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Abstract:

The power generation performance of a solar array can be enhanced by using a scheme
that combines various techniques, including Maximum Power Point Tracking (MPPT), a PV
array reconfiguration, and DC-DC converters for current and voltage matching. This paper
presents a novel combination of three techniques and a closed-loop control strategy to improve
the performance of a large PV array initially in Tied-Cross-Ties (TCT) interconnection. Firstly
a modified Magic Square-Enhanced Configuration (MS-EC) is used to permute the module
positions in the array. The chosen example is a 6x6 TCT array. The resultant arrangement is
then divided into four 3x3 TCT sub-arrays. Irradiance Equalisation (IE) is applied to each sub-
array to make the irradiation levels match approximately between its rows. Finally, a Series-
Parallel Differential Power Processing (SP-DPPs) converter scheme is applied to the four sub-
arrays for maximum power point tracking. Experimental tests are presented to validate the
transfer function models of these converters and the designed control scheme. The combined
scheme performance is evaluated under static and dynamic shading patterns; it compares
favourably with a TCT array using only bypass diodes by showing an average power gain of

11-48% and an efficiency of 98.95%.

Keywords: Magic Square-Enhanced Configuration (MS-EC), Irradiance Equalisation (IE),

Differential Power Processing (DPP) converters, Maximum power generation, TCT

Nomenclature:
Abbreviation Vrer2  Voltage of the sub-TCT? array
BCC Bidirectional Cuk Converter Vrers  Voltage of the sub-TCT3 array
BL Bridge Linked Vrcra  Voltage of the sub-TCTjy array
DC Direct Current Itcti Current of the sub-TCT array
DPP Differential Power Processing Itct2  Current of the sub-TCT> array
GMPP  Global Maximum Power Point Itcts  Current of the sub-TCTj; array
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HC Honey-Comb Itcts  Current of the sub-TCT; array

IBC Inverted-Buck Converter Pri Total power of BCC-unit 1
INC Incremental Conductance Pr>  Total power of BCC-unit 2
IE Irradiance Equalisation K11 Duty ratio of BCC;

-V Current-Voltage I Total current of BCC-unit 1
ML Mismatched Power Loss I Total current of BCC-unit 2
MPP Maximum Power Point V1 Total voltage of BCC-unit 1
MS Magic Square Vr2  Total voltage of BCC-unit 1
MS-EC Magic Square-Enhanced Configuration I The current flowing in L,

p Parallel k The total number of modules
P-v Power-Voltage Av,  Output voltage ripples
P&O Perturb & Observe Ai;  Inductor current ripples

P+I Proportional and Integral Rpvi  Resistor of PV module
PSC Partial Shading Condition Rpv2  Resistor of PV module

PV Photovoltaic Fs Switching Frequency

S Series Fc Cut-off Frequency

STC Standard Testing Condition Kppp  Duty ratio of the DPP

TCT Tied-Cross-Ties Vre  Voltage of the Front-End
Symbols Voer  Output voltage of the DPP

i row number Kre  Duty ratio of the Front-End
j column number

p PV module number

Nsw Number of switches

Npy Number of PV modules
Vet Voltage of the sub-TCT array

1. Introduction

Partial Shading Condition (PSC) can result in hotspot formation, power loss and
mismatched load within modules of a PV array [1-4]. Installed PV arrays are generally
shadowed by nearby buildings, cloud coverage, bird droppings and dust [1]. Bypass diodes are

traditionally connected across sub-chains within a PV array to alleviate the problem. This often



leads to multiple peaks in the Power-Voltage (P-V) characteristic curve and a reduction in

generated power below what is theoretically possible [2].

To mitigate the partial shading effect on a PV array, one method is to interconnect the PV
modules in different ways, forming different array configurations [5]. Conventional
configurations include Series (S), Parallel (P), Tied-Cross-Ties (TCT), Bridge-Linked
(BL), and Honey-Comb (HC). Variety of new connections were proposed in recent years [6],
and their performances under partial shading has been compared [7-11]. Series and parallel
arrays are the poorest choices due to their low output current and voltage, respectively. The
TCT array is found to have the most overall resilience to shading. Its crossties minimise the
possibility of turning on bypass diodes under several shading patterns and can increase the
lifetime of the PV array [7, 9]. Thus, apart from the interconnection practicalities, the only
drawback of the TCT array can be the extra cabling costs of the crossties, these also being
nearly redundant under uniform illumination. Other promising techniques for mitigating the
limitations of the TCT structure have been proposed, these are based on reconfiguration

strategies [3, 5, 12-18]. The reconfiguration methods are classified as dynamic or static.

Various dynamic reconfiguration methods based on the Irradiance Equalisation (IE)
principle are available in the literature [16, 19-21]. The earliest [21] focused on the simplest
reconfiguration IE technique to minimise partial shading losses in the PV array system.
Another proposed IE algorithm [19] determines the sums of solar irradiances of the PV array
rows for all possible array arrangements, and the one with the best equalisation index is chosen.
These earlier IE methods are impractical for large PV arrays due to requiring excessive
computational time and a very large number of sensors. The proposed version of the irradiance
equalisation method in [16] can alleviate these limitations. This is a static reconfiguration of a
simple TCT array which is modified or “reconfigured” by conceptually moving any module to
a different physical location in the array, without changing any electrical connections. The
well-known examples of physical relocation algorithms are the improved SuDoKu [22], Magic
Square (MS) [23], Odd-Even [24], Futoshiki [25] and Competence Square (CS) [4]. The
number of iterations required by these algorithms can be cumbersome for larger array size, and
they can fail MPPT under specific shading patterns. The demerits of these static techniques are

overcome by the Magic-Square Enhanced Configuration (MS-EC) [26].

