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Abstract. The R&D laboratory of Gorenje d. d. develops complex coolappliances. To develop optimal-
performance appliances, regarding all functionalitidsp @ngineers from other areas are participating in a
developing process. To allow for an easier and faster dpuadot, we used mathematically-based simulation
and optimization tools. A cooling appliance operates ogliynwhen it is able to cool to the desired temperature
at the lowest possible power consumption. For the purposeupfinvestigation we developed a simulator for
simulating temperatures inside the appliance cabinetdffareht control parameters. By using simulations a
considerable part of measurements was replaced, and aarheyuch time consuming due to the slow thermal
processes, a lot of time was saved which in the end also n#eiinihe development manufacture cost of the
appliance.
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1 INTRODUCTION measurements are entered into Microsoft Excel in which
a simulator is designed. Performing simulations based on
Tough market conditions require household appliancqfie entered data requires minimal computer skills of the
with a high added value. Besides the built-in funcyger. |n case of changes inside the appliance (geometric
tionalities, the appliances must operate with a minimalimensions, embedded components, modes of control,
power and must have low power consumption. Amongtc ), change-related short measurements are repeated
the household appliances, refrigerators and freezespg entered again. This means that it is very simple
are the largest electric power consumers. The leadifg adapt the simulator. When developing a completely
Slovenian manufacturer of large household appliances jgy appliance, we can use a settled routine (automated
therefore taking an effort towards developing optimalmeasurements) and in a very short time we adapt the
performance energy-efficient appliances. Optimal pekimuylator for the use with the new appliance. Because
formance means that the appliance is able to cool ¥ these advantages, Excel can simulate various complex
the desired temperature at the lowest possible POWEYstems [6], [7]. By comparing the measured values
consumption. Such optimization usually requires a lohnq simulated results accuracy of temperature simulation
of long-term development measurements or a thorougfias proved. This was achieved without possessing any

struction of a complex mathematical model for its simugxpensive software tools.

lation [1], [2], [3], [4], [5]. Such approach requires a

lot of time ahd specific knowledge of often expgnsive 2 COOLING APPLIANCE DESCRIPTION

tools (Gambit, Fluent, Matlab). Upon changes in the

geometric features, the model construction process mubge appliance consists of three cabinets. The upper one

be repeated almost from the beginning. has a refrigerator function and is called FF (Fresh Food).
To determine the optimal performance of the reThe central one is designed to produce ice and is called

frigerator, we need to perform a set of developmerl (Ice Maker). The bottom one that can operate in sev-

measurements for each new type of the appliancéra| different ways is called CD (Convertible Drawer).

Thermal processes in cooling systems are by natufde lower two cabinets form FZ (Freezer). Temperature

very slow. One measurement for determining the powéontrol is performed with a cooling system consisting of

consumption under standard conditions takes severavariable-speed compressor driving the gas that expands

days. This paper presents a simulator that operates ththe evaporator and withdraws the heat from it. The

a minimum set of different short measurements. Thegvaporator cools the air blown into the cabinets with
fans of the ventilation system. The central area (IM)

Received 18 February 2010 and the lower space (CD) have a common goolmg
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temperature control in these cabinets is interdependettie R&D laboratory. The same time step was also used in
Therefore, both CD and IM cabinets have hatches at tremulations. Therefore, one day is represented by 2880
input of the ventilation system regulating the cooledsteps.

air flow in each cabinet. Fig. 1 presents the cooling- By analyzing the measurement results it was noted

appliance components.

sensor

that a satisfactory prediction of the sensor and cabinet
temperatures can be done by taking into account only
measurements of the temperature sensors as a function

