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ABSTRACT imbalance. Fig.1 shows a schemaitoe evolution of the

aggregate power consumption of the smart devices after a
An increasing share of nuclear and renewable generation frequency drop starting fom the steady state

is reducing the ability of the power system to withstand consumption level f3s

the sudden loss of a generating unit. Hence, there is a
need for additional response and reserve services.
Previous research has shown thatguencyresponsive
thermostatic loads would be able to support the system,
but the proposed control methods typically suffer from
undesirable &d;effects at the device or system level. We Fig. 1 Time evolution of the aggregate powensumption of the smart
propose a hybrid controller that addresses the observed gevices. The curve starts from tieady state consumption levafter
shortcomings and illustrate its effectiveness using the power reduction and its consequent payback period, the aggregate
simulations in a model system. Quantitative comparisons Power recovers the pifault level.

are made with two control schemes from the literature.

The area A represents the energy exploited by the system
and borrowed from the appliances; conversely B is the
INTRODUCTION amount of energy that must baig back in order to come
The GB system is faced with large impending changes back to the steady state condition, defined by a nominal
driven, mainly, by EU and GB emissiorrdets;overthe total power consumption and an average temperature. In
next decade, ample renewal#aergy sources must be general we have B<A:at all the borrowed energy needs
integrated. As a consequence of this and the increasedto be paid baclas a result ofeal energy savirgyin the
reliance on nuclear generation, the power system will form of reduced leakage losses. It is worth pointing out
become less flexible. Furthermore, the possible infeed that the payback can be eliminated entirely, but only at
loss of generation wilgrow as the largest power plant the expense of a very slow asymptotic recovery to steady
size reaches 1.8 GW [1]. Therefore, there is a clear need state appliance temperaturd¥evious research on this
for increasing the amount of response and reserve topic has demonstrated the potahtiof responsive
services in order to maintain grid security. Traditionally —domestic refrigerators to enhance the performance of the

synchronous conventional generators ar¢he main electricity grid. We specifically mentiontwo control

supplies of ancillary services[2]. However, in orderd strategiedfor refrigerators using different approaches: a
provide these services, these units must be operated partdeterministic control [6] and a stochastic control][6

loaded. This resuls in decreasedplant efficiency Both methals work, but each also has drawbacksttie
consequentlyhigher fuel costs and GQCemissions. As former, the thresholds of refri
previous studies shoyi], a critical consequencwill be varied as linear function of the frequency deviation; the

a reducedability of the gridto absorbever more wind resulting control methodology &rongly affectd by the

generation. Responsive demand [3] represents a synchronization issue. This is a troesbme side effect
promising contribution to the solution of these problems. caused by a large number of individual devithat,

During normal operation, one can mandgdé e d e v i ssvigcked off to support the grid, revert to tha state

power consumption, shifng demand from peak to eff together at the same time. These devices may remain
peak hoursin order to reshape thesystem demand synchronized for a long time, causing letegm power

profile. However, in this paper we focus the provision of fluctuations with alte nat i ng phases of 0
frequency services that aim to support the system after a0 p a y b&he latter. approach JGs designed to solve

large frequency drop, typically after tsadderoutage of the synchronization between the fridges; however this

a generating unit. Specifically, we consider the smart positive target is achieveat the expense of limiting the

control of thermostatic loads. In this application each speed and magnitude of thgower reduction that is

ismarto |l oad identifies t aveilablé foe the eystenyAnoities dravdback snthe and ,
according to the algorithm implemented, adjusts its resulting oroff cycling frequency, which may place
power consumption. In case of a generat&hortage excessive demands on h e devi ce ¥ eng

resulting in a frequency drop, the devices will tend to summarize the following three systdavel performance
switch off in order to quickly reduce the system criteria for responsive thermostatic loads:
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1 The ability to provide a sufficient reduction in power
consumption at short notice

1 The capability to delay and control the payback of
energy that t he power
responsive demand

1 Avoiding synchronization of the duty cycles, which
causes largscale cyclic load patterns.

In the following sections, we introduce the methodology

of a hybrid controller that extends the deterministic

controller [45]. Afterwards, we present the

consider a sampling rate of 1 Hz for the fregme
evaluation. Each appliance therefore needs 1s (2
consecutive samples) to estimate the rate of change of

s yfrequeney, argl wreraddiiana secomdrtapsiitchtitseld on

or off. In general, a faster response is more effective.
Moreover, a drastic reduction tfe synchronization and

a delayed payback is obtained duethe inclusion of a
randomized disengagement strategy, which is triggered
when 6 0 and YQb0 m8t¢ 8 Then, each
appliance selects a random temperatuggq Within the

corresponding device and power system models. These uniform distribution Tmin, Tmad. We used £300s;

are usedin simulations in which we compare the
proposed controller with the deterministic and stochastic
controllers. In particular, we evaluate their performance
with respect to the three criteria mentioned above.