Power Electronic Equalisers including the Module Integrated Converters MICs [27], series

and parallel schemes of Differential Power Processing DPP converters [28-31] are altogether



used at the sub-module level to achieve a true MPP tracking and enhance the total array system
efficiency. However, these techniques can still add losses to the system and increase the size
and cost. Various MPP tracking methods have been developed and further enhanced in the
literature. For instance, the well-known MPP tracking methods [33-35], such as perturb &
observe (P&O) and incremental conductance (INC), have been widely adopted due to their
satisfactory tracking efficiency performance and simplicity of installation under uniform
irradiation conditions. The work in [36] also used a hybrid technique combining analytical and
differential evolution algorithms based on an accurate two-diode PV model to extract the
maximum power available under non-uniform irradiation conditions. However, these
techniques may fail to track the global peak point (i.e., highest power peak on the P-V curve),
as they get trapped into the local power peak under changing irradiation conditions. In addition,
evolutionary MPP tracking algorithms, such as Genetic Algorithm (GA) [37], Particle Swarm
Optimisation (PSO) [38] and Flower Pollination Algorithm (FPA) [39], can be time-consuming

and lead to high fluctuations when searching for the maximum power under PSCs.

The main objective of this paper is to enhance the power generation performance of a solar
PV array under partial shading conditions. This can be achieved by using a scheme that
combines various techniques, including an efficient maximum power point tracking scheme, a
PV array reconfiguration technique, and DC-DC converters for current and voltage matching

processing.

This paper proposes a novel combined scheme to improve the power generation
performance of a large PV array, originally in Tied-Cross-Ties (TCT) interconnection,
operating under partial shading conditions. The scheme is intended to be used for large-scale
PV applications, such as the solar farms. Three different techniques are combined; these are
the Magic-Square Enhanced Configuration (MS-EC) modified from that of [26], Irradiance
Equalisation (IE) and Series and parallel Differential Power Processing (DPP). The approach
offers the following advantageous features which are not seen by the previously published
work: 1) able to obtain the best light dispersing effect, due to using MS-EC to physically re-
arrange the modules in a TCT array corresponding to shading patterns. 2) By using IE, proper
matching of solar irradiation levels between rows of the PV array can be obtained hence
reducing multiple power peaks. 3) Giving accurate and good dynamic performance maximum
power extraction by controlling series and parallel converters under all possible partial shading
conditions. This combined scheme also gives the advantage of reducing the number of required

converters for MPP control compared to the system shown in [27]; hence suppressing power
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losses. Moreover the paper presents an advanced model predictive control algorithm for MPP
tracking using DPP power processing. The method applies a PV single-diode model compared
to that in [36], to predict the MPP voltage values under PSCs which are then fed as the reference
values to the P+I controller used. The parameters of the P+I controllers are optimised based on
the transfer functions of the DPP converters. Experimental tests are presented to validate the
transfer function models of these converters and the designed control system. The performance
of this combined scheme is evaluated under various static and dynamic shading conditions and
compares favourably with the traditional TCT array scheme using only bypass diodes and the

other existing reconfigurations techniques.

The paper is organised as follows: Section 2 describes in detail the proposed combined
scheme. The control scheme and its experimental verifications for the whole PV-converter
system are discussed in Section 3. Finally, Section 4 presents the simulation studies validating
the power performance of the new scheme and its comparison with other well-known

techniques.

2. A Combined Scheme for Optimizing the Power Performance of a PV Array

As described above, none of the existing reconfiguration techniques, such as MS-EC and
IE, can alone extract the highest possible power of a PV array system under most shading
patterns. This is due to the limitations discussed for each reconfiguration technique. The paper
offers a novel combined scheme, as shown in Fig. 1 that can overcome the limitations of the
former reconfiguration techniques; hence the maximum power generation under various

shading conditions is possible.

2.1. Overview of the scheme

This combined scheme is applied to a 6x6 TCT array under non-uniform irradiation
conditions. Firstly, a modified MS-EC static reconfiguration algorithm is used to rearrange the
TCT array in Fig. 1(a) by shuffling 36 modules into four TCT square sub-groups where each
group consists of 9 modules arranged into a 3x3 TCT array as shown in Fig. 1(b). Hence, the
modified version of MS-EC in this paper can be applied to either symmetrical or asymmetrical
PV arrays to achieve the best light dispersing effect, unlike the one proposed previously in [26],

where only odd square arrays are considered.



The next step involves applying IE electrical reconfiguration algorithm shown in Fig. 1(c).
The aim is to equalise the solar intensity levels over the rows and columns of the individual
four TCT squares for more power extraction. This should ideally decrease the multiple power

peaks which occur due to unequal solar irradiance within the rows in each sub-group.

Finally, the Series-Parallel Differential Power Processing converter scheme is applied here
by using Bidirectional Cuk Converter (BCC) to link each Sub-TCT array pairs in a string, two
such strings (i.e. TCT; & TCT> for BCC;, TCT3 & TCT4 for BCC») are formed, as can be seen
in Fig. 1(c). These parallel strings are linked to a DC-bus by connecting DPPs in series with
each string. The benefit of using BCCs here is that the current flowing into each TCT array
sub-group is independent of each other when partial shading occurs. Thus, the total current of
the array is increased compared to that of the TCT array structure in Fig. 1(a), where no DPPs
or reconfiguration algorithms are used. The use of parallel DPP converters based on the

Inverted Buck Converter (IBC) structure ensures voltage equalization over each string.

2.2. Methodology for implementing the combined scheme technique in the PV array
system

The overall flowchart in Fig. 2(a) illustrates the complete procedure of implementing the
combined scheme for a chosen example of 6x6 TCT array interconnection. The methodology

procedure is detailed and summarised as follows:

Step 1: An MS algorithm improved from that described in [26] is used to rearrange the example
6x6 array leading to an enhanced configuration MS-EC. It is assumed that the shading occurs
in a group of adjacent modules. The algorithm aims to move all these PV modules into different
areas within the array. The underlying aim of this procedure is that the sum of the current in
one row of the array limits the current in other rows, which are connected in series with it.

