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ABSTRACT

Air conditioning installations are typically desiggh with
enough cooling capacity to satisfy the desired mimn
temperature under the heaviest load. Since heds ligend to be
less than the maximum designed loads, the systdhrmaist
often be working under part-load rather than fold
conditions. Operating at these part-load conditiemsfixed
capacity will be more expensive than if the capawviere able
to match the required load. Varying capacity ainditioning
systems, which make use of inverter technology,ehbgen
developed in order to track the required coolingdiamore
closely. These high quality air conditioners areeatised as
consuming around 30 per cent less energy than ational
systems.

This experimental investigation looked into theasig state
performance and start-up power requirements of nwerier
driven refrigeration unit versus fixed speed operatA three
phase (745 W motor) air conditioning laboratoryupetvas
used in direct-on-line (fixed speed) mode and aldth a
variable frequency drive (inverter). The resutiistained
showed that the cooling coefficient of performamuaeased as
the operating frequency was reduced. This meant dha
improved performance can be achieved at lower tipgra
frequencies. A reduced start-up power was requfoedthe
inverter driven system, however the additional
requirements for the inverter resulted in the madnsen
system being more efficient at full-load condition§he
improved coefficient of performance at lower freqcies
resulted in an improved performance for the inveddven
system when compared to a conventional system rétqzal
conditions.

INTRODUCTION

The first air-conditioning units for comfort coogin
appeared in 1927, and continued to be developedgiater
years. The home air conditioning market in the Yfeeienced
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tremendous growth in the 1960’s, brought about pdiy the
fact that energy was inexpensive. Simple air-camaing

became common in many homes, and this increaséndan t

market demand spurned a growth in technology. B018ll
areas of refrigeration and air conditioning systemsre
utilising microprocessor control systems to inceeabeir
reliability and efficiency. [1]

Due to the rising of energy prices, the need fdional

energy consumption has become a global concernrgine

consumption for air-conditioning in buildings acots for
about 50 per cent of the total energy consumpfibhas also
been acknowledged by utility companies that 30 gt of
worldwide energy consumption is due to refrigeratand air-
conditioning installations, thus these systems haae
unarguably major impact on energy demand. Forrgason, it
has been the aim of many researchers to improve
conventional refrigerating systems, as this wowddult in a
significant energy economy. [2, 3]

The application of inverter technologies to air-ditioning
systems for commercial and residential purposes firas
implemented in the 1980s, in Japan. Since themsetisgstems
have become increasingly popular owing to theirgnsaving
and better maintaining of comfort when comparedthe
constant speed air conditioner. In the Japanesketaales of
variable-speed air-conditioners have captured difgr per
cent of the air conditioning market, and are insieg [4, 5]

Variable-speed capacity control works by means dbaed
loop control system. An adjustment signal dependemtthe
outside and indoor temperatures as well as théesgterature
is used to match the required heat load. This sigmatrols the
frequency of the inverter, which changes the spéede motor

and thus of the compressor. As the compressor speed

reduced, the mass flow rate decreases as lesgerafiit is
discharged out of the compressor, adjusting thelirapo
capacity to match the load. [2, 6]

on



At very light loads, the variable-speed system oarmn
constantly, since minimum speed constraints wiitriet the
operation of the machine. If the cooling capacitpied by
the system at minimum speed is still too largetlierload, then
the air conditioning system will cycle on/off, a® ia
conventional air conditioner. At high loads, a naxm
frequency limit is similarly imposed on the systdij.

Tassou and Qureshi [8] conducted a series of expaits to

investigate the performance of positive displacemen
refrigeration compressors for this application. yhe
investigated three compressor types; an open-type

reciprocating, a semi-hermetic reciprocating andopan-type
rotary vane. The majority of air conditioning arefrigeration
systems operate using reciprocating compressotsin[lan
open-type system, the compressor is belt-drivermfran
electric motor. The speed of the compressor is liysua
considerably less than the speed of the motor. Muasty
refrigerating systems operated in this way. [1]

Tassou and Qureshi [8] tested the variation of the
volumetric efficiency of three compressor typeshwgpeed
(open-type and semi-hermitic reciprocating compresasd the
rotary vane type). They found that the volumetfficeency of
all three compressors decreased with decreasingdsghis
indicated that all three compressors had designsnximum
volumetric efficiency at the design speed, whichswthe
maximum speed. The open-type reciprocating compress
showed the least reduction, between 2 and 3 pey while the
largest reduction was found for the open-type yotaane
compressor. [8]