- | FF
condenser fan FF ! of the compressor. Measuring any other temperature
an . e . . .
cabinet FF does not significantly impact the prediction accuracy
A Ore) of the temperature sensor, because of the too many
£ iy |y Sraporstor P il ® | jinterdependencies between the different temperatures.
© > rok M up~ ks Fsess Eupil . N
o< 5 Moreover, there is also some difference between mea-
- t surements carried out under the same conditions, be-
- cause of their further impacts (insulation material, senso
(variable speed) | position, etc.) causing some additional undetermined
Pat) | e noise. For the FZ part we measured only the temper-
~ Pu - electric power f(, f, tu) atures at the IM and CD sensors and cabinets, and
e o the compressor power. For the FF part we measured
f - condensing temperature the temperature at the FF sensor and cabinet and the
ty - evaporation temperature
foc - ambient temperature compressor power.
ses - L t f d air fi FF . .
¥ o temperature of blown ai ino FF The FZ part operates in four modes giving four
tes - temperature of vacuumed air from IM : .
e tamperature of biown ai into IM different responses; opened IM and CD hatches (denoted
fe - temperature of vaculmed air from FZ as 1-1); opened IM hatch and closed CD hatch (1-0);
typie - temperature of blown air into
/thz - mean temperature of cabinet FF closed IM hatch and Opened CD hatch (0'1), closed IM
e e eature of cotinet £ and CD hatches (0-0). The FF part has two operating
Qus - heal losses fix, o) —dependenton - modes only, i.e. the compressor powered on or off.
sensor
- Y :
condenser fan F2 %hawhtl)Mabirfeth 3.1 Measurement-data processing
"":f(;?;ﬁ'—;{;ﬁ;ﬁjjf';,) Measurement-data processing was performed in MS
RQhaehoo | :
® Excel using several custom-created worksheets and
condenser FZ evaporator FZ cabinet CD .
o B e ) B, e s fgi) || s Eapne, O macro programs. The data obtained for each measured
E < ) @ el 22| compressor frequency and fan speed was put into a sep-
w t I sensor arate worksheet. Next, the time ranges were determined
compressor FZ When_ the device_ was in one of the _o!oe_rating modes.
(variable speed) [ To eliminate the impact of nondeterministic noise up to
Pt power five ranges for each mode were determined, while the
S

Figure 1. Block diagram of the cooling appliance

average value was calculated automatically. As noted
in practice, three measurements are quite enough to
eliminate the nondeterministic noise. The macro pro-

By changing the frequency input signal, the two comgram automatically calculates the average value of the
pressors change the number of revolutions per minulrves in a particular range (1-1, 1-0, 0-1 and 0-0) and
(the compressor frequency), and consequently also tHetermines coefficientga, b, c,d) of the fourth order
cooling capacity. The fan rotation speed can be switchdtPlynomial that approximate the measured curves.
to be either maximum, medium or minimum. The vary-

ing speed of fan rotations affects the quantity of the

T=at* +bt3 +ct? +dt +e (1)

injected cooled air into each cabinet thus impacting the

cooling conditions.

3 TEMPERATURE MEASUREMENTS AND
ANALYSIS

We first measured temperatures acrose the entire codfl€ exponential function representing an approximation
ing system (sensors; cabinet air-flow inlets and outlet®f the compressor power consumption.
evaporator, etc.). Data acquisition was performed on a

30-second basis by a monitoring system (LabView) in

Constant is not given. It is recalculated during simu-
lation (when changing the operation mode, compressor
frequency or fan speed), so that the curve remains con-
tinuous (when needed the curve is moved up or down).
For each mode there are also coefficiglatd) given of

P =at’ (2)
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Figure 2. Temperature responses at different frequencies

A B C D E F G H J K L
1 SIMULATOR of IM and CD cabinets
2
3 desired temp hysteresis on-femp off-temp | desired temp. hysteresis on-temp off-temp level|  on-temp*| ondtemp®
4 | IM 10. °F 4.°F 14°F 69| -1222°C 222°C| -1000°C| -1444°C 90| 132°F|-1044°C
5 |CD 16. °F 4.°F 20 °F 12 °F -8.89°C 2.22°C 26:67.°C 111128 85| 188°F| 733°C
3 [0 - 100}
7
8 interval 1 interval 2 interval 3 inferval 4 inferval 5
9 interval length 3 23 20 15 281 - 1000}
10 compressor frequency 83 83 71 62 56 /55 62 ., 143]
1 fan speed min max max mid mid |(max. mid min)
12
13
14 tangent 100]/30 - 100]
15|  simulated period 5000|/100-20160]
16 | calculation period 2B80|[100-5760]
17
18
19 power consumption: 0.665 kWhiday
20 mean temp. IM: -149 °C
21 (Ctr+Shift+5) mean temp. CD -15.1 °C
22 duty cycle: 44 Y%

