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Abstract—This paper discusses and presents a simple
temperature prediction strategy for the domestic refrigerator.
The main idea is to predict the duration it takes to the cold
chamber temperature to reach the thresholds according to the
state of the compressor and to the last temperature
measurements. The experiments are conducted at SYSLAB
facility at DTU Rise Campus having a set of refrigerators
working at different set point temperatures, with different
ambient temperatures and under different thermal load
conditions. The prediction strategy is tested using a set of
different refrigerators in order to validate the performances.
The challenges to calculate the time with less error
pronouncement in temperature, regulating power supply and its
duration are also discussed.

Index Terms—Regulating power, Grid
Integration, Demand response.

Energy Storage,

L INTRODUCTION

The rise in energy demand, the threat of depleting fossil
fuels and their impairment to the environment is pushing the
usage of more renewable energy sources with increased small
distributed production units rather than large localized
traditional power plants. In Denmark solar and wind
generation accounted to 21% in 2010 and ambitious national
targets suggest 50% consumption to be supplied from wind in
2020 [1]. Increase of an uncontrollable and variable power
production disturbs balance between supply and demand and a
shift to production driven consumption is inevitable. Smart
Grid technology is expected to provide benefits by reducing
distribution and transmission losses, and help to optimize the
use of existing power grid infrastructure [2].

One of the challenges for the reliable and economical
operation of a power system with a high penetration of
renewable energy sources with high fluctuations (solar, wind)
is the availability of energy resources which can participate in
balancing supply and demand on a short-term basis. Demand
response paradigm suggests that such resources can be found
on the demand side rather only in the supply side. The

This work is part of INCAP project (INducing Consumer Adoption of
automated reaction technology for dynamic Power pricing tariffs), funded by
The Danish Council for Strategic Research, running from 2012 to 2016.

increase of not controllable variable power production and the
displacement of conventional generation require power system
services, such as regulating power provision, to be reallocated.
A possible source of regulating power is offered by so called
Demand Side Resources (DSRs), which are electric loads
whose power consumption can be deferred without
compromising the quality of the services they are providing to
the users. Demand response paradigm is based on the idea that
contribute in terms of electric power of the single unit is
modest but the aggregated response of a very large number of
units might be of relevant size for the power system [3]. In
Nordic countries in 2010 buildings energy consumption was
34% of total consumption, where appliances and
miscellaneous equipment accounted to 24% of energy
consumption in the building sector [4]. Among appliances
found in a household, refrigerators, washing machines, dryers
and dishwashers are considered to be suitable for load shifting
[5]. Loads with thermal capacity and continuous operation are
even more suitable for shifting. Using, for example, a thermal
energy storage capacity in a refrigerator, consumption can be
shifted away from peak hours, while managing a stable
temperature within set range.

Availability of a refrigerator in most of households, ability
to shift its consumption due to presence of thermal storage and
continuity of operation, with thermostat cycles, makes a
refrigerator a suitable unit for a large field experiment
controlling appliances in private premises. The main challenge
in such a context is to predict if and for how long a refrigerator
is available to defer its power consumption. In order to have a
realistic estimate of the fridge power consumption flexibility,
a thermal model for predicting the future temperature of the
cold vane can be used.

The aim of this paper is to present a simple thermal
prediction strategy of a refrigerator that can capture its main
thermal dynamics. The strategy will be validated on real
domestic refrigerator units which work at different indoor and
ambient temperatures and under different thermal load
conditions. Particular emphasis will be put on creating an
adaptive model which can estimate and update its parameters



on-line. The rest of this paper is organized as follows: in
Section II the problem outline and prediction strategy are
introduced, and the thermal model of the fridge is briefly
presented. Section III illustrates how the work will be carried
out and preliminary experimental data which were used for
fitting the model. Section I'V discusses about the work plan in
detail and the conclusions and future work are reported in
section V.

II. PREDICTION STRATEGY

A.  Problem outline and prediction strategy description

The domestic refrigerator’s operation during most of the
time of a day is very much defined by the operation of the
thermostat. The major disturbances are introduced only during
certain time of the day while the food is removed from and
fresh food is loaded into the fridge. During rest of the day, the
internal temperature of the fridge is not affected by user
behavior and it can be predicted using a simple strategy tuned
with historical measurements. This allows predicting the
duration for which the regulatory power can be supplied or
consumed.