In the same work, the variation of the isentrofffecency
with speed was also investigated. All three congmesshowed
an increase in the isentropic efficiency as theedp&vas
reduced. The open-type reciprocating compressor thead
highest isentropic efficiency, whilst the isentrogfficiencies
of the semi-hermetic and rotary-vane compressoe vewer
by more than fifteen per cent. [8]

The variation in the cooling capacity per unit déggment
with frequency for all three types of compressdrevged that
the maximum cooling capacity over the speed rarge gained
at the lower condenser saturation temperature &€ 36r all
three compressors. Tassou and Qureshi argue thas ttiue to
the increased enthalpy difference across the ea#goat low
condensing pressures. Also, at low condenser pessthe
volumetric efficiency of a compressor increasesyhltég in an
increase in refrigerant flow rate. This also implan increased
cooling capacity at low pressures. In the open-type
reciprocating compressor the cooling capacity pert u
displacement for each temperature stayed fairlystzon over
the entire speed range. This is a result of theyfaionstant
volumetric efficiency of this compressor with vdide in
speed. [8]

Tassou and Qureshi also give the variation of ipmwer
per unit displacement with frequency at differendenser
saturation temperatures. For the open-type recipirag
compressor the power consumption per unit displacgm
reduces with the reduction in speed, with the hagjiheduction
being at low condenser saturation temperatures. Sdvai-
hermetic reciprocating compressor performed sityilés the
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open-type compressor at low condenser temperathosggver

at high temperatures the compressor shows an s&ri@athe
power consumption per unit displacement with thereigse in
speed.In the rotary-vane compressor the power consumption
per unit displacement increased as the speed wasead for all
condenser temperatures with the reduction in sdeedall
pressures. [8]

The variation in cooling COP with compressor spfeedll
three types of compressors was determined, for fixdd and
floating head pressure control in [8]. For constdmgad-
pressure-control, i.e. a constant condenser sanrat
temperature, the COP of the rotary and the senméic
reciprocating compressors decreased with a redudtiothe
compressor speed. The authors explain that tiegused by the
reduction in the volumetric efficiency of these quessors at
low speeds and the increase in their specific power
consumption. On the other hand, the open-type meciing
compressor showed an improved COP as the speed was
reduced for all condenser temperatures tested.\Wdgsdeemed
to be a result of improved volumetric efficiencydareduced
specific power consumption at low speeds. In theecaf
floating head-pressure-control all three compressthibited
an increase in the COP when speed reduction wasrganied
by a reduction in the condenser temperature. [8]

Since an air conditioner operates at part-loachfost of its
lifetime, an increase in the COP for low speeds ldiche a
desirable characteristic. The open-type reciprogati
compressor showed the most gain in COP at low speed
increasing to about 118 per cent of the nominalealThe
semi-hermetic compressor showed only a 3 per ¢satim the
COP over the same speed range, whereas the rotary v
compressor cooling COP decreased slightly fromriheinal
value. Thus, the open-type reciprocating compressor
configuration is the most suitable for variable-ep@®peration.
(8, 9]

Zubair, Bahel and Arshad [5] show the variationnodtor
efficiency with frequency for three different powsources, a
Pulse Width Modulated (PWM) inverter, a six-steperier and
a standard sinusoidal waveform. A similar trend whserved
for all three power sources; the motor performst bas
frequency values which fall within the range of thated
frequency. At lower frequencies, the motor efficgn
decreases. [5] This lower efficiency at low freqoervalues
may be due to the harmonic content of the inputef@wn.
(10]

Tassou and Qureshi [9] performed various startegston
a refrigeration system for two modes of operatiirect mains
motor driven compressor (MDC) and inverter driven
compressor (IMC). They present both electrical tagg and
current) as well as mechanical (pressure, temperaind COP)
parameter variation versus time during the startrapsients.
Within a vapour-compression cycle, the compressorthie
component which has the largest energy requiremésta
result, its transient and steady state energy ecopsan have a
significant impact on overall system efficiency acabst. Their
results showed that since a fixed-speed systemrgoee many
on/off cycles, the transient losses will be sigmfit. The
minimum operating speed of variable-speed comprssi&o



usually restricted to between 25 and 30 per centthef
maximum speed, in order to ensure adequate oifrrednd
motor cooling at low speeds. During the period pémtion,
when the load lies between the maximum and minimum
operating speeds, after the initial start-up theteay will track
the variation in load by regulating the compresspeed
without undergoing additional transient losses. [9]

APPARATUS AND SETUP

Experimentation was performed on a Hall Refrigerati
Laboratory Unit at the University of Malta. Thisapt operates
on the vapour-compression cycle, and originally duse
refrigerant R12 as the working fluid, but was rétted in 1996
to operate using refrigerant R134a.

