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Theoretical Energy Efficiency Analysis of Solar
Tracking Systems

Aboubacarine Maiga

Abstract-This paper established the general energy efficiency equations of both dual axis and single axes (vertical and horizontal
single axis) solar tracking systems based on a theoretical approach underlain substantially by the principle that only the normal
component of solar radiation is mainly converted into electrical energy. The energy efficiency equations, as comparative energy
gain factor were established by comparing the tracking systems (dual and single) and static (fixed) photovoltaic cell arrays, one
to each other: Dual axis to Static; Dual axis to Vertical Single axis (horizontal tracking of sun position); Dual axis to Horizontal
Single axis (vertical tracking of sun position); and by inference single axes to static cell arrays.

The study did not cover neither the numerous design models of solar tracking systems that involve different energy
consumption (due to different apparatus and mechanisms) and different costs; nor the weather conditions impacts on their
efficiencies.

[. INTRODUCTION

Among the aspects generally covered in these previous investigations are: the design model (mechanical
structure), technology (sensors, actuators, microprocessors, and microcontrollers) algorithms (control
schemes) and comparative efficiency (in what extent solar tracking systems are efficient).

Based on experiments and experimentations, most of the previous works and investigations carried out,
primarily aimed to determine the level of efficiency that could be expected by using a solar tracking system. Different
results were concluded leading to discrepancies in terms of energy gain factor [1]. Based on theoretical geometrical
considerations and some assumptions, [1] established the comparative energy efficiency of a dual axis solar
tracking system to a static tilted cells array, as a function of latitude, day number and inclination angle (see Eq (19)
and (21) as mentioned on page 453 of [1] ) when the azimuthal deviation is set to zero.

The study carried out by [1] did not take into account single axes solar trackers. Furthermore the main
formulas obtained by [1] are valid when azimuthal deviation (1) is set to zero. Therefore extending the analysis on all
cases of solar trackers and considering the non-zero azimuthal deviation are the motivations of this paper and define
its major goals.

For achieving the aforementioned goals, assumptions made by [1] are adopted and a straightforward
vector analysis is used to compute ratios of daily solar energy received by systems (trackers or static tilted
photovoltaic cells).

Q huge number of investigations have been performed in the last decade regarding the solar tracking systems.

II. DuAL Axis VERSUS STATIC TILTED PV CELL ARRAYS WITH A NON-ZERO AZIMUTHAL
DEVIATION

Let's recall that the vectors ON (Vector representing Normal irradiance to PV plane) and OM (Vector
representing the incident solar irradiance) are expressed as follows [1]:

OM| L., cos(a)cos(y + A) |; ON | —Iqy sin ()

Lpax cos(@)sin(y + 1) ( 0 )
Imax sin(a) Imax Cos (ﬁ)
Where:

= Bistheinclination angle of static tilted PV plane.
= ¢ (sun elevation angle) and y (sun azimuth angle) are as defined in appendix 1.
= 1:azimuthal deviation (see appendix 2).

The scalar product computation of OM and ON, then leads to define the daily solar radiation captured by
static tilted PV cells as:

Tset
R, =1, f |cosO| dt (1)
T

rise
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Where:

= T.. and T, respectively denotes time of sun rise and that of sun set (See appendix1).
» 6= (0M,ON), i.e the angle between solar incident irradiance and the normal vector ON to the plane of PV
cell arrays.

- RS:RS((p’ﬁ’n’A)

The interval of integration ([Ty., Tser ]) is then subdivided in three intervals such that the sign of function
cosf remains the same in each of them:

Ry = Ly, [fTTll lcosO| dt + fTT12|COSQ| dt + fo“|cose| dt] 2)
Where:
= T, and T, respectively match the time wheny =m — 1 ; andy = w + 1 (see appendix2).

