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Abstract—In the Great Britain power system, reduced system
inertia (particularly during low demand conditions) and larger
possible infeed loss would make grid frequency regulation ex-
tremely challenging in future. Traditional primary frequency
response could be insufficient to limit the frequency variation
within acceptable range. This paper shows that thermostatically
controlled loads (TCLs) (domestic refrigerators) can be controlled
without real-time communication and in a non-disruptive way to
collectively enhance the network frequency response. The aggre-
gated power consumption of TCLs, distributed across the system,
could be controlled as a ‘linear’ function of the locally measured
frequency and its rate of change. Alternatively, their aggregated
consumption could be made to follow a ‘pre-set’ power profile
depending on the estimated infeed loss. A novel technique for
accurate estimation of infeed loss and consequent post-fault TCL
power reduction is also proposed. The effectiveness of the two
TCL control strategies are compared for primary and secondary
frequency response through a case study on a 36 busbar reduced
equivalent of the Great Britain power system. The effect of
spatial variation of transient frequencies and the time delays
in frequency measurement and filtering are considered to show
how the TCLs can realistically provide rapid frequency response.

Index Terms—Frequency Response, Thermostatic Loads,
Power System Dynamics, Demand-side Response.

I. INTRODUCTION

IN Great Britain (GB), the system operator, National Grid
(NG), is responsible for maintaining the transient frequency

deviation within 49.2 Hz following large infrequent infeed
losses [1]. During grid frequency variations, generators and
frequency-sensitive loads respond to address the demand-
supply mismatch caused by an infeed loss. The amount of
frequency response required at a particular time depends
primarily on the system inertia, the largest possible infeed loss
and the speed of frequency response provision.

In future, a significant proportion of electricity in GB
is expected to be generated from on- and off-shore wind
farms and other forms of Renewable Energy Sources (RES)
[2]. Wind farms and most other RES use non-synchronous
generators (NSGs) which do not intrinsically contribute to
system inertia [3] unlike traditional synchronous machines.
During low demand conditions, in particular, there would be
less number of synchronous generators in operation (RES
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typically have merit order priority) which could result in
significant reduction in system inertia with less provision for
traditional frequency response [2]. For these reasons, limiting
the frequency nadir within 49.2 Hz would require additional
‘conventional’ frequency response (acting in ten seconds [1])
which would increase operational costs. By 2020, NG envis-
ages a 30-40% increase in frequency response requirements
compared to the 2015 levels. This value is expected to rise up
to 300-400% by 2030 [2]. However, the amount of frequency
response required to ensure acceptable frequency deviation
could be reduced if the speed of response is increased. This
has prompted NG to announce a new market for Enhanced
Frequency Response (EFR) providers, which are meant to
respond within one second [4]. Alongside options like en-
ergy storage, interconnectors, etc., fast demand-side response
(DSR) could be a cost-effective candidate to maintain the
network frequency above security thresholds and reduce the
additional amount of frequency response required from con-
ventional sources. Recent studies have demonstrated the DSR
concept from distributed resources [5]–[8] although without
directly referring to a specific demand-side technology. The
particular load dynamics and control requirements would play
a role in the actual application of these schemes.

Thermostatically Controlled Loads (TCLs), like refrigera-
tors, air-conditioners, etc., are a potential candidate for flexible
DSR. Under certain boundaries, the regular operating cycle
of these devices can be altered without noticeable impact on
the controlled temperature. Because of the large number of
TCLs connected to the grid and their relative insensitivity
to temperature fluctuations, the TCLs could potentially entail
a more cost-effective power system operation by providing
various forms of ancillary services [9]–[11]. However, control
of individual devices for network service provision presents
several challenges which need to be overcome before the
system operators could rely on them [12].

Considering the TCL ability to provide frequency response,
the performance of a TCL controller largely depends on its
capability to respond to frequency events within seconds and
to execute a dependable recovery to steady-state operation. The
controller ideally should not rely on real-time communication,
which requires an expensive infrastructure (due to the large
number of TCLs) and is vulnerable to communication failures.
Moreover, in accordance with the recommendations of the
ENTSOe Demand Connection Code [13], the controller has
to be strictly non-disruptive i.e. individual TCLs should not
ever exceed upper and lower temperature thresholds, while
providing a service to the system.
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Decentralized control strategies for the provision of fre-
quency response from TCLs have been reported in [14]–[20].
Although these solutions do not require real-time communi-
cation, they tend to suffer from sustained oscillations in TCL
power consumption. In addition, single-device temperatures
may not be limited within the nominal range. These problems
are somewhat addressed by the control strategies reported
in [21] and [22]. The first strategy prevents device-level
temperature excursions, while the second one guarantees a
non-oscillating TCL recovery pattern, although impeding rapid
load changes. An alternative approach is described in [23]
where a real-time controller dispatches frequency-sensitive
price signals to enable frequency response provision from the
appliances.

Another class of TCL controllers aim at the accurate track-
ing of pre-defined power profiles [24]–[28]. This has been
used for providing long term support to the power system (e.g.
energy arbitrage [24]). The extension of the control strategies
in [24]–[27] to fast frequency response applications is lim-
ited by the centralized real-time communication infrastructure
required over short timescales. The control framework for
TCLs proposed in [28] accurately derives the desired power
response through both deterministic and stochastic switching
of the power states of individual TCLs. The control strategy is
fully decentralized and it strictly respects the upper and lower
temperature constraints of individual TCLs.

The first contribution of this paper is the detailed extension
of the general control scheme described in [28] for the tracking
of generic power profiles. This paper enables the controller
for fast frequency response provision while addressing in
detail specific implementation requirements. Two different
controllers are introduced. First, a Linear Controller (LC)
is used to make the aggregate power consumption of TCLs
always a linear function of the locally measured frequencies
and their rates of change (RoCoF). This property was not
guaranteed in previous works (e.g. [14]). Then, a Pre-Set
Shape Controller (PSSC) is employed to follow a pre-defined
reference power profile depending on the estimated infeed
loss. Although the general control framework in [28] is fully
decentralized, realistic and effective power system applications
proposed in this paper may require a communication infras-
tructure. Crucially, a low-latency channel is still not necessary.
For both control strategies, TCL response is activated once the
locally measured frequency or RoCoF are outside the specified
thresholds [29], [30]. The time lag between activation of TCL
response at different busbars and the time delays associated
with frequency measurement and filtering are considered in the
study to provide a realistic measure of the expected frequency
response contribution from the TCLs.

