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ABSTRACT

Partial shading is a serious obstacle to effectitibzation of
photovoltaic (PV) systems since it can result irsignificant
output power degradation for the system. A PV systis
organized as a series connection of PV moduled) ezadule
comprising of a number of series-parallel connectelis. This
paper presents modified PV cell structures withegrated
switches, imbalanced cell connection topologiesFagrmodules,
and a dynamic programming algorithm to produce -ogtimal
reconfigurations of each PV module with the goahwafximizing
the system output power level under any partiablstippatterns.
Through simulations, we have demonstrated up sz#ff of 2.3X
improvement in the output power level of a PV systomprised
of 3 PV modules with 60 PV cells per module.

Categoriesand Subject Descriptors
B.8.2 [Performance and Rdliability]: Performance Analysis and
Design Aids.

General Terms
Algorithms, Management, Performance, Design.

Keywords
Photovoltaic System, Partial Shading,
Reconfiguration, Dynamic Programming.

1. INTRODUCTION

Due to increasing appetite for energy sources awitanmental
concerns about fossil fuels, there has been a ggpdemand for
renewable energy resources, which are clean andrieadly
(pollution-free.) Among renewable resources, pholiaic (PV)
energy generation techniques have received signifiattention,
since solar energy is abundant, and can be easileds up.
Thanks to extensive research efforts on PV enemgyemtion
technologies, various scales of PV-powered enemgyetion
systems (PV systems) have been deployed for pahctic
applications, such as PV power stations, solar-pedveehicles,
and solar power heating and lighting appliances.

Like most other renewable energy systems, PV systewe a
major weakness in that their power output lev@risatly affected
by environmental conditions. More precisely, solaadiation
received by a PV module is changing frequentlypediog to the
time of day and weather conditions (e.g., a passingd.) To
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provide a rather steady power output level, stardaPV systems
are equipped with electrical energy storage (EE@ments.
Furthermore, PV modules exhibit highly non-lineaurrent-
voltage (I-V) characteristics that change with sdlaadiance.
Therefore, a maximum power point tracking (MPPThteque is
mandated to extract maximum power from PV mod({ilgf2].
Recently, the maximum power transfer tracking (MPiethod,
which accounts for changes in the efficiency of tharger, can
be more effective than the MPPT meth{@i§4].

In a PV system, a string of PV modules (i.e., addhg) are
connected in series to produce a desired voltagsl, levhich is
then fed to a charger. This architecture reduce<tist of the PV
system due to sharing of the charger among PV resdWe call
such a structure thetring charger interface. Solar irradiations
received by PV cells in the PV system, may be difie and such
a phenomenon is known gmrtial shading. Unfortunately, the
string charger interface is vulnerable to partf@ding, which not
only reduces the maximum output power of the shadcell
itself, but also makes non-shaded PV cells thafraseries with
the shaded one deviate from their MPPsThis makes the
maximum output power of a PV module string muchdowhan
the sum of the MPP power values of all PV cellghe string.
Partial shading may also result in multiple poweaks in the
power-voltage (P-V) characteristics of a PV striliperefore the
MPPT techniques must be modified to track a glaj@imum
operating point instead of a local optimy®][6] because the
unimodality assumption of the PV string P-V chaesistics is the
basis for conventional MPPT techniques. But modifdPPT
techniques increase the complexity of the PV systentroller,
while non-shaded PV cells still suffer from powess due to the
deviation from their MPPs caused by shaded cells.

PV module reconfiguration techniques, which havee th
potential of exploiting MPPs of both non-shaded ahdded PV
cells in a partially shaded PV string, may maintdie power
output level of PV system under partial shadingridMes PV
reconfiguration techniques have been propdgeeg9]. However,
they suffer from one or more of the following litions.

(1) To compensate the power loss from shaded PV ¢giy)

extra PV cells are needed for performing reconfigon.

(2) There is a lack of systematic and scalable stratgupport
or effective control mechanism.

(3) Variations in the efficiency of the charger or iree are
overlooked, which may result in a sizeable degiadain
the system energy conversion efficiency.

(4) The PV system employs an individual charger intafan
which each PV module has an individual charger for

! MPP stands for maximum power point. On I-V charasties of
a PV cell/module/string, there is a poilt () where the power
is maximized. This point is the MPP of a PV cellddunle/string.



operating point setting, thereby, increasing thedware
cost of a PV system.

