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ANALYSIS OF CONCENTRATION RATIO OF THE PHOTOVOLTAIC
SYSTEM WITH ONE TRACKING FLAT MIRROR

R.R. Vardanyan, J.S. Davtyan
National Polytechnic University of Armenia

Solar concentration photovoltaic (CPV) technology is a promising way to increase the
conversion efficiency of solar energy. In CPV systems, a large area of sunlight is focused on
the smaller area of solar cells with the help of optical light collectors, such as lenses or
mirrors. There are different types of CPV systems, among which the simplest is the system
consisting of a PV module and a flat plate solar tracking mirror. Due to its simplicity, this
CPV system can be successfully applied for building integrated - purpose and hybrid PV and
thermal systems.

The output power of CPV systems strongly depends on the concentration ratio of solar
rays. To characterize the CPV systems, generally, the geometrical concentration ratio is
considered. Meanwhile, the output power of a CPV system depends on the reflectance of
mirrors and light transmission into the PV module, which are functions of the light incident
angle.

In this paper, an accurate method for analyzing light energy concentration in the CPV
system with one tracking flat plate mirror is presented. The proposed method considers both
the angular-dependent mirror reflection coefficient and the PV module’s surface absorption
properties. The effective concentration ratio is obtained. It is shown that the value of the
geometrical concentration ratio is more than the effective concentration ratio. It is also shown
that during the analysis of the power output of the concentrating photovoltaic system with
one solar tracking flat mirror, the effective concentration ratio must be considered instead of
geometric concentration ratio, since the effective concentration ratio, proposed in this paper,
can more accurately assess the energy of solar light absorbed by the photovoltaic receiver.

Keywords: solar, photovoltaic, concentrated, mirror, tracking, concentration ratio.

Introduction. The concentrating photovoltaic (CPV) is an approach for
generating electric energy with limited solar cell areas. In CPV systems, a large area
of sunlight is focused on the smaller area of solar cells with the help of optical light
collectors, such as lenses or mirrors.

There are different types of CPV systems, among which the simplest is the
system consisting of a PV module and a flat plate solar tracking mirror. Due to its
simplicity, this CPV system can be successfully applied for building integrated
purposes. The combination of this type of CPV technology with the hybrid PV and
thermal systems, supplying electric and thermal energies, will significantly increase
the system efficiency.
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In a CPV system with one tracking mirror, the PV module is illuminated by
direct solar rays and by reflected rays from the mirror, which is tracking the Sun
during the day. The PV module is also illuminated by diffused rays. Thus, the solar
rays are striking the solar cells of the module at different incident angles, which
influences the light transmission into the PV module. Note that the reflectance of the
mirror is also affected by the light incidence angle.

To characterize the CPV systems, generally, the geometrical or optical
concentration ratio is considered. Meanwhile, the output power of a CPV system
depends on the reflectance of mirrors and light transmission into the PV module,
which are functions of the light incident angle.

The effect of the light incident angle on the short circuit current of different
types of solar cells with the use of different techniques and methods is investigated
[1-5]. It is shown that the relative angular light transmission into the PV module (or
relative angular optical response) decreases with the increase of the light incident
angle. The effect of incidence angle on the reflectance of solar mirrors is investigated
[6-9]. In a V-trough CPV system, the approximations for mirror reflectivity and
modifier of angular losses in the PV module are considered [10].

In this paper, an accurate method for analyzing light energy concentration in
the CPV system with one tracking mirror is presented. The proposed method
considers both the angular-dependent mirror reflection coefficient and the PV
module’s surface absorption properties.

Concentration rate of a CPV system with one solar tracking flat mirror. Let
us consider the low-concentration CPV system with one flat plate planar reflecting
mirror (Fig. 1). The width of the mirror, a, equals the width of the PV module. The
solar direct illumination and the reflected light, with a number of reflections equal
one, strike the PV module. The diffuse radiation due to the sky scattering is neglected
due to the small percentage of the total radiation. The PV module is fixed, and the
mirror tracks the sun so that the beam reflected from the upper point of the mirror
strikes the edge points of the PV modules. It is assumed that the illumination is
uniform on the receiver. Note that in the perpendicular direction to the plane in Fig.
1, the PV module and the mirror can have any dimension, and it is not considered in
the frames of this paper.
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Fig. 1. A concentrating PV system with one planar reflecting and solar tracking mirror
For a CPV system, the maximum power output is defined as [11]:
P*max = Pmax Copt (1+kT/q (InCopt/VVoc)),

where Pmax is the maximum output power at maximum power point, Copt is the
optical concentration ratio and Voc is the open circuit voltage. If in the concentrating
system the image covers the entire surface of the receiver and the radiation flux is
uniform over the aperture and over the receiver, the geometrical concentration ratio
Cgeo is used. The geometrical concentration ratio of the planar mirror reflecting PV
system (Fig. 1) is defined as the ratio of aperture area, Wap, to the PV module area,
a

