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In-plane solar irradiance is the basic data to estimate PV
power generation and useful in PV system designes:
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In-plane solar irradiance can not be got from weather stations, they only
have horizontal solar data. SREZBEH RS EHRIGERIZE, e
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PV Arrays in Ground Horizontal Coordinates

£

(a) Fixed Array

(b) Manual Regulating

The solar trackers are
tracking the solar
altitude and the solar

(b) Azimuth Tracking

(¢) Double-Axis Tracking

azimuth by regulating
the array tilted angle
and array azimuth.
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PV Arrays in (a) H-E-W Tracking (b) Tilted E-W Tracking
Equatorial
Coordinates

Z =Latitude Z =Latitude

(¢) Pole Axis-Tracking (dl1) D-Tracking-1 (d2) D-Tracking-2

The solar trackers are tracking the solar declination and the solar hour angle
by regulating the array tilted angle and rotating angle of main axis.




Equatorial Tracking Systems

Horizontal PoIe-Axis

E-W Tracking Tracking
~ Double Axis

- Tilted E-W Tracking




3 Basic Rules and Concept
1. Cosine Rule of Arc in Spherical Tringlest!

The tringle at celestial
sphere

Arc: a, b, c
Angle: 4, B, C

Cosine Rule:
cosa = cosh cosc + sinb sinc cosA
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St : solar irradiance on tilted array
Sp 7 : direct solar irradiance

Z: tilted angle of PV array

@: incident angle of solar beam

2. Cosine Rule
of Direct
Incidence

(EEEE Qgﬂg Vertical (Zenith)

H 4 | Sp” : solar irradiance on horizontal surface
?;Z"‘"&) S D j Sp ” : direct solar irradiance

Y3 RS E SP ’ a . solar altitude

0)7: zenith angle of solar beam
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|
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S’ =Sp’cosé Sy’ = Sp’cosh, = Sp’sine

Sp’ =Sy’ Isina So: S{ =S, ’cos@/sina



3. Formula of

Solar Altitude a
[3,11]
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Can be found from any
Zenith text book [3.11]

.:é:.
A: Solar zenith angle Za,
Za=90° - «;
B=90° - o;
C=90° - ¢;

w: hour angle. a = w

cosA = cosB cosC + sinB sinC cosa
COSA = sina

cosB =sing sinB = cos@

cosC =sind sinC = coso

COS a = COSM

S0: sina = sIESsINd + CosSPCOSOCOSM®



Solar Declination
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How to get the Irradiance on PV front surface?
Qr=St+D't+RYy
S't=S'yxcosf/sina =S’ xR,
(R,= cosé/sina is the ratio of tilted irradiance to the horizontal irradiance)

D'y =D",(1 + cos Z’)/2 R': = pQ',(1-cos Z’)/2

5 variables are required for the calculation of in-plane total irradiance Q’;:
1) Q’ :Total irradiance on horizontal surface (kW/mz2)

2) S’\,;: Direct irradiance on horizontal surface (kW/m2)

3) D’,,: Diffuse irradiance on horizontal surface (kW/m2)

4) cos @: cosine of solar incident angle

5) cos Z’: the instantaneous tilted angle of PV array



Diffuse Irradiance can be either Isotropic or
Anisotropic

Isotropic model 12] is for low irradiation and cloudy days:
D':=D",(1+cos Z’)/2 (by RetScreen)

For clear and sunny day, anisotropic model should be used: 6]l

D’ =Dy’ (K(coséisina) + 1/2(1 + cos Z°)(1 — K))
anisotropic diffuse from circumsolar isotropic sky diffuse

K=S,/Q, K:the share of circumsolar diffuse which has the same characteristic
of direct irradiance.




