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Frequency-Responsive Refrigerator Switching
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Abstract—Future low-inertia power systems will introduce
challenges to system operators to maintain essential grid services
such as fast frequency control (FFC). Hence, there is a need for
efficient solutions that can provide the desired FFC capability
and arrest high rate-of-change-of-frequency (RoCoF). Recent
advancements in information and communication infrastructure
within the smart grid concept have created new opportuni-
ties to optimally control and utilize the immense potential of
thermostatically controlled loads (TCLs), such as refrigerators.
However, modeling and controlling different types of TCLs
to deliver a precise collective FFC response is challenging.
In this regard, this paper develops an adaptive decentralized
autonomous fuzzy-temperature-frequency (FTF) control strategy
to enable refrigerators to alter their power consumption ac-
cording to variations in the grid frequency. The ability of the
proposed FTF controller to modify the power consumption of a
population of refrigerators in accordance with a reference power
profile is demonstrated through a set of simulations. The results
demonstrate the effectiveness of the proposed controller through
a strong improvement in the frequency security parameters, i.e.
RoCoF and frequency nadir, and with a negligible impact on the
thermodynamic performance of refrigerators.

Index Terms—Ancillary service, fast frequency control, fuzzy-
logic control, low-inertia power systems, thermostatic loads

NOMENCLATURE

Abbreviations
FFC Fast frequency Control
FLC Fuzzy Logic Control
FTF Fuzzy-Temperature-Frequency
GB Great Britain
HVAC Heating, Ventilation and Air-Conditioning
PFR Primary Frequency Response
RoCoF Rate-of-Change-of-Frequency
TCL Thermostatically Controlled Load

Symbols
∆T Temperature difference [◦C]
η Power energy transmission efficiency
τ Sampling time [s]
Aca−amb Area (A) of the thermal contact between cavity

and the ambient room [m2]
Aca−ev Area (A) of the thermal contact between cavity

and the evaporator [m2]
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C Thermal capacitance [kWh/◦C]
ccav , cevv Specific heat capacity cv of cavity and evapo-

rator [Jkg−1 ◦C−1]
f+, f− Upper and lower bound of nominal frequency

f [Hz]
mca, mev Mass m of cavity and evaporator [kg]
P Rate of energy transfer to or from thermal mass

[kW]
Q Heat transfer [J]
R Thermal resistance [◦C/kW]
SF Final state of switch
SH1, SH2 Switch 1 and 2 for high frequency
SH Final output of switch SH2 for high frequency
SL1, SL2 Switch 1 and 2 for low frequency
SL Final output of switch SL2 for low frequency
ST Discrete operation state of thermostat switch
Tamb Ambient temperature [◦C]
Tca, Tev Cavity and Evaporator temperature [◦C]
Tdb Temperature deadband [◦C]
Toff , Ton Optimally evaluated temperature to turn refrig-

erator off and on [◦C]
Tset Temperature set-point [◦C]
U Heat transfer coefficient [Wm−2 ◦C−1]
U ca−amb Heat transfer coefficient between cavity and the

ambient room [Wm−2 ◦C−1]
U ca−ev Heat transfer coefficient between cavity and the

evaporator [Wm−2 ◦C−1]

I. INTRODUCTION

INTEGRATION of inverter-based renewable energy sources
into the existing power grids causes a reduction in the

overall system inertia, resulting in high-frequency excursions
and increased frequency nadir during contingencies. Since
FFC provisions [1]–[3] require flexibility and instantaneous
switching of the supported devices to arrest frequency nadir,
a part of the solution for quick active power delivery are
TCLs [4], [5]. TCLs are devices able to automatically adjust
their energy consumption based on the grid frequency. A
wide range of thermal loads, such as refrigerators or air-
conditioning devices, can be used for this cause [6]. Refriger-
ators use temperature hysteresis controllers, which are resis-
tant to slight temperature changes, enabling them to perform
energy arbitrage and provide frequency services [7]. Control
algorithms harnessing TCL power for FFC can be categorised
as centralised, decentralised and hybrid, each reviewed in the
following sections.
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A. Centralised Control

Utilizing flexible loads for frequency regulation demon-
strates positive outcomes. Study [8] relies on a linear regres-
sion model for maximum power characterization. However, its
imposed linear relationship between the parameters may over-
look complexities and nonlinear behaviour, possibly leading to
less accurate outcomes. Furthermore, the centralized control
strategy proposed in the paper does not consider dynamic
and fluctuating grid conditions, affecting performance and
effectiveness. On the other hand, a centralised load following
strategy incorporating a population of heterogeneous TCLs
can provide aggregate regulation capacities and ramping rates
[9]. However, utilization of approximated three-input single-
output state-space models and hierarchical centralized control
algorithm can compromise system performance, accuracy, and
real-time responsiveness in the load following services.

By regulating the internal electrical equipment through a
combination of methods, HVAC systems can sustain a con-
sistent reduction in power consumption and generate a steady
virtual power output within a specific timeframe [10]. In study
[10], a comprehensive centralized-distributed architecture is
employed, utilizing chilled water temperature regulation and
end air volume regulation techniques to effectively achieve
power reduction in HVAC systems. However, it lacks a dis-
cussion on potential limitations or drawbacks related to the
aggregation and control used to achieve power reduction in
HVACs. According to [11], the employing TCLs for PFR can
be economically viable. The article’s focus on autonomous
microgrids limits the generalization of its findings to other
energy systems and grid configurations. Paper [12] introduces
a framework utilizing refrigerators and distributed energy
resources that aims to deliver fast PFR. The framework’s
emphasis on local objectives is limited by a small-scale
experiment with few appliances, requiring further research for
scalability and real-world effectiveness.