Figure 3. Simulation parameters setting

A by-product of data processing is a comparison ofnaximum fan speed in the IM cabinet with open IM and
temperatures in various operating modes in correlatioD hatches is presented in Fig. 2.
with the compressor frequency and/or fan speed. On
one of the W(_)rksheets_ the frequen_cies and s_pee_ds_ can 4 TEMPERATURE SIMULATIONS
be set to be included in a comparison used in finding
the frequency/speed settings when the device does nihe simulator is designed in Microsoft Excel. It consists
respond as expected. Based on such comparison thie four worksheets and macro programs (about 600
cause for non-correlations can be easily found (e.g. tHees of Visual Basic code) for simulating the cooling-
system is not appropriate for high frequencies, the faappliance operation.
is not blowing enough air, measurement error, etc.). The desired temperature of the IM and CD cabinets
An example of temperatures at various frequencies arehd the value of the IM and CD hysteresis were put

into the simulator interface (Fig. 3). Additionally, the
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Figure 4. Result of simulation - graphical representation

level of temperature was set for each cabinet when thaalculation of power consumption, in kilowatt-hours per
hatch opens, although the on-temperature is not achieveddy (Eqn. 3), is more accurate for taking into account
yet, but due to opened hatch of the other cabinet (armhly whole cycles; this is being an equivalent to the
the running compressor) it was quite reasonable to cooblculation procedure of the measuring system in the

that cabinet, too. The temperatures are presented laboratory, as defined by the measuring standard [8].
the Fahrenheit and Celsius degrees. The compressor

cycle is divided into five intervals. For each interval its . consumptioninterval X 2880
length and operating mode were set. The first interval consumption =

3

) lengthinterval X 12000 )

started at each compressor start-up, the second interval
began after the first had been completed, etc. When t

heThe mean IM and CD temperatures are the average
compressor was on for longer than was the duratioi§mperature in each cabinet throughout the calculation

of five intervals, the settings of the last interval werd®€riod. The duty cycle is a fraction of the time the
used. In each interval the compressor frequency arffMPressoris on. , _

the fan speed were set. The discrete frequency ran eThe most important results of our simulation are
was determined by the development team, while th

e level of the power consumption and the cabinet
fan speed could be maximum, medium or minimum

temperatures. As our solutions are supposed to be fea-
Further, the simulated period and the period of the tot&°le and usable in real appliances, the simulator also
simulated time were set. too. We considered them ishows variations of the simulated temperatures over the
our calculations of power consumption enabling us tgimulation time (Fig. 4). They are shown for the steady

ensure that the transitional state ceased and the appliar?f:"éte only (operatlng_ point). By cha_ngmg th_e C(_)ntrol
operated in the steady state mode parameters, we can simulate the appliance at its different

operating points. So we get an insight into a variations in
The simulation takes about 10 seconds when simulatfie sensor temperature, cabinet mean temperature, and

ing 48 hours of a operating time (i.e. 5760 steps) on eompressor power consumption. Based on these data, we
2GHz computer. The results of the simulation show thare able to calculate the power consumption for the case
daily power consumption in kilowatt-hours, mean temof normal usage, which according to standard [8] implies
perature in the IM and CD cabinets, and the compresstrat the appliance is loaded and its door is closed.

duty cycle. To calculate the power consumption, the Using the simulator with different control-parameters
maximal interval within the period for the calculationssettings the most appropriate control parameters can be
is used containing the whole cycles (an interval starttound. They are entered into the appliance that is than
with the beginning of one cycle and ends just before thmeasured, to confirm its behavior. The search time for
last non-complete cycle gets started). In such way then optimal setting is much shorter than when searched
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Figure 5. Comparison of measured and simulated curves
with measurements only. a function of the compressor. It is important that all the