THE HYBRID CONTROL S TRATEGY

We consider respons demand in the form of domestic
fridges, freezers and fridgfeeezers.Theseare traditional
thermostatic loads governed by a thermostatring
normal operationthey operatewithin maximum and
minimum threshold temperatgerespectively, T« and
Tmin, resulting inalternathng ON and OFF phasef the

on state the electrical absorption equals the nominal
power of the device, whilén the off statewe assume it
nil. The hybrid control strategy aims to achieving the
three performance targets previguslescribed and not
guaranteed in [4]. Fig.2 highlights the general
framework of the algorithm. It is a decentralized
approach as each appliance works individually.

f(t), df(t)/ dt

Tmax/ minDD(tvf)
Appliance 1:n Gontroller 1:n

Power
A Trano(t) | PO

System
Fig. 2 Framework of théybrid control strategy

Each appliance switches on (off) when the cabinet
temperature reaches the lower (upper) limitido
(Tmaxop)- The controller of ach device idetifies the
frequency
changeQ ¥'Qj Q dand updates the temperaturenits
according to:

4 OE 4 + VB 0 QYQo jQo
4 OE 4 + VB 0 'QV‘on’Qop

By increasing the threshold temperatures when a
frequency drop is observed, the devices collectively
spend more time in the off state, reducingrthggregate
power consumptionKpp is a positive gain that controls
the overall sensitivity and) controls the relative
weight of the ratef-change termWe used the values
Kop =2.0 K s andy Ci, which were empirically
determined to prodéca sufficiently large response whilst
avoiding frequency oscillations The introduction of the

increasingt, entails a slightly delayed onset of payback
but also a fasterecovery of the deviceg\s consequence
of this, the initial ramp rate of conventional generators is
higher.

MODELLING

DomesticD e v i Dyaasnic Models
For ourstudies, waisea 4" order device model:
4 1’1 A A A T 4

A

w AR 7
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The model describes the dynamics of the cabinet
temperature T and the food temperature,, Tfor the
freezer corpartment, and, again, the dynamics of the
cabinet temperaturesTand the food temperaturey, Tfor

the fridge compartment. In case of a fridge or freezer, the
model simplifies to a second order model as there is only
one compartment. Fi8 shows the therrhanodel with

the heat flows inside and outside a schematic
fridge/freezer.
fridge/freezer
uHﬂ) Tl., .,T3 ‘gn
N - _— H 5 A H - 1. o N
freezer fridge

Fig. 3 Schematic thermal model for a cold appliance with the heat

d e v iewatuates nits g€ of ( Higwy involved. H, the heat flow between the ambient and the cabinet

(fridge and freezer); K between therefrigerant and the cabinet
(controlled by the motor); & between the freezer cabinet and the
freezer contents; +Hboetween the freezer cabinet and the fridge cabinet;
Hs between the fridge cabinet and the fridge contents.

The parametersx)a[s'l] are defned as the ratio between
the thermal conductance, K [W/K] and the thermal
capacity G, [J/K], as defined in [7]. The values for these
coefficients are obtained starting from reasonable initial
values for the conductance, the thermal conductivity of
the expanded polyurethane (the main insulating material)
(K;=0.03W/mK), the internal convection coefficient
(he=40W/nf) and the external convection coefficient
(hn=8W/m?); regarding the capacity, the specific heat of
the cabinet (&2kJ/kgK) and the waterc(=4.2kJ/kgK).

rate of change in the update of temperature set points e ysed the following dimensionand thickness of

enables a faster response of the devices. Furthermore, wejnsylation
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0.9x0.6x0.6m, 7cm; fridge/freezer: 0.6x0.7x0.6m8cm
(freezer compartment) and 1.2x0.7x0.65M5 (fridge
compartment)Furthermore we considl the weight of the
contents: fridge 17kg; freeze20kg; fridge/freezer: 10kg
for the fridge compartment and 4kg for the freezer
compartmentAfterwards, parameters in (2) have been
tuned to achieve a better match in accordance with
desired average chataristics listed in Table 1 (e.g. [5,
9]). The ambient temperature is taken to be 20°C.

Power COP T max T min Duty Cycle
Fridge 70 W 2.5 2/7 °C 0.24
Freezer 100 W 1.6 -15/-21 °C 0.26
Fri-Free 180 W 1.6 -14/-21 °C 0.21

Table 1 Characteristics ahermostatic loads

We simulate 10000 individual appliances for each class;

RESULTS

In this section we evaluate trability of the proposed
algorithm to enhance the control of thermostatic loads
and their ability to provide frequency services. We
compare the performances of the hybrid cdnstoategy
with three alternatives:
1 Reference cas@o dynamic demand contribution
1 Deterministic control [4-5]: controller as in (1) with
Kop=2 K's, U T1i ; no disengagement strategy.
1 Stochastic contrd]6]: first order model fofridgesand
freez®e?.s0%ALY=517C, Ty =8.15C;
U= 8 . 0™'ATL,0=-26.5°C, Toy =-13.09C.
Note that the stochastic control in [6] is designed for first
order device models; hence, the state variable is the

11 million fridges, 14 million freezers and 22 million

fridge-freezers. The temperatures and the status of each "YO |

device are randomly initializkaccording to the steady
state distribution; moreover the parameters of each
appliance are chosen randomly within a +20% uniform
interval around the nominal values. The aggregate power
of the device$pssis 1.37 GW.