Let’s define the (3x3) matrix S as follows:

/C1(9+To) % sin(%) +sin(%)] —% cos (%) — cos (ﬂ)]

|00 () an(2)] o () -cox(2)
)

12¢ . T . mh 12¢ T mh
C,(Ty—h) —%|sin (—0 — sin (—)] —=31cos (—0) — cos (—)]
T 12 12 T 12 12

Where:
C, = C, (@, B,n,A) = sind(cosPsing — sinficospcost) 4"
C, = Cy(p,B,n,1) = cosé(cosBcos + sinBsingcosl) (5)
Cs; = C5(p, B,n, 1) = sinBcosdsini (6)
T, = Ty(@,n) = %cos‘l(—tangotané‘) (7)
h=hip,n,2) = 2 tan~t |2 D G0 o Tt | ®

g= g(<p, n, /1) _ 27T_4 tan_l [—cotl -h/(cotl )2+(sing )2—(cos¢ )% (tans )ZJ 9)

sing +cosptand
Computing (2) and using (3) yield:

2xTy
[ 2715 [+[2f 1 52 [+ {2755

Rmax = [ * RS (1 0)

Where:
= R, Stands for daily energy captured by a dual axis solar tracker.
= R, is the daily energy received by a static tilted PV plane.

By setting:

2xTy

Kne =
P T 5o sy [+{ETor sy +{E o 53

(11)
Energy efficiency (gain factor) of dual axis to static PV cell arrays is then measured by:

nDS((p'ﬁ'n'/l):KDS((p'ﬁ'n'A)_l (12)

In Southern Hemisphere variables ¢ and 8 should be replaced by their opposites i.e. by —p and - g in all of
the previous and next equations that involve these variables.
It is worth noticing that tend A to zero leads to (21) of [1]:

lim,_,o nps (@, B,n,2) =n(p,B,n) (13)

' See appendix1 for details about variables ¢, § and n.
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[1I. DUAL Axis TRACKING VERSUS SINGLE VERTICAL AXIS TRACKING (PERFORMING
HoRr1ZzONTAL TRACKING) TILTED WITH A CERTAIN INCLINATION ANGLE

Let's consider a single axis tracker that performs rotational movement around a vertical axis according the
principle that its angular rotation is locked on solar azimuth (y). Furthermore the PV cells array fastened on the
vertical axis are assumed to be tilted with a certain inclination angle (Figure1 and FigureA2.1 of appendix2).

Let's OP be the normal vector to the PV plane of the tracker. As the system tracks azimuth angle (y) it is not
relevant to consider a certain azimuthal deviation so that OP and OM are expressed as:

Figure 1: Single vertical axis tracker tilted

Imax COS(O_’)SiI’l(]/) Imax sin (ﬁV)Sin(y)
oM Imax COS(a’)COS(]/) ) op Imax sin (ﬁV)COS(y) (1 4)
Imax Sin(a) Imax cos (ﬁV)
If R, denotes the total daily energy captured by the single vertical axis tracker, then (14) yields:
R, = (fTTsft sin(B,) cosa dt + fTTsft cos(By) sina dt) ) . (15)

To compute (15), power series expansion is used and the end result includes matrix (V) elements which are
defined as follows (see appendix 2 for operation details):

_ a? a* nToy 12sinfy
Vll—(1—7—z)(1—cos( ))( ) (16)
2
Vi, = —% (1 + a?) (1 - cos ﬂTO ) )(lzsmﬂv (17)
T[T 3 125m/z’
Vg = —= (1+ +b2)(1—(cos 1—°)> . (18)
ab a? nTo 4 125m/z’y
V21=—?(2+7) 1— cos (19
Va2 = a(cos(By )T, (20)
12b e
Vs =—(cospy) (sm (1—7;0)) 1)
Where:
a = a(p,n) = sindsing (22)
b = b(p,n) = cosbcosp (23)
[t comes:
To
Rywx =75 *R, 24
pE u| ey
We define Kj,, (Dual axis to Vertical axis) factor as:
To
K, ,Brin) = 15— 25
DV ((,0 ﬂV ) |Zi2:12;’:1vij| ( )
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The energy efficiency of dual axis tracking system to single vertical axis tracking system with a tilt angle gy,
is measured by:

Nov (@, By, n) = Kpy (@, By,m) — 1 (26)

IV. DUAL AXiS TRACKING VERSUS SINGLE HORIZONTAL AXIS TRACKING (PERFORMING
VERTICAL TRACKING) TILTED WITH A CERTAIN INCLINATION ANGLE
The horizontal tracker is assumed to rotate according a certain angle locked with solar elevation angle («).
Accordingly, for the first half of day length, two limit positions are defined:

»  a=a; =0, attime of sunrise (T, )-
= = a, (the highest elevation angle) at local noon.