Hence, the current reduction caused by shading should be maximally spread among the rows.

The initial structure of the 6x6 PV array is shown in Fig. 3(a). It is clearly seen that each
module is assigned to its corresponding cell; hence, all modules are sequentially ordered with
a reference number (i.e., 1, 2, 3...36). The physical location of each module is indicated by the
row and column numbers 7, j respectively, which are placed at the left and top sides of the array
table in Fig. 3(b). The PV module 5, for instance, is located at position coordinate of (0, 4)

before reconfiguration where is = 0 and js = 4.
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Fig. 1. The full implementation process of the combined PV array scheme based on an example of a 6x6 TCT array structure

e The full implementation steps of the MS-EC algorithm are illustrated in Figs. 3(b)-(f)
and in the flowchart shown in Fig. 2(b). This algorithm begins by finding the new PV

module 1 (PV}) location based on its new evaluated coordinates expressed by i; pew =



int E], and j; new =N — 1, where n = Vk = 6. Hence, this module is moved to 3, 5).

According to Fig. 3(c), the new location of each module is determined by the position
of the immediately preceding module. The new coordinate of the next module p is, for
example, obtained by i, new = ip—1 — 1 and j, new = jp-1 + 1. However, when either
Ipnew OF Jpnewbecomes higher than 5 or less than 0, the new location is updated

according to the following conditions:

1. If j,new = 1, then reset it to j, new = 0; else if j, ney = -1, then i)y, = n — 1. For
example, PV module 2’s new location first becomes (3 -1, 5 +1) = (2, 6) which is reset
to (2, 0) and moves back into the square. Two other conditions need to be trapped;

2. If the obtained location is occupied, therefore, the new coordinates are updated by:

Ipnew = Ipnew + 1, Jpnew= Jpnew — 2

3. If the determined position is at (-1, n), then reset the new location coordinate to (0, n-

2).

4. If iy new = -1, then reset it to iy new =1 — 1; else if i, hew =0, then iy ney = 0.

e The new arrangement for this 6x6 array after using the above-explained shuffling
algorithm technique is shown in Fig. 3(c). Note, Fig. 3(f) shows the division of the array

into four sub-TCT square groups.

Step 2: Although the shading spread is now well-distributed over the array after applying the
MS-EC algorithm, direct application of BCC-DPPs converters structure to the sub-divided
array groups may not be appropriate. This is due to that some of the sub-array groups may
experience multiple power peaks due to the inequality of the solar irradiance within their rows.
Therefore, the IE approach is used to reduce the number of power peaks so that searching for

global MPP for this system can be more straightforward and accurate.
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e The IE method uses a sophisticated switching scheme to overcome the issue of
irradiance inequality between the rows and reduce the current limiting effect caused
by PSCs. For each sub-group, the PV modules are connected intelligently into a
tied-cross-ties configuration through switches as seen in Fig. 1(c); hence, the system
can balance the effective irradiance across each tier (i.e. row) in the TCT structure.
Each sub-TCT group requires Nsw = 2 Npy number of switches, where Nsw refers
to a single-pole m-throw type while Npy is the number of PV modules, leading to a
total of 64 active switching devices used for the IE reconfiguration process.

e The principles of the proposed IE algorithm are illustrated in the flowchart shown
in Fig. 2(c), where the S-function is programmed via MATLAB-SIMULINK tool
environment. This function has nine inputs where each refers to its solar irradiance
level; thus, the output should give a reference MPP voltage of a particular TCT
square group after being optimally reconfigured. Hence, this reference PV voltage
is then fed to the closed-loop controller scheme, as discussed in the following

section.

Step 3: For accurate MPP tracking of the whole PV array system, BCC-DPPs converters can
offer further power control flexibility to all sub-TCT arrays. In this system, two Bidirectional
Cuk Converters are used, as shown in Fig. 1(c), each cross-connecting two chain-lined 3x3 sub-
array groups (i.e., TCT1 & TCT> for BCCy, and TCT3 & TCT4 for BCCz) forming two TCT-
BCC units. A DPP converter is then wired in series with each of these two TCT-BCC units,
and the whole chain is connected to the DC bus; many such chains can be connected in parallel
to the DC line, though there are only two in this work, as shown in Fig. 1(c). It is required to
adjust both sub-array currents and string voltages, which is realised here by this system using
BCC:s for current balancing and DPPs for voltage balancing. The converter topologies are the
Front-End converter, and both DPPs (i.e., DPP; & DPP») are the Inverted Buck Converters
(IBC); this scheme was discussed in detail in [28, 29]. The operating principles of these

converters for a single series array string are summarised as follows:
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The outer parallel-connected DPPs can regulate the summed voltage of the two
serially connected TCT array units, as shown in Fig. 4 (i.e., V31 = Ve + Vrers
and Vr, = Vpers + Vrera)s to achieve the total MPP voltage value. The ratio and
sum of the two TCT voltages set their absolute values. Therefore, the output

power supplied to the relative terminal DPP converter is evaluated as

Pry = Vrilry = (Vrers + Veer2)It: = Vrerilra + VreraIra (D

When both TCT array units receive different illumination levels, for instance,
when the TCT; unit is shaded, the power output generated by TCT; would be
greater than that from TCTb. By activating the switch pair S1-D>, as shown in Fig.
4(a), i.e., operating the converter at a fixed duty ratio K11 and switching frequency,
the converter can bypass the excess power from TCT; away from passing through

TCT>. The voltages across TCT; and TCT, for the BCC; are related by Ve, =

K1
e ()

Hence, the current bypassing to the converter is expressed as:
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Fig. 4. Switching operating states of one Bidirectional Cuk Converter integrated with two solar sub-TCT array units

where, Itct2 1s the current flowing in TCT> sub-array group, K11 is the duty cycle
ratios for switches S1; hence, the other switch Sz is complementary to S1 such that

K,; = 1 — Kj4, as seen in Fig. 4(b).
e Therefore, the terminal current of the BCCj is now:

K11
Ity = Itcry — U7 — ITCTZ) (ﬁ) = ITCT1(1 - K1) + Itct2 K11 3)
11

e Thus, the total power output to the load (i.e. DPP1) without taking losses into

account is written as:

Kll

Pry = Vrilry = (VTCTl + Vrers (ﬁ)) (Ircr1 (1 — K11) + Itcr2K11)
11
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Kll
= Vrcrilrer: + Vrera (1_—1,{11) Itcre (4)

e This analysis indicates that the maximum power generation can still be achieved
by varying the duty ratio K11 in (4). Hence, the shaded sub-TCT> can be adjusted;

in other words, sub-TCT: can still produce power even though it is shaded.