The motor is a 1 H.P. three-phase induction motor,
manufactured by Small Electric Motors Ltd, Englaitdhas a
continuous rating of 400/440 V, 1.6 A, 1420 rpm ands
designed to operate at a frequency of 50 Hz. Thepcessor is
an open-type reciprocating compressor. It has 8’1 ore by
1 1/2" stroke, twin cylinder type, which is arradgéor a VvV’
belt drive. It is driven by a 1 H.P. dynamometeiiachhenables
a direct measurement of the compressor brake hmser to
be made. [11]

The condenser is water cooled, and is of the shell coil
type. It consists of a welded steel shell whicloasts as a
liquid receiver, and contains a coiled length opmer tubing.
The compressor delivers the gas into the shellanside the
coil through which the circulating water passese TWwater
passing through the coil extracts the heat frongé&e causing
it to liquefy and fall to the bottom of the shéllhe evaporator
is also water cooled and of the shell and coil typée
refrigerant flows though the coil whilst the wafows in the
shell around it. It is made of 1/2” diameter coppdring coiled
for 9 times.

The frequency inverter was manufactured by AG
Technology Corporation, USA, and is capable of wayy
frequencies between 0 and 240 Hz. A high pressuteowt
switch was set to break the electric circuit to dypamometer
if the condenser pressure exceeds 14 bar (gaugbyeé-phase
kilowatt-hour meter, together with a stopwatch, weed to
measure to energy consumption of the system. Thernamd
compressor speeds were measured using an optitainteter
and reflective tape.

Pressure tapings were made at the evaporator anidicser
inlet and exit points, and the pressure gauges atached.
Four R134a pressure gauges were used; two wittale $or
measuring high pressures, and two for low pressufes
filter/dryer and a sight glass were also used tabknproper
maintaining and monitoring of the system. An expamyalve
was also used.

A refrigerant variable area flow meter and two wate
variable area flow meters were used. The refrigdtaw meter
scale was meant for measuring liquids with a dgnsit
1221kg/mi, so a density correction was required in the
calculations. Two gate valves were also used irerotd vary
the water flow rates as required.

T-type thermocouples were used together with ahkeyjt
instrument data acquisition system. The thermo@upires
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were twisted and attached to the copper pipeseaptiints of
interest using a single drop of solder. The thewoptes were
connected to the condenser and evaporator refrigarzt and
outlet points, and the condenser and evaporatariget and
outlet points. The parts of the pipes to whichttlermocouples
were attached were insulated.

Energy balances were carried out to verify the afpem of
the system. A beaker and a stopwatch were useleckdhat
the water flow meters were giving a good measurenmewas
found that they were not giving correct readings, were still
left connected to provide flow indication. Wateramarements
for the energy balance were thus made using th&ebea
stopwatch method, and the flow meters were useslystd aid
the maintaining and monitoring of constant flowesatduring
testing.

It was concluded from the energy balances thasystem
was performing as expected; the energy absorbedhby
refrigerant in the evaporator was almost equathéoenergy lost
by the water, and the energy lost by the refrigeianthe
condenser was almost equal to the energy gaingtebwater.
The slight discrepancy was due to the heat loseeshe
surroundings. Another important conclusion whichswaade
was that the refrigerant flow meter was indeedrgj\va correct
reading; otherwise the energy balance would nokehgiven
such good results.

A check was carried out for correct operation & thotor
at reduced frequencies. It was found that the tatled value of
rpm from inverter frequency corresponded well withe
measured value, though there was a slightly greligserepancy
at lower frequencies than there was at the highegyuencies.
This indicated that the motor has a higher slip lav
frequencies than at high frequencies.