How to get Horizontal Irradiance Data?
Qy=D'y+ 5y
Q’4: global irradiance at each hour (kW/mz2)

D’,,: diffuse Irradiance at each hour (kW/m2)
S’\,: direct irradiance at each hour (kW/m2)

1. Multi-Year average real-tested hourly data: can be found at Weather
station or the database of NASA , PVSyst or Meteonorm database or
NREL database. ZEFIISENENE (HIE)

2. The horizontal hourly data can be got from Daily global and diffuse
Irradiation data by the distribution models (Klein distribution [2,9,10] or
Bouguer-Lambert distribution[4]). MBS RIS HEENENE, B
HiRgd 3 miRESE,

3. Daily Irradiation data can be got from Monthly Irradiation Data by the
way of interpolation [4]. BigSiEnILLEZIR{EMN BiEIFIESE.




cosé for
V:vertical Axis from
ground to sky;
N: Normal of PV array;
Z: Tilted angle of PV
array;

.~ S: Solar beam:;
o Solar altitude;
3: Solar azimuth
r: PV array azimuth

Ground Horizontal
Coordinates [3:11]

By J.E. Braun and
J.C. Mitchell and

used by RetScreen
[3,10,11]

south

Derived from the rule of spherical tringle:
cosé = cosZ’sina+sINnZ’cosa cos (f-y)



N Horizontal E-W Tracking

Vertical = Normal

a: Solar zenith angle 6, equal to
solar incidence angle 6.

cosé for

0=90° - &
e b=90° |
. - -9
Equatorial H-E-W c=90° - §;
:n o [Wang Sichen A= -2
TraCklng [ J al : hour angle.
Q: rotating angle of PV axis

cosa = cosb cosc + sinb sinc cosA
cosa = cosf = sina

cosh =sin@ sinb= cos@

coSc = sind  Sinc = cosd

cos A = cos(w-Q)

So: cosf = singsind + cospcosocos(w-2)

S

Referenced by the formula of solar altitude a , we can get:
C0S# = SIN@SING+C0OSECOSo COS (w-£2)



General formula
of cos@

can be derived
for Equatorial

Coordinates
[Wang Sicheng]

zZ=9 [\

Key Facor:

b=90°-9+Z+z

a=46

A= w - Q;
b=90°-¢9+Z+z;
c=90°-9;

@: solar incident angle

@ :solar hour angle

2 : main axis rotating angle
o0 . solar declination

Z: tilted angle of main axis
z : module tilt on main axis

cosa = cosb cosc + sinb sinc cos A
cos 0= c0s8(90°-p+Z+z)coso+sin(90°-p+Z+z)sindcos(w-£2)



Instantaneous Tilted Angle of Array Z* [3.11]

Ground Horizontal Coordinates

(a) Fixed Array (b) Azimuth Tracking (c¢) Double-Axis Tracking

(a) Fixed Array: Z’=Z; (itisthe same with manual regulated arrays)
(b) Azimuth Tracking: Z’ = Z;
(c) Double Axis Tracking: Z°=90° - a.



Instantaneous Tilted Angle of Array Z’
for Equatorial Coordinates can be

derived from the rule of spherlcal tringle.
[4, Wang Sicheng]

a=2" For double-axis tracking in
f:;ﬁiﬂ; ground horizontal coordinates,
¢=90°-Z; we have:

€ : main axis rotating angle
- . , — o
Z~ :tilted angle of array at any time Z — 90 -a
Z: tilted angle of main axis
z : tilted angle of array on main axis

If we setz =60 and

cosa = cosb cosc + sinb sinc cos A4 _ o
cosa=cos Z "~ b - 90
cosb = sinz sinb = cosz We Wl I I have:
cosc =sin Z sinc = cos Z )
cosZ’ = sinzsinZ + coszcosZcosQ2 cos4 = cos £ cosZ’=sina Then: Z’=90 - a

(a) H-E-W Tracking: Z2=0,z=0, cosZ’ =cos® Z’ = Q;

(b) Tilted E-W Tracking: Z =0, z=12, cosZ’ = C0SzC0SL;

(c) Pole-Axis Tracking: Z=¢, z=0, cosZ’ = coSgC0sQ2;

(d) Double Axis Tracking: Z=¢, z=-0, 2 = c0SZ’ =sin(-d)sing + cos(-d)CcospCcosw



Now we have all required formulas for 8 and Z’

For 6.
Ground Horizontal Coordinates:
c0os@ = cosZ’sina+sinZ’cosa cos (f-y)

Equatorial Coordinates:
cosf=sin(90-p+Z+z) sind+cos (90-p+Z+z)cosécos(wm-£2)

For Z’:
Ground Horizontal Coordinates: Z’ is always known.