3. Model-Based Control for the Combined Scheme in the PV Array System

A complete closed-loop control scheme is applied to the entire system with 4 TCT square
arrays already reconfigured by the MS-EC and IE algorithms. The aim is to enable all TCT
square PV units in parallel strings within the system shown in Fig. 1(c) to achieve their
respective MPP operation under any weather conditions. Fig. 5 shows the complete combined
array scheme system, which comprises two inner BCCs and two outer DPPs, including a Front-
End converter. The schematic of its control scheme is also illustrated, which has two voltage

controllers for the inner BCCs and terminal voltage controllers for the two DPPs.
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K3y and Ky for BCC2

: i
Switching mode
F.eed all ::Iei;llljll'fd irll'n:Iia;‘n:']eslmifll rtl[elmpleralt]u_;;s. ]to sc:up Voltage control Terminal voltage
set-up the MEF model of the individual sub- ; > for inner BCC regulation for Regulate duty ratios, Kyp, for Front-End
arrays PV array model S outer DPP ) h
N converters o Kpppy for DPP1, Kyypp; for DPP2
converters
MPP tracking
1myv
VeE e
— T L ] W
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Fig. 5. A complete closed-loop control scheme for the proposed combined array structure
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3.1.MPP Tracking Control for the Sub-TCT groups

Based on the measured shading conditions and sunlight levels in each TCT-square unit,
the switching operating modes can first be determined according to the scheme described in
Sub-section 2.2. Then, the duty ratios of the corresponding switch pairs in the inner BCCs can

subsequently be determined according to the control scheme describe below.

The P+I controllers are used to determine the duty ratios of the two inner BCCs in Fig.
5. For the condition when illumination level on the sub-TCT; group is high than sub-TCT>

group, the P+I controller formula determines K as:
K11 = Kpy X [(Vrer2™ = Vrer2™) = (Vrera™ = Vrera D] +

Kiy X [(Vrer2™ = Vrer2™ — (Vrera™ — Vaera ™1 (5)

and the duty ratio K>, for the complementary switch is given as

K1 =1- Kyq - (6)
Likewise, duty ratios for the BCC, switches are given as

Kz2 = Kpy X [(Vrera” — Vrera™) — (Vrers™ — Viers D] +

Kio X [(Vrera™ — Vrera™) — (Vrers” — Vaers™)] (7)
Kiz =1— Ky, (3

where Vrcri™ to Vrers ™ are the measured PV voltages across each sub-TCT square array unit,
as seen in Fig. 5, and Vrcri™ to Vrcrs are their corresponding reference values, which are set

using the IE procedure described by the flowchart in Fig. 2(c).

The proportional and integral gains of the P+I controllers, Kp1, Kp2 and Kj1, Kp2, need to
be set carefully. They are tuned based on the transfer functions for each TCT-BCC unit, as
shown in Fig. 4. For example, the first transfer function that relates the small-signal terminal
voltage across the TCT; array, (Prcr1(S)), to the small-signal duty ratio, k4 (s), expressed as:

6.(s) = Drere () _ a3s3 + ays? + a;s + ay .
! k11(s) Bss® + Bast + B3s® + Pos?+ fis+ By

€)

The second transfer function relates the small-signal terminal voltage Drcr,(s) across TCT»

array, and the small-signal duty ratio k4, (s), and given as:

Drer2(s) Q353 + Q52 + Qs + Q

wazkn@)_ﬁ§5+&¢+ﬂﬁ3+&ﬂ+ﬁﬁ+ﬂ°

Vry (10)
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Note, V71 in the above transfer functions is the terminal voltage of the whole string
determined by summing the voltages of the two sub-TCT groups within BCC|. The definitions
of parameters f1, f2... fs, a1... a3, Q1... and Q3, are listed in the Appendix Aj.

3.1.1 Experimental Validation of The BCC Mathematical Model

The verifications of the derived transfer functions for one BCC unit in Equations (9)
and (10), respectively, have been carried out using a practical PV module set-up consisting of
two identical SunseiSE-6000 PV modules connected on the two terminals of a BCC. Figs. 6(a)
and (b) present a pair of PV modules bypassed by a Cuk converter circuit under two controllable
and identical sunlight simulators. The light intensity level for each sun-simulator can be
adjusted from zero to its maximum limit (i.e., 0 to 100%), which is equivalent to a solar
irradiance of about 505 W/m?. A single practical module can generate up to 50.05 W during
shaded, i.e., standard operation condition (STC). The parameter values of the experimental PV
modules and BCC are listed in Table 1. Inductors L; and L; are filtering components to
eliminate the inrush current during switching either S; or Sz on or off; thus, charging or
discharging C,. The frequency of the inrush current is sufficiently high so that inductor values
need to be small. Note, the energy storage element C, is selected to be 82 uF, which is much
higher than capacitors C; and C2 placed across the two PV modules. The design details of this

converter are available in [32] and Appendix A; below.

