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TABLE 7.2 Solar Declination é for the 21st Day of Each Month (degrees)

Month:  Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec
8: -20.1 —11.2 0.0 1l.6 20.1 234 204 118 00 —11.8 —204 -234
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Figure 7.9 The altitude angle of the sun at solar noon.
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§ = 23.45sin 360 81 23.45% sin 360((0 81)° 8.3°

= 23.45s8in| —(n — = 23.45" sin | —= (60 — = —8.C
365 8 M| 365

which, from (7.7), makes the altitude angle of the sun equal to

By =90 — L +6=90—32.1 —8.3 =49.6°

The tilt angle that would make the sun’s rays perpendicular to the module at
noon would therefore be

Tilt = 90 — By = 90 — 49.6 = 40.4°

PV module /
\ Altitude angle iy = 49.6°

Tilt 40.4°
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H= (1—) - (hours before solar noon) = T (=3 h)y=-45
) h
Using (7.8), the altitude angle is
sin 3 = cos L cosdcos H + sin L sin §

= cos 40" cos 23.45° cos(—45") + sin40” sin23.45° = 0.7527
B =sin '(0.7527) = 48.8°

'Y A THE SOLAR RESOURCE

From (7.9) the sine of the azimuth angle is

. cosdsin H
singpyg = —
cos f3
€08 23.45° - sin(—45°%)
= —(.9848
cos48.8°

But the arcsine is ambiguous and two possibilities exist:

¢s = sin~ ' (—0.9848) = —80° (80°west of south)
or g5 = 180 — (—80) = 260° (100°west of south)

To decide which of these two options is correct, we apply (7.11):

tand  tan23.45°
cos H = cos(—45°) = 0.707 and  tan

tan L.~ tan40°

and

=0517

. naé . .
Since cos H = ol we conclude that the azimuth angle is
an

s = —80° (80°west of south)
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E (minutes)
=
/

Day number, n

4 min

33558 a5 (ST) = el G5 (CT) + o (hae e el G — e () i Jsk) o+ E(min)
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]\ ? " Example 7.5 Solar Time to Local Time.
W A

(VVIW ldliz Jsb) snss: > Shr0e Sedys> Sl (B0 395 5995 oloj S I

Yoz o0 595 50
e o ley el sy Laily sl oolaul Laisly aN=VAY L ol (o¥g2 oS0 55, 1 >
Boston
360 360 )
B=—(n—81)=—(182—81) =99.89°
364(11 81) 364(8 81) = 99.89
£ =987sin28 —7.53cos B — 1.5sin B

= 9.87sin[2 - (99.89)] — 7.53 c0s(99.89) — 1.55in(99.89) = —3.5 min

For Boston at longitude 71.7° in the Eastern Time Zone with local time merid-
ian 75°

CT = ST — 4(min /“)(Local time meridian — Local longitude) — E (min)
CT = 12:00 — 475 — 71.1) — (=3.5) = 12:00 — 12.1 min
= 11:47.9 AM. EST

To adjust for Daylight Savings Time add 1 h, so solar noon will be at about
12:48 pm. EDT.
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sinf =cosLcosdcos H+sinLsind =0 (7.15)
sin L sin & )

cosH=—————=—tanLtané (7.16)
cos L cosé

Solving for the hour angle at sunrise, Hsg, gives

golb o elo agly Hyg =cos™'(—tan Ltand)  (+ for sunrise) (7.17)

by eslb gloj ) (Felo gl Q5 (oo (o0 42,0 V0 Csls S5 40 e Sl e 4
359] Sy 5 alal, 5l ooliiwl b g e
Hsg

Sunrise{geometric) = 12:00 — ——
(g ) 15°/ 1
3.467 | gl oy
29 o5 guoio gl 5l ol oo
35,5 adlsl pwais 5,8 4 Sl (o0

cos L cosdsin Hgp

Example 7.6 Sunrise in Boston.