Table 1: Apparatus uncertainties

Equipment Uncertainty
High-side pressure gauges +/- 0.25 bar
Low-side pressure gauges +/-0.05 bar
Power meter (90000W/rev) +/- 0.025 revolution
Stopwatch +/- 0.005 s
Keithley data acquisition system +/- 0.005
T-Type Thermocouples +/-C
Refrigerant flow meter +/- 5 Ibs/hr
Measuring Cylinder +/- 100 ml
Dynamometer (weight) +/- 0.0276 lbs
Inverter Frequency +/- 0.05 Hz
Tachometer +/- 5 rpm

EXPERIMENTAL PROCEDURE

The aim of the experiments carried out was to itigate
the steady-state performance and start-up poweriresgents
of an inverter driven refrigeration system. Thespegiments



were performed to quantify whether the advertisagroved
part-load efficiency and reduced energy consumptiéran
inverter air conditioner is indeed justified.

STEADY-STATE EXPERIMENTS

Experiments were carried out to obtain the varataf
power requirements, cooling capacity and coefficiesf
performance, among other parameters, with frequesy
outdoor temperature. Since the condenser was watded and
not air cooled, the condenser exit refrigerant terafure was
taken as representative of the outdoor ambient eeamtyre.
This is justified as in an air conditioner the igérant
condenser exit temperature is dependent on theooutdry-
bulb temperature. The plant performance was theorded at
steady state conditions. After any variation in fedtings, the
plant was left running for at least an hour befang readings
were recorded to ensure steady-state conditions.

The refrigerant temperatures and high-side presaame
varied by varying the flow of water into the conden and
evaporator. By increasing the water flow into tbedenser, the
refrigerant temperatures at both entry and exihéocondenser
decreased, due to increased heat transfer effeist.ciused the
condenser head-pressure to decrease. For the at@por
increasing the flow of water meant increasing thpesheat
given to the refrigerant gas. The evaporator pressould have
been varied by varying the expansion valve setthryyever
this was kept constant. This was done since tharesipn valve
also meters the mass flow rate of the refrigerand it was
desired to see how the performance would vary sitlariation
in frequency only, and not under other conditicriserefore an
appropriate expansion valve setting was found, wiéch
allowed the achievement of the whole range of sanhtp
required.

The frequency input to the motor was varied by dfirag
the inverter setting. The inverter frequency wasegdabetween
20 Hz and 50 Hz, in steps of 10 Hz. At each fregyesetting,
the condenser exit refrigerant temperature wasgaetween
25C and 50C, in steps of &. In order to have consistent
results, the refrigerant exiting the evaporator atagys given
around 7C of superheat.

A set of experiments with the system driven digedtbm
the mains were also carried out in order to ingadé the
efficiency of the inverter. The condenser exit igfrant
temperature was varied between@%nd 50C, in steps of &
as for the inverter driven system.

After reaching steady-state conditions, the follogvi
readings were recorded:

» condenser entry and exit refrigerant pressures

e evaporator entry and exit refrigerant pressures

» condenser entry and exit refrigerant temperatures

» condenser entry and exit water temperatures

» evaporator entry and exit refrigerant temperature

» evaporator entry and exit water temperatures

» condenser water flow rate

e evaporator water flow rate

» refrigerant flow rate

« time for 1 revolution of the power meter

* motor dynamometer load
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* motor and compressor speeds

These readings were used to perform energy baldoces
the system at each set point, and to calculateelbgant COPs
and cooling capacities reported in this work.

START-UP EXPERIMENTS

These experiments were carried out to investigagestart-
up power requirements of both a mains driven sysiech an
inverter driven system at 50 Hz. Start-up testsewmmrformed
by switching on the setup and letting it run foméhutes, then
switching off for 5 minutes, and repeating thisqadure for a
number of times. Readings were taken from the haiitr
meter after certain time periods: every 30 secdodthe first 3
minutes of operation, and every minute for the dsthe on
period. An average value of the power consumedinvigiach
period was calculated. The condenser and evapovedber
flow rates were kept constant, and the water eetmyperature
was kept constant for both the mains and invertéved
systems so as to be able to compare the results.

Additional calculations and details on the workgengted in
this paper can be found in Grech [12].

STEADY-STATE RESULTS

As can be seen from Figure 1, the inverter frequ@neatly
affects the efficiency of the induction motor. Tihend seen on
this graph is that the motor efficiency remainshivitthe same
region when operating between 40 and 50 Hz, bupdro
drastically at lower frequencies. The induction onotised in
this plant was not designed to operate at suchfleguencies;
therefore its performance deteriorates rapidly.