Step Response Circuit

(a) Practical PV modules and solar simulator system (b) BCC circuit controlling two serially-connected PV modeules

25

PV at 100% irradiation level

~

n

Current (A)

1 | PV2 at 40% irradiation level ; /\‘ |
a .
e Case 1 L
0.5 Case 2
Case 3 A
Case 4
0 > s
0 5 10 15 20
Voltage (V)

(c) Practical I-V curves of two serially-connected PV modules under various shading cases

Fig. 6. Experimental set-up of BCC integrated with two serially connected PV modules under different shading cases
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The experiments were conducted by varying the illumination levels on the two modules
to 100% for PV and 40% for PV», and the ambient laboratory temperature was varied between

23 °C and 26 °C. The measured I-V curves from these modules are also presented in Fig. 6(c).

Under the above settings, the device pair S1-D> of BCC is active to regulate the terminal
voltage of PV. Four different tests are carried out by applying a step-change in duty ratio K
for the model verification, observing the voltage response across PVi. As seen from Fig. 6(c),
the operating points based on the four test cases are annotated on the two I-V characteristics
for modules PV and PV>, respectively. Case 1 is for points D to C, when K varying from
0.46 to 0.52 with AKj1 = 0.06, case 2 for B to F, due to duty ratio changing from 0.43 to 0.58,
case 3 for E to B, when K changing from 0.57 to 0.43 and AKi: = -0.14. For case 4, the
corresponding operating point varies from A to G on both [-V characteristics, based on duty

ratio changing from 0.40 to 0.59, so AKi1 =-0.19.

Table 1 Experimental parameters of Two PV modules integrated with BCC system.

Parameter Value
Total output PV power under STC per 1 module 50.05 W
Maximum PV voltage under STC per 1 module 165V
Li=L; 2.5 mH
Ci=C 26 uF
Cn 82 uF

MOSFETs: IRF740

Switching devices Diodes: DPG10I300PA
Switching Frequency, Fsw 20 kHz
Load Resistance, R;, 35Q

The four tests show a voltage variation range between 12-18 V. The measured transient
responses corresponding to these cases are shown in Fig. 7(b). In comparison, the derived
transfer function model parameters in Section 3.1 are set to the same values as those listed in
Table 1. Thus, the model is implemented and tested on MATLAB by similarly changing the

duty ratio as the experimental test. The transient responses of this model under all four test
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cases are presented in Fig. 7(a). As clearly shown, all practical responses agree well with their

corresponding model results.
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Fig. 7. Verification of the dynamic mathematical model for a BCC unit under step changes in the sunlight intensity
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3.1.2 Experimental Control Verification

Using the experimental prototype shown in Fig. 6, the performance of the MPP control
scheme using the BCC modelling-based approach, as described in Section 3, is verified under
the conditions of continuously changing sunlight intensity. As shown in Fig.8 five different
shading patterns are applied. The experiment is designed to cover the possible operating
conditions of the BCC shown in Fig. 4. The BCC converter is controlled by a dsPIC30F4013
microcontroller device, which implements the control scheme and generates the required Pulse
Width Modulation (PWM) signal to control the MOSFET switches of the BCC. Measured
current and voltage from individual PV modules, PV1 and PV2, including the total power and
terminal voltage in response to the light conditions in Fig. 8, are presented in Figs. 9(a) and

(b), respectively.

_ 100,._.__.\..I....__.___..,_l ....... ......... I ......... ;._._._._..._....,.‘_._._.
32 g : v : : 7 g D | —==a1
: 1 o : : 1 ; s (47
S \ 3. : f :
= 50+ T L ot
E St
0 -f i i ; T i i

A ! B E C ' D E

Fig.8. Sunlight intensity changes over time

The experiment starts with scenario A where no shading exists between the two
modules, and their corresponding solar irradiances (G1& G3) are equal at 100% producing total
power (Pr) of about S5W at 32V terminal voltage (V1 = Vpvi + Vpv2). Thus, the BCC is
deactivated, and the power is directly extracted from the modules connected in series. In
scenario B, the shading occurs by dimming the light intensity on module PV from 100 to 50%.
Under this condition, the difference in solar irradiation between the modules is large enough to
activate the switching-pairs S2-D1; hence, the MPP tracking controller enables the independent
modules to search for their optimum MPP reference voltage values. However, in the scenario
C shading, the solar irradiance G» over module PV reduces from 100 to 30%, while G is still
50%. Thus, the switching-pairs S1-D2 are now active. The control scheme shows that voltage
and current responses, as seen in Fig. 9(a), follow closely their new MPP reference value and
settle down to their steady states after about 0.02s. In scenario D, G rises to 50% at the same
level as G1; thus, the total current increases compared to the previous scenario leading to a rise

in the terminal power, as shown in Fig. 9(b). Finally, both light intensities increase from 50 to
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100% simultaneously, indicating complete cessation of shading. Therefore, the currents
generated by the two modules increase, causing a significant increase in the total power to the

maximum power point, similar to that produced in scenario A.

<

IR s . _'/'"‘_"'—\...'__ P . i

YPY1

— I - -

A, B | €6 | p | E

(a) Measurements of modules PV1 and PV2 under dynamic change in solar irradiation

Vertical
Pt — - WV, [20Vidiv]
' | W1, [AKdiv]
W P, [20Widiv]

Horizontal
[5secidiv]

(b) Terminal Power, Current and Voltage measurements of a BCC controlling two PV modules under dynamic change in solar
irradiation

Fig.9. Voltage, Current and Power measurements of a practical system consisting of a BCC controlling two serially-connected PV
modules
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4. Simulation Results & Discussions

The proposed combined array scheme is tested via the MATLAB-SIMULINK platform
under non-uniform shading conditions. The latter is modelled by five shading conditions,
namely Long-Narrow (LN), Long-Wide (LW), Short-Narrow (SN), Short-Wide (SW), and
dynamic shadings. The performance of the proposed scheme is compared to the existing
reconfiguration methods, such as MS-EC and IE alone and the conventional TCT configuration
using only bypass diodes. The comparison is made based on various performance parameters,
i.e., total power extracted, Mismatch Power Loss (%ML), Efficiency (%#), system complexity
and the payback return. The combined system specifications are listed in Table 2. The
maximum power generated by the total array system is 1873.8 W under unshaded conditions,

where the irradiance is 1000 W/m? for all modules and the temperature is 25 °C.

