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MODELING AND SIMULATION OF MPPT FOR THE GRID-CONNECTED
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The grid-connected PV system must be designed to operate at its maximum power point
(MPP) at any temperature or solar radiation. Generally if the load is not directly coupled with
the PV panel, the operating point and MPP do not coincide. The direct connection of the load
to the PV panel may result in the over sizing of the PV panel and thus increases the cost of the
entire grid-connected PV system. The solution to this problem is to use the DC/AC converter
(inverter) with an automatic trigger angle control which is usually inserted between the PV
panel and the load. The current control method is used for modeling and simulating the MPP
tracker for regulating the power flow originated from the PV panel-based on the grid-
connected DC/AC converter (inverter). Current- based maximum power point tracker (MPPT)
is investigated as a means for controlling the trigger angle of the grid-connected inverter. The
maximum efficiency is the main issue presented in this article. A strategy for tracking the MPP
for several solar radiation intensities has been used in this article. The control loop circuit, the
grid-connected DC/AC converter, operating as an inverter, is modeled to verify the proposed
control strategy performance. This article shows that the maximum power supplied by the PV
panel is reached at any solar radiation intensity when the PV panel current is directly propor-
tional to photocurrent. This important property of the PV panel means that at the MPP the ratio
of the output voltage to the output current for the PV panel is a constant, forming an adaptive
matching of the panel to the load. Since the current-voltage characteristic of a PV panel de-
pends on the solar cell temperature, the solar radiation, and the load, it is very difficult to
achieve an optimum matching at all solar radiation intensities and at all temperature variations.
It should be emphasized that this article, in addition to tracking the MPP efficiently, presents
analytical solutions of the transcendental equation.

Keywords: maximum power point (MPP), PI controller, PV panel, solar radiation, grid-
connected, trigger angle.

Introduction. The use of new efficient photovoltaic solar cells has emerged as
an important solution in energy conservation and demand-side management during the
last decades. Owing to their initial high costs, PV solar cells have not yet been an at-
tractive alternative for electricity users who are able to buy cheaper electrical energy
from the utility grid. However, they have been used extensively in grid-connected PV
systems. Although solar cell prices have decreased considerably during the last years
due to new developments in the film technology and manufacturing process [1], PV
panels are still considered rather expensive compared with the utility fossil fuel gener-
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ated electricity prices. After building such an expensive grid-connected PV system, the
user naturally wants to operate the PV panel at its highest conversion efficiency by
continuously utilizing the maximum available output power of the panel.

Owing to changes in the solar radiation energy and the cell operating tempera-
ture, the output power of a PV panel is not constant at all times. Consequently, a max-
imum power point tracking controller is always needed in any scheme with PV panels
[2-4] to ensure maximum utilization. Therefore, works to solve the problem on maxi-
mum power point tracker (MPPT) have always been a hot topic for PV panel utiliza-
tion systems. It is known that MPPT on the basis of DC/DC converter is mainly used
for standalone PV system [5-7]. Since grid-connected PV systems are now much more
popular than standalone PV systems, it becomes necessary to develop MPPT for them.

The aim of this article is the modelling and simulation of the MPPT on the basis
of a DC/AC converter (inverter) for a grid-connected PV system. The MPPT uses the
current control method to seek the MPP to allow the power converter circuit to extract
the maximum power from the PV panel.

1. Basic device model of MPPT. This current control maximum power point
tracker is implemented based on the idea that the current of the PV panel, for which
the power is maximum, is directly proportional to photocurrent if the temperature var-
iation is neglected [8].

The power circuit (thyristor bridge), is designed in such a way that the I ripple is
low. Tracking of the maximum power point is achieved by varying the dc reference
voltage as the function of the insolation level as shown in Fig. 1. The proposed system
transfer function is derived and the method of the current control is discussed. The
regulation of the output current from the PV panel to get maximum power transfer is
realized by controlling the voltage variation across the inductive reactance. According
to the convention depicted in Fig. 1 if the dc voltage variation AV}, at the output of the
thyristor bridge exceeds the voltage variation AV generated by the PV panel, the volt-
age variation across the inductive reactance is negative thus decreasing the I current.
Conversely, if AVp is smaller than AV, by decreasing the trigger angle while the inso-
lation remains unchanged, the I current is increased.