The second contribution of this paper is proposing a novel
technique for accurate estimation of infeed loss, which is
critical while using a PSSC. This technique not only estimates
the infeed loss accurately similar to the technique reported in
[31], but it also ensures the desired post-fault reduction in
aggregate power consumption of the distributed TCLs.

The performance of TCL support has to be validated by
the system operator in a realistic multi-machine power system
model before considering TCLs a reliable source of response

services. In addition, the effect of spatial variation in inertia,
which could be pronounced in the GB system in future
[2], cannot be captured through an equivalent single-machine
representation. Due to spatial variation of inertia, the transient
frequency evolution immediately after a large infeed loss could
vary significantly between different busbars/regions. These dif-
ferent frequency dynamics depend not only on the aggregated
inertia at a busbar/region but also on its electrical proximity
to the neighboring sources of inertia [32] affecting the ability
of TCLs to contribute to frequency response locally. In face
of this, it is critical to ensure a coherent activation of TCL
response which can only be demonstrated in a multi-machine
framework. However, it is virtually impossible to simulate
the individual power-temperature dynamics of millions of
TCLs within a multi-machine transmission and distribution
network model. The potential benefit of dynamic control of
intelligent loads in a multi-machine system has been covered
in [8]. In this case the challenges associated with aggregating
and implementing a real control infrastructure for individual
devices to generate a desired aggregated response were not
addressed properly, albeit other simplifying assumptions. Sim-
ilarly, in [21], the distributed TCL contribution is demonstrated
considering aggregate loads which do not accurately take into
account device-level dynamics. In [20] the number of simu-
lated devices is limited and requires two different simulation
softwares.

The third contribution of this paper is the demonstration
of the effectiveness of individual distributed TCLs towards
providing rapid frequency response through a case study on
a 36 busbar reduced equivalent of the GB power system.
Note that ‘rapid’ refers to the ability of TCLs to provide the
full amount of primary response within a time frame (one
second) smaller than the typical response time (ten seconds)
required from conventional generators in GB [1]. Based on
the general control properties in [28], the extension of the
proposed controllers (LC and PSSC) to the multi-machine
system is compared at a system level and validated over
different response time-scales (primary and secondary). It is
worth mentioning that the control framework in [28] was
applied, as a first step, to an equivalent single machine system
in [33]. Several simplifying assumptions like ideal continuous
frequency measurements, absence of time delays and finite
response times were made which were far from practical.
These limitations have been overcome in this paper.

The structure of the paper is as follows. Section II recalls
the basics of the TCL control framework in [28] to manage the
TCL aggregate power consumption while Section III describes
the common settings for the presented TCL controllers in
order to provide frequency services. The proposed LC and
PSSC controllers are described, respectively, in Sections IV
and V. The case study corresponding to the GB transmission
is introduced in Section VI and simulation results appear in
Section VII. Finally, Section VIII presents conclusions and
future research directions.

II. BASICS OF TCL CONTROL STRATEGY

A decentralized deterministic-stochastic control strategy to
manage the aggregate power consumption of a cluster of TCLs
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was proposed in [28]. The control strategy is described by (1).

P (t) = P0 ·Π(t) +O(N−1/2) (1)

The aggregate steady-state power consumption P0 [MW]
of a population of N TCL devices is modulated by a ref-
erence power profile Π(t) to control the aggregate instan-
taneous power P (t) [MW]. In steady-state this results in
Π(t) = Π0 = 1. It has to be noted that O(N−1/2) represents
the relative deviations from the expectation, which decrease
approximately as 1/

√
N . The accuracy of the power modula-

tion therefore increases with the number of TCLs. The control
law (1) is valid for the general case of heterogeneous devices
[28]. However, for the reminder of this paper, identical TCLs
have been considered for simplicity without loss of generality.
The reference power profile Π(t) and the average temperature
T̄ (t) of the TCL cluster are related as:

dT̄ (t)

dt
= −1

τ
(T̄ (t)− Toff +Π(t) · (Toff − T̄0)) (2)

where τ [s] is the thermal time constant of TCLs, Toff [◦C]
the ambient temperature and T̄0 [◦C] the steady-state average
temperature. Note that (2) holds for the common case of TCLs
modeled by linear first-order ordinary differential equations
representing the thermal dynamics. It is demonstrated in [28]
that, if the system-level power/temperature constraints (3)-(4)
are satisfied, a power response P (t) can be accurately tracked
in a decentralized way by the individual TCLs without letting
any TCL ever deviate from their specified temperature limits
[Tmin, Tmax]. This implies that device-level simulations are
not necessary if (3)-(4) are satisfied.

Pmin = P0 ·Πmin ≤ P (t) ≤ Pmax = P0 ·Πmax (3)
Tmin ≤ T̄ (t) ≤ Tmax (4)

As the TCL controller guarantees the respect of upper/lower
temperature thresholds for individual devices, it can be classi-
fied as a non-disruptive controller. The expressions for Πmax

and Πmin, which are constant quantities only depending on
thermal model parameters of TCLs, can be found in [34]. The
limits on the reference power profile (3) prevent instantaneous
power excursions while (4) in combination with (2) avoids
any sustained power profile that would result in temperature
violation of individual TCLs.