Table 2 Specifications of 1.87 kW combined scheme integrated 6x6 PV array system.

Parameters Symbols Values
No. series cells N 40
No. parallel cells Np 1
) For a Maximum power at 7 = 25°C and Pwmrp 5205 W
single PV G = 1000 W/m?
module  "N/pp oltage at 7= 25°C and G = Vaop 18.18 V
1000 W/m?
Rated bus voltage VBus 112V
Switching frequency Fsy 20 kHz
IBC and DPPs Lr, L1, Lo, 8 mH
Inductors BCCs L1, Lo, L1z and 8 mH
L
Crr 35 uF
IBC and DPPs Cr, Cn, and Cp2 20 pf
Capacitors Cot and Cn2 10 pF
BCCs C[, Cz, C3 and 20 MF
Cy
P+I controllers for inner | Proportional gains Kp1 and K2 0.001
converters BCC; & BCC; _
Integral gains K and K 4.69
Proportional gain Kz and K4 0.5x1073
P+I controllers for Front- -
End converter Integral gain K3 and K 2
P+I controllers for outer | Proportional gains Kps and K6 0.5x10°
DPP converters DPP; & -
DPP, Integral gains K15 and Kis 4
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4.1. Long-Narrow shading (LN)
In this shading pattern, the first two columns are shaded, where the serially connected
modules within each column (i.e. string) receive varying sunlight intensity levels, as seen in

Fig. 10(a). Also, Figs. 10(b)-(d) illustrate the combined scheme procedure.

1 ]2
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3456 1 |2 4[s]e 14]15
9 l10f11 |12 12 ) (TCTy)
13/14]15]16[17]18 16 | 17 12 T3
1912021 (222324 22324 27|28 [29] 30
27 (28|29 |30 28 (29130 33 ||| 34]35] 36
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(a) Traditional TCT array structure (b) Applying MS-EC method  (c) Dividing the ME-EC array into 4 sub- TCT squares

Inverted Buck Converter (IBC)
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(BCC) I = sl iy
Before reconfiguration Applying IE After reconfiguration

algorithm

(d) An example of using BCC-DPP converters to control the 4 sub-TCT arrays and IE method for better MPP extraction under LN
pattern

Fig. 10. The implementation procedure of the combined scheme technique for a 6x6 array system under LN shading

The current and power extracted from each scheme under the LN shade pattern are
presented in the -V and P-V characteristics, including the total power generated versus time
in Fig. 11. Results reveal that the proposed combined scheme produces the highest output
power of 1635 W, as shown in Figs. 11(b) and (c), respectively, followed by the two
reconfiguration techniques, MS-EC and IE, at 1491 W and 1511 W. However, the conventional
TCT array with only bypass diodes gives the lowest power of 1223 W. The benefit of applying

the combined scheme is evident due to that it increases the current generated from individual
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sub-TCT squares, as seen in Fig. 11(a). This is as a result of employing BCC-DPP converters
for accurate MPP tracking. Only a single power peak is present on the P-V curve of the
combined scheme, as shown in Fig. 11(b). Following the control scheme presented in Section
3, the switching-pair devices Si-D> and S3-Ds are both activated for the two inner BCCs. This
firstly causes the sub-TCT voltages to be adjusted appropriately by regulating the duty ratios
of the inner BCCs. After about 0.08 s, the terminal voltages of the four sub-TCT groups (i.e.,
Vreri, Vrer2, Vrers and Vrers) closely follow their respective new MPP reference values of
53.72 V, 53.81V, 54.37 V and 53.2 V, as seen in Figs. 12(a)-(h). The proposed topology has
recorded the lowest Mismatch Loss, ML of 0.43 %, and hence, it increased the total power by
11.83%, 9.66% and 8.21% compared to the TCT, MS-EC and IE, respectively.
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(c) Comparison of the simulated maximum power extracted responses between the combined scheme and existing methods

Fig. 11. P-V, I-V characteristics, and simulated power responses of the combined scheme and other existing reconfiguration
techniques under LN shading

4.2. Long-Wide shading (LW)
Under this pattern, more PV modules are affected by different illumination levels than those
in the previous shading case, as seen in Fig. 13(a). The complete reconfiguration process of the

system is illustrated in Figs. 13(b)-(d). The simulated P-V, I-V characteristics and power
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responses of the combined scheme are compared to those obtained using the traditional TCT

and the other two reconfiguration techniques, as seen in Fig. 14.
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Fig. 12. Simulated voltage responses of the sub-TCT array groups and their corresponding P-V curves under LN shading
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(d) Applying IE method to reconfigure each sub-TCT array unit followed by BCC-DPP scheme for MPPT control

Fig. 13. The implementation procedure of the combined scheme technique for a 6x6 array system under LW shading

The combined scheme for this system is shown to have the best power performance, with
a total power of 1295 W and an ML of 1.22%. This is followed by the MS-EC scheme alone
generating 1187 W, as seen in Figs. 14(b)-(c), and having ML of 9.46%. On the other hand, the
conventional TCT array again showed the lowest power performance; its Prcris 20.92% and
10.92% less than that of the combined system and MS-EC. The corresponding MPP values for
all sub-TCT square groups are (324.1 W, 6.116 A), (279.7 W, 5.436 A), (326.7 W, 6.136 A)
and (294.4 W, 5.536 A), respectively. The control scheme can still cause a transition of all the
TCT sub-array voltages to their new MPP values after a small disturbance. The benefit of the
combined method can be clearly observed such that the individual P-V curves of the four sub-
TCT groups, as seen in Figs. 15(a)-(h), exhibit almost a single power peak, leading to an

accurate and straightforward MPP tracking.
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Fig. 14. P-V, I-V characteristics, and simulated power responses of the combined scheme and other existing reconfiguration
techniques under LW shading

4.3. Short-Narrow shading (SN)
Results are shown in the same format for the SN shading case in Figs. 16, 17 and 18,

respectively.