Where:
8 a, = sin"(a +b) (27)
e\
5 The general case deals with the single horizontal tracker with azimuthal deviation (1y) that might be
=  comprised between 0° to 90° (from south to East,counterclockwise, in northern hemisphere; or from North to West,
. counterclockwise, in southern hemisphere) or between 0 to -90° (from south to West, clockwise, in northern
36 , _ 7 .
hemisphere; or from North to East clockwise in southern hemisphere ).
~ Let's 0Q be the normal vector to the PV plane of the tracker (Figure2). Vectors 0Q and OM (Vector
§ representing the incident solar irradiance) are expressed as follows:
= Lpax cos(@)sin(y + 1) Loy COSQ
E oM Imax COS(“)COS(Y + /1) OQ ( maxSIr1 (ﬁH)Slna) (28)
= L,qy sin(a) I0x €OS (By)sina
s
<
) Tilted
b= Horizontal axis
3
2 South North
: 77777777 P s
-
eV0]
E@ Figure 2: Single horizontal axis tracker tilted
8}
= Thetotal daily energy (Ry) captured by the single horizontal axis tracker, is given by:
é Ry = 2le2 cos(OM, ON)dt (29)
g The (3x3) matrix H is introduced and defined by:
27
o —6cosAla;, + (a + b)cosa,|
_; Hll((P, ﬁH’ n, A) - T[COS(p (30)
i Hyy (@, By, A) =d [Xl (1 — cos ﬂ) );—2 (1 — cos? %)] (31)
% Hyz(@, By, mA) =d [ (1 ) + 2—4(1 — cos* %)] (32)
Hy, (@, Bym, 1) = e [ (1 — cos® HTO) + );_2(1 ~ cos’ %)] (83)
X3 T X T
Hyy (@, By, A) = e[ (1 — cos* 120) + ?4(1 — cos® nl—zo)] (34)
|
H23(<p, By, m, A= ( )To + &s (nTo) 4 12k 12P2 (nTo) (35)
6 12 T 6 T
Hs (@, By, A) = (—;) (2q; +q,) + %cos (7;—20) + %cos (HTO) (36)
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Hs, (@, By, n, A) = cosBy [(a2 + 1;2_2) Ty + 2D sin (%) + BHLzsin (HTTO)] (87)

T[

Has ( D =as (1 5nT°)+ X5(1 6”T°)
33(@, By, 1) = 5 cos T e 6 cos T
Where:
a’> a*
= =1———— 38
X =Xilpn)=1-—-= (38)
a2
X, =X,(p,n) = —ab (1 + 7) (39)
a? a?
Xy = Xi(pm) = @ 2+a2 41
4 = A P,n) = 2 2 (41)
a? 3a> 5
Xs = Xs(p,m) 4(b +2 +4) “2)
p1 = p1(@, By, n, A) = —asinPycosAsindcose (43)
D, = 02(@, By, n, 1) = —(sinfycosi)(bsindcosp — acosdsing) (44)
p3 = 03(@, By, n, A) = bsinfycosAcosbsing (45)
12 _
d=d(p,n ) = ?sinlsmdcosqo (46)
12
e=e(p,n i) = —?sinACOS(Ssin(p (47)

a = a(p,n)and b = b(p,n) are respectively defined by (22) and (23).
The total daily energy captured by a dual tracker compared to that of single horizontal axis is then expressed as:
To

max |Zi3=1 213=1 Hij H ( )
Setting:
T
Koy (@, Byom, ) = |Z312—§1H| (49)
i=14j=1"ij

Allows to define the energy efficiency factor of a dual axis tracker compared to a single horizontal axis as:
Nou (@, By, A) = Kpy (@, By, 1) — 1 (50)
V. SINGLE VERTICAL AXIS TRACKING (PERFORMING HORIZONTAL TRACKING) VERSUS STATIC
TILTED PV CELL ARRAYS

The energy efficiency factor of a single vertical axis tracker compared to static PV arrays is established by
inference, using (10), (11), (24) and (25):