In this paper, we present a dynamic imbalanced RMduie
reconfiguration method with both a scalable stradtaupport, as
well as a systematic and near-optimal control dlgor, to
overcome the power output degradation in a PV systeder
partial shading. We realize imbalanced reconfiganafor PV
modules. Different fronj10], which always maintains anx m
configuration for the PV module (whema is the number of
parallel-connected elements in eaBVW group? and n is the
number of groups that are connected in series),imbalanced
reconfiguration method allows more flexible PV mbzu
configurations in which there can be an arbitranynber of PV
groups connected in series in the PV module andyf®Jps may
have different numbers of parallel-connected PVisceDur
reconfiguration method can utilize both non-shaded shaded
PV cells in a PV module to the largest extent updetial shading.

We present the imbalanced reconfiguration methodhenPV
system with the more widely-used and cost-effectstang
charger interface. We introduce an effective regométion
control algorithm to realize adaptive and near+optiPV module
reconfiguration for each PV module according totiphshading
pattern and charger efficiency variation. The psmub control
mechanism is based on dynamic programming with rotyial
time complexity. Therefore, it can be incorporatiedo PV
systems with negligible extra computational ovedhea
Experimental results demonstrate that our
reconfiguration method can result in up to a 2.3Xpat power
level improvement, compared with the baseline P\stawm
without PV module reconfiguration method.

2. COMPONENT MODELS
2.1 PV Cdl Model and Characterization

(b)
Figure 1. (a) Equivalent circuit and (b) symbol of a PV cell.

We usélj;;, andlg, to denote the output voltage and current of a
PV cell, respectively. Figure 1(a) shows PV celligglent circuit
model, with |-V characteristics given by

Izgv:IL_Id_ sh

= [L(G) — [O(T) (e(Vpcv"'Izgv'Rs) '# _ 1) _ Vpchz?v'Rs, (l)
Rp
where
G
IL(G) = a ' IL(GSTC)v (2)
and
3 9Bg (1 1
1o(T) = Iy(Tsre) - (TL) - Ak (7ore r)_ 3)
STC:

For parameters in (1)~(3); is irradiance level;T is cell
temperatureq is charge of the electrof, is bandgap anél is
Boltzmann’s constant. STC stands for standard tesidition
whereGsrc = 1000 W/m? andTy. = 25 °C. For rest parameters,
i.e., photo-generated current at STQGsrc), dark saturation
current at STAy(Tsrc), PV cell series resistandg, PV cell

2 A PV module consists of series-connected PV grodp®V
group composes of a number of parallel-connectedéis.

proposed loss

parallel (shunt) resistand®,, and diode ideality factod, we
adopt the method ifiL.1] to extract their values. Therefore, based
on this PV cell model, we can obtain |-V charactiérs of a PV
cell under any given environmental conditi@ T).

2.2 Charger Model

Figure 2 shows the model of a pulse width modutaiock-boost
switching converter, which is used as the charger PV
system[12]. The input ports of the charger are connedtethe
PV string. The output ports are connected to ttael.l|dhen the
operating point of the PV module string can be lagd by the
charger through controlling its output current. Thput voltage,
input current, output voltage and output currenthef charger are
denoted by, lin, Vous, andl,,;, respectively. The power loss of
the chargeP,,,, satisfies

Vin * lin = Peonv + Vout * lout- 4)
R :}ﬂ%: Rova
* L, 18l ‘R, L} dsl ou
T st,l Locoooenses qu-, T
; Buck |!_' Boost
Vin Controller = Row: Rg3 Controller Vo
_i Q“,l’?l Ia‘""3 Capacitor l
or -

Figure 2. Buck-boost converter architecture.

When the charger is at the buck motlg, & V,.,.), its power
P.ony IS given by
conv = Igut . (RL +D- st,l + (1 - D) . st,z + st,4)

Al)?
+E0 (R, + D Ryyy + (1= D) - Ry + Roys + Re) )

+ Vin : fs : (st,l + st,z) + Vin : Icontrollerv

whereD = V,,,;/Vi, is the PWM duty ratio anfll =V,,; - (1 —
D)/(Ls - f5) is the maximum current ripplée; is the switching
frequencyil ontrouer 1S the current of the micro-controller of the
charger;R; and R, are the internal series resistances of the
inductorL and the capacitaf, respectivelyRs,,; andQs,,; are
the turn-on resistance and gate charge of-theMOSFET switch
shown in Figure 2, respectively. The charger polessP,,,, at

the boost modelf,, < V,,,;) is given by

Tout ) 2
Peony = (32£)" - (R, + D - Royz + (1= D) - Ry +
an?