Wa
Cgeo = _p
The geometrical concentration ratio can be written as:
__ Wap _AC+CD __ acos (8)+acos(B) _ 0
Cgeo=—=—"—= " = cos(0) + cos (60 3). (1)

The geometrical and optical (or flux) concentration ratios characterize the rate
of amplification of light flux over the receiver area. Meanwhile, as mentioned above,
the absorption of solar energy by the PV receiver, as well as the reflection coefficient
of concentrating mirrors, depend on the incident angle of solar rays. Therefore, to
more accurately determine the light power absorbed in the CPV system, both the
angular-dependent mirror reflection coefficient and the PV module’s surface
absorption properties should be taken into consideration. With this approach, the
effective concentration ratio will be determined.

The effective concentration ratio will be defined by dividing the solar light
flux into two components. The first component of the light flux is the direct
component with aperture of Wpv illuminating the PV module under the incident
angle of 6 (Fig. 1). The second component is the light flux with aperture of Wmir,
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reflected from the mirror and illuminating the PV module under the incident angle
of B*. Then, the effective concentration ratio can be presented as:

Ceff = Ceff(Wpv) + Cef f (Wmir). (2)
The first component of the effective concentration ratio can be determined as:
Cef fWpv) = 1(6) % = 1(6) %2 = 7(6)cos(6), ®

where 7(©)= Isc(6)/[Isc(0) cos(0)], and characterizes the relative angular light
transmission into PV module or solar cell [1], Isc(6) is the short circuit current of
PV module measured at inclination angle of 6, and Isc(0) is the short circuit current
of PV module measured at inclination angle of 6 = 0.

The second component of the effective concentration ratio depends on the
reflectivity of the mirror R(B), where S is the light incident angle. The second
component depends also on the relative angular light transmission into the PV
module T(8"), where g is the incident angle of the reflected light on the PV module.
The second component of the effective concentration ratio will be:

Wmir

Ceff(Wmir) = t(B)R(B) —— (4)

a

Let us express the angles § and B* by 6. Using simple geometric principles
from the right triangle AEF, we can write: 8 = 60 - 6/3. Considering that the triangle
AEB is isosceles, we shall get s '= . Considering the right triangle BED", we can get
that Wmir= a cos(f). Then, substituting £, g, and Wmir into (4), we shall have:

Ceff(Wmir) = t(60 — 6/3)R(60 — 6/3) cos((60 — 6/3). 5)

Thus, by substituting (3) and (5) into (2), the effective concentration ratio can
be written as:

Ceff =1(0)cos(0) + (60— 6/3)R(60 — 6/3) cos((60— 6/3). (6)

Note that the relative angular light transmission z(6) for the given PV module
(or solar cell) can be determined experimentally, by measuring the short-circuit
current Isc(©) under different angles of incidence of the surface and by plotting the
7(0) = Isc(O)/[Isc(0)cos(8)]. The reflectivity of the given mirror R(B) can also be
determined experimentally by measuring the reflectivity at different incidence
angles of solar light.

Experimental investigation of angular light transmission into the PV
module and the angular dependence of reflectivity of the mirror. To analyze the
effective concentration ratio of the CPV system with one mirror, experimentally, the
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relative angular light transmission 7(0) for the silicon solar cell, and the reflectivity
of the reflective film mirror R(B) are measured.

The relative angular light transmission into the PV module is measured using
the monocrystalline silicon solar cell. The sample of the solar cell was placed on the
rotating table and illuminated by the solar light simulator (Fig. 2). The short-circuit
current at different incident angles was measured.

-

Solar light

Fig. 2. The experimental setup for measurements of the relative angular light
transmission into the solar cell

The obtained experimental results of the relative angular light transmission

into the solar cell T(©) are presented in Fig. 3.
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Fig. 3. Relative angular light transmission into the solar cell 7(O) vs. light incident angle ©

As could be expected, the relative angular light transmission into the solar cell
7(0) decreases with increasing the solar light incident angle (Fig.3).

