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ABSTRACT

Primary frequency rgmnse from dynameally
controlled refrigerators was investigatedd control
algorithm was applied to amodel ofrefrigerators to
regulate their power consumption according to the
deviation ofsystem frequencyA model of gpopulation of
refrigerators equiped with such control was
implemented in PowerFactory. A simplifiede@t Britain
(GB) power system modelvas used to investigate
primary frequency response from theefrigerators

Simulation results show that the refrigerators react

effectively to the figuency variations by varying their
power consumption.

INTRODUCTION

System frequency indicates the balance of generation

and demand in a power systeithe GB power system
requires the frequency to bmaintained at 50Hz 1%
exceptin exceptional circumstars[1]. Conventiondy,
this power system reds mainlyon partlyloaded, fossil
fuel generators to maintain the system frequeitese
generators provide primary frequency response by
regulatingtheir output power and redog to frequency
variations within 10 secondand adjusting their power
output for 30 se®nds. According to the National Grid
6Gone Gr e e[?,th8long of gendratioh irfeed
loss in theGB power system will increase from 1320MW
to 1800MW.Additional responswill be required to cater
for a larger infeed loss in the power systeidowever,

primary frequency response from conventional generators

is not efficient because the generatareedto be party-
loaded andthis will cause more C@ emissions.Thus,
apart from using generation changes indemand are
useful for supporting the frequencyElectrical loads
which aretime-flexible [3] can beinterruptedfor a certain
period of time.Such applianceareableto participate in
primary frequency response.

There areseveral control mehods to manage the
behaviourof load accoding to system frequencyirect
Load Control (DLC)of the domestic loads to provide
primary frequency response using smart metees
investigatedin [4]. Temperaturalependent appliances
such a refrigeratorswereused in[5, 6] to respond to the
variation ofsystem frequencyl he temperature s@bints
of the appliancesvere defined to varylinearly with the
frequency deviatio to decide when to switch off.

This paper investigages a control algorithm for
refrigerators to respond tdhe deviation of system
frequency. A model of the dynamially controlled

CIRED2013 Session 4

Paper No 0507

refrigeratorswas integratednto a simplified GB power
systemmodel Different from most of the load controls
which tend to diturb he natural diversity of loadg],
load diversity is maintainelly the proposed method

MODELLING

GB power system model

Figurel1 showsthe simplified GB power systermodel
The characteristics of the generatamsthe system and
damping from the frequency dependent
representedhrough the system inertiaH.q (9 seond9
and damping constam (1.0 p.u) [8]. The synchronous
generatorgespond to a dropf frequency by in@asing
their power output. Primary frequency responsds
achievel by the governor droop control with the
equivalent gairReq Which is a combination of droops of
all the generatospeed governorg) the power system
1/Reqis setas-11(p.u./Hz)in the sinulation. The typical
time constant ofjovernorTy is 0.2 seconds A leadlag
transfer functiorwith time constargt T, (2 se@mnd9 and
T, (12 seonds is placedbetween governor and turbine
to ensurestable performance of the speed contfidie
mechanical otput power is obtained following the
turbine time constant; (0.3 semndy. The parametarof
the modelwere adjusted based on the frequency event
thatoccurred in GB on May 2, 2008. The parameters
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Figurel. The GB power system model

Dynamically controlled refrigerator model

Refrigeratos typically have a switchingON/OFF cycle
of 15 minutesto 1 hour. Switching actions caused by
primary frequency responswhich lasts for around 30
secondsshould not disturbthe normal operation o&
refrigerdor [5]. Refrigerators are in service in all seasons,
thus they are able to participate in the frequency
regulationall the year roungbs].