Kos(p, 8.1, ) _
Kpy (@, By, m)

VI. SINGLE HORIZONTAL AXiS TRACKING (PERFORMING VERTICAL TRACKING) VERSUS STATIC
TiLTED PV CELL ARRAYS

nvs (@, B, By,n, ) = (51)

By inference, using (10), (11), (48) and (49), the energy efficiency factor of a single horizontal axis compared
to static PV arrays, is established:
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KDS (¢' ﬁ' n, /1)

08,80 A 2y) = 25 LD
Nus ¢ﬁﬁH H KDH(§0:ﬁH'n'/1H)

Where:
Ay denotes azimuthal deviation of single horizontal axis tracker; and A that of static PV arrays.

VII. RESULTS AND DISCUSSION

Three Matlab scripts (see appendix 3) were written for performing numerical computations that emphasize
minimum efficiency values of dual axis tracking compared to single axes tracking and static (with azimuthal
deviation) PV cell arrays. Three major results derived from computations:

1) The numerical results of Script#1 show that a static tilted PV array with a non-zero azimuthal deviation is less
efficient than one without azimuthal deviation. In fact, a non-zero azimuthal deviation of static tilted PV array
leads to a yearly tilt angle which is not optimal. That confirms the fact that the tilt angle of static PV array should
be, rigorously, either due South (in Northern Hemisphere) or due North (in Southern Hemisphere) for an
increased energy efficiency.

2) Numerical results of Script#2 and Script#3, clearly show that a single vertical axis tracking (which performs
horizontal tracking of sun position) is generally more efficient than a single horizontal axis tracking system (which
performs vertical tracking of sun position). That confirms the conclusion of [2] regarding the efficiency
comparison of single vertical axis and single horizontal axis tracking systems.

3) Script#3 numerical results show that increasing azimuthal deviation of a single horizontal axis tracking system
(that performs vertical tracking of sun position) leads to increase its efficiency.

VIIl. CONCLUSION

The study carried out in this paper, formerly, established the general energy efficiency equations of both
solar tracking systems (dual and single) and static tilted PV arrays. The equations were expressed as multivariable
functions of latitude, inclination angle, day number and azimuthal deviation.

The study concluded that single vertical axis tracking, that performs horizontal tracking of sun position, is
more efficient than single horizontal axis which performs vertical tracking of sun position. However it remains to
decide, according the earth location, which slope angle should be optimal for a single vertical axis solar tracking
system.
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APPENDIX

Appendix 1

The earth follows a complex motion that consists of the daily motion and the annual motion. The daily
motion causes the sun to appear in the east to west direction over the earth whereas the annual motion causes the
sun to tilt at a particular angle while moving along east to west direction. Declination angle § (Figure A.1) accounts
for annual motion; azimuth angle y (Figure A.2) and elevation (or altitude) angle a (Figure A.2) characterize the daily
motion.

1) Sun declination angle § is defined to be that angle made between a ray of the sun, when extended to the center
of the earth and the equatorial plane.

[A1.1]

284 +n
6 = 23.45sin [360 ( )]

365
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Where:

§: Declination angle in degrees
n: day number (n=1 at the first of January)

* Polaris

North Pole

Meridian parallel
to sun rays

Sun rays

Figure A1.1

2) Solar elevation (altitude) angle a (Fig A1.2) is the angle between the projection of the sun’s rays on the
horizontal plane and the direction on the sun’s rays.

a = sin~!(sindsing + cosScospcosw) [A1.2]

Where:

§: Declination angle
¢: Observer’s latitude
w: hour angle

\\ East

South

Figure A1.2

3) Hour angle (w) is the angular displacement from east to west of the local meridian due to rotation of the earth on
its axis at 15° per hour:

w = 15(t — 12) [A1.3]

4) Latitude ¢ (Fig A.1) of a location on the earth is the angle between the line joining that location to the center of
the earth and the equatorial plane.
5) Zenith angle Z (Fig A.2) is the complement of altitude angle:

Z=90°—a [A1.4]

6) Azimuth angle y is the local angle between the direction of due north and that of the perpendicular projection of
the sun down onto the horizon line measured clockwise.