For calculations of z(6) for the given solar cell, the following polynomial
model was developed:

1(0)=-5.999x107°-0*-3.045x10%-0°+2.623x10 *-6>-5.24x1073-0+1.012.  (7)

The R-factor, also called residual factor or relative error, is defined, and it has
the value R = 0.045568, which can be considered as a good fit.

The reflectivity of the sample of a mirror-reflecting film at different incident
angles of the light R(a) is also measured with the use of the same rotating table (Fig.
2). The intensity of the specular reflected solar beam is measured by measuring the
short circuit current of a silicon p-n junction. To avoid the influence of the scattered
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and diffused beams, the p-n junction was placed in a specially developed box with a
narrow incident gap. The obtained results are presented in Fig. 4.
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Fig. 4. Reflectivity of the mirror reflecting film R(B) vs. solar light incident angle f

It can be seen from Fig. 4 that the reflectivity of the given type of mirror film
is comparatively low at small incidence angles of the solar light, and it increases at
high values of incident angle.

For calculations of R() for the given type of reflective mirror, the following
polynomial model is developed:

R(B) = 4.74x10°8-B*-6.842x10®-B3+3.51x10*B?>—4.069x10 3-p+0.4.  (8)

The R-factor is defined, and it has the value R = 0.036446.

Analysis of the concentration ratio of PV concentrating system with the flat
solar tracking mirror. With the use of formula (6) and experimentally obtained
dependences for 7(0) and R(6), the effective concentration ratio Ceff of the PV
system with the flat solar tracking mirror is determined. The curve of Ceff for the
positive values of the Sun inclination angle 6 is presented in Fig. 5.
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Fig. 5. The effective and geometric concentrations of the PV module with one flat tracking
mirror in dependence on the solar light positive incident angles

The geometric concentration ratio Cgeo calculated by formula (1) is also
presented in Fig. 5. It can be seen that there is a difference between the concentration
ratios Cgeo and Ceff. The maximum difference of 0.54 (54%) is obtained at the
inclination angle of © = 80°, when Cgeo = 1 and Ceff = 0.46. Consequently, during
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the analysis of the power output of a CPV system with one tracking mirror, the
effective concentration ratio Ceff must be considered instead of the geometric
concentration ratio Cgeo.

The effective and geometric concentration ratios of the CPV system with one
tracking mirror determined for the negative values of the Sun inclination angle 6,
are presented in Fig. 6.
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Fig. 6. The effective and geometric concentrations of the PV module with one flat tracking
mirror in dependence on the solar light negative incident angles

In this case, also, there is a difference between the concentration ratios Cgeo
and Ceff. The maximum difference of 0.25 (17.5%) can be observed at © = - 10°,
when Cgeo = 1.43 and Ceff =1.18. This also proves that instead of geometric
concentration ratio, the effective concentration ratio must be considered during the
analysis of CPV system.

Conclusions

1. The analysis of geometric and effective concentration ratios of the
concentrating photovoltaic system with one solar tracking flat mirror is conducted.

2. The accurate method for analyzing light energy concentration in the CPV
system with one tracking mirror is developed, where the angular-dependent mirror
reflection coefficient, as well as the PV module’s surface absorption properties are
considered.

3. Itis shown that the value of the geometrical concentration ratio is more than
the effective concentration ratio.

4. During the analysis of the power output of the concentrating photovoltaic
system with one solar tracking flat mirror, the effective concentration ratio must be
considered instead of geometric concentration ratio, since the proposed method for
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the determination of the effective concentration ratio assesses the energy of solar
light absorbed by the photovoltaic receiver more accurately.

References

1. Knisley B., Janakeerman S.V., Kuitche J., TamizhMani G. Validation of Draft
International Electrotechnical Commission 61853-2 Standard: Angle of Incidence
Effect on Photovoltaic Modules.- Arizona State University Photovoltaic Reliablity
Laboratory, 2013.- 6 p.

2. The illumination angle dependency of CPV solar cell electrical performance /L.A.A.
Bunthof, J. Bos-Coenraad, W.H.M. Corbeek, et al /Solar Energy.- 2017.- VVol. 144 -
P. 166.

3. Mamun M.A., Islam M.M., Hasanuzzaman M., Selvaraj J. Effect of light angle on
the performance and electrical parameters of a PV module: Comparative indoor and
outdoor experimental investigation//Energy and Built Environment.- 2022.- Vol. 3.-
P. 278.