B. Decentralises Control

Although centralised techniques described above are simple
to adopt, they are prone to communication errors [13]. This
may cause real-time control systems to become unstable due
to a large number of connected heterogeneous devices. To
overcome this, the authors in [13] suggest a temperature
controller that utilizes refrigerators as flexible loads for reserve
provision and demand response, requiring minimal communi-
cation infrastructure. An approach with communication delays
incorporating model predictive control is discussed in [14],
primarily focusing solely on massive inverter air conditioners
as flexible regulation resources. In addition, [15], [16] propose
approaches that demonstrate accurate modulation of aggregate
power consumption and allow for decentralized implementa-
tion. In their findings, short-term fluctuations should have less
effect on temperature regulation and user comfort, but the
works do not delve into potential challenges that may arise
when implementing and scaling up. Utilization of domestic
refrigerators and industrial bitumen tanks as decentralized
frequency-responsive loads in the GB power system is pro-
posed by the authors in [17], [18], where slight discrepancies

arose from variations in the initial states of tanks and the ran-
domization of their frequency controllers. A study presented
in [19] introduces and analyzes two distinct implementations,
namely the frequency linear controller and the preprogrammed
controller. It is revealed that the modulation of power con-
sumption of TCLs linearly proportional to the frequency af-
fects the thermodynamic performance and the users’ comfort.
A decision tree algorithm is developed in [20] that limits the
disconnection of loaded feeder due to a maloperation of the
under-frequency relays. However, decision trees are prone to
overfitting, sensitive to input changes, limited in capturing
complex interactions, struggle with continuous variables, and
are influenced by data imbalance. Authors in [21] use control
of refrigerators without real-time communication and improve
frequency stability. In the study presented in [22], a new and
reliable stochastic control algorithm is employed to simulate
and assess the dynamic behaviour of domestic refrigerators
in the context of frequency regulation. Unlike conventional
linear and deterministic control algorithms, this stochastic
control approach guarantees system stability and addresses the
issue of energy payback. The important considerations include
activation threshold for stochastic control during frequency
drops and addressing concerns about compressor damage by
limiting the switching frequency.

C. Hybrid Control

The hybrid and hierarchical control system is identified as
a middle ground between the centralised and decentralised ap-
proaches. A three-level control architecture is commonly used
in the hierarchical control of TCLs [23], [29]. At the highest
level, an aggregator first sets the primary reserve requirement
to the distribution substations [23]. At the intermediate level,
distribution substations dispatch control signals to individual
TCLs, after estimating the real-time power availability of
TCLs. The final frequency control loop is implemented at
the local controller level, enabling TCLs to react to frequency
events on their own [23], [30]. However, an aggregator still
needs to communicate with individual TCLs, which may
be challenging in large systems and could affect the users’
comfort. This is incorporated in a two-stage hierarchical TCL
scheduling framework in [31] that assumes TCLs can be
treated as a virtual battery, potentially overlooking individual
TCL behaviours. The focus is on lower-stage TCL scheduling
and privacy, lacking coordination discussions across the power
system and device levels.

Dynamic demand control can be incorporated into the
frequency responsive appliances for the purpose of frequency
stability [25]. The need for widespread adoption and coordina-
tion among various appliances incorporating dynamic demand
control is yet to be addressed. A random switching and cycle
recovery method for dynamic TCL control for the PFR and
secondary frequency response is proposed in [26], however,
the proposed random switching and cycle recovery can lead
to inefficient energy usage and higher bills, requiring control
strategy optimization. Paper [27] explores the use of real coded
genetic algorithms to achieve fast PFR from dynamically con-
trolled space heaters without disrupting their regular operation.
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TABLE I
OVERVIEW OF THE EXISTING RESEARCH ON TCLS PROVIDING FFC SERVICES (FR–FREQUENCY RESPONSE; PFR–PRIMARY FREQUENCY RESPONSE;

FC–FREQUENCY CONTROL; SFR– SECONDARY FREQUENCY RESPONSE)

Ref. No. TCL Type FC Type Control Strategy Control Parameters
[4] Refrigerator FR Secondary frequency control via DR Frequency
[10] Thermal Load PFR Centralized Power Consumption
[11] Thermal Load PFR Centralized Frequency
[12] Refrigerator/Freezer, Electric Heater, Oven Fast PFR Centralized Master Controller Net-Load Management
[15] Refrigerators FR Decentralized Stochastic Control Power Consumption, Temperature
[16] Thermal load PFR Decentralized, Hardware in the loop Heat Transfer dynamics, Temperature
[18] Refrigerators FR Decentralized Dynamic Control Power Consumption
[19] Refrigerators PFR Decentralized, Linear Power Consumption
[21] Thermal load Rapid Linear, Pre-Set Shape Controller Frequency
[22] Refrigerators PFR Decentralized Stochastic Control Temperature probability
[23] Air conditioners, Electric water heaters PFR Three Level Hierarchical Control Available Power, frequency
[24] Thermal load FR Deterministic Frequency
[25] Refrigerators FC Dynamic Demand Control Temperature
[26] HVAC, Electric water heaters PFR, SFR Dynamic Demand Control Demand Profile, Load Rebound
[27] Space Heaters Fast PFR Dynamic Control, Lead-lag Controller Indoor Temperature, Grid Frequency
[28] Refrigerators, Air conditioners, Heat Pump PFR Direct Load Control Temperature

Nevertheless, genetic algorithms have complexity, parameter
sensitivity, and may converge prematurely.