The quantity of the available regulating power is the fridge
power consumption at any time. Regulating power supply
duration is the duration for which the fridge operation can be
interrupted without violating upper and lower threshold of
internal temperature of the fridge. The regulating power
supply duration can be estimated by predicting the time that it
takes for the temperature to reach upper or lower threshold of
the respective thermal cycle from the present temperature
inside the cold chamber. Thermal cycles examples are shown
in Figure 2 with cooling cycle between time t; and t,, and
heating cycle between time t, and t;. Because of the
thermostatic cycles, the thermal behavior of the fridge follows
the earlier respective heating or cooling cycle with minor or
no variations. In the work presented in this paper, predictions
for the present heating and cooling cycle are based on the
previous respective cycles.

To predict the duration of present cycle, the previous
respective cycle’s temperature curve can be traced till the
threshold temperatures of the cycle and applied on the present
cycle. For example, in the illustration shown in Figure 2, to
predict the cooling cycle between the time period t; and ts,
previous cooling cycle from time period t; to t, can be used.
Similarly, to predict the heating cycle between the time period
ts and tq, previous heating cycle from time period t, to t; can
be used. The shape of the temperature curve is characterized
by its slope at different segments. One of the ways to trace the
temperature curves of these cycles is by considering them a
piecewise linear. The slopes can be derived for each segment
of a curve by considering the segment as a linear with one
slope. These slopes of different segments of the previous cycle
can be used to construct the temperature curve of the cycle
under prediction.

The block diagram in Figure 1 shows the prediction
strategy with the expected input and output quantities with
temperature prediction strategy that is discussed in this paper.
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Figure 1. Block diagram of fridge model showing input and output.

Prediction strategy

B. Prediction error

The temperature prediction error has a direct impact on the
prediction of regulating power supply duration. The prediction
error in duration is calculated as shown in Figure 2. In the
cooling cycle, the prediction error is the ratio of the difference
in time between the actual temperature and the predicted
temperature reaching lower threshold temperature and the
actual cooling duration. Similarly, in the heating cycle the
prediction error is the ratio of the difference in time between
the actual temperature and the predicted temperature reaching
higher threshold temperature and the actual heating duration.
The errors in prediction are defined as follows:

Prediction error = At,;,/t.,

Where Az, is the difference between actual time and the
predicted time for the temperature to reach upper or lower
threshold temperature and ¢, is actual heating or cooling cycle
duration. The positive error represents the under estimation
and vice versa.

Temperature - actual

Temperature - prediction

Temperature
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Errorin regulating power
[ supply prediction

Compressor Power
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Figure 2. Prediction error calculation in cycle duration.

III. EXPERIMENTAL SETUP

Preliminary measurements of two consecutive thermostatic
cycle of one refrigerator unit are shown in Figure 3. Upper
plot of Figure 3 shows the cold chamber temperature while
lower plot shows the refrigerator power consumption. The
power consumption shows an initial spike due to the inrush
current of the induction motor which drives the compressor.
Electric power consumption is afterwards decreasing along
with the rate of the fridge indoor temperature. Time series of
the electric power consumption and fridge indoor temperature
is used for fitting on-line the refrigerator prediction strategy.
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Figure 3. Fridge temperature profile and compressor power profile for two
cycles.

In this paper the proposed thermal model will be fitted
using two refrigerator units at different working conditions
(cool chamber temperature set point, ambient temperature,
food thermal mass) and its performances, accuracy and
reliability in estimating the indoor temperature and refrigerator
power consumption is assessed.

A.  Measurement and data collection

The aim of the presented experiments is to collect different
set of temperature data to train the model and test the self-
tunability (to adopt the changes in variations in the cycle) of
the model for the temperature prediction in order to calculate
the duration of regulating power supply. The prediction error
in terms of heating and cooling duration can be calculated
from the actual cycle time and the predicted time. The block
diagram of the experimental setup is shown in the Figure 4.

_______ DEIF Power
:- measurement €& = = 230 Vac
| device
|
e ™~ l—) Ethernet o] Computer
switch

T2 Phoenix contact
Fridge I3y bus coupler

T1,T2,T3 - Temperature sensors

—

Figure 4. Experimental setup and sensor position.