2. Modeling of the PV panel. For the current-voltage characteristic of a PV pan-
el, the voltage is approximately constant until it reaches a region called the knee of the
characteristic curve [9]. From this region, the voltage falls quickly. Therefore, until the
knee, the power is directly proportional to the current. Therefore, in controlling the
power, the current is controlled too.

Likewise, the PV panel current and, consequently, the power vary with the cells’
operation temperature.
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Fig. 1. Block diagram of the proposed system

The equivalent circuit of the PV panel is shown in Fig. 2, where a constant cur-
rent source is parallel the junction. This circuit includes the series resistance from
ohmic loss in the front surface and the shunt resistance from as shown in Fig. 2.
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Fig. 2. Equivalent circuit of a PV panel

From Fig. 2, one can write the equation:
a(V-IRs)

1L=15[e kT —1]+"’RS+1. (1)
Rsh
Under the condition Rg, > R;:
q(V—IRs)
I =1 —I|e & —1] 2

From (2) we obtain the output voltage of the PV panel:
V= kq—Tln (’LI" + 1) + IR, 3)

N
Expression (2) can represent the operation of a solar cell appropriately, but it pre-
sents some inconveniences in its practical use. The expression possesses an implicit
character: current / appears on both sides of the equation. The problem of the implicit
characteristic of the expression for I as a function of V will be solved because the so-
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lution will be found analytically making I or V appear on only one side of the equa-
tion. The desired analytical solution for the generalized PV panel equation was found
in terms of Lambert function [10, 11], by using symbolic MATLAB. Besides, the pa-
rameters I, I, Rg, and Ry, are not easy to find.

The parameters of easy experimental determination, usually supplied by the man-
ufacturers are, basically, the open circuit voltage,Vythe short circuit current, I and
the voltage and current on maximum power point V;,,, I,,,, respectively.

From (3), we obtain for the open-circuit voltage (I = 0):

k
q Is
I; may be written in terms of the open circuit voltage as:
_4%oc
IS = ISCe kT | (5)

From (5) and (2), the I — V characteristic can be written as:
q(V-IRs-Voc))

I = ISC (1 —e kT
Combining (5) and (3) yields:
KT Isc—I
V = Ve + S in || +1Rs. 7)
q Isc

The panel consists of 182 cells in series, 3 parallel strings. Igc = 14.4 A,
Iyp =13.2A,Vyp =85V, Vy: = 110 V, totaling a power of 1122 W.
(8) is an explicit solution of (2):

q(V-Rs(p+Ig)
=1, +Is +~L Lamw <—Me( kT >) (8)
qRs KT

(6)

where LamW (z) is the Lambert function defined from the following implicit equation
LamW (2)e’@™W(?) = z_ This result was obtained by using MATLAB’s symbolic
toolbox. The condition for maximum power point can be obtained when

dap alvi
dal dal
Substitution of (3) into (9) gives
R A Im ImRs
ln(L +)— — 2%t — (10)
I I~ + kT

where I, = I,e~9Voc/KT The PV panel photocurrent can be obtained from (10):

I, = 0.0028(LamW(SOOIme(_O'Oglm)))+0.081m—0.002. (11
This curve is a linear approach. That is, I, is directly proportional to I;, where
the proportionality constant is 0.9. Figure 3 shows the current-voltage characteristic of
a solar cell, which is calculated by the formula (8).
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Fig. 3. Current-voltage characteristic of a solar cell under illumination

3. Modeling of the plant and control. The PV panel, power circuit, transducer
and controller form the PV system are basic functional elements (Fig. 4). The plant
including the power circuit, PV panel and current transducer is modeled as a second-

order transfer function given by
K

Hp (S ) = m. (12)
If, for example, the controller is the proportional plus integral controller:
Kpi(1+ sTp;)
Ge(s) =———
o(5) =~
the closed-loop transfer function is
SKp;KTp;+KpiK
Ger(s) = (13)

53TPILTD+52TPIL+SKPIKTPI+KPIK.