Figure 2 shows a simplifietefrigerator comprisig a
cavity box and an evaporator box. The cavity box stores
food. Temperature ithe cavitybox are measured by a
temperature sensof his temperatur€T) determines the

loads are
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ON/OFF state of refrigerator by comparinthe current
temperaturewith the preset temperature sebints. For
the normal operation of a refrigeratdf,temperature is
below the low temperature geoint (T_low), the
refrigerator should switch off; anifl the temperature is
above the high temperature -petint (T _high), the
refrigerator should switch oihe cavity box is in thermal
contact with both the evaporator and the room. The
evaporator is used to pump out heat to them by a
compressar i.e. work is done by the compressor to
release heat to theoom. For simplification, the
refrigerator model in this papassumed that no thermal
contact between the evaporator and the rsatcounted
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for and all heat leakage occurs from the cavity bas
shownin Figure 2.
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Figure2. Diagram of a simplified refrigerator

The model ofa dynamia@lly controlled refrigerator is
illustratedin Figure 3. The inputto the models the grid
frequency The output is t power consumption of the
refrigerators.
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When CS0:

If trig<=f, then turn on the compressor
SwR1.
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Figure3. Model ofasingledynamially controlled refrigerator

Controller

The first part of the modeh Figure3 is the controller.
There areghree inputgo the controllergrid frequency f()
of the powersystem the compressor statu€$ and
temperature(T) of a refrigerator CS representsthe
ON/OFF of a refrigerator The controller needs to
considerthe CS because Wen frequency dropsnly the
ON-refrigerators are able to respond and switch off
When frequency rises, only ti@-Frefrigerators are able
to respond and switch orThe temperature inside a
refrigeratoris requiredto decide when to switch on/cdf
refrigerator The highest temperature isnays the first to
switch on, while the lowest temperaturealg/aysthe first
to switch off.

Trigger frequencytrigF) is defined as a linear function
of temperaturgT). It is thecalculatedfrequency at which
the compressor statusf a refrigerator will be changed.
Thelinear function isdefinedso that when the frequency
drops, the refrigerators will be triggered to switch off
from the lowest to the highest temperatuvghen the
frequencyrises the refrigeratorsvill switch onto absorb
the extra powefrom the highest to lowest temperature

CIRED2013 Session 4 Paper No 0507

This rulegives the ordeto switch therefrigerators

In the cae of frequencyrop, if f drops lower than
trigF, this refrigerator will switch off and vice v&a, as
illustrated in Figure. The switch recommentian (SWR
is the output of the controller. Ibforms the refrigerator
whetherto change its status or not.

To guarantee the load diversity of a population of
refrigeratorstrigk of each individual refrigerator is set in
a diverse way by introducing andom elemento the
linear relationship in Figure3. Over a population of
refrigerators, his random elemenstill preserves the
linear relationship on averagéhe randontrigk of each
refrigerator is calculated at every sampling time, which
maintains tke load diversity of refrigerators.

A specialperiod defined as the&recovery period is
consideredvhen most refrigerators need tecover after
responding to a frequency everin the case of a
frequencydrop event, theefrigeratorswhich switch off
needto switch on to recoveas they reachhe limit of
their inside temperature setpoints A simultaneous
switching-on action of most refrigeratorawill cause a
second frequeneglrop in the power systemlo prevent
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the second frquencydrop due to the simw@heous
recovery, the recovery of OFdtate refrigerators will take
place before the system frequency recovers to 5THa.
OFFstate refrigerators are switched on starting from the
one withthe highest temperature.

Refrigerator Model

The second part of ¢h modelin Figure 3 is the
refrigerator. The input to the refrigeratortige switching
recommendationSwR) received from the controlleand
the ambient room temperaturf o). Ambient room
temperature influences the refrigeration loads. Winter
load carbe two thirds of that in summegs].

Two thermal equationare used ashownin Figure 3.
One is the heat transfer function, the other is the
temperature variation in aoty. ¢p Qis the amount of heat
transferredJ), A is the area of thermal contagt?), U is
the Uvalue which is the overall heat transfer coefficient
of the thermal contaddm?K’s), o Tis the temperature
difference between the two sidesathermal contactK),

o Thassis the variation of temperature at a body of mass
m (kg) such as the massf the cavity box C, is the
specific heat capacity of the mgs&g'K™). Based on the
two thermal equations, the thermodynamics insale
refrigerator are considered in the cavity artie
evaporator boseparatehas depicted in Figure 2

In the cavity boxthereis heat transferrethroughboth
of its thermal contacts with the &porator and ambient
room This causesthe variation of temperaturein the
cavity box whichis written as a first order differential
equationasshown in Equatior(l):

CaEv % CaEv CaEx CaAmb
e U A, e U A Caamb

Dt C\S:a* mCa qca* mCa
where 6 C a60E waril 6 A méaré cavity, evaporator and
ambientroomrespectively.