Rowi+D-(1=D)-Re)+ (R, +D Reys+ (1~ (6)

D)st,4 + st,l + (1 - D)RC) + Vout : fs : (st,3 +

st,4) + Vin : Icontrollerv

where D = 1=V /Voye and Al = Vi, - D/(Lg - f5) . Moreover,

we usel,,; = Chg_Out_I(Viy, Iin, Voue) to denote the function
which calculates the charger output curigpt, given its input
voltage and current, as well as its output voltage.

3. IMBALANCED PV CELL CONNECTION

TOPOLOGY
This paper proposes ambalanced PV cell connection topology
(imbalanced topology) for each PV module in thetesys AnN-
cell PV module has series-connected PV groups. PV cells in a
PV group are parallel-connected. The imbalancedltgy is very
flexible becausa could be any nonzero integer less than or equal
to N. And the number of parallel-connected PV celjg> 0) in
thej-th (1 < j < n) PV group satisfies

7]:[=1 m] =N. (7)




We denote an imbalanced topology or configuratiénaoPV
module byC(n; my,m,,---,my). Figure 3 shows an example
imbalanced topology af(3; 4, 3,5).

Figure 4 shows the reconfigurable PV module archire for
implementing imbalanced topologies of a PV modulée
architecture is already provided [ih0]. However we attempt the
imbalanced reconfiguration for the first time. EaeN cell is
integrated with three switches, i.e., a seriescw{B-switch) and
two parallel switches (P-switches), except for It one. The P-
switches connect PV cells in parallel, and the 8ehws connect
the PV groups in series. We denote S-switch of-thePV cell by
Ss,i» and the top and bottom P-switches ofittie PV cell bySpr;
and Spp;, respectively. Bott§pr; andSpp; must be closed or
open togetheSpr; andSpp; are closed exactly Ks; is open, and
vice versa. Refer to Figure 3 on how an imbalartopdlogy is
implemented, in which the first PV group containséells 1 to 4,
and these four PV cells are connected in parajie¢hb P-switches
of PV cells 1 to 3. The first PV group is conneciederies with
the second PV group by the S-switch of PV cell 4.
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Figure 3. An imbalanced topology of a 12-cell PV module.

Switch-Set
Spri

\../
%P—switch
7 / g SpmpSswiteh <

S-switch closed™~P-switch l
P-switches open

Spr1

T
@%ffé

S-switch open
P-switches closed

Figure 4. The N-cell reconfigurable PV module ar chitecture.

An imbalanced configuratio®(n; my, my,---,m,) of an N-
cell PV module can be viewed as a partitioning e PV cell
index setd = {1, 2,---,N}. A partitioning is denoted bg subsets
B4,B,,--,B,, which correspond tem PV groups consisting of

mq,my, -+, m, parallel-connected PV cells, respectively.
Therefore, the subsel, B,, -+, B,, should satisfy
U;‘l=1 B;=A4, (8)
and
B;nBy =@, forvjk€{1,2,-,n}andj # k. 9)

Due to the structural characteristics of the regpméble PV
module architecture shown in Figure 4, we also have

iy <ip forvi; € Bj, Vi, € Byandl <j <k <n. (10)
A partitioning satisfying (8)~(10) is adphabetical partitioning.

We can develop |-V characteristics of a PV modulth the
configurationC(n; my, m,,---,my). We denote the current and

voltage of thei-th PV cell byl;,; andVy,;, respectively, the

voltage of thg-th PV group bwpﬂ'j, the current and voltage of
the PV module by, andj7, respectively. We have

Iy = Lies; lpvir VJj €{1,2,-,n}, (11)
Vp*‘i,']. = Vg, for vi e B;andj € {1,2,--,n}, (12)

and
Vow = ?=1Vp£i1,j' (13)

I, andVy, ; satisfy the PV cell I-V characteristics (1)~(3)ven
environmental condition(G;,T;) , where G; and T; are the
irradiance level and temperature onithie PV cell, respectively.