We can select the controller gains in (13) to place the poles of G (s) in the de-
sired locations to meet the desired performance specifications. For Tp; and Kp; we
have:

Tpy = 4T),
L
Kp; = Tors (14)
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Fig. 4. A simplified block diagram of the proposed system.

4. Experimental results and discussions. The transformer transformation rela-
tionship (not shown) (220/40 V) is calculated in such a way that the average voltage at
dc side of the thyristor bridge (Vp) when operating with selected trigger angle
(ap = 1559), equals the voltage across the PV panel, when operated in the maximum
power at rated insolation level. It is worthwhile to note that although a large steady-
state trigger angle would increase the power factor, communication failures could oc-
cur. In fact, a limiter should be used in the current-based MPPT to prevent trigger an-
gle from exceeding 170° during transients.

Inductor L is designed in order to limit the magnitude of the lowest order sixth
current harmonic at less than 5% of rated dc current when the thryristor bridge is trig-
gered with 140° and required for keeping the dc—ac converter operating in the con-
tinuous conduction mode so that power can flow from dc to ac side. It was calculated
as 25 mH. The time Tp is the delay that takes into account the period of the modulat-
ing signal (TD =(1/6 fs)) where f is the frequency of the ac mains. It was calculated
as 2.77 ms while the gain and time constant of the PI controller were calculated as
0.217 and 11 ms, respectively. The carrier waveform is the saw tooth type with an am-
plitude Vq4gr = 10V, so that it can be easily implemented in practice with a dedicated
IC such as TCA 785.V;;, = 40V is the line to line voltage. Therefore, the gain of the
dc—ac converter is obtained by linearization around the rated steady-state operating
point, a, = 155°.

Fig. 5 shows a reference voltage and the PV panel current (voltage) in the error
detector input in the function of time. Two insolation levels were used 11.2 V" and 13.2
V represented by a dashed line. The PV panel current presenting the low ripple (less
5%) tracks the maximum power point under the steady state operation. When the av-
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erage value of this current (voltage) matches to the reference current(0.921;), the PV
panel power is maximum and the error voltage is zero.

To calculate the MPPT, the MATLAB-Simulink program was used (Fig. 5).
147
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Fig. 5. Current of the PV panel and reference current
in the input of the error detector in Fig. 1

Figure 6 shows the Simulink-model of MPPT. The grid is represented by a sinus-
oidal voltage source (AC 220 V, 50 Hz) and the PV panel with an equivalent DC volt-
age whose value is 150 V. The thyristor bridge control pulses are formed by the Con-
trol System block, whose inputs are used for grid voltage (for synchronization) and the
trigger angle calculated from the start of half-period. In this case, the selected trigger
angle is equal to 27 /3.

Fig. 6. Simulink-model of MPPT on the basis of the grid-connected inverter
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Figure 7 shows the dynamic switching characteristics of the grid-connected in-
verter during turn-on with zero initial conditions. Figure 8 shows the same operational
oscillograms as in Fig. 7 a, b and c, detailed for the stabilized mode.
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Fig. 7. Dynamic switching characteristics of the MPPT virtual model. (a) Grid current.
(b)Choke current. (c) Output voltage of bridge
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Fig.8. The currents and voltage of the MPPT virtual model in the stabilized mode. (a)
Grid current. (b)Choke current. (c) Output voltage of bridge
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Conclusion. The new method of the MPPT on the basis of DC/AC converter (in-
verter) is developed. The proposed MPPT method has the following advantages:

e online adaptive search of the trigger angle for the grid-connected inverter;

e the current on MPP is directly proportional to photocurrent;

o the ratio of the output voltage to the output current for the PV panel is a
constant.

This work was made possible by a research grant from the Armenian National
Science and Education Fund (ANSEF) based in New York, USA.

References

1. Buresch M. Photovoltaic energy systems design and installation. - New York: McGraw-
Hill, 1993. — 758p.

2. Discrete control by sliding mode of a photovoltaic system /B. Khiari, A. Sellami, R.
Andoulsi, et al //International Symposium on Computational Intelligence and Intelligent
Informatics. -2003.-P. 187-192.