Equatorial Coordinates:
cosZ’ = sinz sinZ + cosz cosZcos?



The In-plane Solar Irradiance for Front-side
Qr=Sr+D+Ry
S’t=S’,c0s0=S", R, (R,=cosl/sina)
D’-=D’,(1+c0sZ’)/2 (take diffuse irradiance as isotropic)
R’=pQ’,(1-cosZ’)/2

The in-plane solar daily Irradiation by integrating the irradiance from sunrise
(®,) to sunset (®,):

Wg ; _ rwg S rcos0
Sr= [, Sr'dw = [ "= dw The monthly and yearly
_ (Ws s o _ (wsDp/(1+cosz") |rrac!|at|on on PV array can be
Dy Jo, Dy dw Jowy 2 2 got simply sum-up the daily
RT = |

s p T dw = [©8 pou'(1-cosz’) , ~ solar irradiations on PV array.

Wy OF% 2



If we use anisotropic model for diffuse irradiance
QT1:ST1+DT1+RT1
S’t=S’,c0s0=S", R, (R,=cosl/sina)

D’.=D’, [ S_HRb + % (1 —Z—H)(l + cosZ")]
R’T:pQ’H(l'COSZ’)/Z

And the in-plane daily irradiation by integrating the irradiance from sunrise
(®,) to sunset (®,):

w w SHICOSG
S;=[ 7S dw=][" dw
T fwr T fa)r Sina

1 S /
+- (1—5: )(1+cosZ")]

€

dw

S
D[ 2=R
s / _ (Ws “HL @ b
Dy dw—fwr -
!/

_ (w _ rwg pQy’(1—cosz’)
= fw: Rr'dw = fw: . dw

ﬁ




How about Bifacial PV Modules?

How to calculate the irradiance on the rear side

surface?




The Main Differences

between Front side p
Y Y |
and Rear side |
Shading Area :
I £ |
e Row to Row ol
| Ground :

1. Allirradiance received by front side and rear side: direct irradiance, diffuse irradiance
(anisotropic circumsolar and isotropic sky diffuse), and reflected irradiance by the ground,;
2. The models for direct and circumsolar diffuse on backside, and the sky diffuse
Irradiance on backside are the same as that for front side;

3. The main difference is the reflected irradiance.




Reference [1]

A Practical Irradiance Model for
Bifacial PV Modules

Preprint

Bill Marion, Sara MacAlpine, and Chris Deline
National Renewable Energy Laboratory

Amir Asgharzadeh and Fatima Toor
University of lowa

Daniel Riley, Joshua Stein, and Clifford Hansen
Sandia National Laboratories

Presented at 2017 IEEE 44th Photovoltaic Specialists Conference
(PVSC)

Washington, DC

June 25-30, 2017



BSI=bh-F,- (DNl + 1)+ Y2%CF-F: - I; (4)

where » = maximun cosine of the AOI of the DN 1S
the AOI correction for th& QNI using the air-glass model oF
Sjerps-Koomen et al. [10]; ORgs the CF for the ith one-
degree segment; F; 1s the AOI cOwgction for the ith one-
degree segment; and /; 1s the irradiance ™ewed by the 7ith one-
degree segment (either Iy, Iy, p-GRI,, o1 ). The CF;1s
represented by Eqn. 5:

CF; =% - [cos(i —1) — cos(7)]

Sum of Sky Diffuse Irradiance
and the Reflected Irradiance
by Ground Segment

where 7 1s 1n degrees with a range from 1° to 180°. The field-
of-view corresponding to a CF;; 1s shown m Fig. 2.