Challenges of a real-time energy balance of a population
of refrigerators using stochastic Markov chain models and
Kalman filtering for both state and joint parameter/state es-
timation are discussed in [25], [32], [33]. Similarly, a tran-
sition modelling technique is used to characterise the dy-
namic behaviour of aggregated TCLs [24]. Implementing real-
time monitoring and control of appliances requires advanced
sensors, communication infrastructure, regulatory adjustments,
and changes in business models. Reference [28] estimates
the technical resource potential of TCLs for short-duration
balancing services. However, the dynamics and adaptability
of individual refrigerators for frequency control without under-
mining their operational regimes must be fulfilled. Therefore,
the European Network of Transmission System Operators for
Electricity (ENTSO-E) framed a guideline for thermal loads
to participate in grid frequency support [34].

Table I summarizes the reported literature on TCLs for
different devices, parameters, control strategies, and control
parameters. Based on the literature review on various TCL
control strategies for grid frequency control, the following
research gaps are identified: (i) abrupt on-off switching control
may disturb the system performance, (ii) the threshold control
strategy tends to synchronize cooling cycles of the participat-
ing appliances, (iii) complexity and the computational burden
for deploying reserves should be minimized, (iv) aggregation
evolution and methodologies should be implementable to the
standard and large power system, (v) the random switching
and cycle recovery must be accompanied as per regulatory
framework and without undermining users’ comfort, (vi) con-
trol schemes should be scalable, adaptable and generalized to
all TCLs to meet proper performance indices.

To address the aforementioned requirements, an adaptive
and intelligent control strategy with decentralised control
may be used. An intelligent control strategy can be adopted
using FLC, incorporating human expert knowledge into the
design of nonlinear controllers [35]. By utilizing the FLC
principles, which the traditional control theory is unable to

address, qualitative and heuristic factors can be applied for
control purposes in a systematic manner [36]. FLC can handle
nonlinearity, deal with erroneous inputs, and offer higher-than-
average disturbance insensitivity without the need for a precise
mathematical model. In complicated, nonlinear, or undefinable
systems, the FLC typically outperforms other controllers when
good empirical knowledge is available. If such properties are
intended, fuzzy control theory can be rigorous and fuzzy con-
trollers can have exact and analytical structures with guaran-
teed closed-loop system stability in compliance to performance
standards e.g. time, error, stability, tolerance. While previous
works e.g. [37]–[39] have explored an adaptive FLC for fre-
quency regulation in contexts of secondary controller design in
LFC, droop control incorporating renewable energy, control of
battery energy storage system for LFC, etc., the adaptation of
the proposed control strategy to refrigerator systems represents
a significant contribution. To optimize frequency control via
refrigerators, a sequential approach is adopted based on system
frequency and cavity temperature characteristics. Switching
off and on of the refrigerator is determined by the cavity
temperature values and by frequency deviations. A precise
and accurate adaptive fuzzy mechanism is designed for both
frequency and temperature to simultaneously comply with the
provision standards and regulations, without undermining the
performance of the devices.

To address the outlined research challenges the main con-
tribution of this paper is twofold:

1) Development of a rigorous and precise frequency re-
sponsive switching control strategy structured with per-
formance specifications to provide accurate and reliable
FFC reserves using refrigerators.

2) To assess feasibility of the developed refrigerator con-
troller to handle the post-fault frequency dynamics, i.e.
RoCoF and frequency deviation.

The rest of the paper is organized as follows. Section II
discusses the generalized model of TCLs, conventional control
methods, and the mandatory provision for TCLs. In addition,
the integrated control of a refrigerator is explained, focusing
on the Fuzzy-Temperature-Frequency (FTF) control strategy.
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Section III describes the case study, including the refrigerator
model and the GB system for performance evaluation. Section
IV includes simulation results and analysis. Finally, relevant
conclusions are drawn and discussed in Section V.

II. CONTROL FRAMEWORK

A. Generalized model of TCLs

An aggregation of TCLs is comprised of multiple units with
aggregated power. The system thermodynamics is modeled by
two state variables, the discrete operation state ST and the
cavity temperature of the conditioned mass Tca. A first-order
ordinary differential equation described by Eq. (1) is modeled
for the aggregation of N TCLs [9].

dTca,j(t)

dt
=

1

CjRj
(Tamb,j(t)−Tca,j(t)−ST,j(t)RjPj) , (1)

where j = 1, 2 . . . , N ; Cj = (cv,j × mj); Rj = ( 1
Uj×Aj

),
and ST,j is the operation state governed by a thermostatic
switching logic constraint by a predetermined temperature
deadband given as:

ST,j =

{
0 Tca,j(t) < Tmin

ca,j ,

1 Tca,j(t) > Tmax
ca,j ,

(2)

where Tmax
ca,j and Tmin

ca,j are the upper and lower bounds of the
temperature and evaluated as follow:

Tmin
ca,j = Tset,j −

Tdb,j

2
, Tmax

ca,j = Tset,j +
Tdb,j

2
. (3)

The steady-state cooling time Tc,j and the heating time Th,j

for the jth TCL are determined as follows:

Tc,j = CjRj ln

(
PjRj + Tmax

ca,j − Tamb,j

PjRj + Tmin
ca,j − Tamb,j

)
, (4)

Th,j = CjRj ln

(
Tamb,j − Tmin

ca,j

Tamb,j − Tmax
ca,j

)
. (5)

Output power of an aggregation of all TCLs PT (t) is
obtained as:

PT (t) =

N∑
j=1

1

ηj
ST,j(t)Pj . (6)

Since the control input for each TCL is its setpoint temperature
Tset,j , which might have different operating and acceptable
limits as per consumer’s comfort and application, it also
satisfies the constraint:

T−
set,j ≤ Tset,j ≤ T+

set,j . (7)

Here, T−
set,j and T+

set,j are the lower and upper bounds of the
acceptable thresholds for the TCL.

[°C]caT

OFF

ON

Time [s]

Tmax

Tmin

Fig. 1. Generalized cavity temperature Tca [◦C] of a refrigerator followed
by a compressor on/off status.

B. Essential requirements

1) Conventional Control: The manufacturer or the owner
has to specify set points for the temperature in the food
storage compartment. Fig. 1 shows the switching operation
of a compressor along with the cavity temperature Tca. The
thermostatic controller continuously measures Tca and com-
pares it with the thresholds Tmin and Tmax to generate ST

as per Eq. (2). Since heat transfer through the thermal contact
between the evaporator and the cavity takes some time, there is
a delay in the temperature decrease. The compressor switches
off once Tca reaches the threshold Tmin. However, there is a
further drop in Tca before it starts to increase due to the heat
transfer process. The compressor remains off until Tca reaches
Tmax again.

2) Mandatory provision for TCLs: The essential frequency
response service for TCLs prescribes a provision of the Tset

adjustment based on the system frequency [34] considering a
deadband around f = 50 Hz that keeps the temperature unaf-
fected. If the grid frequency violates the prescribed deadband,
the TCLs must adjust their set-points proportionate to the grid
frequency variation. The interval for frequency deadband is
[f−, f+], where f− ≤ f ≤ f+. TCLs must adjust their
Tset points in proportion to the frequency deviations. At the
statutory limits of the system frequency range

[
fmin, fmax

]
,

the limits of the controllable setpoint range
[
Tmin
set , Tmax

set

]
should be reached and should cover at least half of the
hysteresis interval

[
Tmin, Tmax

]
. For cooling appliances, this

results in a functional requirement visually depicted in Fig. 2.
A converse approach should be adopted for heating systems.
The code also mandates that the frequency is sampled at least
once every 0.2 seconds, accurately to 0.05 Hz in the steady
state, and with a sensitivity to fluctuations of 0.01 Hz.

Tset(f) =



Tmax
set , f ≤ fmin,

T̄0 +
(Tmax

set −T̄0)(f−−f)
f−−fmin , fmin < f < f−,

T̄0, f− ≤ f ≤ f+,

T̄0 +
(Tmin

set −T̄0)(f−f+)
fmax−f+ , f+ < f < fmax,

Tmin
set , f ≥ fmax.

(8)

C. Integrated control of a refrigerator

The developed FTF refrigerator control scheme is provided
in Fig. 3. The temperature controller measures the cavity tem-
perature Tca and generates thermostat switch status ST as per
Eq. (2). Grid frequency f is measured and examined whether
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Fig. 2. Relationship between Tset and f for cooling TCLs
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f

T

F

SH1

SH2
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TrigH2

TrigH1 AND

AND

T

F

F

T

Tca
Ton

ca onT T�

f

Tca

Toff

ca offT T�

AND

Fig. 3. The proposed adaptive FTF controller depicting the proposed
triggering, local hysteresis controller and FLC scheme.

it is within the threshold interval [f− : 49.98, f+ : 50.02]. For
a frequency drop below lower frequency threshold f−, trigger
TrigL1 (triggering 1 for a low-frequency event) generates
output as per Eq. (9). When TrigL1 is 1, frequency off signal
Foff : [0, 1], is generated as per Eq. (13), which confirms
a continuous drop in frequency. Simultaneously, the cavity
temperature of the refrigerator is confirmed using Eq. (15).
The output of the refrigerator off signal, Roff : [0, 1] indicates
that the refrigerator is on and cooling. The output of Foff

and Roff is passed on to the AND logic, which validates
that for a drop in both f and Tca, the refrigerator is ready
to turn off. TrigL2 (triggering 2 for a low-frequency event) is
defined in Eq. (11). It enables the operation of switch SL1 and
connects to position T (true), which is normally connected to
position F (false). Output signal SL1 = 1 from position T is
taken at TrigL2. A similar but converse approach is applied
to turn on the refrigerator in case of an increase in frequency,
which generates SH1 = 1, indicating the refrigerator is ready
to switch on.