3. Kim T.Y., Ahn H.G., Park S.K., Lee Y.K. A novel maximum power point tracking con-
trol for photovoltaic power system under rapidly changing solar radiation // IEEE Interna-
tional Symp. on Ind. Electron.- 2001.- P.1011-1014.

4. Kirakosyan G.H., Avetisyan Q.A., Kondjoryan A.H., Kirakesyan L.G. Simulation and
construction of a fuzzy-based maximum power point tracker for solar energetic plants //
Proceedings of Engineering Academy of Armenia.- 2014.-V. 11, N 1.-P. 135-141.

5. Hua C., Lin J., Shen C. Implementation of a DSP-controlled photovoltaic system with
peak power tracking // IEEE Transactions on Industrial Electronics. — 1998. — V. 45 N 1. —
P. 99-107.

6. Kirakosyan G.H., Ayvazyan G.Y., Barseghyan R.N. Automatic peak power tracker for
solar PV array using software// Proceedings of Engineering Academy of Armenia. - 2007.-
V. 4,N 3.-P.437-442.

7. Kirakosyan G.H., Ayvazyan G.Y., Barseghyan R.N. Modeling, simulation and optimiza-
tion of PV pumping system // Proceedings of Engineering Academy of Armenia.- 2006.-V.
3, N 4.-P.645-652.

8. Masoum M.A.S., Dehbonei H., Fuchs E.F. Theoretical and experimental analysis of pho-
tovoltaic systems with voltage and current-based maximum power-point tracking // IEEE
Trans. Energy Conversion.- 2002.-V.17, N.7.-P. 514-522.

9. Sze S.M. Physics of semiconductor devices.- New York: JOHN WILEY & SONS, 1981.-
868 p.

10. Dubinov A.E., Dubinova LD., Sajkov S.K. W-funkciya Lamberta I ee primenenie v
matematicheskix zadachax fiziki. — Sarov: FGUP, 2006. — 160 p.

11.On the Lambert W function / R.M. Corless, G.H. Gonnect, D.E.G. Hare, et al / Advanc-
es in Computational Mathematics.- 1996. — V.5. — P. 329-359.

Received on 10.10.2018.
Accepted for publication on 17.01.2019.

38



UNUJYGELUGNR3L <RNMNREBUL UEShL <6StYN uurudnruut
unasLudnrnrUe b4 UbUNRL3USHUL SULSU3PL PV KUV ULUUNGh
HENLnhy