The simulator for the FF part simulates the tempergossible operating modes are considered. Temperature
ture in one cabinet only. We need to set less input datasponses should be measured for all frequencies. Dur-
and the output is slightly different, too. ing data processing we can notice if some combination
4.1 Simulator validation is_ not appropriate and_ sho_uld t_herefore be _omitted (too

high power consumption, inability of reaching the de-

Simulator validation was carried out in the Gorenjesired temperature). The number of initial measurements
R&D laboratory. It was based on a comparison ofncreases with the number of independent parameters.
measurement and simulation results. The diﬁerenc% our case, we app“ed ten compressor frequencies and
between the measured and simulated curves were ngfree fan speeds. Our analysis also involved minimiza-
ligible and acceptable as far as the number of impactgpn of the number of the needed initial measurements as
is concerned. The differences were even smaller thagell as their automatization. Correct measurements are

expected according to the number of factors that affegj key importance for an accurate and robust simulation.
the appliance operation. Our comparison of the mea- As observed, the optimal results of one prototype
sured and simulated data made with the same contrgl '

parameters was carried out with a comparison chaéﬁamt apply to another. Changes in the appliance

(Fig. 5) racteristics and its thermal responses change the

The differences seen are due to the noise impacﬁpt'mal settings, too. Nevertheless, if some components

Similar differences are noticed when comparing twg fing improvement to the app_hgncg, they are further
. . - optimized. Those with no positive impact on the ap-

measurements obtained at the same settings. It is cle . .
lance performance are omitted thus leading to cost

g;/atr;g?];ag(r:?(t)‘rnsg ;;?jb"r:toyt O(;Ht hfaﬁpElela?;eenlt?filergf)a_%?feduction_. This is some kind of evolutionary selection
means that a solution for controlling an appliance mus(%f the reliable and robust components.
be sufficiently robust to ensure its reliable and optimal Fig. 6 shows a comparison between results of different
operation. simulation settings. The compressor duty cycle is cor-
related with the power consumption. It should be noted
5 RESULTS that the measured consumption varies by ahouit%
due to disturbances. Disorders affecting the energy con-
A satisfactory prediction of the temperature sensor anslmption are the noise of the ambient temperature, accu-
the cabinet temperature can be done by taking int@acy of the measurement system, power-supply voltage
account only measurements of the temperature sensoraillations, etc.
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Figure 6. Comparison of results for different settings

Due to the low complexity of the FF part, the sim- [4] z. Lu, G. Ding, C. Zhang, “Dynamic simulation of natural

ulator is used to determine the number of different convection bypass two-circuit cycle refrigerator-fraezed its
. iable-f iabl d application: Part II: System simulation and applicatioApplied
options (Va”a e-frequency compressor, variable-spee Thermal Engineeringvol. 24, no. 10, pp. 1525-1533, 2004.

fan) needed for controlling the FF part. Consequently[5] M. Mraz, “The design of intelligent control of a kitcherfrig-
this would lead to a simpler control algorithm, and a erator,” Mathematics and Computers in Simulatioml. 56, no.

ol I as | . el . 3, pp. 259-267, 2001.
simpler as well as less expensive control electronics 0fﬁ] A.M. Brown, “Simulation of axonal excitability using apBead-

the investigated appliance. sheet template created in Microsoft Excelbmputer Methods
and Programs in Biomedicinevol. 63, no. 1, pp. 47-54, 2000.
[7] 1. Meineke, J. Brockmoller, “Simulation of complex pimaa-
6 CONCLUSION cokinetic models in Microsoft EXCEL Computer Methods and
Programs in Biomedicinevol. 88, no. 3, pp. 239-245, 2007.
The development process of a complex cooling appli{8] ANSI/AHAM HRF-1/2004, Energy, Performance and Capacity

ance is measured in months. By using a simulator a large  of Household Refrigerators, Refrigerator-Freezers andefzers
. 2004.

part of the development measurements can be omitted

thus reducing the development costs. An approximate

cost of such measurements is 50 Euro per day. By

using th? develor_Jed .SImUIator the appllanc.e behavi regor Papa is a Researcher at the “Jozef Stefan” Institute. His
can be simulated just in a few seconds thus importantfgsearch includes optimization techniques, meta-heursgorithms,
reducing the development time and costs. Using tegh-level synthesis of integrated circuits, hardware lanentations

above described simulations. our goals regarding p()W%frhigh-complexity algorithms, and industrial product impements.
’ Is work has been published in several international josrngro-

efficiency and appliance reliability were achieved. ceedings and books.
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