TrigL1 =

{
1, f < f−,

0, otherwise,
(9)

TrigH1 =

{
1, f > f+,

0, otherwise,
(10)

TrigL2 =

{
1, f <= f−,

0, otherwise,
(11)

TrigH2 =

{
1, f >= f+,

0, otherwise,
(12)

Foff =

{
1, if f(t)−f(t−τ)<0 for TrigL1=1,

0, otherwise,
(13)

Fon=

{
1, if f(t)−f(t−τ)>0 for TrigH1=1,

0, otherwise,
(14)

Roff =

{
1, if Tca(t)−Tca(t−τ)<0 for TrigL1=1,

0, otherwise,
(15)

Ron=

{
1, if Tca(t)−Tca(t−τ)>0 for TrigH1=1,

0, otherwise.
(16)

Since Tca varies based on the refrigerator type, size, and
efficiency, turning refrigerators off and on for frequency con-
trol should be sequential instead of switching them off/on
simultaneously. The number of refrigerators participating in
frequency control is directly proportional to the frequency
deviation. Following a drop in frequency, the refrigerators are
switched off starting from the one with the lowest Tca. On
the other hand, in case of a frequency rise, the refrigerators
are switched on starting from the one with the highest Tca.
Howbeit, for a severe under-frequency deviation, multiple
refrigerators might be switched off simultaneously. Further,
it is required to minimize the number of refrigerators that
might switch on at the same time after being switched off
following a frequency drop. For this purpose, an adaptive and
autonomous fuzzy mechanism is adopted which decides the
specific cavity temperature Toff for a frequency drop for an
individual refrigerator after a mandatory service provision, as
discussed in Section II-B2.

D. Fuzzy-Temperature-Frequency (FTF) control strategy

An adaptive FLC is an efficient approach to control non-
linear uncertain systems [35], [36]. Fig. 4 shows a general
structure of an FLC system that contains four processing
units: a fuzzifier (to obtain a fuzzy input value from a crisp
input), a fuzzy rule base, a rule-based system, i.e. an inference
mechanism (to obtain fuzzy output), and a defuzzifier (to
obtain a crisp output from a fuzzy output) [40].

Tca

f

Fu
zz

ifi
er Fuzzy

Rule–Base
Inference

Mechanism D
ef

uz
zi

fie
r

Y

Fig. 4. Dynamic structure of a FLC depicting both inputs, the processing
units and the corresponding output.

Both the linguistic values (defined by the fuzzy sets) and the
crisp (numerical) data can be used as inputs for a fuzzy system.
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Linguistic variables in fuzzy logic are labels representing im-
precise concepts, allowing for intuitive reasoning by assigning
linguistic terms to degrees of membership within fuzzy sets,
bridging human perception and computational reasoning. The
Mamdani reasoning [41] is implemented for the inference
mechanism. Input signals Tca and f are merged and fuzzy
rules are implemented to determine optimal Toff and Ton

values. Database (which includes a summary of the inputs and
the output to make a fuzzy set) and rules form an interference
connection. The rule base is the control approach of the
system. Two trapezoidal and three triangular membership
functions for the inputs and the output of the FTF strategy
are proposed in Fig. 5.

Fig. 5. Designed membership function for inputs and outputs followed by
linguistic variables.

The operating range of the fuzzy input variables is f :
[50, 50.8] for the frequency rise, f : [49.2, 50] for the fre-
quency drop, while the cavity temperature range is Tca :
[7.5, 8.5]. Linguistic variables, as described in [42], for the
input and output fuzzy subsets are as follows: PL is positive
large, PS is positive small, Z is zero, NS is negative small,
NL is negative large. The applied rule can be read as ‘if Tca

is NL and f is NL, THEN Y is PL’.

Toff

After frequency restoration

( Early switching )

A

B

C

D E

F

G

Time [s]

Tca [°C]

Tmax

Tmin

Fig. 6. Early switching strategy to determine optimal temperature Toff to
turn a refrigerator off for a drop in system frequency.

To minimize the abrupt switching of refrigerators dur-
ing/pre/post fault events including the door opening effects, it
is desired to set specific Toff and Ton for each refrigerator. To
overcome this, rules for the FTF control are created depending
on the variation of Tca, as shown in Fig. 6–7 for early
switching the refrigerator off and on. Following a drop in
frequency, refrigerators need to be switched off starting from
the one with the lowest Tca. In Fig. 6, A, C, and G are the
points where a refrigerator switches on, while B and F are
the switching-off points. For a drop in the system frequency,
a refrigerator needs to be switched off before the minimum

temperature threshold. Point D is the Toff that will be decided
by the FTF controller following the mandatory provision.
From D to E, Tca will start rising and, after the frequency
restoration at point E, the conventional operation will continue.

Time [s]

Tca [°C]
Ton

After frequency restoration

( Early switching )

H
I J

K

L

M

N

Tmax

Tmin

Fig. 7. Early switching strategy to determine optimal temperature Ton to
turn a refrigerator on for a rise in system frequency.

Similarly, following a rise in frequency, refrigerators need to
be switched on starting from the one with the highest Tca. For
a rise in the system frequency, the refrigerator will be switched
on before the maximum threshold. In Fig. 7, H, L, and N are
the points where the refrigerator switches off, while K and M
are the switching-on points. The point I corresponds to Ton.
From I to J, Tca will start decreasing and, after the frequency
restoration at point J occurs, the conventional operation will
continue. The fuzzy linguistic output is obtained by the fuzzy
inference mechanism using the rules listed in Table II.