The combined scheme again has the highest Paray 0of 1723 W, as shown in the P-V curve in
Fig. 17(b). Paray of MS-EC and IE reconfiguration techniques is lower than that of the
combined scheme by more than 11.38% and 6.56%. The simple TCT has the lowest Prct value
of 1397 W. With the MPP tracking converters scheme, the individual voltages of the sub-TCT
arrays are again controlled to their respective MPP values despite small disturbances, as shown
in Fig. 18, but Vrcrs is regulated to the value estimated by the MPP model as expected. Hence,
this sub-group unit remains unchanged after applying the IE algorithm. The proposed scheme
is still considered the most efficient configuration under this SN pattern by presenting the
lowest ML of 0.63%. In comparison, Both MS-EC and IE, along with TCT schemes, have MLs
of 10.78%, 6.74% and 19.43%, respectively.
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Fig. 15. Simulated voltage responses of the sub-TCT array groups and their corresponding P-V curves under LW shading
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Fig. 16. P-V, I-V characteristics, and simulated power responses of the combined scheme and other existing reconfiguration
techniques under LW shading

44. Short-Wide shading (SW)
The light intensity for this shading pattern is shown in Fig. 19(a). Other results follow the
same procedures as before and are shown in Figs. 19(b)-(d), and Figs. 20 and 21.

As seen from Figs. 20(b) and (c), combined and TCT schemes have shown lower power
output values than those of the previous shading patterns. The proposed scheme has the highest
Paray of 1277 W while it is 857.7 W, 1228 W and 1243 W in TCT, MS-EC and IE
configurations. The combined scheme is the most efficient configuration under this shading
pattern as it presents the lowest ML of 0.26%, while TCT has the highest ML of 33.01%. After
the four sub-TCT array groups have been reconfigured using the IE method, the control system
can still quickly enable the four TCT units to restore to their optimal PV array operation, as
seen in Figs. 21(a)-(h). This pattern has recorded the highest power improvement among the

other patterns; hence, the combined scheme system increased the total array power output by
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48.89% compared to that obtained using the traditional TCT array structure with only bypass

diodes.
20 T —— TCT =—MS-EC = I[E —— Combined scheme|
<157 1500
g g
g 10 F 5 1000 -
51 —TCT z
5 ——MS-EC & 500 -
—TE
i Combined scheme 0 L L L L
0 50 100 150 20 40 60 80 ' 100 120 140
Voltage (V) Voltage (V)
(a) I-V curves of a 6x6 PV array system (b) P-V curves of a 6x6 PV array system
PCumlri.ned scheme PMS— EC PIE - _P:u'nilnble
1600

1200‘ — e —

Total power output extracted (W)

005 01 015 02 025 03 035 04 045
Time (s)

(c) Comparison of the simulated maximum power extracted responses between the combined scheme and existing methods

Fig. 17. P-V, I-V characteristics, and simulated power responses of the combined scheme and other existing reconfiguration
techniques under SN shading

4.5. A Dynamic Change in Solar Irradiation with Time

In this study, the shading patterns on the PV modules tested change with time. In particular
four modules, PV2i, PV27, PV29 and PV34, respectively, are randomly shaded and their
respective sunlight intensity levels (G21, G27, G29 and G4, respectively) all have a step-change

at different time intervals throughout the day, as seen in Fig. 22. The shading change is

categorised into four patterns as follows:

> Pattern 1: Modules PV21, PV27, PVag and PV are initially illuminated at 300 W/m?,
500 W/m? and 700 W/m?, respectively.

» Pattern 2: A step-change in solar irradiance occurs at 0.1 s; G21 of module PV

changing from 300 W/m? to 100 W/m? while G34 of PV34 from 700 W/m? to 500 W/m?>.

28



59 VTCT]
58t 54.8 Fr— vmppl
S 54.6
571 | 544
F56f 02 021 022, 023
=
> 55+ _— ALJ_I
B o o 1
541
S3 |
0.05 0.1 0.15 0.2
Time (s)
(a) Sub-TCT; voltage and its MPP reference
\%
c
sg| 545 —
vv.%ﬁ&.- mpp2
= 54
Z 56 |
s, 0.15 016 0.17 \
3
S 54F i
52
0.05 0.1 0.15 0.2 0.25 0.3
Time (s)
(c) Sub-TCT2 voltage and its MPP reference
58 e Vrers
- vvﬁ
571 Vmpp3
= 53
&56 0132 0.136 1
Zss ]
S
~ 54 1
53 1
52 . ‘ ‘ . |
0.05 0.1 0.15 0.2 0.25 0.3
Time (s)
(e) Sub-TCT3 voltage and its MPP reference
| Vrcrs
A\ %4
mpp4
s 0 [
Z
@ oy Baae
& et
Ful e _
I 55
>
521 545} N
1 0.21 0.22. 0.23
0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

(g) Sub-TCTs4 voltage and its MPP reference

1000

800

Power (W)

200 -

600

400 ¢

Sub-optimal MPP
GMPP with IE

40 60 80
Voltage (V)

20

(b) Location of Gmpp values on the P-V curve of Sub-TCT}

G____without IE|
mppl
400 Gmpp2 with IE 4
£ 300 ]
T
g 414
£ 200 412 _——\
410 —\
100 F 408 ]
55.5 56 56.5
10 20 30 40 50 60 70
Voltage (V)

(d) Location of Gmpp values on the P-V curve of Sub-TCT2

G with & without IE
mpp

L n L L L L e

10 20 30 40 50 60 70
Voltage (V)

(f) Location of Gmpp values on the P-V curve of Sub-TCT;

W
wn
<

Power (W)

w
=3
<

250

G
m

G
m

without IE |
ppl

with IE
pp2

10 20 30 40

Voltage (V)

50 60 70

(h) Location of Gmpp values on the P-V curve of Sub-TCTs

Fig. 18. Simulated voltage responses of the sub-TCT array groups and their corresponding P-V curves under SN shading
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Fig. 21. Simulated voltage responses of the sub-TCT array groups and their corresponding P-V curves under SW shading
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Fig. 22. Dynamic change of sunlight intensity levels for modules PV2i1, PV27, PV29 and PV, respectively at various time intervals

» Pattern 3: A step-change in the solar irradiance occurs at 0.2 s, G29 of module PV

from 700 W/m? to 500 W/m?.