The energy requirements of the inverter drivenesysand
the direct mains driven system at a frequency oHz0were
compared in order to calculate the inverter efficie Table 2
shows the power requirements for both systems &h ea
condenser refrigerant exit temperature and theesponding
inverter efficiency. The average inverter efficignover the
range of tested temperatures is 95.2%.

80

75 4

70 4

65 4

Motor efficiency (%)

60 4

15 20 25 30 35 40 45 50 55
Inverter frequency (Hz)

Figure 1: Variation of motor efficiency with inverter frequey
at various condenser refrigerant exit temperature.



The analysis of the variation of the compressocldisge
superheat with inverter frequency showed that tingesheat
decreased as the inverter frequency was reducdd. shlows
that for the same condenser exit refrigerant teatpes, the
refrigerant exiting the compressor will be at a uesd
temperature at low frequencies. This implies tloatthe same
condenser exit refrigerant temperature, the iseidrefficiency
of the compressor will increase as the invertegdeacy is
reduced.

Figure 2 shows the variation of the refrigerant snfilew
rate with the condenser exit refrigerant tempeeatar each
tested frequency. The refrigerant mass flow rateeimses as
the condenser refrigerant exit temperature is redués the
condenser exit refrigerant temperature is reducéug
compressor discharge temperature also decreases #irns
dependent on the former. The compressor will thes
operating at a reduced pressure ratio. Since themeiric
efficiency of a compressor decreases with an isinga
pressure ratio, the volumetric efficiency is rediicas the
condenser exit refrigerant temperature is increasede
refrigerant mass flow rate is reduced due to theicgon in the
volumetric efficiency, giving the trend observedFigure 2.

Table 2: Inverter efficiency at each condenser refrigemxit
temperature

Condenser Mains driven Inverter driven

refrigerant system system Inverter
exit Elect. Mech. Elect. Mech. | efficiency

temperature | Power | Power | Power | Power
25C 542W | 412W| 583W| 412W 92.9 %
30C 574W | 425W | 608W| 425W 94.4 %
35C 600W | 447W | 630W| 448 W 95.5 %
40C 621 W | 458W | 641W| 458 W 96.8 %
45C 643W | 470W | 660W| 470W 97.4 %
50C 643 W | 493W | 682W| 493 W 94.2 %

For the variation of the cooling capacity with faeacy, it
can be seen that as the frequency is reduced, dbbng
capacity is also reduced. This is due to the réductn
refrigerant mass flow rate at reduced frequenci€bere is a
great similarity in the trends of refrigerant coglicapacity and
the water refrigeration effect, when plotted botbaiast
temperature and against frequency. This is imghes a good
energy balance was achieved between the refrigeidatand
the water side during the operation of the plant.

Graphs showing the variation of cooling capacity psit
displacement of the compressor against frequencyg pietted
in order to be able to compare with the findingTaeissou and
Qureshi [8]. The trend observed in Figure 4 is Eimio that
reported by Tassou and Qureshi [8], as the coaamacity per
unit displacement remained almost constant as iierter
frequency was changed.
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Figure 3: Variation of water refrigeration effect with
refrigerant condenser exit temperature.
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The electrical power input variations with temparatand
frequency were also analysed and are shown in &igurA
reduction in the condenser exit refrigerant temjpeeaimplies
a reduction in the condensing pressure of the sysfes the
condensing pressure is reduced, the overall compres
pressure ratio will also reduce and the compresgibrequire a
reduced amount of input power, as seen in Figurde
electrical power input also reduces drasticallyttas inverter
frequency is reduced. This can be attributed teettfiactors; the
lower mass flow rate of the refrigerant, the loywegssure ratio
and the improved isentropic efficiency of the coegsor.

As explained previously, by reducing the invertegfiency
the refrigerant mass flow rate is also reduceds Tiplies that
for a constant condensing pressure, the power nesdjuio
compress with the same pressure ratio will be &s®duced
inverter frequency due to the reduced mass of gefaint
required to be compressed.

For a constant condensing temperature, the evapgrat
temperature increases with a reduction in frequendyis
causes the evaporating pressure to increase, hedigeing the
overall pressure ratio required in the compresbus reducing
the power requirement.