Monte Carlo simulations of individual device actions are
used to demonstrate the general results of the control strategy
(1)-(3-4). The following illustrative example simulates the
behaviour of 60000 appliances, which are initialized with
random initial temperatures. The default parameters refer to
domestic refrigerators as in [34]. The devices are instructed to
track an arbitrary reference power curve Π(t) (black traces in
Fig. 1 (a)). The empirical power consumption of the simulated
appliances is shown in red traces in Fig. 1 (a), confirming
the accurate tracking of the desired power profile and the
feasibility of the solution. Note that in Fig. 1 (a), the Y-
axis is limited to 1.5 although Πmax is, in compliance with
(3), a larger quantity. Fig. 1 (b) shows the temperatures of
100 simulated devices during the tracking of the reference
power signal. It is clear that the controller is indeed non-
disruptive. Note that the parameters of individual TCLs have
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Fig. 1. Device-level validation of TCL control strategy: (a) Power track-
ing capability; (b) Individual temperature variations during power reference
tracking.

been independently varied by ±15% to generate a set of
heterogeneous appliances. Temperatures in Fig. 1 (b) are
therefore shown on a scale between Tmin and Tmax to account
for heterogeneity of the TCL population. The results show
that a coherent response does not require the use of identical
appliances.

III. FREQUENCY RESPONSE PROVISION FROM TCLS

In [28] the appliances aimed to deliver a predetermined
power response Π(t) without a well-defined activation method-
ology and without taking into account specific power system
applications. For instance, the presented response was not
tailored for frequency service provision. This paper elaborates
a more general framework for TCL control as the aggregate
TCL power trajectory is specifically designed for frequency
control. In addition, the response is based on the particular
system operating scenario and the TCL geographical location
in the system. The model (1)-(3-4), describing the dynamics of
a population of TCLs, is compact. This property has been ex-
ploited in this work to directly integrate the power/temperature
response of millions of TCLs within a large-scale power
system simulation platform (e.g. DIgSILENT PowerFactory)
[35].

Two control strategies are presented in this paper to extract
frequency response from TCLs - the Linear Controller (LC)
and the Pre-Set Shape Controller (PSSC). The reference power
profile Π(t) is determined in a different way for each control
strategy as discussed later in Sections IV and V. Frequency
response services over different time scales are considered
which include primary (10-30 seconds) and secondary (up
to 30 minutes) responses in line with National Grid (NG)
specifications [1], [4]. In this paper, only the transmission
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network is modeled neglecting the frequency dynamics at the
distribution level. All loads (including the TCLs) are aggre-
gated at each transmission level busbar and would experience
the same frequency dynamics if connected to the same busbar.

A. Activation of TCL Response

The aggregate response from TCLs connected to the busbar
i is activated if one of the following conditions is violated:

∆fi > ∆flimit ∨ RoCoF i > RoCoF limit (5)

Frequency is measured locally at each busbar i with 20 ms
sampling according to the minimum frequency measurement
rate required by the ENTSOe Demand Connection Code
[13]. The response from TCLs is activated when the re-
sulting filtered frequency deviation from nominal value f0,
∆fi = f0 − fi, exceeds the ∆flimit = ± 0.2 Hz threshold
[29]. The second criterion is based on the maximum threshold
for the rate of change of frequency (RoCoF) [Hz/s] measured
over a sliding time window ∆ts as defined in (6).

RoCoF i(t,∆ts) =
fi(t−∆ts)− fi(t)

∆ts
(6a)

dfi(t)

dt
= lim

∆ts→0
RoCoF i(t,∆ts) (6b)

It is important to note the distinction between RoCoF and
frequency derivative in (6) and the RoCoF dependence on
the size of the sliding time window. For the remainder of
this paper, RoCoF values are calculated over different ∆ts,
according to the needs. The RoCoFi calculation for the TCL
response activation in (5) employs a sliding window of 500 ms.
An upper threshold of RoCoFlimit = 1 Hz/s has been used
according to the proposed loss of mains protection settings for
distributed generators in future GB low inertia scenarios [30].
Once the aggregate TCL response is activated at each busbar i,
the individual TCL controllers will track the reference power
profile Πi(t) in a decentralized way. An additional 200 ms
time lag is included in the control loop to consider the impact
of any unaccounted source of delay.

B. Autonomous vs. Semi-autonomous Operation of TCLs

If the desired power profile Π(t) is to be broadcasted in real-
time to all the appliances, a dedicated communication channel
would be required. The speed of the signal transmission would
be therefore crucial. Such a communication infrastructure
entails high costs and is sensitive to disruptions. On the other
hand, the control of TCLs could be exercised in a fully
autonomous mode where distributed TCLs can independently
construct and follow a reference power profile Π(t) based on
the locally available signals (e.g. frequency, time), as in [28].
However, in the context of frequency support from distributed
appliances, the aggregate TCL response would remain the
same regardless of the severity of the infeed loss event and the
frequency deviation and its rate of change. The risk of under-
or over-response from the TCL population rises, affecting the
demand-side flexibility and controllability [28].

Alternatively, as envisaged in [28], a semi-autonomous
mode could better exploit the TCL support by making use of

a non-time critical communication channel. In this framework,
the TCL response is updated periodically (for example, every
hour) depending on the actual requirements at a given point in
time. For instance, this would depend on the level of inertia,
the system demand and the governor characteristics of the
online generators. This way under- or over-response from
the TCLs is avoided or minimized and the system operator
can schedule response services accordingly. The updates are
required on much slower time scale (hourly or more) compared
to the response time of TCLs (seconds to minutes). Hence, the
smart metering infrastructure [36] would be adequate rather
than requiring dedicated real-time communication with TCLs
(as for centralized controllers).

The following sections present the implementations of two
control schemes for TCL frequency response provision. Ben-
efits and requirements introduced by the semi-autonomous
operation of the TCL controllers are also discussed. According
to this, it is assumed that a centralized entity is in charge of
selecting and updating the TCL aggregate response. Moreover,
for simplicity, it is also assumed that such a demand-response
aggregator, which could be the Transmission System Operator
(TSO), has perfect knowledge of the devices capabilities i.e.
it knows the parameters of the TCL thermal models. Given
this knowledge, the TSO is able to ensure that the desired
profile Π(t) can be realized by the appliances without violating
their quality of service requirements. Moreover, this allows to
verify that, for a particular system scenario, the chosen TCL
response does not lead to over/under power modulations. It
is worth pointing out that when this assumption is removed,
simple and effective means to assess the compatibility of the
device parameters and any proposed response curve, based on
a set of aggregate parameters, can be determined following
[28], [34].