The following relation relates the sun azimuth angle and its elevation angle:
cosa.cosy = sinécos@ — cosdsingcosw [A1.5]
It can also be shown that:
cosa.siny = cosdsinw [A1.6]

7) Latitude ¢ (denoted by ¢ on Figure A1.1) of a location on the earth is the angle between the line joining that
location to the center of the earth and the equatorial plane.
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Trise =12 - TO
Teet =12+ T,
With
T, = ?cos‘1 (—tang. tans)
Appendix 2

1) Dividing [A1.5] by [A1.6] yields:

cosw

1
coty = —cosptand —sin
14 2 ¢ sinw ¢ sinw

Using trigonometric transformations, [A2.1] gives a second order polynomial equation:
1 1
> (cosptand + sinp)X? + (—coty)X + > (cosptand — sing) =0

With:
X = tan>
=tan 2

The solutions which derive from [A2.2] are defined as:

I{X coty —/cot?y + sin?¢p — cos®ptan®§
1 —

cosptand + sing

IX _coty + \Jcot?y + sin2¢ — cosptan?8
k 2= cosptand + sing

Assumingthaty =w —Aattimet =t;, andy =+ A attimet = t, involves the following condition:

0ST,<Ty<12<T, <T,,

[A2.4] and [A2.5] allow to define:

Jcot?2 + sin2g — cos?ptan?§ — cotd
+12

( 24
| T1(p,n,4) = —tan™! -
s cosptand + sing

24 cotd — \Jcot? A + sin?p — cos?ptan?s
th (p,n, 1) = ?tan‘l ( il Ld Ld ) +12

cosptand + sing

If we set:
( 24 cot?) + sin?¢@ — cos?*ptan?s — coth
|g(p,n,2) =—tan™ v @ Ld
T cosptand + sing
2 in2 2 2
[ P cotd —/cot?) + sin?p — cos?ptan?§
k (p.m2) T o cosptand + sing
Then:

{T1 (p,n, ) =glp,n A1)+ 12
T,(p,n,A) = h(p,n, 1) + 12

[A1.7]
[A1.8]

[A1.9]

[A2.1]

[A2.2]

[A2.3]

[A2.4]

[A2.5]

[A2.6]

[A2.7]

[A2.8]

2) The inclination direction for a static PV array or a single horizontal axis tracking system is assumed to be North-
South facing in Northern Hemisphere and South-North facing in Southern Hemisphere, to ensure better energy
efficiency. However, the present study assumes some minor or major deviations around the North-South
direction or the South-North direction, in order to rigorously determine whether such deviations, called azimuthal,

may either decrease or increase the overall energy efficiency of PV systems.

In this paper, azimuthal deviation is positively counted when it is South due East, counterclockwise in
Northern Hemisphere or North due West, counterclockwise, in Southern Hemisphere; and negatively when it is

South due West, clockwise, in Northern Hemisphere, or North due East, clockwise, in Southern hemisphere.
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The values of azimuthal deviation are considered in the following interval:

{ —-90° <1< +490°

—90° < A, < +90° [A2.9]

Where A sets for static PV system azimuthal deviation and A, for that of PV single horizontal axis tracking
system (performing vertical tracking of sun position).

3) The principle of horizontal tracking by a single vertical axis tracker is schematized below:

Figure A2.1: Single vertical axis tracking system
4) Let'srecall (15):

Tset Tset
R, = (f sin(By) cosa dt + f cos(By) sina dt) * o [A2.10]
Trise Trise
That can be rewritten as:
12 12
= sin(By) J cosa dt + cos(By) J sina dt [A2.11]
2 * I‘max Trise Trise

The right hand side of [A2.11] consists of two integral parts:
( 12
|1, = sin(By) cosa dt
by [A2.12]
IUZ = cos(By) sina dt
Trise

Otherwise, [A2.12] is equivalent to:

( 12
|, = sin(ﬁv)f J1—(a+ bcosw)? dt
4 e [A2.13]
Ik I, = cos(By) f (a + bcosw) dt

T

rise

Where w is expressed by [A1.3] and rewritten as:
s
w=-(t-12) [A2.14]

To compute the first integral, I; let’'s make a change of variable by setting:
X = CcoSw [A2.15]

Then it comes:

[A2.16]

; 12 (ﬁ)f’“,/l—(a+bx)2 it
=—sin B
1= v 3 T

Where a and b are respectively defined by (22) and (23).
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And as:

-1<a<1
-1<b<1 [A2.17]
0<x<1

The following power series expansion:

~1 -1 .(p-n+1
p@w D2 .. P Jp ) yn 4

(1+X)P =1+pX+ [A2.18]

Is used to compute ;.