The power was measured with Multi-instrument, MIC-2
from DEIF A/S with accuracy Class 0.2. The temperature was
measured with TEL NTC 10 thermistors from Produal A/S
with temperature range from -30 to 80 °C and accuracy
+0.2°C (at 25°C) connected to Phoenix bus coupler which
reads the resistance of the thermistors. The temperature data
and the power consumption along with a common time stamp
were logged in a CSV file.

IV. EXPERIMENTS

A.  Sensor characterization and placement

The temperature measurement was done with three
sensors. To ensure there is no considerable difference in their
readings, they were placed together in single place inside of

the cold chamber and the measurement of the same
temperature was taken from different sensors. The
measurements from the sensors and the difference in their
readings are shown in Figure 5. Two of the sensors were
measuring the temperature with difference of £0.2 °C and the
third one differs with the others with £0.5 °C.

Variation in measurement with 3 Sensors
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Figure 5. Temperature measurement variation in the sensors.

B.  Experiment plan

In order to properly place the sensor and to minimize the
prediction error, large sets of experimental data were
analyzed. The fridge temperature was measured at three
different places inside the cold chamber. Based on
measurements presented in Figure 5, the final placement of the
sensors for the experiment was determined. One measurement
was placed close to the cooling element (the evaporator), the
second one was as much as far away from the cooling element
and the third one was in between the former two sensors. The
sensor which gives more variation was placed in the middle of
the cold chamber whereas the other two sensors were placed at
top and bottom of the cold chamber of the fridge during the
experiment.

Two fridges with different thermal characteristics were
selected. One fridge of volumetric capacity of 75 liters with
separate doors for fridge and freezer compartments, in which
the temperature is controlled by the thermostat mounted in the
freezer and the fridge compartment is separated from the
freezer with high thermal conductive layer compared to the
fridge wall insulation layer. The fridge compartment is above
the freezer which is the cooling element and the coldness
flows from the bottom to the top. This unit is called Fridge-1.
The second fridge of volumetric capacity of 50 liters with a
single door, evaporator is mounted inside the fridge cold
chamber. The evaporator is the cooling element and the
freezer. Here the coldness flows from the top to the bottom.
This unit is called Fridge-2 in the experiment. The Figure 6
shows the construction and direction of coldness flow in
Fridge-1 and Fridge-2.

The thermostat settings in refrigerators from different
manufacturers are not following common set points
indications. Some fridges have only qualitative indications of
coolness only allowing setting low, medium and high. Some
of the fridges have numeric coolness indicators, for example
numbers 1 to 5, where 1 is the lowest and 5 is the highest
temperature setting. It was decided to conduct the experiment
at three different levels of thermostat setting and with three



different levels of thermal mass, in order to examine fridge
flexibility with different settings and loads.

Fridge 1

Fridge 2
Cool chamk -
(Fridge) Coolingelement
& (Freezer)

Cool chamber
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Cooling element
(Freezer)

i Coldness flow direction

Figure 6. Construction and heat flow direction in Fridge-1 and Fridge -2.

C. Inference from the temperature cycle

The temperature cycles of cold chamber of the two fridges
during a full day operation are shown Figure 7 and Figure 8.
The temperature variations at different zones of the fridge are
different.
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Figure 7. Temperature variation in Fridge-1.

The variations in the temperature are more pronounced in
the middle than the one at the top or bottom. Figure 7 shows
the measurements taken in the fridge in which the cooling
element is at the bottom and in the Figure 8, shows the
measurements in a fridge in which the cooling element is at
the top. Also in the fridge driven by the freezers (Figure 7),
the upper and lower threshold varies in wide range with the
change in ambient temperature.

Temperature variation inside Fridge-2
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—T3 Lower

D. Temperature prediction for Fridge-1

The temperature curves of cooling cycle and the heating
cycle follows different trends. They are considered as two
different systems. Predictions for the present heating and
cooling cycle are based on the previous respective cycles.
The measurement from sensor mounted at the middle of the
cold chamber was used for the temperature prediction as the
temperature cycles are more visible in the measurement. The
temperature curve of a cycle is traced by its slopes at different
segments and the slopes were used to construct the curve
under prediction. The Figure 9 shows the closer view of
actual temperature, predicted temperature for two cycles of
cooling and heating.
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Figure 9. Temperature prediction for two cycles in Fridge-1.