Finally, alongside frequency response services, a semi-
autonomous operation could be used for energy arbitrage
where the TCLs could be controlled to alter their power
consumption and exploit the energy price differences over
a certain time window [13]. This study does not aim to
determine the optimal shape of the TCL response based on
frequency service provision alone. The optimal services allo-
cation would also be driven by further system-level technical,
economic and policy considerations [13].

IV. THE LINEAR CONTROLLER (LC)

The Linear Controller (LC) determines the reference power
profile for the TCLs according to the control law in (7).

ΠL
i (t) = 1−K1 ·∆fi(t)−K2 ·RoCoF i(t,∆ts) (7)

Note that, for under-frequency events, ∆fi(t) = f0 − fi is
always a positive quantity, while RoCoFi(t,∆ts) may change
sign during the frequency transient. The aggregate power
consumption of the TCLs Pi(t) = P0i · ΠL

i (t) at busbar i is
thus a linear function of the local frequency deviation ∆fi(t)
(with a factor K1) and its rate of change RoCoFi (with a
factor K2), calculated over 20 ms. The values of K1 and
K2 are chosen such that when ∆fi(t) and RoCoFi achieve
minimum thresholds the reference power level equals Πmin.
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This ensures maximum contribution from the TCLs for these
conditions.

K1|ΠL(∆fmin) = Πmin → K1 =
Π0 −Πmin

∆fmin
(8a)

K2|ΠL(RoCoFmin) = Πmin → K2 =
Π0 −Πmin

RoCoFmin
(8b)

We consider ∆fmin equal to 0.8 Hz [29] and RoCoFmin

equal to 1 Hz/s [30]. K1 and K2 are constant quantities (they
do not depend on measured signals e.g. frequency) as defined
above and equal for all the TCL clusters. Although the design
of K1 and K2 in (8) does not directly take into account the
actual system operating condition, an effective TCL response
can be obtained, in general, for different scenarios. In fact, it
is demonstrated in Section VII-C that the proposed LC does
not lead to under- or over-response from the TCL cluster.
Nevertheless, if required, the device support can be still
updated periodically (i.e. modifying K1 and K2) under the
semi-autonomous operation discussed earlier. Generalization
of this for heterogeneous TCL populations is straightforward.
In particular, Π0i = Π0 = 1, by construction, while, Πmini ,
the minimum reference power level of the heterogeneous
population of TCLs at busbar i, would equal maxk Πk

mini
,

the maximum of the minimum reference power levels among
all the Ni TCLs included in the cluster. The LC (7) at each
busbar ensures that the aggregate TCL power consumption
satisfies the constraint (3) at all times. Hence, if either the
frequency deviation or the RoCoF are outside the specified
threshold, the aggregate TCL consumption would be constant
at Pmini = P0i · Πmin. Temperature limits in (4) are also
enforced and can be monitored by integrating (2).

The proposed LC also enables the TCL provision of sec-
ondary frequency response. During such a relatively long time
interval (30 min), the aggregate TCL power consumption still
follows the control law (7) until the frequency is completely
restored. As constraints (3) and (4) are satisfied, the device
level feasibility of the power response is guaranteed.

V. THE PRE-SET SHAPE CONTROLLER (PSSC)

The Pre-Set Shape Controller (PSSC) tracks a reference
power profile ΠP (t) with predefined shape. Here we use
the simplest possible form which is a controllable constant
power reduction with respect to the initial steady-state power
consumption of the TCLs. Limits on possible extent of power
reduction are set by (3) and (4), and applied to primary and
secondary response time intervals. The same power reduction
level is sustained over the primary and secondary response
time frame, which maximizes the TCL contribution in re-
sponse to a severe frequency event. The TCL response is acti-
vated by the frequency- and RoCoF-based criteria (described
in Section III-A) but the amount of response does not depend
on the measured frequency signals and/or RoCoF unlike the
LC. The amount of power reduction is determined by the
estimated level of infeed loss to avoid under- or over-response
from the TCLs as described next.

A. Estimation of Infeed Loss

Accurate estimation of infeed loss is critical for satisfactory
operation of the PSSC. In a multi-machine power system, the
frequency dynamics at each busbar immediately after the event
depend on the local inertia (connected at the busbar) as well
as the level of inertia at (electrically) nearby busbars. Ulti-
mately, electrical proximity depends on the effective reactance
between the busbars [32]. Therefore, for infeed loss estimation,
we propose to divide the network into Na coherent areas in
which the initial transient frequency dynamics are similar.
Assuming that each area j contains busbars i = 1, ..., nj ,
individual TCL would estimate a proportion of the infeed loss
locally as:

(P̃ loss
j )i = 2

Hj

f0

∆fi
∆t

(9)

where, Hj is the aggregate inertia of all the i = 1...nj busbars
within area j ∈ Na. This way, the estimated infeed loss is
similar for all the TCLs within an area. The coherent areas
could be determined offline through the simulated trends in
bus frequencies across the system. For improved accuracy,
the frequency deviation ∆fi is evaluated in the first 500 ms
after the frequency event or within the time when ∆fi exceeds
∆flimit, whichever occurs first. The total system-wide infeed
loss could be estimated by averaging the infeed loss at each
busbar:

P̃ loss
sys =

Na∑
j=1

[
1

nj

nj∑
i=1

(P̃ loss
j )i

]
(10)