Similarly in the evaporator box, there isheat
transfered at the thermal contact witthe cavity. Work
done by the compressor influesdbe temperature in the
evaporator. The temperature variationthe evaporator
boxis describedby Equation(2):

DTEV * -I-ﬁaEv

D - TCE}mt (1)

imass — U CaEv ACaEv Q " (2)

Dt W QIEV* e
whereQ,, is the power consumption of tltempressom
Watts
To model a population of refrigerators separatéig

parametersand initial value ofthe variablesof each
refrigerator are selectedithin a typical range randomly
usingaMonte Carlosimulation

The mechanical settingshich influence the ON/OFF
cycles of a refrigeratoareconsideredas shown in Figure
3. The minimum OFF timdetween compressayclesis
to allow thepressuran the cooling circuit to drop before
switching on the conpressor againThe defrost setting
also influence the ON/OFF status as if frost occurs, the
refrigerator needs to K@FF until the frost melted.
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SIMULATION RESULTS

A model ofa number of individuatefrigeratos with
dynamic controlwas integratedo the GB power system
modé in PowerFactoryas shown in Figurd. A sudden
loss of generatiorof 1320MW (with a base of 25GW)
was applied to the system at t=%@®nd Case studies
were carried out with different nubers of refrigeratos
aggregatedas shown in @ble 1 The number of
refrigeratorsin each casés scaled up by multipipng a
coefficientto represent the total number of refrigeraiars
GB, i.e. 40million. The simulatbn results are shown in
Figures4-7.

Table1: Number of rérigeratos aggregated in model

Classification Case0| Casel| Case2| Case3

Number of 0 100 | 1,000 | 10,000
refrigeratos

Figure4 compares the variation of system frequeoty
the four casesAt t=10 semnd, there is an obvious
frequencydrop due to thesudcen loss of generationn
the cases containinfyequency responsiveefrigerators,
the drop 6 frequency is less severe than the case without
refrigerators.Figure 5 compares the power consumption
of refrigerators. The power consumption of the model in
Cas2 almost coincides with that of the model in Case3.
The power consumption of the model in Casel deviates
from that of the model in Case2 and Case3 significantly.
Figure 6 conpares the primary frequency response of
conventional generators in the four casBse amount of
primary frequency response from conventional generator
in the case oho refrigeratos is largerthanthe cases with
refrigerators. This indicates that the refrigerators can help
reduce the requiremenbn conventional generators in a
frequency event. Figure 7 compares the power
consumption of refrigerators in the four cases in a long
timeframe. This period includes the time when most
refrigerators are in the recovery period and start to
consume power to satisfy their internal temperatite
power consumption in Case2 is close to that in Case3,
while the power consumption in Casel is different from
that in Case3 significantly.

According to Figure 5 and Figure 7, it is shown that a
model of 1,000 refrigerators aggregated should be
suitableto represent all the refrigertors in the GB power
systemand provide a&ompromig between accuracy and
simulation speed A model of 100 refrigerators
aggregated gives low accuracy while 10,000 refrigerators
aggregated takes too much simulation time.
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Figure 4. System frequency variation in the primary frequency
response timeframe
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Figure5. Response from dynamic refrigerators in the prima
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Figure6. Response frongonventional generatons the primary
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Figure7. Power consumption ofytiamic refrigerators after providing
the primary frequency response

Figure 7 also shows that when the refrigeratoesre
switching on to recover, the control helps avoid the
sudden simultaneous switob-on of refrigerators. The
diversity of the refrigerators is still maintained in this
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period.

CONCLUSION

A refrigerator model with dynamic control was
developed in the stfare PowerFactoryAn aggregated
model of large numbers dhe dynamially controlled
refrigeratos was integrated to the GB power system
model Simulaion results show that the dynaralty
controlled refrigerairs provide fast primary frequency
responsevithout major impac on the normal operation
of refrigeratorsThe refrigeratordelp regulate the system
frequency and thuseduce the regulation requirements o
conventional generatar$he load diversity is maintained
during and after a frequency event
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