oscillation has changed between 49.75 Hz and 
49.57 Hz and it is completely damped after 13 s. The impact of these 
oscillations can also be seen from the variation of RoCoF within 3 s 
following the time of disturbance began. Although the proposed FFR 
based MPC method has shown to be able to reject frequency oscillations 
and disturbances for up to 1000 ms delays, under unfavorable condi-
tions, these kinds of responses may lead to complete system instability. 
Thus the results are evidence that the currently imposed requirements 
on the FFR service may not be able to guarantee secure operation of the 
power system at 75 % SNSP if the level of inertia is significantly reduced. 
The analysis suggests that to ensure the safe operation of synchronously 
isolated power systems with high wind penetration, it is essential for the 
FFR scheme to employ a very quick response, less than 200 ms, to 
maintain frequency nadir and RoCoF within permissible ranges. These 
findings are in an agreement with our analysis for the FFR scheme in 
Ref. [10]. 

5.4. Limitations of the analysis 

This research has done a broad sweep across several aspects related 
to the IDC utilization for the FFR service. However, a number of as-
sumptions have been made due to the difficulty of accessing real-time 
power consumptions of actual IDCs. This is because, technical data 
related to IDC are typically treated in a highly confidential manner, and 
not disclosed for public research purposes. Therefore, in this analysis, it 
is assumed that each IDC will be equipped with multiple newly designed 
bi-directional UPS technologies to supply power back to the grid during 
disturbances. Furthermore, it is also presumed that the EMS implements 
the FIFO policy in accordance with the system operator to schedule 
server jobs during the frequency event without violating the SLA. 

Considering these assumptions, a centralized FFR framework is devel-
oped in MATLAB/SIMULINK, with two aggregators each containing six 
DR control blocks and six large UPS units. However, much more power 
engineering analysis is still required to see something like this applied to 
real power systems. Fundamental research analysis will be needed to 
establish suitable data architecture to monitor and control aggregated 
IDC resources for the FFR service. 

6. Conclusions 

In this work, a centralized framework was developed for IDCs to 
participate in a newly developed FFR service in islanded power systems. 
In the proposed model a novel joint participation of the UPS systems, 
and delay-tolerant IT workloads were presented to deliver both IR and 
FFR services in accordance with the grid frequency support. In addition, 
the concept of the MPC method was utilized to produce reference signals 
for the IDC resources while respecting device constraints (e.g., 
maximum power limit, ramp rate, and response time). The potential 
impact of IDCs on the important frequency response metrics (i.e., 
RoCoF, frequency nadir, time to nadir, and settling frequency) were 
extensively examined using a range of wind generation dispatches for 
2030. Uncertainties due to the wind power variability, system inertia 
reduction, and response delays associated with communication and 
device actuation were also analyzed. 

The simulation results depicted that the joint participation of 350 
MW IDC resources can provide superior performance in mitigating the 
severity of frequency deviation and tie-line power flow in ultra-low 
inertia systems. It was demonstrated that frequency deviation and 
RoCoF could be arrested above 49.6 Hz and below 730 mHz/s respec-
tively while facilitates secure operation at 75 % SNSP. The analysis 
identified that in low inertia systems, the current practice of scheduling 
75 % of LSI as POR service are no longer guarantees system security. 
This is due to the anticipated cascaded system failures which may occur 
when operating at high wind generation. Nevertheless, with the pro-
posed scheme, it was shown that the requirements for the spinning 
reserve of synchronous machines could be reduced extensively while 
ensuring frequency deviation remain near 49.5 Hz during cascaded 
generator trip. The analysis also illustrated that a full control operation 
of the FFR service should be delivered in a timescale less than 500 ms 
following generation/load imbalance to provide excellent frequency 
nadir and RoCoF reductions. The obtained results indicate that a well- 

Fig. 14. System frequency response for HWLI dispatch with different delay signals.  
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designed, reliable, and fast communication platform is a critical need to 
deploy a centralized framework and avoid frequency oscillatory 
behavior during a steady state. 

As we incrementally lower the inertia of our power systems and thus 
problems with synchronous generators are exposed when there are not 
others to compensate them. Therefore, future implementation of the 
proposed FFR service from IDCs can be one of many options to help 
facilitate the integration of higher levels of renewables. However, 
further research is needed to see which solution is best and will take a 
holistic approach that looks at the transition across multiple dimensions 
[54]. Thus in the future, the analysis will examine IDCs from different 
perspectives (i.e., workload migration). Finally, for better and reliable 
grid frequency support, the performance of the system will be examined 
under both fixed and stochastic delay signals using different delay 
compensation control techniques. 
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