5 6Y5z w5 35y 50 (FYY alilimr (2p0)ams (o gy (Sloj az 50 osmss o sl 55 by
v EN=VAY 59, sacasS lag 1) (ol )18 ad 95 g, picren

Solution. From (7.6), the solar declination is

360 360
§ = 23.455in [%(n - 81)] = 23.455in [%(182 - 81)} =23.1°
From (7.17), the hour angle at sunrise is

Hsg = cos™!(—tan Ltan§) = cos™' (— tan 42.3° tan 23.1°) = 112.86°

From (7.18) solar time of geometric sunrise is

B
Sunrise (geometric) = 12:00 — 15:/1‘/1
_1200- U286 075041
15°/h

=4:28.6 aM. (solar time)
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w2l Eall sl (Vb ad Gy pad g CenSs Lol sl
_ 3.467
" cos L cosdsin Hsp
3.467
T C0s42.3¢0523.1° sin 112.86°

(min)

= 5.5 min

The upper limb will appear 5.5 minutes sooner than our original geometric cal-
culation indicated, so

Sunrise = 4:28.6 AM. — 5.5 min = 4:23.1 aM. (solar time)

From Example 7.5, on this date in Boston, local clock time is 12.1 min carlier
than solar time, so sunrise will be at

Sunrise (upper limb) = 4:23.1 — 12.1 = 4:11 am. Eastern Standard Time

Similarly, geometric sunset is 7.524 h after solar noon, or 7:31.4 pM. solar time.
The upper limb will drop below the horizon 5.5 minutes later. Then adjusting
for the 12.1 minutes difterence between Boston time and solar time gives

Sunset (upper limb) = 7:31.4 4+ (5.5 — 12.1) min = 7:24.8 pM. EST
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TABLE 7.6 Optical Depth k,Apparent Extraterrestrial Flux A, and the
Sky Diffuse Factor C for the 21st Day of Each Month

A G 5la B 0 S, BB e ol (2 )1 sond)sr DK 5,5 Gos- F-Y Jgax
olo 1 59, creSs 9 S §1pC lows] Hlitl o o

Month: Jan  Feb Mar Apr May June July Aug
A (W/Mm?): 1230 1215 1186 1136 1104 1088 1085 1107
k: 0.142 0.144 0.156 0.180 0.196 0205 0.207 0.201
C: 0.058 0.060 0.071 0.097 0.121 0.134 0.136 0.122

Sept
1151
0.177
0.092

Oct Nov  Dec
1192 1221 1233
0.160 0.149 0.142
0.073 0.063 0.057

A =1160475si @( — 275
= 5sin 365 n )

k= 0.174 +0.035 sin | 222 (n — 100)
= Ao S sV

IB — Af_km

1
m= —
sin g

S ys5 agles aygl; B

Air mass ratio

G,,l}m 0395 Caunsd

whereagain n is the day number.

RV U SO SO U IN JP s SO PR | -

ey b (89 g pefivns (595 @S AV b

2 Ble planl G 3 Saren dedye lo andl a4 Jlog ol 193 euiites (S95p gieid 0S5 lay

(oo w59 Sem 95 53 (VYT LSl 550) LT

Gl AL gl 2 ey, BB Lalasl (o VEY b ply oo 050 g S (8l 59, S0 . >

360 3

60
= + 75sin| —(n —275)| = ) Ssin | — - 275
A 1160+ 7 5111[365 (n 'hj] 1160+ 7 5111[305(141 7. )]

= 1104 W/m®
{which agrees with Table 7.6).
From (7.23), the optical depth is

- 360
k=0.174 4+ 0.035 sin | — (rn — 100)
365

- . [360
= 0.174 + 0.035sin [ﬁ(leil - lUU)J = 0.197
368

(which is very close Lo the value given in Table 7.6).
From Table 7.2, on May 21 solar declination is 20.1°, so from (7.7) the altitude
angle of the sun at solar noon is

By =90 — L +8 =90—33.7+20.1 =76.4"
The air mass ratio (7.4) is

o 1

= = —1.029
sin g sin(76.4%)

Finally, using (7.21) the predicted value of clear sky beam radiation at the earth’s
surface is
Ip = Ae™ = 1104 ¢~ "2 — 902 Wim®
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Igc = Igcos@

B s S (g5, (K85 LB 0 95 (om0 G 3l solE 0550 sl
Igy = Igcos(90° — B) = Ipsin B

cosfl = cos B cos(ps — o) sin X + sin fcos 2

GC LySIS (615w
——» N 2 Sl ayl
s Ay SIS agl;
Buost o5 aslas 4l

W (R 26 D ) 5 Sade (S og Suzr oLl 6l
e y—
§ o
A HESIS S (59, KBS B0 je> oyme o gn V-1 Jle