Fridge i second order modeparameters [s]
an aip Qp1=-ap b1on[°Cs™] | buot [°CST]
7.08A 5.56A 1.04A 6. 43474 2. 97A
Freezeri second order modeparameters [s']
an a2 Qp1=-3p2 b1on[°Cs™] | biox [°CsT]
8.0ftA 7.38A 1.22A 8.374 1.30A
Fridge/freezeri fourth order model parameters [s']
i1 a2 i3 a az2
8.32A 7.37A 6. 40A 1. 90A -1.90A
da1 az3 azs 3 gy
6. 4%A 2.38A 2. 22N 7.09A 7. 09A
blon [OCS_I] bmﬁ [QCS_I] b3 [QCS_I]
-10.6%0] 6. 1A 1. 9GA

Table 2 Nominal pprameters of the dynamic modelanfid appliances

Splitting the dynamics of the food temperatuand the
cabinettemperaturas useful to capture the fact that the

temperature of the food changes much slower than that of

the cabinet. Thisncreases the possibletime that the
devices can be switeld off for, without damaging the
food.

Power System Dynamic Model

We use asimplified power system model detailed in [8].
It consists of a linear'order model where we integrate

a first order ODE depending on its status:

YO Yy o

The first order models computed assuming a constant
food temperature; iis a good approximation of the
second order model within the nominal interval,fT
Tmad- We use only fridges and freezers as the cabinet
temperature evolution of a fridgeeezer is not well
approximated moving from a fourth to a first order
model; ths the number of fridges and freezers is
increased proportionally to reach the same aggregate
power value, at steady state condition, as in the other
cases.

Aggregate Power Consumption - Cold Appliances
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Fig. 2 Time evolution of the aggregate power consumption of dynamic
demandcold gpliances after a 1800 MW losgith 60 GW of system
demand: comparison between hybrid control, stochastic control and
deterministic control
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Fig.4 shows the power consumption of the cold
appliances after a generator loss event at t=1s. The hybrid
control, by using the rate of change of the frequency in
the update of the temperature set points, permits a
completereduction in power consumption at short natice

the responsive demand and considers the contribution of this is not guaranteed with other strategies. The random
primary control and the secondary response supplied by disengagement procedure delays thayback energy

selected machines. We simulate a suddess | of

compared to the deterministic solution and avdéige

generation, set at 1.8 GW. The total system demand is 60 scale cyclic load patternsFig. 5 demonstrates that

GW. The parameters are chosen to qualitatively match
the behavior of the GB power system as detailed by the
National Grid [2]. In particular, H=4.5s, D=1,,0.2s,
R=0.3, T=7s and K=0.01. Mdlab has been used for the
simulations.
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controlling smarts loads with the hybrid strategy ensures
the fastest recovery of frequency within a narrow range.
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Frequency Evolution
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Fig. 3 Frequency evolution after 1800MW loasd 6@W of system
demand: comparison between the strategies and the refessee

Moreover Fig.6 provides a zoom of theduency curves
on the first 18 after the generation loss. The fasid
consistent reduction of power consumption in case of
hybrid control is translated in a higher frequency nadir.

Zoom on Frequency Evolution
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Fig. 4 Zoom on frequency evolution: comparison betwéea hybrid
control (blue), deterministic control (redtochastic control (blacignd
the reference caggreer).

Finally, in Fig.7,we alsohighlight the ability of dynamic
demand to replace fast frequency services provided by
expensive and pollutaigieneratorsA good benchmark is
comparing the time evolutio of the primary and
secondary control support provided by conventional
generators.

Fig. 5 Power supplied by selected generators in chargeiofary and
secondary controlComparison between the controtategies and the
reference cas@ case of 1800 MW loss and 60 GW of system demand

The graph shows that there is no substantial difference

between the reference case and stochastic control; as a
consequence of this, dynamic demand, operated in this

way, is neithereconomically nor technically convenient.
Using the hybrid control, the concrete benefits of
dynamic demand in the provision of primary support are
highlighted as the curve starts from a much lower value.
Moreover, up to slightly more than one hour afteg th
generator outage, the hybrid curve is always below the

reference case, so less conventional generatlon is [8]

required. The initial ramp rate conventlommgenerators

fast but perhaps expensive and/or pollutant generation for
frequency support can be reduced, leading to economic
and environmental savings. Furthermore, the payback
effect doesnodt under mi ne t
generation requick is limited and occurs more than an
hour after the initial event, a sufficient time to reschedule
the system in a more efficient way.

CONCLUSIONS

The paper describes a new hybrid control strategy for
thermostatic appliances for the provision of frequency
services. By monitoring the rate of change of frequency,
the control enables a rapid response after the loss of a
generating unit. Furthermore, the addition of a
randomized disengagement strategy both postpones the
payback and suppresses the synchroniatiffect
observed in simpler control schemes. We have
investigated the performance of the hybrid control using a
second order model for refrigerators and freezers and a
fourth order model for fridgéreezers, coupled to a
simple power system model. Compams with the
deterministic [45] and stochastic [6] controllers are
included, confirming that the hybrid controller addresses
previously identified shortcomings.
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