4. PROBLEM STATEMENT

Figure 5 shows the architecture of a PV system with string
charger interface, which consists dofl series-connected
reconfigurable PV modules, a charger and a supacttap as the
EES element. The PV modules share one charger.sirimg
charger interface is cost-effective compared with individual
charger interface, and is widely used. Each PV n®du the
string has the reconfigurable architecture showFRigure 4. We
restrict the freedom of reconfiguration within eaek’ module,
but it is a reasonable compromise of feasibilitg performance.
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Figure5. Architecture of a PV system with the string charger
interface.

The PV system operation starts at tifjeand ends at timg,.
We uséV;;, (t) andl;, (t) to denote the output voltage and current
of the PV module string ate [Ty, T,], respectively. We denote
the output voltage of th&-th (1 <k < M) PV module by
Voui(£)- The output currents of the PV modules are theesam
namelyl;, (t), and we have

Vs (6) = Xy oo,k () (14)
We denote the irradiance level and the temperatar¢hei-th
(1 <i < N)PV cell of thek-th (1 < k < M) PV module at time
t by G, (t) andTy;(t), respectively, and denote the imbalanced
configuration of thek-th PV module by, (t). ObviouslyC, (t)
(1 <k < M) are the control variables of the PV reconfiguratio
algorithm. We assume all PV cell temperatures lagesame and
constant for the perioff,, T4], denoted by, to focus on the
partial shading problem. The PV reconfiguration oalipm
proposed in this paper runs in anline manner, i.e., the system
controller is not aware dfy;(t) (1 <k <M,1<i<N) until
timet. The relationship ofyy . (t) andl;, (t) depends o, (1),
Gy, (t), andTy ;(t) = Ty (i € {1,2,..,N}), as given in (11)~(13).



We uséVq, (t) andlq,(t) to denote the terminal voltage and
charging current of the supercapacitor, respegtivEhe power
loss of the chargek,,,.,(t) is determined by its input voltage,
input current, output voltage, and output currerd,, V;,(t),
I3y (@), Veap(t), andlg,,(t), respectively, according to (5)~(6).
According to (4), we also have

Vpsv(t) ' Igv(t) = Peony(t) + Vcap(t) . Icap(t)- (15)
The objective of the PV system controller is todfithe optimal
configurationc;P*(t) (1 <k < M) and the optimal operating

point (VP (8), I27* (£)) of the PV module string to maximize

Ieap(t) at any time € [To, Ty].

5. RECONFIGURATION ALGORITHM

5.1 Motivation

We denote the power at MPP of a PV cell/group/mefdtiing by
MPP power. Similarly, there aréMPP voltage and MPP current

of a PV cell/group/module/string. The utmost solaower

harvested by a PV system is the sum of MPP poweesaf all

PV cells. The reconfiguration algorithm aims at makall PV

cells operate at or close to their MPPs simultasigoWWe update
the optimal configurations for PV modules accordtngcurrent
shading patterns to maximize the supercapacitogoigcurrent.
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Figure6. (a) Current-voltage and (b) power-voltage

characteristicsof a PV cell under different irradiance levels
with MPPs labeled by red circles.
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Figure 7. An example of imbalanced reconfiguration
accordingtothe PV cell MPP currentsat their own M PPs.
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One observation made from I-V and P-V charactesstif PV
cells in Figure 6 is that MPP voltage values of\a dell under
different irradiance levels are very close to eattter, while MPP
current values vary significantly. It enables usus® a constant
voltageV;F¥ to approximate MPP voltage. In Figure 7, PV cell
MPP current values are calculated from irradiarsels on PV
cells and labeled beside PV cells, where the suPMotell MPP
current values in every PV group is 0.7 A. Thenhwthe
configuration in Figure 7, all PV cells can operatese to their
own MPPs simultaneously if we set the output vatag this
module aB - V#£F. Similarly, MPP currents of all PV modules in
the PV string shall be close to each other, sottf@butput power
of the PV string can be optimized.

5.2 Algorithm

We omit time index for convenience, since the reconfiguration
algorithm will be performed at every decision epoeh|[T,, T;]-
We denote the MPP voltage and current values of ittie
(1<i<N)PV cell in thek-th (1 <k < M) PV module by

c,MPP c,MPP : B
Vo andl,,.; , respectively, which are calculated from the

condition (G, Tpy). TheseVo ' andISi 7 values are inputs

pv,k,i PYk,i
of our reconfiguration control algorithm. ~ AKS%"F can be

approximated by,75* due to the observation in Sectibri. The
objective of our algorithm is finding the optimabrdigurations
CoPE (s Myy, My, Myep,) (1< k < M). It consists of an
initial allocation procedure and akernel algorithm. The initial
allocation procedure determines the number of RMiggn, for
eachk-th PV module. The kernel algorithm finds the ogtimn,, ,,
My2, ..., My, Values corresponding to the optimal alphabetical
partitioning By 1, By 2, -, Byn, Of the setd = {1,2,---,N} for

eachk-th PV module, giverty: " (1 < i < N) andn.