2 sy o 0Ky S gy (VIPE Gl (0e) LT 1o (5395me aadyss 0 AV Jlis o
Blo lewl [0 oad g (K35 13 i e3 (oyme 10 Gipg op YEF 0l 93 oad lag oLl

g & fo p Olg A0Y

39> 0 2 P V24 a8,esls S s, Oley pled 58 (SBF 8 adyi oyme 2 S p WS oy

sk 0¥ 53 ayl; 51
Lol plp (W asgly (ugenS V-Vl oolanl L. J>
Solution. Using (7.26), the cosine of the incidence angle is

cost = cos fcos(gpy — ) sin X +sinfcos X
= c0s 76.4° cos(0 — 20°) sin 52° + sin 76.4° cos 52° = 0.7725

From (7.24), the beam radiation on the collector is

Ipc = Igcos® =902 W/m? . 0.7725 = 697 W/m?
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Ipp = Cly
Qlaw'l)l.:wl%,,ic
. [360
C = 0.095 4+ 0.04 sin _{—65(?? — 100)

9 ).O...u-o;l Ql)S .Ia....;y "\-’19* = «5‘55‘-'
35,5 Saio byl 51 L 0gd 0aiSTy Coghs

bl plyp ygSIS b (68,95 p 0asSTy (65,1

I 4+ cos & 14+cosE
Inc = Ipn (f) =Clp (f)

SFSIE (59, p 0aiS] plads V-V Jlie

2O ol 45 ogdee 5500k S arulxe Bl g5y 1y 0uiST pdads 5 apms aslol 1) £ Jle
wsl3 b SIS Sl 5 Jl 59, comel)FYMAY) o olo YY) gyt 5 5 LT 5 L5 35, Lo
Gl GBI 5 yme 00 aialgs 25 5 dx 0 O agly g aril o (Byd g Caw 4 a0 Vo
il W902W/ s S

Apd (adEeC o] FuiSTy oy b oS oo 03litul(YA-V) alal jligesly

C =0.095+ 0.04sin @( — 100)
S=0. .04 ETTid

360
C =0.095 4+ 0.04sin | =— (141 = 100) | = 0.121]
365
And [rom (7.29), the dilluse encrgy siriking the collector is

) I +cosZ
Inc=Clg (7)

5

1+ oo 52"
= 0.121 - 902 W/’ (H%) = 88 Wim®

axil JS el cawnd-Y s 51 45697 Wiz Olee & 5385 1,8 LT (oyme 10 0503 BLSI
Do Gl BIT785 W/ 2 e 4]y SIS (g5, SaiSTy
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Collector

Reﬂe-clancew . S <* g )5;&][5 ALM? o‘) ULA » o o j‘ -
iS5 olae 4z 0wyl X b ot 4 (S
Il —cos X
Irc = pUgy + Ipg) # Aese (s Llpe HeSIS Fge
2SS 9,0 S5 2 gin

. I —cos &
]RC = ,OIB(SII'I,B -|-CJ (T)

¢ 71“ g (50 (Sl o8y 1 M-V Lo
Vol A ey S g5 0l Y il ol 5o e ISR 4S5 y5u0 50 B s dalal 15)e-Y 5 A=Y Ui
9 ol LT po 3T b Sy 9 (MAY) g0 olo YV 595 &5 250 (o0 5910k ygl oty 15 By
@ (B g o 4y 20° 4505 b )i Solmiuoc il (0764l B oy agl; ladie
dl.o.wT 3 65518 ayen axisl (o 30 g Wbl g0 + YY) 4l wC QMT Hlici! G o Lasil
..\...ab‘s.a902 W/mz 2y o)
1l ol il 1 59iSIE (5930 (5 35 51 58 W y 95 Aril (B y20 50 uwly

Tre = pla(sin f + C) (%)
1 —cos52°

3

=0.2-902 W/m’(sin 76.4° + 0.121) ( ) =38 W/m®
b el ol eSIE (5950 6565 18 el 53 2 pme 5 Eseme Gl il
Ie = Ipe + Ipe + Ixe = 697 + 88 + 38 = 823 W/m’

oSl dly Bl oo akd eSxie 57 LV g ond iy 35 1) eV ¢ pokis §33 TAEY ggazme § 45
o ip £ A DVolao oS Logd o a8 ai o LG 5 Canl 05 Lo oalds (uSxin g5 ot