TABLE II
RULE-BASE FOR THE FTF OUTPUT

Y f [Hz]

NL NS Z PS PL

NL PL PL PS PS Z

NS PL PS PS Z NS

Tca [◦C] Z PS PS Z NS NS

PS PS Z NS NS NL

PL Z NS NS NL NL

The results obtained from the rules are forwarded for
defuzzification. The modified crisp value is obtained as:

Y =

∑n
i=1 ci · µ (ci)∑n

i=1 µ (ci)
, (17)

where n is the number of the fuzzy set for the discrete
function, and µ (ci) is the membership value for point c,
which is a crisp value of membership function. Toff and
Ton can be obtained using Eq. (17). Hence, the proposed FTF
strategy determines the optimal Toff and Ton with the self-
adaptive capability, following the prescribed and mandatory
thresholds of Tca and f . The FTF controller output is further
compared with the cavity temperature. Tca ≤ Toff implies
the refrigerator could be turned off. Its output [0,1] is passed
on to another AND logic and switch status SL is generated
through the switch SL2, which enables at TrigL2, as per Eq.
(11). SL = 1 implies that the refrigerator is ready to switch
off. A similar method is adopted for a frequency increase to
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Fig. 8. A typical domestic refrigerator depicting general assembly and the
processing cycle: evaporation, compression, condensation and expansion.

generate SH . Operation of the coordinated TCLs is managed
by the final status of switch SF determined by Eq. (24).The
refrigerator’s control strategy takes into account user comfort
and the thermodynamic properties, resulting in the complete
absence of rebound effect.

III. CASE STUDY DESCRIPTION

A. Thermodynamic model of refrigerators

Residential refrigerators generally incorporate two thermal
compartments, the cavity, and the evaporator. A compressor
mounted to the evaporator dissipates heat to the environment.
The thermal contact between the cavity and the evaporator, as
well as between the cavity and the environment, enables heat
transfer as depicted in Fig. 8. To model the thermodynamic
performance of refrigerators, first-order differential equations
are used:

dQ

dt
= −U ×A×∆T, (18)

dTmass

dt
=

(
dQ

dt

)
÷ (cv ×m) . (19)

The evaporator and cavity are modeled separately based on
Eqs. (20) and (21). Tamb is set to 22◦C, while temperature
interval

[
Tmin, Tmax

]
is set to [7.5, 8.5]. A similar model is

used for the freezer compartment of the refrigerator, which is
also modeled having temperature interval [-15, -16]. Parame-
ters of Eqs. (20)–(21) are taken from [43]. Power consumption
of one refrigerator is 0.1 kW.

B. Power system description

The steady-state GB system includes a total of 29 nodes (bus
bars), 24 synchronous generators and 22 wind farms with total
generation of 60.29 GW and 63 constant impedance loads of
59.84 GW [44]. Single-line diagram is depicted in Fig. 10.

A simplified GB power system dynamic model is mainly
used to demonstrate the impact of a declining system inertia
on primary frequency control, as in e.g. [45], and also to
assess feasibility of the proposed control strategy for a large
system. In the case study, we use a single-area GB power
system model shown in Fig. 9. The base demand is 20
GW. An inertia constant of 6.5 s was estimated due to an

1

1 + sTG

Governer

1 + sT1

1 + sT2

Compensator

1

1 + sTT

Turbine

K
1

2Hs+D

1

1 + sTG

1 + sT1

1 + sT2

1

1 + sTT
1−K

TCLs

e−sa

TCL 1

TCL 2
•
•
•

TCL N

−1

R
Droop

−1

R

−Ki

s

Deadband

∆PL

Gen2

Gen1

PG1

PG2 +
+

∆f−
+

∆PTCL

+

+

Fig. 9. Generalized model of the GB system with integrated refrigerators
and communication delays.

inter-connector failure that occurred on September 28, 2012.
The observed total in-feed loss was 1000 MW, while the
maximum and minimum RoCoF over 500 ms were 0.168
Hz/s and 0.116 Hz/s [46]. Inertia constant H is set to 6.5
s, however, this value will decrease in the future grids due to
an increasing penetration of renewable energy sources [47].
The influence of frequency-dependent load is modeled by a
damping constant D = 1 [p.u.]. Two aggregated generators
are modeled, Gen1 capable of providing PFR only, while
Gen2 is used for both the primary and the secondary frequency
responses. K = 80% is used to segregate Gen1 and Gen2.
A governor droop characteristic of 3-5% for the provision of
the primary frequency control is essential for large generators
[48]. Governor droop characteristic is modeled with gain
1/R for R = 0.05. TG = 0.2 s represents the governor’s
time constant. To ensure stable performance of the frequency
control, a transient droop compensator is incorporated with
time constants T1 = 2 s and T2 = 20 s. Mechanical power
generated from the turbine has a time constant TT = 0.3 s.
Supplementary control coefficient Ki is set to 0.05 [47]. e−sa

is the communication delay for the TCLs where a is the step
size. Based on Fig. 9, the system frequency dynamics can be
expressed as:

∆f(s) =
PG1(s) + PG2(s) + ∆PTCL(s)−∆PL(s)

2Hs+D
. (22)

where PG1 and PG2 are the outputs of aggregated generators
Gen1 and Gen2. ∆PTCL is the total available power involving
frequency control for a loss of a generation of ∆PL. The total
power consumption of the refrigerator is expressed as:

PTCL =

N∑
j=1

PjSF,j . (23)

Operation of the coordinated refrigerators is managed by
the final status of switch SF corresponding to:

SF,j =


0, ∀ SL,j = 1,

1, ∀ SH,j = 1,

ST,j , Tmin
ca,j ≤ Tca,j ≤ Tmax

ca,j .