q.<. Yhpwlnuywi, Y4.4. Uwpqupyul, 4.U. Ubpnuywt, L.Q. Yppwlnujw

bnunnynuwhy gwugwiht hwdwhwpgbpp wbwp b wjuybu hwodwpydbu, npybugh
npwup woluwwnbt wnwybjwgnyu hgnpnigyuu Yawnnwd (ULY) obipdwuwnpéwuh b wplh
dwnwquwjpdwt pninp  thnthnfunipyniiubph nbwpnd:  Cunhwunp nbwpnd, bpb  pbnp
wudhowlwunptiu dhwgyws sk PV quwhwuwyht, wwyw wotuwwnwupwiht Yewnp bW ULY-U sku
hwiwwwwnwuluwunwi: Penh wudhgwlwu dhwgnup PV Jwhwuwyhtu Ywpnn E hwugbgub
PV Jwhwuwyh swihbph Yupny dedwgdwup, b wnwhuny Ydbdwuw gwugwihu PV
hwdwlwngh ghup: Wu fuunph ndnwip junwjwpdwt wuljwiu wdwnndwn huynwing DC/AC
Ytpwwihntuhsh (hugtipwmnph) oguiwgnpdnuwu k, npp undnpwpwp guuynd £ PV Juhwuwyh
nt pbnh dholi: <nuwuph Ywnwlwpdwu dbpnnu ogunwgnpdynd £ dnnbuynpbine L
uhdnyuwgubiint hwdwp U<Y-hu hGwnlbinn uwppwynpnudp, npp pwunyugwsd £ guwugwjhu DC/AC
Yapwwihntuhshg' PV Jwhwuwynwd wnwowgwsd hgnpnigjwi hnuph Yupquynpdwu hwdwp:
<nuwuph hpdwtu ypw ULY-hu hbwnlbnn uwppwynpnuip hbinwgnngnd £ npwbiu dhong
gwugwihu  hudbpwnph  Ywnwljwpdwtu  wulwu  hufdwt  hwdwp:  Unwybjugnyu
wpryniwwybwngniup  hpduwfuunhp £, npp nhuwpyynd £ wndjup wofuwnwupnd: Uju
wluwwmwupnd  oguwgnpdynd £ wplh Swnwqujedwtu wwppbp hunbuuhynyeniuutph
nbypnwd U<Y-hu  hGwnlnn unpwnbghwu: Unnbuynpynd Bu hnuwuph  Yuwnwywpdwu
ufubdwu U npwtu hudbpunnp gnpénn gwugwihu DC/AC Yhpwwihntuhsp, npwtiugh unnigybu
wnwownyynn Ywnwjwpdwl uwnpwnbghwh punipwgnpbipp: Snyg £ wpjwsd, np PV
Jwhwuwyhg dwwnigynn hgnpnigyniup hwuund £ hp - wnwybjwgnyu  wpdbiphu wpbh
dwnwguwjpdwl wwppbp hunbuupyneiniutbph nbwpnd, Gpp PV Jwhwuwlyh Gpwjhtu
hnuwupu ninhn hwdbdwwnwlwu £ $ninnhnuwupht: PV Juwhwuwyh Yuplnp hwnynyegniuu
wiu b, np U<CY-nud Gppwjht jwpdwu hwpwpbpnieiniup Gipwiht hnuwupht PV Juwhwuwlyh
hwdwp hwuwnwwniu £, nph hbnbwupny duwdnpynud £ Juhwuwyh b pbinh hwpdwpwybun
hwdwwbntihniyeiniup: Lwuh np PV uwhwuwyh Yynun-wdwbpwiht punipwghpp Ywiudwd
wplwghu wwpph gbpdwuwnpéwuhg, wplwiht dwnwquypenuihg b ptinhg, wwyw swwn nddwp §
hwuub] owywnhdw] hwdwwbnbihnpjwtu wplwht dwnwquw)edwu hunbuuhynyewu pninp
wnpdtiputiph b wdpnng stipdwuwmhtwuwiht dhowlwph ntwpnwd: Uuhpwdtion E pungdti, np
wju wotuwwmwupnid, pwgh ULY-htu hbGnlbnn wpryniuwdbn nbjuuhYwihg, ubpluywgyt) k&
wnpwuugbiuntun hwjwuwpdwt wuwhnhly ndnwip:

Unwugpuypti puwnbp. wnwybjugnyu hgnpnipjut Yhwn, hwdbdwinwywu-hunkgpnn
Ynuwnpnitip, PV Juwhwuwy, wplwiht dwnwquwjentd, guwugwjht, junwlwpdwu wuyniu:
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MOJAEJUPOBAHUE U CUMYJISILUS CIAEJSIIEN YCTAHOBKHU 3A
TOYKON MAKCUMAJIbBHOM MOIIIHOCTH JJIs1 CETEBOM PV
CUCTEMBI