39y 10 1S 4 oal o)y slagi IS Faezme i dolas illas oul | WSaie gy g 00D ISy § g peiias
Ic = Igc+ Ipc + Inc (7.32)
s Cawdy (g,

L= 1L [, - _ R . e N I tcosx
I-= Ae cos feos(dps — ) sinE +sinfdeos T +C 5

Lp(sin B+ C) (%ﬂ (7.33)
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Figure 7.25 Two-axis tracking angular relationships.
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with a solstice declination of 23.45%,

By =90" — L 45 =90 — 40 4 23.45 = 73.45"
1

1
Air mass ratio m = —— = ————— = 1.043
I IMass ratio m sinﬁ sin 73.45°

From Table 7.6, or Egs. (7.22), (7.23) and (7.28), we find A = 1088 W/m?,
k= 0.205, and C = 0.134. The direct beam insolation on the collector
is therefore

Ige = Ip = Ae™™ = 1088 (W/m?) - ¢~"207 8 — 879 wim?

Using (7.35) the diffuse radiation on the collector is

I+ cos(90° — B) b ol ol 55U (59, 00 it (6 pSoli]
Inc = Clp —
L+ cos(90° — 73.45° N
— 0.134- 879 [%] — 115 W/m?

The total is I = Ipc + {pe = 8794+ 115 = 994 W/m?

| o) Casy (FA-Y) alal) 51 (6 Sl il qgus 0 9500 S5 _oobad oasS” JLis.2
S
2. One-Axis Polar Tracker: The beam portion of insolation is given by (7.38)
Iyc = Igcoss = 879 Wim”® cos(23.45°) = 806 W/m®

The diffuse portion, using (7.39), is
abl, 5l eolazw! b oouds - TP

L casl s (V)

1+ cos(90° — B+
znfzaﬂ[“"“ '3“]

2
1+ cos(90 — 73.45 + 23.45)
2

=0.134- 879 W/m’ [ :| = 104 W/m?

The total is Ie = Iz + Ipc = 806 + 104 = 910 W/m?

The two-axis tracker provides 994 W/m?, which is only 9% higher than the
single-axis mount.

0y9e S sl 5l iy /A Laid aS wes e 4 994/ 5 e oy sme g0 caisS JLis

w‘
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§4. CHAPTER 8

PHOTOVOLTAIC MATERIALS
AND ELECTRICAL CHARACTERISTICS

Click to LOOK INSIDE!

Photovoltaic
Materials _

N
N= n
= = polyacetylene \
N
n

phthalocyanine MEH-PPV

M.
8.1 INTRODUCTION
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40
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Multijunetion Cencentratots
30
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— 25 gie cry!
£
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£ 204
2
=
o oqs ; G 2
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5
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8.2.BASIC SEMICONDUCTOR PHYSICS
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c=Av

where ¢ is the speed of light (3 x 10® m/s), v is the frequency (hertz), A is the
wavelength (m), and
, »
E=hy= % (8.2)

where E is the energy of a photon (I) and / is Planck’s constant (6.626 = 10 3* J-s).
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Solution. From (8.2) the wavelength must be less than

_ 6.626 x 1073 7.5 x 3 x 10° m/s

he
FEE T =111 %10 m=111p
h= E 1.12 eV x 1.6 x 10-19]/eV X m pLm

and from (8.1) the frequency must be at least

4 3 x 10% m/s
e —=— " 27 x 10" H,
eI T T x10°m x ‘

I 6. 8.2.4 The p-n Junction
4

WS oo BV S Wl 55 b legd (o rre 5o et sr sl Jsbe &S Sl b 0
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8.2.5 The p-n Junction Diode
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Iy = T/ —1)

where [, is the diode current in the direction of the arrow (A), Vy is the voltage

across the diode terminals from the p-side to the n-side (V), Iy is the reverse sat-

uration current (A), g is the electron charge (1.602 x 10 '°C), k is Boltzmann’s

constant (1.381 x 1072* VK), and T is the junction temperature (K).
Substituting the above constants into the exponent of (8.3) gives

o> Aoles 3 YU glo el 5,8 sl b

qVay _ 1.602 x 10 19 W 8.4)
kT 1381 = 102 T(K) ( )