4. Sharma R. Effect of obliquity of incident light on the performance of silicon solar cells
// Heliyon.- 2019.- Vol. 5.- P. 1.

5. Martin N., Ruiz J.M. Annual angular reflection losses in PV modules // Progress in
Photovoltaics: Research and Applications.- 2005.- V. 13.- P. 75-84.

6. The effect of incidence angle on the reflectance of solar mirrors / F. Sutter, M.
Montecchi, H. Dahlen, et al // Solar Energy Materials and Solar Cells.- 2018.- 176.-
P. 119-133.

7. Martin N., Chenlo F. Characterization of mirrors for PV concentrators // 21th
European Solar Energy Conference, 4-8 September 2006.- Dresden, Germany, 2006.-
P. 2183-2185.

8. Meyen S., Sutter F., Heller P., Oschepkov A. A new instrument for measuring the
reflectance distribution function of solar reflector materials // SienceDirect, Energy
Procedia.- 2014.- 49.- P. 2145-2153.

9. Duffie J.A., Beckman W.A. Solar Engineering of Thermal Processes.- 4" ed.-
Hoboken, NJ, USA, John Willey & Sons, 2013.

10.Fraidenraich N. Design procedure of V-trough cavities for photovoltaic systems //
Progress in Photovoltaics: Research and Applications.- 1998.- 6(1).- P. 43-54.

11. https://www.e-education.psu.edu/eme812/node/538, Light concentration effect on PV
performance and efficiency.

Received on 13.05.2025.
Accepted for publication on 31.10.2025.

78



<6SEUN Uty <urfe <u3tLbhnd $NSNJYNLSU3hL <UUUuUUrgh
unL8LLSNrUShu3h LUShBULP Y6rLNRONRE3NRL

.M. Jwpnwuywu, .U. twypjuu
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dwnwyngltiph wyth thnpp dwytipiuh dpw' owinhwlwt inyuh YniEywnputiph dhongnd,
huswhupp Gu nuwuwyubpp Ywd hwibhubpp: Ywu 494 hwdwywpgbph wwppbp
wnbuwlubn, npnughg wdbuwwwpgp $nnnynimwihu dnnnyhg b wpbuptu hbwunn hwpe
hwjbing pwnugwsé hwdwywpgu & bp wwpgnuyejwu sunphpy' wyu 44 hwdwlwpgp
Ywpnn £ hwonnnigjwdp Yhpwnyby oGupbipht hunbgpdwu twywwwyubpny W hhpphnwipu
$nunynjinwihtu nt opdwiht hwdwywnpgbiph nbwpnid:
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hwdwwpgnud  |nyup  Lubpghwih  Ynugbumpwghwih dbpindnigjwu 6ogphn dbpnn:
Unwewpyynn dbpnnp hwoyh b wnund huswbiu hwjbint wunpwnwp&dwu gnpdwlyhgh
wuyniwwihu Yuiuwdnipniup, wjuwbu b $nninynjnnwihu dnnnyh dwybpbup Yuwudwu
hwwnynieiniuubipp: Upnyntupnid unwgynid £ wpryniuwybn Ynugbunpwghwih wunphéwup:
8nyg £ wipynud, np Bpypwswihwlywu Ynugbunpwghwih wunhbwup dbé £ wpryniuwybn
Ynugbunpwghwih wunhtwuhg: Snyg E npynud twl, np wpbquypu hbinbnn d6Yy hwpe
hwjtihny YEunpnuwgunn $ninnynjnwiht hwdwwpgh Gipwihu hgnpnigjwu Ybpinidniejwu
uywwnwyny wbwp £ hwodh wnub] wpryniuwdbn  Ynugbunpwghwih  wunptwup'
Gpypwswihwlwu Ynugbunpwghwih wuwmhéwuh thnfuwpbu, pwuh np woluwwnwupnid
wnwownpyynn wpryniwybn Ynugbunpwghwih wunhdwup wybih 6ogpphwn b quwhwwnnid
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Unwugpuyhti pwnbp. wplwihu, Sninnynpuinwihu, Ynugbunmpwgyws, hwybih, wplpu
htwnlnn, Ynugbunmpwghwih wunhbwu:

AHAJIN3 KOD®PUIMEHTA KOHIIEHTPAIIAA ®OTORJEKTPUUYECKON
CUCTEMBI C OJHUM CJIEJAINUM IIJIOCKUM 3EPKAJIOM

P.P. Bapaausu, /Ixk.C. JlaBTaH

TexHoMOTHS CONMHEYHOW KOHIEHTpanun (otodnekTpudeckux (KDD) cucrem
ABISIETCS ~ OJHAM W3  IIEPCHEKTHBHBIX  CIOCOOOB  MOBBILECHHS  d((PEKTHBHOCTH
npeobpazoBanus coxHevyHod sHeprun. [Ipu KOO cucrem Gorplias muoniajs COITHEYHOTO
cBeta (oKycupyeTcs Ha MEHBINEH IUIONMIANM COJHEYHBIX 3JIEMEHTOB C IOMOIIBIO
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ONITHYECKUX KOJUIEKTOPOB, TAKUX KaK JIMH3BI WK 3epKana. CymecTBYIOT pa3IHIHbIC THITHI
K®D cucreM, cpemu KOTOPBHIX HamOoJiee TMPOCTOH SBISIETCS CHCTEMA, COCTOSIIAS W3
(hOTOANIEKTPHUUECKOTO MOIYJISI M TUIOCKOTO 3epKana, cieasmiero 3a Comnuem. bmaronmaps
cBoeit mpocroTte Takas cucreMa KOO MOXKeT yCenHo MPUMEHATHCS IS IeJIeH TOCTPOCHHS
WHTETPUPOBAHHBIX B 3MaHUS (DOTORIEKTPUUECKUX U THOPHIHBIX (DOTOIIEKTPUICCKUX M
TETUJIOBBIX CUCTEM.

Beixomnas wmommuocTh K®D  cucteM cuibHO 3aBHCHT OT  Koddduimenra
KOHIICHTPAIlMK CONHEYHBIX Jnyded. [l xapakrepuctuku KDD cuctem, Kak IpaBHiIo,
paccMaTpuBaeTCA reoMeTpuaecknii Ko3pPHUINEHT KOHIEHTpanuu. Mexay TeM BBIXOAHAs
MOITHOCTh KD CHCTEMBI 3aBHCUT OT OTPaXKaTEIbHOM CIOCOOHOCTH 3epKA U MPOITYCKAHUS
cBeTa B (POTOIICKTPHUIECKUN MOAYIIb, KOTOPHIE SBIIOTCS (PYHKIUSAMH yTia MaJeHUs CBETa.

B nanHOil cTaThe mpeAcTaBieH TOYHBIM METOJ aHalIM3a KOHIICHTPAIIMH CBETOBOM
sHeprun B K@D cucreme ¢ oaHuM IUIOCKMM chefdmuM 3a CONHIEM 3€pKaioM.
[pemnoskeHHBIH METO]T YYUTHIBACT KaK KOA(PPHUIMECHT OTPAKCHUSI 3epPKalia, 3aBUCSIIHIA OT
yIia MajeHus, TaK ¥ CBONCTBA IOTJIOMICHUS MOBEPXHOCTH (POTOIIEKTPHUUECKOTO MOIYJIS.
[omyuen »¢dexTuBHbIT K03QPHUIUEHT KOHUIEHTparmu. [loka3aHO, 4YTO 3HAYCHHE
reoMeTpuieckoro koadhuirenra KoHueHTpanuu Oosbie 3QPeKTUBHOr0 KodpPUIeHTa
KoHIeHTparuu. Iloka3zaHo Takke, 9YTO TPH AaHAJIH3E BBIXOAHOW  MOIIHOCTH
KOHIICHTPUPYIOMEH (POTOINEKTPHIECKON CHCTEMBI C OJTHUM IUIOCKUM 3€PKAJIOM, CIICISIIIIM
3a ConHieM, HeoOXoanMo paccMmarpuBarh 3(GEKTHBHBIN KO3()(UINEHT KOHLIEHTPALUH
BMECTO TE€OMETPUYECKOW KOHIEHTPAIlUU, TOCKONBbKY d(O(QEeKTUBHBIA KOIPPUITHEHT
KOHIICHTPAINH, TIPEAJIOKECHHBIA B CTaThe, TOYHEE OICHWBAET SHEPTHIO COJTHEYHOTO CBETA,
TIOTJIONIAEMYI0 (POTORIIEKTPHIECKUM ITPUEMHHUKOM.

Kniwouegvle cnoga: coiHeyHBIH, (HOTOINEKTPUYECKHH, KOHIIEHTPHUPOBAHHBIN,
3epKalio, ciaexeHue, KodQPUIMEHT KOHIIEHTPAIUH.
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