Remark 1: It is worth pointing out that the size of the infeed
loss is estimated in order to extract the correct amount of
response from the distributed TCLs. This is key for comparing
our estimation approach against the ones reported in literature.
In [31], the local proportion of the infeed loss was calculated
at each busbar i using the local inertia Hi. Although this
method offers an accurate average estimation of overall the
infeed loss (summing the proportion of infeed loss across all
the busbars), a TCL control strategy based on this estimation
might activate insufficient TCL response. This is because the
infeed loss estimation at each busbar could vary significantly
depending on the inertia at each busbar. Therefore, the TCL
response capability at busbars with low inertia could be under-
utilized and vice versa. In the extreme (but realistic) case, the
local inertia at the busbars where no generators are connected
would be zero and the TCLs connected to those busbars would
not respond. With the proposed methodology, the TCLs within
an area would estimate similar infeed loss and derive similar
reference power reduction which is ultimately proportional to
the TCL penetration at each busbar. �

B. The Control Law

According to the estimated infeed loss (P̃ loss
j )i, the refer-

ence power profile for each TCL is defined as:

ΠP
i (t) =


Πmin (P̃ loss

j )i ≥ PRmax
j

Π0 −
(P̃ loss

j )i

P0j

, otherwise
(11)
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Remark 2: The conditions in (11) are based on the actual
power consumption Pi(t) = P0i · ΠP

i (t). Let us define
PRmax
i = P0i(Π0 −Πmin)i and PRmax

j = P0j (Π0 −Πmin)j
as the maximum TCL response capability of busbar i and of
area j, respectively. Note that P0i and P0j are the steady-
state power consumption of TCLs at busbar i and area j. If
the estimated infeed loss (P̃ loss

j )i by the TCLs at busbar i is
greater than the maximum response capability of the area j in
which they are located, they reduce their aggregate power up
to the minimum level Pi(t) = P0i · Πmin (i.e. ΠP

i = Πmin).
Otherwise, the TCLs at busbar i share the burden with other
TCLs in the same area (at different busbars) according to the
their maximum response capability with respect to the area
one. Accordingly:

Pi(t) = P0i −
PRmax
i

PRmax
j

(P̃ loss
j )i (12)

Substituting Pi(t) = P0i ·ΠP
i (t) into (12), dividing by P0i

and solving for ΠP
i (t), we obtain:

ΠP
i (t) = Π0 −

(Π0 −Πmin)i
P0j (Π0 −Πmin)j

(P̃ loss
j )i (13)

In case of homogenous TCLs, (Π0 − Πmin)i = (Π0 −
Πmin)j and (13) are as in (11). The general case of heteroge-
neous devices does not affect the proposed framework. �

Using semi-autonomous operation, Hj and P0j (and Πminj

for heterogeneous TCLs) could be updated according to the
dispatch situation which would be done by the system operator
or the demand aggregator. The broadcast of these values is not
time critical. The inertia value Hj depends on the generators
dispatch and may vary over longer time scales (in the hours
range). The steady-state power P0j could be measured or
derived from TCL parameters like duty cycles and size of TCL
population. For simplicity, P0j can be assumed time-invariant
as a first approximation. Note that the TCLs provide maximum
support over primary and secondary response time frame when
ΠP

i (t) = Πmin in (11). Temperature constraints (4) are not
binding even under this extreme scenario, as demonstrated in
Section VII-A (Fig. 7).

After delivering secondary response (up to 30 minutes), the
TCLs could recover to their steady-state power consumption
level by means of a positive power-ramp. Depending on the
speed at which the steady-state temperature condition should
be regained, an extra-power consumption (ΠP (t) > Π0) could
be implemented for a certain time. The optimal recovery and
the amount of extra power absorbed could be decided based
on several techno-economic considerations (e.g. units available
for reserve). Optimizing the TCL response for longer time
scales (above 30 minutes) is not within the scope of this study.
Note that for the LC, the temperature constraint (4) is even
less binding as ΠL(t) ≫ Πmin over the secondary response
time window.

VI. REDUCED EQUIVALENT OF THE GB POWER SYSTEM

A reduced dynamic equivalent model of the power system
in Great Britain (GB) is considered for the case study. This
model has been developed by the system operator, National

Grid (NG), for academic research [37]. The system is modeled
in DIgSILENT PowerFactory software and the single-line
diagram of the network is shown in Fig. 2.

Fig. 2. Reduced dynamic equivalent of the Great Britain (GB) power system.

There are 64 AC transmission lines at 400 kV level, one
embedded sub-sea DC link (Western HVDC) and a DC
interconnector to Europe connected at busbar 12. The 36
busbars (designated as ‘zones’ in Fig. 2) represent the principal
generation and demand centers. Different types of generators
(coal, gas, hydro, biomass, nuclear and wind) within each
geographical area are clubbed together at each busbar. The
synchronous generators are equipped with standard models of
governor control (except the nuclear power plants), automatic
voltage regulator (AVR) and power system stabilizer (PSS).
The governor control includes an integral term to reduce the
steady-state speed (frequency) deviation to zero i.e. provide
secondary response. The non-synchronous generators (NSGs)
are represented by static models and do not provide any
frequency service. Note that the spinning reserve is maintained
at 1.8 GW which is the largest possible infeed loss in GB for
which NG has to ensure system security [29].

The overall demand is distributed at each busbar and is
comprised of two types of aggregated loads. A ‘static’ load
(P -constant current, Q-constant impedance) and a ‘TCL’ load
which is modeled as a controllable active power load according
to the two different TCL control strategies (LC/PSSC) de-
scribed previously. The total demand for the chosen operation
scenario is 40 GW. About 40% of the demand (16 GW) is
supplied by wind farms and 2.5GW is imported through a DC
interconnector. Under this situation, the total system inertia is
118.5 GW-s which is in line with the figures projected by NG
[2].

Only domestic refrigerators with freezer compartment are
considered as TCLs and are henceforth referred to as ‘TCL’.
The TCL parameters can be found in [34]. The total steady-
state average power consumption P0 of approximately 65
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million domestic refrigerators in GB is about 2.56 GW (each
refrigerator consumes 180 W). Their minimum total power
consumption Pmin is 1.18 GW according to (3).