The isentropic efficiency of the compressor incesasith a
reduction in the inverter frequency, as explainedvipusly.
Therefore for the same condenser exit refrigeramtperature
(or compression ratio), the isentropic efficiency the
compressor will increase as the frequency is retfuesulting
in a reduced power requirement.
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Condensor exit refrigerant temperature (°C)

Figure 5: Variation of electrical power input with condenser
exit refrigerant temperature.

The variation of input power per unit displacemehtthe
compressor against frequency were plotted in otoldre able
to compare to that reported by Tassou and Qur&Hbf an
open-type compressor. In Figure 6 the trend islainas the
mechanical input power per unit displacement dea@as the
inverter frequency was reduced.

COOLING COEFFICIENT OF PERFORMANCE
The variation in cooling COP calculated using vasio
methods was plotted against temperature and freguérhe
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Carnot cooling COP shows an increase in its valubwer
condenser exit refrigerant temperatures as showfigare 7.
This result compares well with that previously répd by
Tassou and Qureshi [8]. As previously explained,loater
condenser exit refrigerant temperatures the coolffipct
produced increases whilst the power required deemga
leading to an increased value of cooling COP. Tdwgation of
mechanical cooling COP shown in Figure 8 showsnailai
trend, implying that in order to achieve a givemloty effect,
less power is required when operating at low fregies.
These graphs compare well with those for an oppa-ty
compressor given in [8].
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Figure 6: Variation of mechanical power input per unit

displacement (using refrigerant liquid volume floate) with

inverter frequency.

For the electrical cooling COP however, given igufe 9, a
different trend is observed. It can be seen thatctioling COP
increases as the frequency is reduced from 50 HDtBz but
then decreases as the frequency continues to decrealike
the previous COP trends. This is a result of theelsed motor
efficiency at low frequencies, as shown previouslyigure 1.
Therefore, the actual performance of the testedtesys
deteriorates at low frequencies.

It can be observed that the COP values for the @@arn
efficiency are greater than the COP calculated foe
refrigerant enthalpies, which is to be expectedesithe Carnot
COP is the ideal and maximum possible value of CORe
refrigerant COP has a lower value since the actafdberation
cycle used involved superheating and subcooling thod
working fluid, along with throttling losses, unlika the ideal
Carnot cycle. The mechanical COP is further redutee to
energy losses in the transmission of power fromrtio¢or to
the compressor, and compressor losses. The eddcpowver
input also includes inverter and motor energy lssseus
reducing the electrical COP further.



Figure 10 shows the matching capability of a cotieaal

temperatures (from 5Q to 4CC), eliminating the need for
on/off cycling in this operating range, though itlstill have
to cycle on/off below 4{C.

g 10 '\ Refrigerant cp = RT8eTant cooling capacity and an inverter driven air conditioning to an agpiately sized
g s s < house or room. This figure shows the improved loadching
& capability of the inverter driven unit by the retlan of the
e Refrigerant operating frequency. For the refrigeration ungtee, the full-
s D load conditions were at a refrigerant condensérteriperature
'é = o of 50°C and a frequency of 50Hz. This resulted in a
] T refrigerating effect of 1040W. The conventional @nditioner
(5] Cooling COP . . . . .

o 6 oS0z will only match the house load at this designechfpaand will

H T have to cycle on/off if the load is less than 1040We inverter
% * -0k driven system matches the load over a range ofooutd
2
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Figure 8: Variation of mechanical cooling COP with inverter

frequency. START-UP RESULTS

The results for the start-up experiments are shamvn
Figures 11 and 12. In a mains driven system, duttiregfirst
few seconds after switching on, there is a largaveso
consumption. This is attributed to the large startcurrent
required by the motor to start-up. The invertenvelni system

28 allows for a softer start as it takes some timerdach its

=50 °C
---- -m-a5°C maximum speed (50Hz), therefore less starting povser
vaps+40°C . . .
—0-36°C required. This experiment could only be performed aa
2] g T eI et frequency of 50Hz, since the frequency of the maigs

____________________ constant.

At 50Hz, the inverter driven system required moosver
overall to operate, due to the additional poweuement of
the inverter. The experiment showed that the power

15

Electrical Cooling Coefficient of Performance

Water refrigeration effect

Electrical COP =

Flectrical work input consumption for the inverter driven system afteouad a
0= == = P 1 minute is greater than the mains driven systemreéfbee, the
Inverter Frequency (Hz) inverter’'s soft start capability did not result much energy

savings, since the direct mains system became gfticeent
after 60 seconds of operation. Thus, it can beloded that for
a conventional system and an inverter driven syshkmth
operating at full-load conditions, the conventionalir

Figure 9: Variation of electrical cooling COP with inverter
frequency.
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conditioner is more efficient since the start-upiisgs obtained
by the inverter are not enough to make up for ttiditeonal
power requirement of the inverter.

