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ABSTRACT ¢

A photovoltaic powered vepour~-compression air con-
ditioner system coupled directly to 2 iKW PV arrav was
designed end tested as part of solar houses cooling pro-
gram in KISR, KUWAIT. Analy#éis of such systems is revie-
wed and discussed to optimize the power matching of the
mechanical load to the PV erray electrical characteristics.
The concept is employing a variable speed seperately exci-
ted D.C, motor. Motor starting and operation at low levels
of solar insolation is enhanced by introducing switching
network and varietion of flux and armature resietance.
Various modules ars switched in parallel under high curr-
snt demand conditions and at early and late hours of the
day to increess the utilizability of the system., Analysis
of other types of A.C and D.C motors and compressors W.r.t
their corresponding starting systems are reviewed and dis-
cussed. Energy storage is incorporated in the form of
chilled water (end us~ enorgy form) in order to avoid the
electrical storage bacteriss with their high cost and low
charge/discharge (round trip) efficiency.

The tests carried confirm that high array utilization
can be achieved by this approach without either secondary
battery storage at the array output or expensive OC-AC
inverter.

INTRODUCTION:

For solar ensrgy to be used for air conditioning, it
must be converted into mechanical power or electricity.
This can be achieved by either one of two diffrent routes;
Solar thermodvnamic and solar photovoltaic conversion.
Fig.(1). Solar photovoltaic power systems for air con-
ditioning of buildings have recieved little attention due
to the histordcally high cost of photovoltaic modules
relative to sclar thermal cellectors., The projected con-
tinuing decrease in photovoltaic module costs may alter
current perceptions of the role of photovoltaics in spaco
conditioning systems.

Their are two reasons behind tho present interest
in solar cooling especially in hot countries like (Kuwailt).

® On Sebbaticel Leave To Solar Energy Departm~-=
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They are: a~ the coincidence of solar radiation and the
cooling requirements of buildings affects favourably solar
cooling system economics due to low storage rcequirements.
b- effective solar cooling systems could obviate the nesd
for electric utility capacity expansion necessary 1o Rect
the rapid growth of summer peak demands, (1)

Photovoltaic- powered air conditlioning systems are
generally assumed to provide D.C, electric power to a D.C
~to-A,C, inverter which in turn serves all the electric
demand of the building including the air conditioner.

This system suffers from high cost of batteries, thelr

low charge and discharge efficiency in addition to the
expensive high capacity inverter to afford starting cur-
rents (5-8 times rated current) and low efficiency at part
loads. (2)

An alternative concept is introduced in this paper
which involves the direct coupling of a photovoltaic array
and an air conditioner with an impedance matching maxinum
power point tracker (MPPT). Such a dovice varics the
arrey voltage to maximize the power input into the air
conditioner, compressor and consequently maintains the
photovoltaic array at its maximum power point Fig.(Z).

The direct coupled system relies mainly on the coin-
cidence of insclation and the air conditioning load.
Because peak cooling loads occur several hours after solar
noon, diurnal buffering with chilled water storage is then
desired, Similar chilled water storage concepts which
chill water at night :5ing off-peak rate electricity have
been tested world wide, An adventage of this end use
energy storage formis no more need to electrical battc-
ries which in field causes the most problems, {3}

P.V. Gystems and Motor Starting Technigues:

A~ If an induction motor is started at full vcltacge,
it normally draws seven to nine times its full rated KVA
during the time necessary to accelerate from stall to
full speed. This starting transient determines the size
of the major system components in particular the inverter,
Besides if there is no storage to provide systen stifness,
the starting transient becomes a cruical consideration.

An attractive solution is to utilize a variablc voltage/
frequency motor starting scheme where the motor is started

at low frequency and & correspondingly scaled voltage.

The voltage and frequency are both slowly increasecd to the
nominal running values. This procedure allows starting

the motor with stall torques comparable to those from
across-the~line starting but virtually with no input power.
trensient., However this schenme of inverter plus AC motor ~\\\
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did not appear to be an attractive solution due to the
complex elactronic control system ancd low efficiency dun
to operation of motor and inverter below their desinn
power and efficiency. Fig. 3(a,b). (4)

B- Another technique was usecd to start the motor at
no or reduced loads and to extend the power match to lower
levels of irradiance but this time this is achieved in
compressor side (only piston type) not the motor side.