(24)

IV. SIMULATION RESULTS AND ANALYSIS

The simulation results are presented under two subsections
which first assess the proposed FTF controller and then
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dTev(t)

dt
=

U ca−ev ×Aca−ev

ccvv ×mev
(Tca(t)− Tev(t))−

P × SF

cevv ×mev
, (20)

dTca(t)

dt
=

U ca−amb ×Aca−amb

ccav ×mca
(Tamb(t)− Tca(t)) − U ca−ev ×Aca−ev

ccav ×mca
(Tca(t)− Tev(t)) . (21)

Fig. 10. Single-line diagram of GB power system [44]

demonstrate the effectiveness of the deployment of refriger-
ators to provide FFC. Multiple aggregations of refrigerators
are considered for simulation. All refrigerators within an
aggregation are considered to be homogeneous while the
aggregations differ by cavity temperature. To represent the
population of refrigerators, parameters of Eqn. (20)–(21) are
scaled accordingly. A similar approach for the aggregations
of refrigerators has already been considered in [13], [21],
[25]. Our work aggregates homogeneous refrigerators with
varying Tca. The MATLAB/Simulink platform is used for all
simulations.

A. Assessment of the FTF controller

In this case, a loss of 1320 MW of generation is trig-
gered causing a drop in the system frequency to 49.6 Hz.
An aggregation of 6.4 million refrigerators operating at the
same cavity temperature participate in the FFC to minimize

Fig. 11. Activation and performance of the FTF controller depicting operation
of ST , activation of FTF via SF for early switching, and respective changes
in Tev [◦C], and Tca [◦C].

(a) (b)

Fig. 12. Comparative analysis of the same refrigerator for (a) Tca [◦C], and
(b) Tev [◦C].

frequency perturbations. Refrigerators can quickly respond
to grid power requests, ensuring 50% fulfillment within 15
seconds and sustained power deviation for up to 1 hour [13],
therefore a total of ∆PTCL = 640 MW of power is deployed
to the system resulting in an improvement in the frequency
nadir and RoCoF. Early switching to turn the refrigerators off
was found to be Toff = 7.8 ◦C.

Switching statuses of ST and SF in Fig. 11 clearly exhibit
the switching off of refrigerators after a drop in frequency.
Consequently, Tev starts increasing instantly, while a rise
in Tca is delayed due to the heat transfer process. Hence,
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TABLE III
FTF OUTPUT TO FREQUENCY EVENTS

f = 49.62[Hz] f = 50.47[Hz] Tca = 7.80[◦C] Tca = 8.20[◦C]
Tca[◦C] Toff [

◦C] Tca[◦C] Ton[◦C] f [Hz] Toff [
◦C] f [Hz] Ton[◦C]

7.59 7.86 7.59 8.33 49.95 7.66 50.05 8.34
7.67 7.86 7.67 8.33 49.90 7.69 50.10 8.31
7.79 7.83 7.79 8.30 49.85 7.71 50.15 8.28
7.86 7.80 7.86 8.27 49.80 7.72 50.20 8.27
7.94 7.77 7.94 8.24 49.75 7.75 50.25 8.24
8.13 7.69 8.13 8.19 49.65 7.80 50.35 8.20
8.21 7.65 8.21 8.15 49.55 7.85 50.45 8.16
8.29 7.62 8.29 8.12 49.45 7.84 50.55 8.16
8.37 7.62 8.37 8.12 49.35 7.88 50.65 8.12

the status of ST remains 1 until the lower threshold of
Tca is reached. After the frequency is restored within the
deadband, the operation of SF is switched back to ST , which
does not undermine the thermodynamic cavity and evaporator
performance (Fig. 12(a)–12(b)). A large variation in Tev is due
to the constant ambient temperature throughout the simulation
[43], [49].

(a)

(b)

(c)

Fig. 13. (a) Tca [◦C], (b) Tev [◦C] and (c) PTCL [p.u.] of the aggregated
refrigerators.

The next analysis considers 10 aggregated homogeneous
refrigerators operating at different cavity temperatures. For a

loss of generation that causes a frequency drop, different Toff

are obtained and presented in Table III. Similarly, for a rise in
the system frequency, different Ton are obtained. In the second
half of Table III, Toff and Ton are obtained for an aggregation
of refrigerators for the different system frequency drop and
rise magnitudes. Analysis of the temperatures in Table III
demonstrates the sequential early switching of refrigerators
rather than simultaneous switching as each aggregation has
different Toff and Ton (because of the difference in the cavity
temperature). For a drop in frequency, all the refrigerators
having Tca ≤ Toff participate in the frequency restoration.
Furthermore, a refrigerator can act quickly to provide FFC
service, if the magnitude of frequency deviation is large.
The proposed strategy avoids flapping between refrigerator
operation modes during a frequency event. The output of the
FTF controller for Toff and Ton is disabled once the refrig-
erator participates in frequency control up to the frequency
restoration or temperature thresholds.

B. FFC from refrigerators

Simulations are carried out to assess the designed controller
in case of a 1800 MW loss of generation, expected in the GB
system [46]. The frequency nadir should be within 49.2 Hz and
the RoCoF should not be greater than the permissible limit of
1 Hz/s using a 500 ms measuring window anywhere in the
system [21], [50]. Each of the 10 considered aggregations is
composed of 9 million refrigerators.