Afterward, the second integral, I,, is computed and added to the first integral result. A similar method is
applied to compute (29).
Appendix 3

Script#1
%Dual _axis to Static tilted PV arrays efficiency analysis%

% Parameter k defines the value of azimuthal deviation;

k=1 matches to lamda=0, k=2 to lamda=1l, and so on%
k=6;

lamda(k)=(k-1);

fori=1:66 % parameter of latitude%

phi(i)=(i-1);

for j=1:91 Y%parameter of inclination angle beta%
beta(j)=U-1);

for n=1:365 % parameter of day number n%

delta_deg(n)=23.45*sind(360*(284+n)/365) ;
delta_rad(n)=delta_deg(n)*(pi/180);

Cl(k,n,i,j)=(sin(delta_rad(n)))*((cosd(beta(§)))*(sind(phi(i)))-
(sind(beta()))*(cosd(phi(i)))*(cosd(lamda(k))));

C2(k,n,i,j)=(cos(delta_rad(n)))*((cosd(beta(d)))*(cosd(phi(i)))+(sind(beta(@)))*(sind(phi (i)
))*(cosd(lamda(k))));

C3(k,n,i,j)=(sind(beta(j)))*(cos(delta_rad(n)))*(sind(lamda(k)));
TO(n, 1)=12/pi)*(acos(-(tand(phi (i)))*(tan(delta_rad(n)))));
a(n, 1)=(1/2)*(cosd(phi(i))*tan(delta_rad(n))+sind(phi(i)));

g(k,n,i,j)=C4/pi)*atan((sqrt((cotd(lamda(k))"2)+(sind(phi(i))"2)-

(cosd(phi(i))"2)*(tan(delta_rad(n))"2))-cotd(lamda(k)))/(2*a(n,i)));
h(k,n,i,j)=(24/pi)*atan((-sqrt((cotd(lamda(k))"2)+(sind(phi (i))"2)-
(cosd(phi(i))"2)*(tan(delta_rad(n))"2))+cotd(lamda(k)))/(2*a(n,i)));

S11(k,n,1,§)=C1(K,n, 1, 1)*(g(k,n, i,§)+T0(n, 1));812(k,n, i ,§)=(12*C2(k,n, i ,§)/pi)*(sin(pi*g(k,n
,1,1)/12)+sin(pi*T0(n, 1)/12));813(k,n, i,§)=(-12*C3(k,n, i , j)/pi) *(cos(pi*g(k,n, i ,j)/12)-
cos(pi*T0(n,i)/12));

s21(k,n,i,§)=Ci(k,n,i,j)*Chk,n,i,j)-
a(k,n,i,3));822(k,n,i,j)=(12*C2(k,n,i,j)/pi)*(sin(pi*h(k,n,i,j)/12)-
sin(pi*g(k,n,i,§J)/12));S23(k,n,i,J)=(-12*C3(k,n,i,j)/pi)*(cos(pi*h(k,n,i,§)/12)-
cos(pi*g(k,n,i,j)/12));

S31(k,n,1,§)=Ci(k,n,i,3)*(TO(n,1)-
h(k,n,i,3));S32(k,n,i,j)=(12*C2(k,n,i,j)/pi)*(sin(pi*TO(n,i)/12)-
sin(pi*h(k,n,i,j)/12));S33(k,n,1,J)=(-12*C3(k,n, i,j)/pi)*(cos(pi*TO(n,i)/12)-
cos(pi*h(k,n,i,j)/12));
S1(k,n,i,j)=abs(S11(k,n,i,j)+S12(k,n,i,J)+S13(k,n,i,j));
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S2(k,n,i,j)=abs(S21(k,n,i,j)+S22(k,n,i,j)+S23(k,n,i,j));
S3(k,n,i,j)=abs(S31(k,n,i,j)+S32(k,n,i,j)+S33(k,n,i,j));