The initial allocation procedure determines the hamof PV
groupsn,, for eachk-th PV module in a one shot manner. It can
improve PV system output power due to the followiegsons:

(1) The MPP currents of PV modules in the PV stringustho

be close to each other.

(2) The MPP voltage of the PV module string should imatc

supercapacitor voltage to reduce power loss irchiaeger.
We do not look into detailed configuration of ed¥ module in
the initial allocation procedure. Detailed procestupf the initial
allocation are described as follows. First, we B$E"” to denote
the sum of MPP power values of all PV cells in B\ module
string, given by

ﬁS,M PP

— ¢,MPP _yc,MPP
pv —Z1sksM leisNV -1

pu.k,i pv.k,i * (16)
B3P is an optimistic estimation of the MPP power a tihole

PV module string. We us@'*" to denote the sum of MPP

power values of all PV cells in tiketh PV module, given by

pmMPP c,MPP c,MPP
va,k va,k,i 'Ipv,k,i . (17)

It is an optimistic estimation of MPP power of #th PV module.

Next we find the estimated optimal PV string vokagnd
current, denoted bﬁ,ﬁ;"pt and i;;””, respectively, satisfying
DolPt - [o0Pt = PyMPP | so that the estimated supercapacitor

charging current, denoted lﬁgé’;, is maximized. We have:

(Vpsl;opt is,opt —

=leisN

argmax Chg_Out_I(Vy,, Iy, Veap),

o szv'llgv:ﬁ;'ypp (18)
copt
Igfp = mag(syMPPChg_Out_I(Vps,,, L3y, Veap), (19)

V;,,J;,,:PW
where the functiofhg_Out_I() is defined in Sectio@.2.

Next we find a proper range of the estimated Pwhgtoutput
voltage[7™", 5™%*], so that for anyVy5,, I5,) pair satisfying
Vi, € [, 75m9%] andVys, - I3, = B3PP, the supercapacitor
charging current calculated throughg_Out_I(Vy}, I3y, Veap) iS
within a small range ofg%,, i.e.,

Chg_Out_1(V3), Ipps Veap)

max A

s ~[osmin ssmax],s ;s _pSMPP
Vp,,e[vp,, A ].Vplflpp—

B

(20)
> (1- oIk,
whereeg is a predefined small value. Furthermore we cateuthe

range of the estimated number of PV groups in tentddule
string [A7LR, AMaX |, whereA i, andAfeY, satisfy



3 osmin
sSmin pv
Ntotal = [Val\:l]gpl' (21)

N ?sbmax
s, = ||

For each possible estimated number of total PV ggdn the
PV string ﬁga)tal (ﬁg))taz € [Afsia, Aitsia] and 1 <1 < AREY —
A + 1), we calculate th@ossible numbers of PV groups for

each PV module. To reduce the exploration space, we assume that

there are only two possible numbers of PV groupsefizhk-th
.- .+

PV modulen, " andn,”", respectively, given by
- _ |t | w4 _ -
LV 7 P +1. (22)
pv

The underlying principle of (22) is that MPP cutieenf different
PV modules in the PV string should be close to eztbler. We

define a vector variable® = (ngl).ngl),...,ngf,)), in whichn{”

(1 < k < M) denotes the possible number of PV groups irkthe
th PV module. There az¥ (vector) valuesi®® could assume,

sincen'” is eithern”™ orn{*. Hence, we can find the optimal

n® among all possiblé andn,(f) (1 <k < M), such that the
estimated supercapacitor charging current
! . pnllJ',MPP
Chg_Out_I (Z1sksM n,(() : Va"ﬂgp. ming <g<pm (W) , Vcap) )
k Vavg
can be maximized, i.e., the optimization objectiald be

pmMPP

) Vo). (23)

) yMPP s
max Chg_Out_I (leksM Ny Vavg rmlnlsksM( ., MPP
n-vMb

1, n®
Then we assign the number of PV groups in éaithPV module
ng, to be the valua(kl) in the optimal vecton®. An outline of
the initial allocation procedure is shown in Alghrm 1.