VII. SIMULATION RESULTS

Simulation results are presented under two separate sub-
sections to first demonstrate the effectiveness of TCLs for
primary and secondary frequency response provision and then
to establish the accuracy of the proposed infeed loss estima-
tion algorithm for the pre-set shape controller (PSSC). The
simulation study show a coherent system level TCL response
with the proposed controllers despite the spatial variation of
inertia.

The performance of the PSSC depends on the accuracy of
infeed loss estimation which in turn relies on the identification
of coherent areas in (9) as described in Section V-A. In this
work, coherent generators were identified by examining the
system dynamic response (measurement-based approach) to
the different generator outages. More rigorous techniques (e.g.
[38]) could be used but this is out of the scope of this work.

Based on the transient evolution of frequencies at different
generators without response from the TCLs (as shown in
Fig. 3) three distinct coherent groups of busbars or areas
were identified. The outage event corresponds to the sudden
disconnection of a 1.8 GW generator located at busbar 27E at
t =2 s. This outage amount is the largest possible infeed loss
in the GB system at present [29] and therefore was chosen
as the base case for the studies. Under the current dispatch
scenario, other infeed loss disturbances would lead to similar
(or simpler) identification of system areas.
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Fig. 3. Dynamic variation of frequencies measured at generator terminals.

Area 1 (red traces) includes all the generators in Scotland,
in the north of the GB system (shown in Fig. 2). The rate of
decay of frequency is faster in Area 1 where the infeed loss
takes place and also because of low aggregate inertia. These
frequencies differ from those in England and Wales (south of
the system) due to relatively large reactance (electrically far) of
the interconnection between Scotland and England/Wales. The
generators in England/Wales are clustered into two coherent
areas, Area 2 (orange traces) and Area 3 (brown traces) which
includes only busbar 1 having two generators with large inertia
and weak connection to the rest of the network. For infeed loss
estimation, aggregated inertia of Areas 1, 2 and 3 were found
to be H1=16.2 GW·s, H2=73.9 GW·s and H3=18.4 GW·s,

respectively. The inertia of the generator causing the largest
infeed loss were subtracted to find the aggregated inertia of
Area 1 where it is located. For semi-autonomous operation, it
is reasonable to consider worst (i.e. minimum) level of inertia
for the TCLs located in the area where largest infeed loss is
likely. The actual size and location of the event could affect
the accuracy of the total infeed loss estimation for the PSSC
as discussed later in detail in Section VII-B.

A. Frequency Response from TCLs

The operating scenario described in Section VI considers
about 40% percent of the moderate demand level (40 GW)
being met by non-synchronous generators (NSGs) (wind in
this case). Under this situation, a sudden disconnection of a
1.8 GW power plant located at busbar 27-E was simulated
to create a frequency event. All the results presented in this
subsection consider this above scenario and infeed loss event.

1) Benefits from TCL Primary Response (PR): Loss of
1.8 GW generation at busbar 27-E leads to a frequency nadir
below 49.2 Hz (as shown by the red traces in Fig. 4 (a)) which
is not permissible in GB. This implies that the system operator
would have to curtail part of the amount of wind generation to
avoid this possibility of frequency problem. It is to be noted
that this largest infeed loss does not result in RoCoF greater
than the permissible limit (1 Hz/s using a 500 ms measuring
window) anywhere in the system.

The green and blue traces in Fig. 4 (a) show the frequency
nadirs for all busbars with TCL support using either the
LC (green traces) or the PSSC (blue traces) are maintained
well within the 49.2 Hz limit. Thus, in presence of TCL
support, even more than 40% of the moderate demand could
be supplied by the NSGs without worry for unacceptable
frequency deviations. The PSSC yields improved frequency
nadirs and relatively less deviation from the nominal frequency
at the end of the primary response (PR) time frame. Variation
of frequency with the LC is slightly worse (but still very much
within acceptable limits) than that with the PSSC. This is due
to negative RoCoF values during frequency recovery phases
when the second term of (7), K2 ·RoCoFi(t,∆ts), counteracts
the first term K1 ·∆fi(t) and reduces the TCL support. This
counter effect diminishes to zero as soon as the frequency
becomes steady.

2) Primary Response (PR) from Conventional Generators:
With TCL support the need for PR from conventional genera-
tors reduces significantly (as shown in Fig. 4 (b)) compared to
the reference case (without TCL support). The maximum PR
required is reduced by about 920 MW with the LC and 1710
MW with the PSSC. Thus, support from TCLs not only allows
larger penetration of NSGs (i.e. RES) but also reduces (or
even avoids) inefficient part-loaded operation of synchronous
generators which is required to maintain the necessary PR
reserve. This would clearly reduce the system operational cost.

3) Distributed TCL Response: The aggregate response of
the TCLs (sum of all TCL responses at each busbar) in terms
of overall reduction in power consumption from the nominal
level is shown in Fig. 4 (c). The TCL power evolution at two
selected busbars is plotted in Fig. 5. It is to be noted that the
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Fig. 4. System level performance during primary response (PR): (a) Dynamic variation of frequencies at all the system busbars with and without TCL support;
(b) Total primary response (PR) from all conventional generators; (c) Overall reduction in power consumption of aggregate TCL response.

activation of TCL response is non-simultaneous due to the dif-
ferent activation times depending on the geographical location.
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Fig. 5. Aggregate TCL response at busbar 1 and 32.

Focusing on the TCL overall response (Fig. 4 (c)), with the
LC, TCLs maintain their maximum power reduction above the
allowable limit Pmin as the power consumption of individual
TCL is reduced according to the locally measured frequency
and RoCoF. Alternatively, for the PSSC, the minimum power
threshold is reached for almost every busbar. Therefore, the
aggregate power reduction is very close to the limit Pmin.
For PR provision, the power reduction has to be achieved
within 10 seconds after the detection of a frequency event
(see Section III). A zoomed view of the TCL response for
immediately after the infeed loss demonstrates both the LC and
the PSSC are able to achieve the respective power reduction
much faster within one second. This shows that TCLs can
be a potential provider of the recently announced Enhanced
Frequency Response (EFR) service [4], where the maximum
allowed response time is one second. It is to be noted that
the response time with the PSSC is slightly quicker than that
with the LC. As both power profiles in Fig. 4 (c) respect
the power/temperature constraints in (3) and (4), there is no
need to simulate individual TCLs to ascertain the feasibility
of aggregate the response [28].