K_Dual _Static(k,n,i,j)=2*To(n,i)/(SL(k,n,i,j)+S2(k, ni,j)+S3(k, ni.j));

eta_Dual _Static(k,n,i,j)=(K Dual _Static(k,n,i,j)-1);
mn_eta Dual _Static(i,j)=mn(eta_bDual_Static(k,:,i,j));
%rax_eta(i,j)=max(max(eta(:,:,1,j)));

end

end

end

Script#2
%ual axis to Single Vertical Axis Analysis%

fori=1:65 % Latitude %

phi (i)=(i-1);

for j=1:91 %Tilt angle beta V %
beta(j)=(j-1);

for n=1:365 % Day nunber %

del t a_deg(n) =23. 45*si nd( 360* (284+n) / 365) ;
delta_rad(n)=del ta_deg(n)*(pi/ 180);
TO(n,i)=(12/pi)*(acos(-(tand(phi(i)))*(tan(delta_rad(n)))));

a(n,i)=sind(delta_deg(n))*sind(phi(i)); b(n,i)=cosd(delta_deg(n))*cosd(phi(i));
c(n,i)=cos(pi*TO(n,i)/12);

% Power Series expansion coefficients%

X1(n,i)=1-((1/2)*(a(n,i)"2))-((1/8)*(a(n,i)"4)); X2(n,i)=(-
a(n,i)*b(n,i))*(1+((1/2)*(a(n,i)"2)));

X3(n,i)=-((a(n,i)"2)/2)*(1+((a(n,i)"2)/8)+(b(n,i)"2)); X4(n,i)=-
(a(n,i)*b(n,i)/2)*(2+((a(n,i)"2)/2));

% Matrix V El enment s%

VIL(n,i,j)=(12*sind(beta(j))/pi)*X1(n,i)*(1-
c(n,i));Vi2(n,i,j)=(12*sind(beta(j))/pi)*(X2(n,i)/2)*(1-(c(n,i)"2));

VA3(n,i,j)=(12/pi)*sind(beta(j))*(X3(n,i)/3)*(1-
(c(n,i)”3));V21(n,i,j)=(12*si nd(beta(j))/pi)*(Xa(n,i)/4)*(1-(c(n, i) 4));

V22(n,i,j)=a(n,i)*cosd(beta(j))*TO(n,i);
V23(n,i,j)=(12*b(n,i)*cosd(beta(j))/pi)*sin(pi*TO(n,i)/12);

% Factor K DV, %Efficiency %

K_DV(n,i,j)=TO(n,i)/abs(VLi1i(n,i,j)+V1i2(n,i,j)+V1i3(n,i,j)+V21(n,i,j)+V22(n,i,j)+V23(n,i,j));
eta_DV(n,i,j)=(KDV(n,i,j)-1);

mn_eta DV(i,j)=mn(eta_DV(:,i,j));

end

end

end

Script#3

% Dual axis to single horizontal axis Anal ysis%
k=5;
I anda( k) =k- 1;

fori=1:66 % Latitude%

phi (i) =(i-1);
for j=1:91 %Tilt angle beta_H%
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beta(j)=(j-1)
for n=1:365 % Day Nunber

del t a_deg(n) =23. 45*si nd( 360* (284+n)/ 365) ;

del t a_rad(n) =del t a_deg(n)*(pi/ 180):

al pha_2(n, i) =asi n(si n(del ta_rad(n))*si nd(phi (i ))+cosd(del ta_deg(n))*cosd(phi (i))):
a(n, i)=sind(del ta_deg(n))*sind(phi (i)); b(n,i)=cosd(del ta_deg(n))*cosd(phi(i));

TO(n,i)=(12/pi)*(acos(-(tand(phi(i)))*(tan(delta_rad(n)))));
c(n,i)=cos(pi*TO(n,i)/12);

d(n, k,i)=(12/pi)*sind(landa(k))*sin(delta_rad(n))*cosd(phi(i)); e(n,k,i)=(-
12/ pi) *sind(l anda(k))*cos(delta_rad(n))*si nd(phi(i));