A junction temperature of 25°C is often used as a standard. which results in the
following diode equation:

I = Iy — 1) (at 25°C) (8.5)

' ol LolF ls ax 0 YO 0 1) PN Wy 9900 SO PN wigy o0 SO Y-A s
1&4 25 8B oz oS elin 1) 5,5 (o 18 03 (53, 45 55Uy K 5 50 2al1077 LusSiae

0uS Ao aBl o Lyl )
10A (¢ 1A (b Gl e 59) b, g (@

vd=0 - ‘fL.JId 0, 3Ll cll> o @ J>

13,5 Ao O yg0 s | vd Olsi s Id=1 ub
Solution

a. In the open-circuit condition, {; = 0, so from (8.5) V,; = 0.
b. With I, = 1 A, we can find V; by rearranging (8.5):

1 I 1 1
Vie—In(2+1)=—mn 1) =0532V
' 339" (1(, * ) 38.9 (10 5 T )

c. with I, =10 A,

1 10
Vy = —]n(m‘f— 1) =0.592 V
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' 6. 8.3 A GENERIC PHOTOVOLTAIC CELL
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I'=1TIsc—1I4 I=1Isc— I (e 1)
ey
A
sc Light
Voc
0 \( v
Dark
Voc :Elﬂ(%wL 1)
4 0 cowd L PV cilie jlae o8 olKin
And at 25°C, (8.8) and (8.9) become dsle Gl |y, AA Gy o g 120

=T~ L™V -1

and ;
Voc = 0.02571In (i + 1)
Iy

5,5 J> VOC 5L e 5
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Solution. The reverse saturation current fp is 107'2 A/em? x 100 cm? = 1 x
10719 A AL full sun Tge is 0.040 A/em? x 100 em? = 4.0 A. From (8.11) the
open-circuit voltage lSI

Ise 4.0
Voc = 0.0257 In (%‘ + 1) = 0.02571n (W + 1) =0.627 V
0

Since short-circuit current is proportional to solar intensity. at half sun fge = 2
A and the open-circuit voltage is

Full sun

2 i
Voe = 0.0257 In (W + ]) =0.0610V

Cuter it

Plotting (8.10) gives us the following:

lall 5L

Vep: — 0,027

Yho o1 oz os o1 o

el g
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Shaded /-0 »
cell

O

=< lsc

=
2‘ Load
=

T =(Isc— 1) v
== SC d Rp

Figure 8.21 The simple equivalent circuit of a string of cells in series suggests no
currentcan flow to the load if any cell is in the dark (shaded).A more complex model
can deal with this problem.

I —p V

Figure 8.22 The simple PV equivalent circuit with an added parallel resistance.

, Chapter 8: PHOTOVOLTAIC MATERIALS AND ELECTRICAL CHARACTERISTICS
'lba
For a cell to have losses of less than 1% due to its parallel resistance, Ry should be
greater than about

100Voe

Rp >
Isc
For a large cell, Isc might be around 7 A and Voc might be about 0.6 V, which says its
parallel resistance should be greater than about 9 Q.

An even better equivalent circuit will include series resistance as well as parallel
resistance. Before we can develop that model, consider Fig. 8.24 in which the original
PV equivalent circuit has been modified to just include some series resistance, Rs.
Some of this might be contact resistance associated with the bond between the cell
and its wire leads, and some might be due to the resistance of the semiconductor
itself.

Vy v L

X

/
—» V_

Load

Figure 8.24 A PV equivalent circuit with series resistance.
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Chapter 8: PHOTOVOLTAIC MATERIALS AND ELECTRICAL CHARACTERISTICS

.

and then add the impact of Ry,

Vi=V +1:Rg
o give
g(V +1T-Rs)
I =lsc—lyjexp| ———— | — 1
kT
4.5
40 Rep=e, Ag=0
3.5 )‘
w 3.0 Re=0
g © AV =1HAs
= 2.5 N EEE—
§ 20
3 1.5
1.0
0.5
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage

Figure 8.25 Addingseries resistance to the PV equivalent circuit causes the voltage
at any given currentto shift to the left by V = IRS.