First, we present the frequency response for all generators
committed to the PFR only (without secondary control). Fig.
13(a)–13(b) show the operating profile of 10 refrigerator
aggregations after the 1.8 GW generation loss at time t =
1.7085×104 s. The aggregation of refrigerators participating in
frequency control is shown by the red dash-dot trace. Tca [◦C]
of this aggregation was below Toff = 7.9 ◦C (generated
by the FTF controller) and is thus turned off before reaching
its Tmin, contributing with ∆PTCL = 900 MW to the grid
immediately. Another aggregation (shown by the yellow trace)
seems to have a similar Tca profile but it was already turned
off as it reached it Tmin before the loss of generation. All
other aggregations did not follow the criteria of Eqn. (13)–(16),
and therefore did not take part in frequency control. However,
if the frequency imbalance is more severe, an additional set
of aggregations will participate in the FFC if the controller
criteria are fulfilled. For the system without the integrated
refrigerators, a sudden loss of generation causes the frequency
drop to fnadir = 49.37 Hz, while the deployment of 900
MW power from the refrigerator aggregation limits the drop
to fnadir = 49.79 Hz, which is a significant improvement.
Also, the RoCoF is improved from 0.164 Hz/s to 0.053 Hz/s.

In our next analysis, the performance of the refrigerator
aggregation response is evaluated for the system with seg-
regation of Gen1 and Gen2, which includes the mandatory
provision of primary and secondary control. A loss of 1.8 GW
of generation leads to a drop in the frequency to 49.14 Hz,
implying the system operator has to curtail a part of the load
with immediate effect. However, refrigerators significantly
contribute in this case, resulting in an improvement of 0.42
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Fig. 14. Frequency response with standards [50], [51], nadir and RoCoF analysis in compliance to the GB system.

Fig. 15. Generators’ response to different operating conditions.

TABLE IV
FREQUENCY ASSESSMENT (PFR–PRIMARY FREQUENCY RESPONSE;

SFR– SECONDARY FREQUENCY RESPONSE)

Frequency Response RoCoF fnadir fsteady−state

[Hz/s] [Hz] [Hz]
PFR (Without FTF-TCL) 0.164 49.37 49.82
PFR (With FTF-TCL) 0.0537 49.79 49.93
SFR (Without FTF- TCL) 0.227 49.14 49.98
SFR (With FTF-TCL) 0.113 49.56 49.98

Hz bringing fnadir to 49.56 Hz. The frequency response
in compliance to provisions [50], [51] is depicted in Fig.
14, while the obtained performance parameters are listed in
Table IV. The analysis of the performance of the aggregated
generators presented in Fig. 15 indicates that the participation
of refrigerators reduces the required response of the generators,
which reduces the requirement of costly spinning reserves.

To verify and better position the obtained results, the
proposed FTF-control strategy is compared with the control
strategy adopted in [17], [43]. Switching status of SF and ST

with temperature Tca and Tev are obtained as depicted in Fig.
16–17. The zoomed plot of the depicted results exhibits the
difference and superiority of the proposed FTF-control, which
possesses accurate on-off switching while deploying reserve

to the grid once activated. Refrigerator aggregation remains
off up to the frequency restoration for the FTF-control, as
compared to the existing strategy and strictly following Eq.
(24). For the existing control of [17], [43], an abrupt switching
on of the refrigerator aggregation incident for a short duration
appeared and again gets switched off (refer SF status and
Tev variation). This deviation resulted in a delay in the next
switching cycles of the refrigerators for normal conditions.
Since the refrigerators instantaneously switched on back, the
deployed reserve was reduced hence causing higher fnadir and
longer settling time as compared to the proposed FTF-control.
Frequency dynamics are also obtained for refrigerators having
communication delay, as shown in Fig. 17. The proposed
control exhibits promising outcomes in this case as well.

  

Fig. 16. Comparison to the existing strategy from [17], [43] for final status
of switch SF , conventional switch ST , evaporator temperature Tev [◦C] and
cavity temperature Tca [◦C].

V. CONCLUSION

This paper proposes an autonomous and decentralized FTF
refrigerator controller to provide FFC service. It is observed
that a refrigerator aggregation follows the prescribed frequency
and temperature operating range that enables refrigerators to
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Fig. 17. Comparison of the system frequency f [Hz] with the strategy
proposed in [17], [43] incorporating a communication delay.

dynamically modify their power usage in proportion to the
frequency deviations and the cavity temperature. A rapid active
power response from the refrigerators significantly improves
the frequency security parameters, i.e. RoCoF and frequency
nadir. Quick active power delivery by the refrigerators with
reduced power consumption following the frequency threshold
crossing is found similarly effective as conventional spinning
reserve response and with shorter delivery time.

Further, it is observed that the thermodynamic performance
of the refrigerators in terms of the cavity and evaporator
temperature has a negligible effect on their normal opera-
tion. Simultaneous and abrupt switching to minimize bulk
participation of refrigerators for FFC is well managed by the
adaptive FTF controller autonomously, without compromising
the users’ comfort. The refrigerator participation in FFC can be
increased by introducing certain modifications in the threshold
and membership function of the frequency and temperature.
The proposed work can be potentially enhanced by integrating
diverse TCL devices, resulting in a more flexible overall
performance.
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