XL(n,i)=1-((1/2)*(a(n,i)"2))-((1/4)*(a(n,i)"4)); X2(n,i)=(-
a(n,i)*b(n,i))*(1+((1/2)*(a(n,i)"2)));

X3(n,i)=-((a(n,i)"2)/2)*(1+((a(n,i)"2)/8)+(b(n,i)"2)); X4(n,i)=-
(a(n,i)*b(n,i)/2)*(2+((a(n,i)"2)/2));

X5(n,i)=-((a(n,i)"2)/4)*(1+(b(n,i)"2)+(3*(a(n,i)"2)/16)+(5/4));
pl(n,k,i,j)=-a(n,i)*sind(beta(j))*cosd(l anda(k))*sin(delta_rad(n))*cosd(phi(i));

p2(n,k,i,j)=(-sind(beta(j))*cosd(landa(k)))*(b(n,i)*sin(delta_rad(n))*cosd(phi(i))-
a(n,i)*cos(delta_rad(n))*sind(phi(i)));

p3(n,k,i,j)=b(n,i)*sind(beta(j))*cosd(landa(k))*cos(delta_rad(n))*sind(phi(i));
gl(n,k,i,j)=a(n,i)*sind(beta(j))*sind(landa(k))*cos(delta_rad(n));

g2(n, k,i,j)=(b(n,i)/2)*sind(beta(j))*sind(landa(k))*cos(delta_rad(n));

% Matrix H
% First line elenments%
H1i(n, k,i,j)=-

cosd(l amda(k)) *((6*al pha_2(n, i)/ (pi*cosd(phi (i))))+(6*(a(n,i)+b(n,i))*cos(al pha_2(n,i))/(pi*
cosd(phi (i)))));

HL2(n, k, i, j)=d(n, k,i)*(XL(n,i)*(L1-c(n,i))+(X2(n,i)/2)*(1-(c(n,i)*2)));
HL3(n, Kk, i,j)=d(n, k,i)*((X3(n,i)/3)*(1-(c(n,i)"3))+(X4(n,i)/4)*(1-(c(n,i)"4)));

% Second |ine el enments%
H21(n, k,i,j)=e(n,k,i)*((XL(n,i)/2)*(1-(c(n,i)"2))+((X2(n,i)/3)*(1-(c(n,i)"3))));

H22(n, k,i,j)=e(n, k,i)*((X3(n,i)/4)*(1-(c(n,i)"4))+((X4(n,i)/5)*(1-(c(n,i)"5))));

H23(n, k,i,j)=(pl(n, k,i,j)+(p3(n,k,i,j)/2))*TO(nNn,i)+((3*p3(n,k,i,j)/pi)*sin(pi*TO(n,i)/6))+((
12*p2(n, k,i,j)/pi)*sin(pi*TO(n,i)/12));

% Third line el enent s%

H31(n, k,i,j)=-

((6*g2(n, k,i,j)+12*ql(n, k,i,j))/pi)+((12*gl(n,k,i,j)/pi)*cos(pi*TO(n,i)/12))+((6*q2(n,k,i,j)
[ pi)*cos(pi*TO(nNn,i)/6));

H32(n, k,i,j)=cosd(landa(k))*(((a(n,i)?*2)+((b(n,i)"2)/2))*TO(n,i)+((24*a(n,i)*b(n,i)/pi)*sin(
pi *TO(nNn,i)/12))+((3*(b(n,i)"2)/pi)*sin(pi*TO(n,i)/6)));

H33(n, k,i,j)=d(n,k,i)*(X5(n,i)/5)*(1-(c(n,i)"5))+e(n, k,i)*(X5(n,i)/6)*(1l-(c(n,i)"6));

% Factor K DH ,% Efficiency %
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K DH(n, k,i,j)=TO(n,i)/ (abs(H11(n, k,i,j)+H12(n, k,i,j)+HL3(n, k,i,j)+H21(n, k,i,j)+H2(n, k,i,j)+

H23(n, k,i,j)+H31(n, k,i,j)+H32(n, k,i,j)+H33(n,k,i,j)));
eta Dual _Hor(n,k,i,j)=(KDH(n,k,i,j)-1);

m n_eta_Dual _Hor(i,j)=mn(eta_Dual _Hor(:,k,i,j));

end

end

end
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