Algorithm 1: Thelnitial Allocation Procedure.

Aw bR

Calculate the?™?? values forl < k < M using (17).
[5°P andi®Pt values using (18), (19).
[, 75max] using (20).
[Afarts Ateia] using (21).
7. Find optimall andn® using (23).

Calculate the?s;""” value using (16).
pv,k
Find the?,»°?*, I o
Find the proper range of estimated PV string outpitage
oy

5. Find the proper range of estimated number of ®tafroups
6. Calculaten(”™ andn(’* for 1 < I < A%, — A7", + 1 and

1 <k < M using (22).
Then the number of PV groups in each PV moduleig(l < k < M),
is determined, where, is thek-th component of the optimal®.

After the initial allocation procedure, the kerragorithm is
applied once to each PV module with givep. The kernel
algorithm finds the optimahy, 1, my 5, ..., My, values for thé-

th PV module. We us&,"” to denote the sum of PV cell MPP

currents in thg¢-th PV group of thé-th PV module, given by

#9,MPP __ c,MPP
Ipv.k.]' _ZiEBk,jIpV,k,i' (24)

[9n5" is an estimation of MPP current of theh PV group in

thek-th PV module. Inspired by motivations stated inti®a 5.1,
we should make afl’,7"” values(1 < j <) as close to each
other as possible. Equivalently, we maximize thaimal %"

value of thek-th PV module, denoted byin_Sum_I;, since MPP

current of thek-th PV module is restricted by that minimal value.

The objective of kernel algorithm is finding optihaphabetical
partitioning By, 1, By 5, ***, By, Of the k-th PV module, so that
Min_Sum_I, is maximized, i.e., the objective would be

. £g,MPP
ax min i?

max m .
By1,Bi 2, Bign 1<j<ny pvij

Bi1,Bi2, By, (25)
Then all PV cells in thé-th PV module under the configuration
corresponding to the optimal alphabetical partitigiB,, ;, By »,
“+, By, could work very close to their MPPs, if theth PV
module output voltage is setmf - Vie”.

Min_Sum_I, =

Consider a general problem of finding optimal cgafation for
an l;—cell (4 <N, corresponding to the firdg cells of the
original N cells in thek-th PV module) PV module composed of
I; (I; < ) PV groups, giverd;,}”7 (1 <i<1,)values and,.
This is equivalent to finding the optimal alphabatipartitioning

B\, B}y, -, B2 of the setdh = {1,2,-,1;}, which is
IC,MPP

optimal in that the ValuMin_Sum_I,il'lz =min Y. _pui L,
k,j "

1<js<l,

is maximized. We call this problerl,, [,) reconfiguration
problem. Whenl; = N andl, = n;, the(l;, ;) reconfiguration
problem becomes the original reconfiguration probt thek-th
PV module as stated in (25). We find optimal sulsgtire
property of(l;, 1,) reconfiguration problem below, implying the
applicability of dynamic programming.

The optimal substructure observation: Suppose thatl;, 1)
reconfiguration problem has been optimally solvaag that the

last (,-th) PV group consists ohf;;l; PV cells. Then the sub-

problem of finding the optimal configuration foretHfirstl; —
m,l;"ll; PV cells withinl, — 1 PV groups, which corresponds to the
(L4 —m,l(f;lzz, I, — 1) reconfiguration problem, has to be solved
optimally. From this observation, we have Algoritt2rbased on
dynamic programming as the kernel algorithm fordiing the

optimal configuration for th&th PV module with givem,,.

Algorithm 2: The Kernel Algorithm.

MaintainN x n, matrixesMin_Sum_Opt andLast_Par.
Initialize Min_Sum_0pt(l;, 1) « <, Liei » Last_Par(l;, 1) < 0.
For [, from 2 ton,:

For [, from [, toN:

Min_Sum_Opt(l, [,) «

maxy,_i<<i, min{Min_Sum_Opt(l, L= 1), Yiciar, I;%:f .