4) Benefits from TCL Secondary Response (SR): Possible
role of TCLs in proving secondary response (SR) is shown
here. The restoration of frequencies back to the nominal
value over a 30 minute period is shown in Fig. 6. Note that,
besides conventional generators’ support, secondary response
is provided by TCLs according to the control strategies in (7)
and (11). Use of the PSSC speeds up the frequency restoration
process as it maintains the same level of TCL response as the

PR phase. The SR with the LC is much less (almost similar
to the case with no TCL support) due to low TCL response
driven by ∆fi(t) and RoCoFi(t,∆ts) which are small and
zero, respectively, at the end of the PR time frame. Similarly,
the amount of power reserve and the associated ramp-rates
required for conventional generators to provide SR reduce
significantly in presence of TCL support using the PSSC.
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Fig. 6. Restoration of frequencies during secondary response (SR).

The evolution of the average temperature T̄ associated to
the aggregated TCL response for the LC and PSSC controllers
during the SR period is shown in Fig. 7.
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Fig. 7. Temperature evolution during secondary response (SR).

The temperature variation in both cases is well within
boundary limits [Tmin, Tmax], although, for the PSSC, a larger
variation is observed. The more supporting system response
for the PSSC seen in Fig. 6 comes at the expense of this larger
temperature excursion. After the SR provision, a recovery
phase is expected for the devices in which they would regain
their previous operating status.
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5) Comparison with Alternative TCL controller: The per-
formance of the proposed controllers (LC and PSSC) is
now compared with an alternative TCL control strategy for
frequency support provision, reported in [22]. This controller
is chosen for comparison as it is described through a compact
model (unlike other device-centric solutions), which facilitates
its implementation in DIgSILENT. It features an average tem-
perature variation proportional to frequency and an aggregated
TCL response Pi(t) according to two switching functions
(λ1 and λ2) which are temperature dependant. The controller
parameters are as in [22]. Note that in this case the TCL
response is also activated according to Section III-A. The
result of this comparison is seen in Fig. 8 in terms of frequency
variation during the PR period.
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Fig. 8. Dynamic variation of frequencies at several system busbars for
different TCL controllers.

For the same type of devices and parameters, the per-
formance of this alternative controller (in black traces) is
less effective than the presented LC and PSSC controllers in
improving the frequency nadir. At post-fault steady-state, the
frequency is very similar to the case without TCL controller.
These results follow from a slow control over the TCL tem-
perature distribution and its associated aggregate consumption
performed by the controller. This comes from the fundamental
idea to modulate the properties of the steady-state distribution.

B. Infeed Loss Estimation for PSSC

Alongside the 1.8 GW infeed loss event mentioned in the
previous subsection, two other events are considered here to
validate the accuracy of the proposed infeed loss estimation
algorithm and also to check the activation of the correct
amount of TCL response. The two infeed loss events are 1)
outage of a CCGT plant producing 594 MW at busbar 10 and
2) outage of a DC interconnector importing 2.5 GW into GB
at busbar 12.

1) Estimation Accuracy and TCL Response: For each of
the three areas, the average estimated infeed loss across the
busbars in each area P̃ loss

j [MW] and the corresponding
TCL response in terms of their aggregate power reduction
PTCL
j [%] (expressed as percentage of the capability of the

individual area (P0j − Pj(t))/P
Rmax
j ) are summarized in

Table I for the three events mentioned above.
The estimated total infeed loss figures for the whole system

P̃ sys
loss, shown on the rightmost column, are reasonably close to

TABLE I
INFEED LOSS ESTIMATION AND TCL RESPONSE

Area 1 Area 2 Area 3 Total
Ploss P̃ loss

1 PTCL
1 P̃ loss

2 PTCL
2 P̃ loss

3 PTCL
1 P̃ loss

sys
[MW] [MW] [%] [MW] [%] [MW] [%] [MW]

594 101.6 100 382.9 32.9 76.7 57.7 561.2
1800 247.7 100 1179.3 97.9 378.7 100 1805.7
2500 355.1 100 1638.1 100 286.1 100 2279.3

the actual infeed losses Ploss (left most column). As discussed
previously, for infeed loss calculations, each area relies on a
set of aggregate inertia which are calculated considering the
maximum credible infeed loss. This results in a difference
between the actual and the estimated values.

The power consumption of TCLs is reduced according to
the estimated area infeed loss at each busbar. The installed
capacity of TCLs in Areas 1, 2 and 3 are 248.5, 2177.5 and
130.2 MW, respectively. Thus, about 38.7%, 98.2% and 100%
of the total system-wide TCL capacity is used for the 594 MW,
1800 MW and 2500 MW infeed loss events, respectively. In
Area 1 (Scotland), TCLs provide maximum (100%) response
regardless of the the size of the estimated infeed loss. This
is due to relatively low inertia level and concentration of
TCLs in the area. For Areas 2 and 3, TCL response is in
proportion to the estimated infeed loss for the 594 MW infeed
loss event due to higher regional inertia and more distributed
TCL population. For the other two events, the TCL response is
used in full (or almost). It can be seen from Fig. 9 that even for
the 2.5 GW infeed loss event, the frequency nadirs with TCL
support are maintained above 49.5 Hz. Without TCL support,
the frequency nadirs would drop down to 48.8 Hz triggering
dedicated demand disconnection plans [29]. The effectiveness
of the proposed PSSC is more evident for smaller infeed loss
events. The TCL response following the 594 MW infeed loss
event does not introduce any significant undesirable positive
frequency excursion as shown in Fig. 9.
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Fig. 9. Dynamic variation of frequencies for different infeed loss events: no
TCL controller vs. TCL PSSC controller.