Direct Irradiation and
circumsolar diffuse

Fig. 2. Field-of-view of the ground for a one-degree segment
depicted by the angles 7 and i-1.



German Paper: Model for Rear side Ground Reflection

4th International Conference on Silicon Photovoltaics, SiliconPV 2014

Simulation of energy production by bifacial modules with revision
of ground reflection

Reference [2]

Ufuk Alper Yusufoglu®™', Tae Hun Lee®, Tobias Markus Pletzer®, Andreas Halm", Lejo
Joseph Koduvelikulathu®, Corrado Comparotto®, Radovan Kopecek®, Heinrich Kurz®

“RWTH Aachen University, Institute of Semiconductor Electronics, Sommerfeldstrafie 24, D-52074, Aachen, Germany
International Solar Energy Research Center Konstanz e. V., Rudolf-Diesel-Str. 15, D-78467, Konstanz, Germany

Key Points:

1. The beam and diffuse sky irradiance components received on the backside may be modeled
with the same model used for the front side. This paper only study on reflected irradiance;

2. Assuming that the shadowing is caused only by the direct irradiance, and the reflected direct
part of irradiance to the backside only from area outside of the shading.

3. The principle of View Factor (Fv) can be applied for the calculation of ground reflected
Irradiance at the module rear side.

4. The View Factor denotes the ratio of the irradiance reaching the back surface to the available
Irradiance on the ground.



German Reference: the Backside Reflected Irradiance
View Factor (Fv)

S| Assuming the reflected
| direct part of irradiance
| to the rear side only
R oo l[omem,, - from area outside of the
B shading.

Fig. 1. (a) Definition of view factor and; (b) its implementation for the ground reflected radiation.

14 cos /8

The Reflected Irradiance to  E£,,,, . =aDHI

+a(GHI—DHI)[
the backside:

1+ cos S8 7 ]
Ay

Diffuse Part T Direct Part T



Fraunhofer Developed a Ray Tracing Model

RAY TRACING

= 2nd gpproach : ray tracing

o Tracing back the path of light:
from the PV cell to the light source (= sun and diffuse)
by taking into account its encounters with obstacles

o Rays of light = straight lines
o Diffuse and/or specular reflection

o Example : one PV cell> 1 million of rays are sent by
Monte Carlo, equiprobably distributed on the lllustration of ray-tracing in 2D from one cell on the rear of a
' ' i bifacial modul
hemisphere - by successive reflections, they reach racial modlie

. . A large number of rays (only 80 are shown) are sent from
the light sources : sun and diffuse from the sky 9 ys (only )

the cell in every directions
Rays reaching the ground are randomly reflected

For a 3MWp plant, about 20 billions rays are sent,
calculation time is about tens of minutes

:.
®
o
“
\|

# Fraunhofer Predicting yields of bifacial PV Power Plants — What Accuracy is Possible? | 09/2018 | 7
ISE



The Main Factors to Affect the Irradiance on Rear Side

Cround Albedo Module Number in Ground Coverage Ratio
’ Row (the row length) (Distance between Arrays)

Irradiance
on Backside

Transparent Ratio of
the modules

Installation Height
(Ground Clearance)

Installation & Tilted Share of Daily Direct or Incidence Angle of
Angle (Solar Trackers) Diffuse Irradiation Solar Beam




Assumptions for the model on rear side irradiance

1) the direct and isotropic sky diffuse irradiation on backside will follow the same
models as that of front side;

2) the Direct and Circumsolar Diffuse part can only be reflected by the area without
shading;

3) the installation height above the ground is high enough, so the non-uniformity on
backside can be neglected, otherwise we need calculate the backside irradiance column
by column (string by string) from bottom to top. ;

4) the installation height above the ground is high enough, so the transparent ratio
does not further affect the backside irradiance. Or, we add a percentage of transparent
ratio to the formulas;

5) The affect from the incident angle will be ignored, If calculating the power
generation from backside, we can add a coefficient;

6) the reflected Direct part of irradiance will relay on the Shading Ratio or Shining
Ratio, and not relevant to GCR.