Last_Par(l,,l,) «
argmax, <<, min{Min_Sum_Opt(l, L, = 1), Yicier, |

End
End
Trace back using the matrbast_Par to find the optimal imbalanced
configurationc??* of thek-th PV module.

c,MPP
puki I

6. EXPERIMENTAL RESULTS

We compare performances of the PV system with fegunation
technique and the baseline system without recordtgn. Both
systems consist of 3 PV moduldd € 3) with 60 PV cells each
(N = 60), a charger and a supercapacitor. PV modulethe
proposed system have the reconfigurable archiedtuFigure 4,
while PV modules in the baseline system have adfi@x6
configuration, where 10 PV groups are series-camdewith 6
PV cells per PV group. The charger model is LinBachnology
LTM4607 converter, and the supercapacitor is 100InFthe
baseline system, we incorporate improved MPPT tigcien5]
and bypass diodes with PV cellg] to enhance power output
under partial shading. In the proposed system,neerporate the
MPTT technique to feed maximum power into the scgeacitor.



First we test instantaneous power output level tedf two
systems under the shading pattern shown in FigurEo8 the
proposed system, Figure 8 shows physical locatib®®/ cells in
the 3 PV modules, instead of the real imbalancedigoration of
PV modules. Table 1 summarizes the power outputaugment
of the proposed system compared to the baselintemsygiven
the shading pattern in Figure 8 and ¥yg, values. As shown in
Table 1, the proposed system achieves up to a 281pUt power
improvement compared with the baseline system aiff,, of 45
V demonstrating effectiveness of the reconfiguratiEchnique.

[Je=100 [JGo=025 [@G=020 [EG=0-15
[o1]o2]03]04]0s [0 ]

[o1[o2]03]04]0s[os |

PV module #1

PV module #2 PV module #3

Figure 8. The shading pattern on the 3-module PV string.

Table 1. Theimprovement of instantaneous power level of the
PV system with theimbalanced reconfiguration technique.

Veap (V) 5 25 45
Power output 1.91X 2.04X 2.31X
improvement
PV module #1
configuration €(3;30,22,8) [C(6;20,10,16,6,4,4) | C(4;28,18,8,6)
PV module #2 €(9;4,44,11,9,10,

configuration £(4;9,21,15,15) € (6;6,6,18,12,6,12)

4,7,7)

PV module #3 C(8;4,4,4,12,12,9,
configuration |F(4:8,16,21,15) C(5; 6,6,23,11,14)
4,11)
20,
= PV System with Reconfiguration
== Baseline system
15]
Vcap =25V
2
o 10]
3
c
5
CO 5 25 30

10 15 20
Voltage (V)
Figure9. P-V characteristics of the PV stringsin the PV

system with imbalanced reconfiguration and basdline system.

Table 1 also provides near-optimal configuratioaoted by
the reconfiguration control algorithm for each P\ddule in the
PV string. Figure 9 plots the P-V curves of the Rwdule strings
in the two systems with the shading pattern in Fighiand &,
of 25 V. The proposed system achieves a peak poweh higher
than that of the baseline system. Moreover our @&dmfiguration
technique makes P-V curve of the proposed systeimadgal
under partial shading, while P-V curve of the biasebystem has
multiple peaks. Therefore standard MPTT technigae be
incorporated into the proposed system without extodifications.
But in baseline system, the MPPT technique mushbdified to
track a global optimal operating point instead &§aal one.

We also test the overall efficiency of the two eyss in a time
period of 300 minutes, with timing paramet&s= 0 min and
T, = 300 min. About 2/3 of all PV cells in the 3 PV modules are
shaded and irradiance levels on these shadedasellsandomly
generated within the range [0, 0.5] which also deawith time.
The proposed system updates its module configuatimce per
minute according to current shading pattern andgehafficiency
variation. We compare the electrical energy stoned the
supercapacitors in the two systems during §faeT,], and the
proposed system achieves a 1.59X improvement cadpgarthe
baseline system, demonstrating that the reconfiguraechnique
can effectively combat the partial shading effects.

7. CONCLUSION

This paper addresses the power output loss proloem PV
system with the string charger interface underiglashading. We
introduce the imbalanced reconfiguration technigueombat the
partial shading effects. We propose the imbalanBad cell
connection topology for the first time and also yide an
effective reconfiguration control algorithm, whichealizes
adaptive and near-optimal PV module reconfiguratasreach PV
module in the PV string according to the partishdihg pattern
and the charger efficiency variation. The propasabnfiguration
control algorithm is based on dynamic programminghw
polynomial time complexity.
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