One major concern for low to moderate infeed loss events is
the ability of TCL response to adapt without employing con-
tinuous updates of frequency measurements. This is adequately
addressed with the proposed PSSC. Note that the average
temperatures for the TCL population (after 30 minutes) are
-16.70oC, -15.54oC and -15.54oC for the 594 MW, 1800 MW
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and 2500 MW infeed loss events, respectively. This is in
compliance with the temperature limits established in (4).

2) Comparison with Alternative Methods: The performance
of the proposed ‘Area’ method for infeed loss estimation is
compared against two alternative approaches considering the
1.8 GW infeed loss event in Table II. A ‘Busbar’ approach
uses the RoCoFs and the inertias at each busbar while a
‘System’ approach employs local RoCoFs but the system-wide
aggregate inertia. The former estimates the proportion of the
infeed loss at each busbar which are added up to derive the
system-wide infeed loss estimate. In the latter, a system-wide
infeed loss is estimated at each busbar and an average overall
figure is used. All these estimation methods are compatible
with the semi-autonomous operation of the PSSC.

The ‘Busbar’ method produces accurate estimate of overall
infeed loss. However, the busbars with relatively low inertia
would underestimate the size of the infeed loss despite severe
local RoCoFs and thereby, activate only a fraction of the
required (available) TCL response. For example, busbar 8 has
the largest TCL population (nominal power consumption of
234 MW) but relatively small amount of inertia connected.
Therefore, only 4 MW out of the available 105 MW of TCL
response is activated at busbar 8 using the ‘Busbar’ method.
This also evident from the low (39%) overall activation of
TCL response for the ‘Busbar’ method in Table II.

TABLE II
COMPARISON OF ESTIMATION ERROR AND TCL RESPONSE WITH TWO

ALTERNATIVE INFEED LOSS ESTIMATION METHODS

Method Estimation error Aggregate TCL response

Busbar 0.35% 39.0%
Area 0.31% 98.2%

System 5.74% 100%

For the ‘System’ method, infeed loss is overestimated
(maximum error of 53%) at each busbar resulting in poor
overall estimation as indicated by 5.74% error for ‘System’
method in Table II. The total TCL response is activated
everywhere regardless of the size of the actual infeed loss. For
smaller infeed loss events (e.g. the 594 MW), TCL response
over-activation would cause undesirable positive frequency
excursions. The proposed ‘Area’ method overcomes the above
mentioned problems to achieve reasonably accurate infeed loss
estimation and and at the same time activate the required TCL
response as is clear from Table II. Using the ‘Area’ method
some busbars in Area 2 (see Table I) estimate a generation loss
(relative to that area) smaller than the capacity of the TCLs
in that area (see (11)) and activate only the necessary amount
of TCL response.

C. LC Performance for Different Infeed Losses

For the sake of completeness, the performance of the LC is
also studied for the different loss of infeed outages analyzed in
the previous subsection (594 MW and 2500 MW). The system
response with this TCL controller is shown in Fig. 10 against
the case in which the TCLs do not provide frequency support.
It can be observed that, despite the fact of not updating K1 and

K2, the system response is well improved after the different
outages. The control gains are chosen according to (8) to
provide an effective response for different scenarios.
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Fig. 10. Dynamic variation of frequencies for different infeed loss events: no
TCL controller vs. TCL LC controller.

VIII. CONCLUSIONS

A realistic measure of the effectiveness of Thermostati-
cally Controlled Loads (TCLs) in collectively contributing
to grid frequency regulation has been demonstrated in this
paper. Two TCL control strategies have been validated on a
representative multi-machine reduced equivalent model of the
GB power system, which captures the transient variation of
system frequencies at the different busbars. This effect can be
more pronounced in future low inertia scenarios. The TCLs
(domestic refrigerators, in particular) were controlled without
real-time communication and in a non-disruptive way for
this purpose. Out of the two alternative control strategies for
TCLs - Linear Controller (LC) and Pre-Set Shape Controller
(PSSC) - the PSSC performs slightly better compared to the
LC for primary response but produces significantly improved
secondary response. However, a semi-autonomous operation is
required for an effective performance of the PSSC. The LC, in
contrast, due to the choice of K1 and K2, can adapt to different
scenarios even under an autonomous operation. Note that,
more advanced applications, which envisage the simultaneous
provision of frequency response and energy arbitrage [34],
would need a semi-autonomous operation for both controllers.

The studies reported in this paper demonstrate that, using
either control strategy, rapid frequency response contribution
(within one second) from TCLs can restrict the transient
frequency deviation well within the acceptable 49.2 Hz limit
following large infeed losses. As a consequence, the amount
of frequency response services required from conventional
generators is drastically reduced. This would allow the system
operator to accommodate larger shares of RES (wind etc.)
without having to worry about curtailing those to retain
adequate synchronous generation (and hence adequate inertia
and conventional response) in the system. Instead, without
any TCL support, the system frequency would drop below
the minimum threshold. The results also demonstrate that
TCLs are potential candidates to provide Enhanced Frequency
Response (EFR), as their support is delivered within one
second.
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The proposed ‘Area’ infeed loss estimation method achieves
a reasonable accuracy and ensures activation of the required
TCL distributed response which is not possible with a ‘Busbar’
or ‘System’ level approach. This is critical for the PSSC
to avoid over- or under-activation of TCL response and the
consequent negative impact on frequency regulation.

It must be acknowledged that the present study and pro-
posed TCL control strategies for frequency support provision
are derived assuming a first-order linear model to represent the
TCL temperature dynamics. Introducing more complex TCL
models into the control framework to account, for instance, for
the time delays introduced by the compressor in some type of
devices, is being pursued by our research group [39].

Our ongoing work is also focused on analyzing the perfor-
mance of the proposed controllers for more severe scenarios
(lower inertia, larger infeed loss) which could lead to the
activation of RoCoF sensitive protection schemes of embedded
generators. Among other factors, the activation settings of the
TCLs would be crucial to ensure secure dynamic response
under such extreme scenarios. In addition, the effects of
the TCL response at the distribution level (considering a
distribution feeder in the power system model) are to be
studied.
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