I'.I'. Kupakocsin, B.B. Maprapsin, B.C. Meakonsi, JL.I'. Kupakocsin

®DoTOBOJIbTANYECKHE CETEBbIE CUCTEMbI JIOJDKHBI PACCYMTBIBATBHCS TAKUM 00pa3oM, 4TOOb!
oHM palotaqu B TOYKe MakcuMaidbHOH MomHoctH (TMM) mnpu Bcex HM3MEHEHHUsX
TEMIIEPaTypbl U COJIHEUHOTO M3JydeHus. B obuiem citydae, eciu Harpy3Kka HENoCpeICTBEHHO
He moxakmoueHa k PV manenu, To pabouas Touka m TMM wHe commamarot. Ilpsmoe
MOAKJIIOUEHNE Harpy3ku Kk PV manenu Mo>ker npuBecTH K NpeBbILIEHUIO pazMepoB PV nanenu
M, TEM CaMbIM, IOBBIIIEHUIO CTOMMOCTH Lenoil cereBoil PV cucremsbl. Pemenne >Toi
npobiembl  3akiaouyaercss B ucnodb3oBaHun < DC/AC  koHBeprepa (MHBepTOpa) C
aBTOMATHYECKUM KOHTPOJIEM YIila YHpaBJIeHHs, KOTOPBIH OOBIYHO HaXoJuTcsi Mexuy PV
MaHesbl0 M Harpy3koi. Mcmosbdyercst MeToa YINpaBieHWs TOKOM Ul MOAEIMPOBaHMS U
CUMYJISILIMK cliefisiielt ycraHoBku 32 TMM, kotopas coctout u3 cereBoro DC/AC koHBepTepa
JUIsl pEryJIMpOBaHMsl MOTOKA MOLIHOCTH, Bo3HUKarowed B PV nanenu. Mccnenyercs ycraHoBka
cnexenust 33 TMM Ha ocHOBe TOKa Kak CPEJICTBO I KOHTPOJIS yIJia YHpPaBJIE€HHUs CETEBbIM
HHBEPTOPOM.

[TokazaHo, YTO OCHOBHOM 3ajaueii siBysieTcs MakcuManbHas 3¢dexktuBHocTs. B padore
KCIIOJIb3YETCsl cTpaTerus ulsl ciiexenus 3a TMM npu pa3iavuHbIX HHTEHCUBHOCTSX COJIHEUHON
pamuaiuu. JIns  TPOBEPKM  XapaKTEPUCTHK  TPE/UIOKEHHOW  CTpaTeruu  ynpaBlieHus
MOJeNupyeTcsi cXxema ynpasiieHust TokoM U ceTeBbiIM DC/AC xoHBepTepoM, AeHCTBYIOLMM B
KadyecTBe MHBepTopa. [lokasaHo, uTO mocTaBisgemas co CTOpoHbl PV maHeau MOIIHOCTB
JIOCTUIaeT MaKCUMAJIbHOIO 3HAYEHUS MPU Pa3HbIX MHTEHCUBHOCTSIX COJIHEYHOIO H3Jy4€HHUs,
Korza BbIXOAHOI Tok PV manenu mpsiMo nponopuuoHaieH ¢oToToky. BaskHoe coiictBo PV
MaHesu 3aKiodaercs B ToM, yTo B TMM OTHOIIEHHE BBIXOAHOTO HAMPSKEHUs! K BBIXOJHOMY
TOKy 2711 PV manenu mocrosiHHO, B pe3yibTare 4ero opMupyercsl aanTHBHOE COBMELIEHHE
naHesu ¢ Harpys3kod. Tak kak BoJsbT-aMmIepHasl Xapaktepuctuka PV manenu 3aBucuUT OT
TEMIIEPATYPbl COJIHEYHOI'O 3JIEMEHTA, COJHEYHOrO M3JIY4YEHUS] W HArpy3Kd, TO OUEHb CIO0XKHO
JIOOUTBCSI ONTUMAILHOTO COBMEILEHUS! TPU BCEX MHTEHCHUBHOCTSX COJHEUHOrO M3JIyUEHHs U
BO BCEM TeMmIepaTypHoM juanazoHe. Crenyer MOoA4YepKHYTb, 4TO B 3TOH palore, kpome
s¢pexTuBHOrOo  cinexeHus 32 TMM,  [peiCTaBl€HO  AHAJIMTHYECKOE  pelieHHe
TPaHCLIEH/IEHTHOT'O YPABHEHH .

Kniouegbie  cnoea: Touka  MaKCHMallbHOM  MOIIHOCTH,  [PONOPLHOHAIBHO-
HHTETPUPYIOIU I koHTposiep, PV manenb, conHedHoe M3IIydeHHE, CETEBOH, yrodi
yIpaBJleHHUSI.
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