The Figure 10 shows the actual temperature, predicted
temperature and the difference between them for a whole day
period.
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Figure 10. Temperature prediction and prediction error in Fridge-1for the full
day.

The mean errors and the standard deviations for the
prediction for a full day are given in the TABLE 1.

TABLE 1. PREDICTION ERROR FOR FRIDGE-1
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Figure 8.Temperature variation in Fridge-2.

Mean error Standard deviation Maximum error
Cooling -7.4 % 142 % 16.1 %
Heating -2.3% 3.6% 32%

E.  Temperature prediction for Fridge-2

The ability of the model to predict the temperature was
tested with the Fridge-2 in normal operation and with user
interaction. The fridge was partially loaded (60% by the
volumetric capacity, i.e. 18 L of water) with water bottles and



the thermostat was set at medium level. After the regular
cooling and heating cycles were achieved, the disturbances
were introduced. The disturbances were:

e Random door openings for the duration of 30 seconds
and 60 seconds.

e Removal of thermal mass (12.5 % of present mass)

e Addition of thermal mass (5 % of present mass)

e Addition of thermal mass (13 % of present mass)

The prediction for a whole day with normal operation
without any user interaction is shown in the Figure 11. The
prediction error means and standard deviations are given in
the Table 2.

TABLE 2. PREDICTION ERROR FOR FRIDGE-2

Mean error Standard deviation Maximum error
Cooling -1.0 % 4.8 % 9.5%
Heating 0.5% 55% 10.4 %

The first three disturbances mentioned above were
introduced between 08:00 and 12:00 hours of the day and
have no considerable impact on the prediction error which is
shown in Figure 11.

Actual and predicted temperatures Fridge-2 with normal operation
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Figure 11. Temperature prediction and prediction error in Fridge-2 with
normal operation for a day.

Addition of 13% thermal mass, causes a huge drift in the
lower and upper thresholds of the thermal cycles, the
prediction error was above 40% in the first two cycles after
the change in thermal mass as shown in Figure 12. The actual
temperature, the predicted one and their difference are shown
in the Figure 12. The prediction error means and standard
deviations are given in the Table 3.

TABLE 3. PREDICTION ERROR FOR FRIDGE-2 WITH USER INTERACTION

Mean error Standard deviation Maximum error
Cooling -0.5 % 10.8 % 9.5%
Heating -0.3 % 6.1 % 47.5%

The prediction errors are less pronounced for the fridges
where the thermostat is mounted in the cold chamber where
the measurement is taken for the prediction as the variation in
the upper and lower threshold temperature are less.

Actual and predicted temperatures Fridge-2 with user interaction
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Figure 12. Temperature prediction and prediction error in Fridge-2 with user
interaction.

V.  CONCLUSIONS AND FUTURE WORK

The paper main idea is to predict the duration that it takes
for the cold chamber temperature to reach the lower or the
upper threshold temperatures, according to the state of the
compressor and the series of temperature measurements from
the last cooling or heating cycle. The aim is to be able to
predict the temperature behavior of large set of fridges, and
thus evaluate the expected power consumption. The presented
fridge model was fitted with experimental data from a test
fridge. The proposed prediction strategy for power
consumption estimation was verified using two different
fridges and the results showed a standard deviation in the
prediction error of 14.2% and 4.8% for the cooling cycle. The
heating cycle errors are respectively 3.6% and 5.5%.

The prediction strategy used here is simple and needs
little computing power and only two measurements:
temperature and compressor state, but it is usable for
predicting the power consumption of a fridge of unknown
type, size and load, fitting its prediction to previous heating
and cooling cycles. From the results obtained, it seems that
the method is more suitable for the fridges where the
thermostat is mounted in the cold chamber, such as Fridge-2.
The temperature sensor cables cause thermal leak in the
system which introduces minor disturbances in to system.
Usage of wireless temperature sensors can solve this problem.
Further field implementations are aimed at evaluating
aggregated behavior of a larger set of fridges in domestic
households.
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