The technique is to unload one or more cvlinders during
starting or even hot gas by-pass is 'rcugitinto circuit
and short circuiting all cylinders (Fig. <). Should the
array output fall below certain threshold limit propot-
ional to certain threshold radiation level the motor specd
shall fall and the compressor will be unloaded. As suffi-
cient power is daveloped due to increase in insolation
level then, the cylinders will be rcloaded again in sequ-
ence. This technique in either lecading ar unloading necds
again complex electronic control item and the syatem suf-
fors from stability problems due to unbalance of operation
at less than the designed full number of cylinders. /s)

C- Switching Networks, are used in many photovoltaic
applications when start up currents arc much higher than
steady state currents, Also, as the solar radiation level
changes throughout the day, the individual solar cell out-
put voltages and currents will also change. 1In order to
insure a consistent supply to the load, and to allaw for
differences in load conditions during start-up and steady
state aperating conditions; switching netwecrks are in-
corporated in the solar cell array circuit.’6)

They allow various mnodules to be switched in parallel
under high current demand conditions (motor startinc} and
during periods when the level of solar insolation is dec-
reasing. Fig. (5).

P.V, System Configuration:

The direct coupled photovoltailc air conditioning
system conflquration is illustrated in Fig.(CG}. Soler
radiation I, strikes a photovoltaic array of active cell
area Ac and produces electric power Pg at the array's
maximum power point. Most of this power is consumed in
a compressor and in fans to run a vapor compressio.n uyG-
tem which extracts heat Qg, from a cocled space with an
cvaporator and rejects the total thermal and cl.octvical
energy through o condencer. A simpliiicd anslysic of
this system models the photovoltaic array at its moaximue
power point with

Pe = I A, (. eeei (1)

ﬁlc = (?_g-"li (T, + 7 1) e )
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No losses azre assuned for the maximum povier tracke - ir the
analysis. Doth the D.C. notor and the comprescor ~ro <on-
sicdered as devices with fixed efficiency.’?)

The vaporcompression loop porfarpance (cornni evcle)
is given by
= P - R
0, = Py COT, ()
T, - Q R, + 273
cop, = — e (00)
- . I
TE]+QC RC TS'F[_O Sh
QC=Qe+F’e eee s (2}

These equations may be solvod to yield the evaporotor
heat transfer Qg, as a function of the insolation and
ambient tomperature. A solar coeffiicient of porfornanc*
defined as the evaporator heat transfer divided -y ton
rate at which radiation strikes active photovnlteoic cell
areca

.
Cor, = Q,/1 A, feaea (D)

F
-~

A typical example of this perforrance mezsure ic “uo?ﬂ
in Fig.(7) for a case vhere chilled water is ctorec at IZ°C,

F.V. Systen Hardware »nd Performance:

The solar house at KISR was chosen to house the P.V.
solar cooling components and providc the cooling load ts5
small room (2C m3), The system consisted of 2 KW,V
Arrays. Out of these arrays J4 series connccted solar
power corporation modules were used. At standard operoat-
ing conditions these modules maximum power point ig 16.C
volts at 1.89 amps. Assuming no cell string migniatch or
other degradation the array then produces 44C vziis.  The
cell temperature rise above ambiont is approxlmaic Ly 0,055
°C for each unit of insolation in watts/m<,

-

With insolation level of 800 Wm “ and 32.2°C ambinet
tenp/the photovoltaic array cell temperature in the exper-
imental system will equal 5E£.2°*C. anc the maxipunm power
point output will be aepproximately 330 watts.

From Figure (8), the cooling capacity is deternined
to be 713 watts (thermal). This results in z cooling
coefficient of performance of 2.25. The uonlar coefficicnt
of performance is approximately 0.2, based on GOU wotr
per square neter insolation and 4.54 square metars ¢l nhoto-
voltaic cells,
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Perametric Analysis:

Experimental testing were applied to study the <Ffec: o
of:

1- Variation of flux and armature resistance,
2~ Array size and inter connectionz on the raxinum pover line,

For thir ecxperiments, another type siliconcell P.V array
of 300 wp power output and low voltage, nigh current motor
vas used (22 V, 15 Ay, The array was constructerd from 30
paralled °tringo of 36 series connected celle in a siring.
I-V and P~V curves corresponding to three radiation levelc
are presented in Fig.(9). The waximum power lines wnd two
lines of 9C percent of its value are drawn in the figurez
by dashed ilines. These two lines form a quite wide arna
(dashed) in which the operating voltagc may vary. Yp 210
per cent and more than SC per cent of the maximer povier
will be delivered.

- Variation of flux and armature resistance:

As seperately excited potor is used to cive hotror
torque-speed characteristics. The external contyol of
the field could be implemented either:

a} an open loop method where the field curreri ia {unei-
ion of shatft speed (irverse relaiionczhip),

b) closed 100p f{eed back with @ constant a.s.utnre veltace
as the oiring point.