Chapter 8: PHOTOVOLTAIC MATERIALS AND ELECTRICAL CHARACTERISTICS

lA.
For a cell to have less than 1% losses due to the series resistance, Rs will need to be
less than about
0.01Voe
< —
Ise
oliml b a8 wil o 0.6V isgas VOC 3 1ol i logas obisS Jlasl ol « 5y Jsko o sl
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' El Under the standard assumption of a 25°C cell temperature,(8.17) becomes

4
1

R_p

I=1Isc—Ip [V HR) — 1] — —(V +IRy)

Unfortunately, (8.18) is a complex equation for which there is no explicit solution for
either voltage V or current | . A spreadsheet solution, however, is fairly straightforward
and has the extra advantage of enabling a graph of | versus V to be obtained easily. The
approach is based on incrementing values of diode voltage, Vd , in the spreadsheet. For
each value of Vd, correspondingvalues of current/ and voltage V can easily be found.

Isc=1+1;+1p
1o qulys 55 ygo 4 dxy0 YO slos 5o S g0 (g Wolre il 5 5L 0
Vc!

I=I_I )38.91/:;_1__
SC ole ) Rp

ol 3850 00t Joboo o s 90 515

V =V, — IRs
I'Ibﬁ
Rp=c, Rg= 0
4.0 P s
304
=3 Rp=1.0, Rg=0.05
T
o
£ 20
(6]
1.0 4
0.0 | [ T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

Voltage
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Cell

il

Module Array

8.4.1 From Cells to a Module

2k (o0 dsgezme Sy

When photovoltaics are wired in series, they all carry the same current,and at
any given currenttheir voltages add as shown in Fig. 8.29.That means we can
continue the spreadsheetsolution of (8.18) to find an overall module voltage

Isc

CURRENT (A)

4 cells
/

Adding cells in series
_

24V

e

S6cells<x06V=216V

N

"\

0.6 V for each cell

VOLTAGE (V) 216V

Se Ned (o ger Sl e 0 bildy ¢ e Dygo & 0l o e sl Jsbe slx VA SO

s Jsho ¥F (o 58 Joile
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Example 8.4 Voltage and Current from a PV Module. A PV module is made up
of 36 identical cells, all wired in series. With |-sun insolation (I kW/m2), each cell has

%ﬁ short-circuit current Isc = 3.4 A and at 25°C its reverse saturation current is
lo=6 x 107-10A.Parallel resistance RP = 6.6 and series resistance Rs = 0.005.

a. Find the voltage, current, and power delivered when the junction voltage of each
cell is 0.50V.

b. Set up a spreadsheet for | and V and present a few lines of output to show how it
works
Solution.

a. Using V,; = 0.50 V in (8.20) along with the other data gives current:

Vi

! = Iy — lp(e™®V — 1) — Rp

) 0.50
=34 —6x 1070E™00 _ 1y~ —316 A
6.6

Under these conditions, (8.22) gives the voltage produced by the 36-cell
module:

Vinodule = #1(Vy — I Rg) = 36(0.50 — 3.16 x 0.005) = 1743 V
Power delivered is therefore

Pwatts) = Vigague 1 = 1743 x 3.16 =550 W

09y dplg> 13 aile b 00 ,5S axio

%ﬂ b. A spreadsheet might look something like the following:

Number of cells, n = 36

Parallel resistance/cell Rp (ohms) = 6.6
Series resistance/cell Ry (ohms) = 0.005
Reverse saturation current fy (A) = 6.00E-10

Short-circuit current at 1-sun (A) = 3.4

‘1 _ v, Vinodule = P (walts)

Vi Tse — 1y (("‘8' e — ]} - R; n(Vy — ITRy) = Vinodute/
o

0.49 3.21 17.06 54.80
0.50 316 17.43 55.02
0.51 3.07 17.81 54.75
0.52 2.96 18.19 53.76
0.53 278 18.58 51.65
0.54 2.52 18.99 47.89
0.55 2.14 19.41 41.59

Notice that we have found the maximum power point for this module, which
isat/=3.16A,V=17.43V,and P = 55W.This would be described as a
55-W module
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M.
8.5THE PV I-V CURVE UNDER STANDARD TEST CONDITIONS (STC)
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9.1 INTRODUCTIONTOTHE MAJORPHOTOVOLTAIC SYSTEMTYPES
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9.2 CURRENT-VOLTAGE CURVES FOR LOADS
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9.2.1 Simple Resistive-Load -V Curve
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9.2.2 DC Motor -V Curve
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Figure 9.7 Electrical model of a permanent magnet dc motor.
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CURRENT

Starting
current —™[ "7

w increasing with V

-~ MOTOR VOLTAGE
Starting voltage

Figure 9.8 Electrical characteristics of a permanent-magnetdc motor.