CONCLUSION

From the experiments performed, it was found tleg t
mechanical cooling coefficient of performance ims®ed as the
operating frequency was reduced. This means thahproved
performance can be achieved at lower operatinguéegies.
However when operating at full-load, and therefdreth
inverter air conditioner and conventional air cdiagier having
an operating frequency of 50 Hz, the conventional
conditioner was more efficient. This occurred sitfoe inverter
start-up did not result in significant energy sagnwhen
compared to the additional power required by theiiter. The
inverter air conditioner had a lower electrical C@fn the
conventional air conditioner due to this additionabwer
requirement. Therefore, at full-load conditions toeventional
air conditioner had a superior performance to thesiter air
conditioner.
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300
Operationat 50Hz
== Inverter Operation

(5s acceleration
time)

200 Water entry temperature: 19.30°C

Power consumption within time bands (W)
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300 330 360 390

Figure 11:
with time.

Variation of power consumption during start-up
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Figure 12: Variation of power consumption during start-up
with time.
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Under part-load conditions, the conventional system
operates at maximum speed and cycles on/off fretyuerhis
results in a reduced efficiency due to start-upsdss and
produces a greater cooling capacity at a lower G is
required. The inverter driven system can operata &wer
frequency, depending on the outdoor conditionstaedndoor
required temperature, in order to match the loatl abtain the
highest possible COP at those conditions. The éxpeetal
investigation showed that the power required by itherter
system at part load was significantly lower thanhé system
was cycling on/off in the fixed-speed mode. Theeiter air
conditioner did not only operate with a reduced eow

requirement when compared to the conventional air
conditioner, but also achieved an improved perforceadue to
the increased cooling COP at low frequencies. The

experienced performance deterioration due to thduoed
motor efficiency at low frequency incurred durindnet
experiments showed that there is a lower limithe towest
frequency the inverter system can be expected ¢vatg with.
It was observed that as the lowest frequencies agpeoached,
the electrical cooling COP of the inverter air cibiotcher started
to decrease, while the mechanical cooling COP kepéasing.

A conventional air conditioning system undergoesnyna
on/off cycles, with each cycle requiring a highrstgp energy.
Due to the softer start of the inverter, the poveguired to start
up such a system is reduced. Additionally, sinceiraerter
system cycles on/off less frequently than a coriveat
system, it encounters less start-up losses. Thexefor an
inverter air conditioner, the start-up power regdiduring its
period of operation is reduced both due to theesadtart of the
motor and the reduced number of start-ups. Howevewas
experimentally determined that due to the addiliqmawer
requirement of the inverter, this softer start diat result in
overall energy savings, since the tested mainsedrisystem
became more efficient than the inverter driven esystafter
around 60 seconds of operation.

From this experimental investigation, it is possibio
conclude that an inverter driven system can offaergy
savings over a conventional air conditioner wheerafing at
part-load conditions. The maximum steady state mueichl
COP improvement obtained when operating at a retuce
frequency of 20 Hz and a refrigerant condenser exit
temperature of 25°C was 31.2 per cent. Even thotingh
inverter air conditioner will still have to cyclencand off at
these conditions, the improved part-load perforreand! still
result in significant energy savings.

The inverter driven system requires a greater pangut
than the conventional system to operate at the sqmed (50
Hz), due to the additional power requirements @eyf the
inverter. However the inverter system will be ope@ at
reduced speeds during most of the on-time. At thedeiced
speeds, the overall power required will be lesstifathe
system were operating at fixed maximum speed upaeload
conditions. The inverter system will also be opertfor
longer periods of time than the conventional systent the
power requirement during most of its on-time wil Yery low.
These factors allow the inverter air conditioner &ochieve
energy savings when compared to conventional aiditioning



systems. The amount of gains or possibly lossekeavily
dependent on the operating regime of the air commt
according to the outside temperature and coolingd lo
requirements.
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