The transformed mechanical load in the elcectrical
planc is thus shifted towards the maximun power linr.,
Higher velues of @ and R, improve the load curve ot lower
radiation levels ond vicec versa. At any rate, wotor
matching to a given load and a photovoltaic cnnvorfnr
irvelves the choosing of proper values of ¥ anc R (Fig.lC).

2- VYariation of array interconnections:

As the photovoltaic converter is CQmpUued of | = 36
strings connected in parallel and S = 55 cells connectad
in series in each string. S and P deteormines the voltage
and current respectively. B8y changing the array conncct-
ions we affect the locus of the maximum power line. The
decrease in S (for P = const) causes VY (at naxinun ower)
to decresse (for the same current I,) "and hence the maxi-
mum power line will move toward tho current axis. The
decrease in P (for 5 = const) will cause the maxinmun pewer
line to move toward the voltage axis. l!low since the tro-
nsformed mechanical load in the electrical plane is in-
dopendent of the converter, it is possible to Lrinc the
maximum powar line to the vicinity of the rechanical load
ky choosing optimal P and S Fig., (11} shows the, I-V chara-
cteristics (for the same radiztion of 76 mv/cm—} fer
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diffrent SxP matrices, their correspondinn raximun power
lines and the transformed load (ventilator). As an exanplae
changing P from 36 to 28 affects the systerm uvperation, the
system starts to operate later in the morping (&:00 insteod
of 5:30) and operates shorter time during the day (11 hrg
instead of 13 hrs). Besaides the variation of " and 5 in
the solar array affects the mechanical characterinitics of
the moter and hence the eoperating peint. For this srero-
tely excited motor T = C7 I and I' = {u - TR)/%2 and tihus
the arravy current and voltage deternine the coior torgue
and speed respectively.

COMCLUITIOMNG ¢«
(1) The vapour cospression cycle for airconditioning,
powered by photovoltaic electricity is feasilbileo, nwd is

-
.

provicied e
cal haorttery,

an interesting alternative for solar coolinc,
e rlevirn,

ing
clectrical energy is not stored in an electri
but in &n ice~bank or similar post ennrgy us

(2) Starting of A,.C, induction motors on photovolunic
power aystens without storage bztlery can Lo nchieved vy
using varialble frequency/voltago startin; sclhamne. Alitiho-
ugh inverters and motors can cperato at Nich efficivcicics
(un to S0%); when cver they operate belovt their docion
point (max:nur power) their ef fficiznoy decreanes as ik
happend also when operating at other than their Gacion
frequency.

(3) Starting of D.J, {ee or tely oxcited) notors coi I o
greatly enhanced 1 Cy e awitcebhing networks which increase
the number of parazllel strings during retor ciarting andd
periods of low insolaiion wvalues,

(4) Operation of the photovoltgic syster close to roxi-
mun power line is very esscntial due to tihe hich corl of
solar cells and can be successfuly aciieved "n varving
the motor flux or armaturz resistance in proporiion o
solar inselation level to track the moximum power line of
the arravy.

(5) P.V. System time of utilization will he also inaore-
ased by controllina the motors paraneters (#, R-) ond
proper interconnections of the solar paneiw.

{6} Cut of the three D,C. motor types (seperate , cories
and shunt excited motors), the serics and sepcreately
excited motors arc more compatible to the phOLOV01LJlC
systens, as they have relatively high starting torcue,
stability and better utilization of the solar cell arrav
as can be seen by grapho-analytical method of analysing
the system in both electrical (V, I) and rechani] ical (1,
planes, oiving an insight of the operation and allowing
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conclusions concerning the selection of nvsten couponsnt,
to be formulated.

(7) System analysis in tne mecharnical planc reveo s irpor-
tant information about the torgue, speed, stacility ond
optimal mechanical load. The anglvﬂ'“ in elecirical 1 lune
contributes important detaile atbiout the opzraiincg voltogn,
pover and efficicncy.
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MOFENCLATURE ¢

A Active photovoltaic cell craox (nf)
Cop_ Cooling cocfficient of performance ()

cop Solar cooling coefficicnt of pgrfnrnancc {13

T Insolation on collectors (W o )

P Array elcctric power (W),

Q. Condencer heat transfer rare (W).

Qo Tvaporator heat trancfer rate W), r

R, Conrdencer terminal resistance (°7 W ;}

R, Cvaporaior thermal resistance [°0.07 7))

—3

Ambient air tenperatura (°C).

Indoor tempecrature {°C).
Cell efficiency (1).
ccll efficiency at G°C. (I}

R,

-1
Cell temporature sensitivity [(°0 7)

Solar heating coefficient of perfernaznece (1)

33

Cell temperaturc rise per unit insolation
2 n"'l
(“C.m™.W 7Y,
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