We may define several View Factors

F<r: denotes the shading ratio or shading factor to the total used land.

Fsr_=shading area/total land usage of PV array (%)
(How to get shading area and total land usage can be found in IEC/TR 63149-2018)

1-F¢g: effective land ratio without shading (%o)
(1+cosZ’)/2: sky view factor for front side F¢ ( 0 — 100%0)

(1- cosZ’)/2: sky view factor for backside F¢g (0 —100%0)

(1- cosZ’)/2 : ground view factor for front side Fg= (0 - 100%)
(1+cosZ’)/2 : ground view factor for backside Fgg (0-100%o)



Fsr : Shading Ratio

K: Array width Fsp = (KXDygpaq-si! KXD - sN)=Dispad-sn/ Dyir-sn

Dypaq-sy - shading distance, S-N direction Dgwasy =DI + D2 (IEC/TR 63149)
Dypin-snv: shined distance under PV array, S-N direction DS “  is known (IEC/TR 63149)
rtr-SN-

D,,..sy: row to row distance, S-N direction i
R o st ke Dypin.sy=cosB x ho/tana The Key Issue Is
h4>: lowest point of array hOW to Cal cu Iate

the Shading
Ratio?
IEC/TR 63149

How about the

I

I

i front side?
| |
| Dumosn(D1+D2) —»{‘ﬂ’i Ne_Ver
. ., considered
J:< Row to Row Distance —»l bEfO re?
|



Fr : shading ratio

K: Array width . _
Dijaa-sy : shading distance, S-N direction Fsg = (KXDspaa- s/ KXDy1y-sn)=Dinaa- s/ Drur-sw

Dyjin-sy: shined distance under PV array, S-N direction Dspaasn - DI+ D2 (IEC/TR 63149)
D,,.sn: Tow to row distance, S-N direction D,yy.sx: 18 known (IEC/TR 63149)

h,;: the height of array Dypin-sy= cosfxh sr/tana
h4>: lowest point of array

The pole is high
and the shading
IS extended
beyond Drtr-SN

!

gy

N, S
D2 _>I D1

I
I
i
I
I

L o

N DsI}ad—SN (D1+D2) »I‘ D
I
|

Only the front
row Is different.

|
I
I

>
| shin-SN |
|

| I
| |
| . ; I
r‘ Row to Row Distance ————
| |



Formulas for rear side irradiance (1)
If we take diffuse Irradiance as isotropic, we have:

Qrg =518+ D'+ Ry
S'rg=c0s0S’ g = SR, (R, =cosb/sina)
(when 3 >90" , S’ g will shine on backside of fixed arrays)

D’ = D’ [L+cos(Z’+180° )]/2 =D’ (1- cos Z°)/2

1+cosZ’ 1+cosZ'

R’ =pD’y (
:pD’
G,=D+ S

)+ (G’ - D) (
) + S, (“"“Z)(l -F,)

)(1-F)

1+cosZ
(




Formulas for rear side irradiance (2)

If we take diffuse irradiance as anisotropic, we have:

For the front side: D';=D", [%Rb + % (1— % (1 + cosZ")]
Circumsolar Sky Isotropic Diffuse
For the backside: D’.g=D’ [Z_H R, + % (1— Z_H)(l — cosZ")]

Circumsolar Sky Isotropic Diffuse

Sy direct daily irradiation on horizontal surface
Q,: Is the extraterrestrial total daily solar irradiation on horizontal surface. [6]

So, we propose the rear side irradiance models as the followings:
Qg =S5+ D'g+ Riyg S
S’;g + Diffuse of Circumsolar =S’ R, + D’ (Q—H R,)
=[S’ + D’,, (Z—H)] R, (R, = cosflsina)  (when B >90° )
’ ’ 1 ’ SH !
D’rg =Dy [5(1_Q_0)(1_COSZ )]

1+cosZ' 1+cosZ'

R =p D'y [5 (1= 157 +p S+ D' ) (5 )(A- FY)
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