Chapter 9 : PHOTOVOLTAIC SYSTEMS

1000 W/m?
i Motor
g 800 W/m?2 I=v
c
any
2
© 600 W/m?2
Start-up 400 W/m?
current ™ 0
/L 200 W/m?
VOLTAGE =

Figure 9.9 DC motor | -V curve on photovoltaic | -V curves for varying insolation.
In this example (somewhat exaggerated), the motor won’t start spinning until
insolation reaches 400 W/m2,but after that it only needs 200 W/m2 to keep running.
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Figure 9.10 A linear currentbooster (LCB) increases currentto help start or keep
the motor runningin low sunlight.
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9.2.3 Battery I-V Curves

V=Vs+RI

y I
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~ + Ideal v
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Vs i B L
' . & Vo te T
A 8 1
BATTERY Symbol
VOLTAGE Vj

Figure 9.11 An ideal battery has a vertical current—voltage characteristic curve.
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A 4
[= i =
& charging & discharging ~_
: — [~ . E — 1
2 slope = — 2 slope = ——
o P R o P R;
Vg Vg Vg Ve
discharged charged discharged charged
VOLTAGE—= VOLTAGE —
(a) Charging (b) Discharging

Figure 9.12 A real battery can be modeled as an ideal battery in series with its
internal resistance, with currentflowingin opposite directions during charging (a) and
discharging (b). During charging/discharging,the slightly tilted | =V curve slides right or
left.
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Example 9.1 Charging a 12-volt Battery.Suppose that a nearly depleted
|2-V lead-acid battery has an open-circuitvoltage of | 1.7V and an internal
resistance of 0.03.

a.What voltage would a PV module operate at if it is delivering 6 A to
the battery?
b.If 20 A is drawn from a fully charged battery with open-circuit voltage
12.7V,what voltage would the PV module operate at?
Solution
a. Using (9.4), the PV voltage would be

b. While drawing 20 A after Vp has reached 12.7 V, the output voltage of
the battery would be

Vl()ud = V:‘_f - IRf =127-20x003=12.1V

and since the voltage that the PVs operate at is determined by the battery
voltage, they would also be at 12.1 V.
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A boost converter is a commonly used circuit to step up the voltage from a dc source,
while a buck converter is often used to step down voltage. The circuit of Fig. 9.14 is a
combination of these two circuits and is called a buck-boost converter. A buck-boost
converter is capable of raising or lowering a dc voltage from its source to whatever
dc voltage is needed by the load. The source in this case is shown as being a PV
module and the load is shown as a dc motor, but the basic concept is used for a wide
variety of electric power applications. The transistor switch flips on and off at a rapid
rate (on the order of 20 kHz) under control of some sensing and logic circuitry that
isn’t shown. Also not shown is a capacitor across the PVs that helps smooth the
voltage supplied by the PVs.

Vo

Load

Source Switch L h

Buck-boost converter

Figure 9.14 A buck-boost converter used as a the heart of a maximum power tracker
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" For a 100% efficient MPPT, the product of current and voltage (power) from the PVs
is the same as the current-voltage product delivered by the MPPT to the load
(Fig. 9.16). One way to visualize the impact of the MPPT is to redraw the PV | -V
curves using D as a parameter. For the MPPT’s output voltage and current, one goes
up and the other goes down compared with the original PV | =V curve as shown in
Fig.9.17.

-7 (57)

Figure 9.16 The MPPT bumps the PV voltages and currents to appropriate values
for the load (one goes up, the other down).
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Figure 9.17 Redrawing the PV | -V curves with an MPPT.
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9.3 GRID-CONNECTED SYSTEMS
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Figure 9.20 Principal components in a grid-connected PV system using a single
inverter.
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