> Pattern 4: A step-change in the solar irradiance, G»7 of module PV»7 from 500 W/m?

to 300 W/m? occurs at 0.3 s.

The voltage responses of the individual sub-TCT square arrays are presented in Figs.

23(a-d) and the corresponding total output power responses of each technique are depicted in

Fig. 24. Detailed explanations are summarised as follows:

1) Fromt=0toz=0.1s, PV2 always receives the lowest solar irradiation while the light

2)

intensities on PV34 and PV29 are equal and that on PV27 is the highest. The MPP model,
described in section 3, is applied to predict the maximum PV powers of each sub-TCT
group along with their corresponding total voltages. Hence, the switch pairs Si-D> of
BCCiare active while S4-D3 of BCC; should be activated. This prompts both control
schemes for inner and outer DPPs to regulate the duty ratios until the MPP voltages are
achieved. Following this pattern, all TCT array voltages (Figs. 23(a)-(d)) take about
0.04 s to recover to their original states.

From ¢ = 0.1 to £ = 0.2 s, PV34 experiences a drop in the solar insolation to 500 W/m?
at 0.1 s while that on PV2; decreases to 100 W/m?. Thus, the illumination levels of PVa;
and PV29 remain unchanged. In this case, the switching states of both BCC; and BCC>
are kept the same as they were in the previous case, and the control system can quickly
adjust the duty ratios for all PV sub-array squares to reach the optimal operation.
Therefore, Vrcr2 (Fig. 23(b)) and Vrers (Fig.23(c)) are both regulated to the new values
estimated by the MPP model as expected while Vrcri (Fig. 23(a)) and Vrers (Fig. 23(d))

are maintained to their original values for MPP generation after a small perturbation.
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From ¢ = 0.2 to t = 0.3 s, PV experiences a step decrease in its solar irradiance at ¢ =
0.2 s, active switch pairs in BCC; becomes S3-D4, while that in BCC; is unchanged. As
shown in Fig. 23(d), Vrct4 1s controlled to its desired level in about 0.05 s while Vrcri,
including Vrcr2 and Vrers (Figs. 23(a)-(c)) maintain their original values even though
they are disturbed due to the operating point variations.

From ¢ = 0.3 to t = 0.5 s, G27 starts to drop significantly at # = 0.3 s. Subsequently, the
control actions are taken, and a response with a small voltage fluctuation is obtained
for Vrcri, see (Fig. 23(a)). Thus, the proposed control scheme is considered as robust

as expected upon every detection to the variations of shading conditions.
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Fig. 23. Simulated voltage responses of the sub-TCT array groups under a dynamic change in solar irradiation
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4.6. Summary of the obtained results

From the data depicted in Figs. 25-27, the power gain variations of the combined scheme
over the conventional TCT array with bypass diodes range from 11 to 21% under column-wise
shading, which is the case in the LN and LW patterns. As the shading level sharply increases
(i.e., as shown in SN and SW patterns), the power gain and efficiency increase while the
mismatch loss (ML%) is almost negligible. The maximum calculated efficiency for the
combined scheme is 99.74% when PV modules within the array are under the SW pattern. This
shows that the combined scheme structure can deliver power as much as 48.89% higher than

the traditional TCT array configuration with only bypass diodes.
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Fig. 25. Comparison of the total maximum power generated using different reconfiguration schemes under PSCs
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Table 3 presents a thorough, complete comparative analysis between the existing
techniques in literature and the proposed combined scheme for a PV array system under partial
shading conditions. Various parameters are considered for this comparative study, such as
efficiency, the requirements of switching active devices, performance under different shading
patterns, system complexity and complexity of the reconfiguration algorithms. Although MS-
EC and IE are much simpler to implement, they both exhibit limitations in requiring a skilled
person to perform the physical changes for the modules within the PV array. They also cause
extra power losses due to either the long cabling requirements for MS-EC or the IE’s additional
switching devices and sensors. Therefore, none of the former schemes can ensure maximum
power generation under PSCs. Moreover, the combined system can be complex and costly due
to the converters and the switches involved in this technique. On the other hand, the benefit in
payback returns using the proposed combined method can be noticed by showing power
improvements between 23 and 48% and an average efficiency of 98.91% for an accurate MPP

tracking under PSCs.

Table 3 Quantitative analysis of different performance parameters and their comparison between the proposed combined scheme,
MS-EC, IE and TCT existing schemes under PSCs.

Performance parameter Combined- MS-EC IE TCT
Scheme
Efficiency (%11) Very High High High Medium-
Low
Requirements of active switching 64 switches 0 72 0
devices for 6x6 PV array size switches
Improvements of power extraction Very High Medium- Medium- Low
High High
Complexity Complex Low Medium Low
Shade dispersion Very High Medium Medium- None
High
Use for large arrays Highly Efficient Efficient Least
efficient Efficient
Mismatch power loss (% ML) Very low Low- Low- Very High
Medium Medium
Altering electrical connections is Yes No Yes No
required
Sensors Yes No Yes No

S. Conclusion

This paper presented a novel combined approach for reconfiguration of a TCT-
interconnected PV array and optimising its output power under non-uniform irradiation
conditions. The three combined techniques were a modified MS-EC and IE algorithms and

BCC-DPP power processing. The proposed scheme has shown to offer the following
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advantages over the existing techniques: 1) effective distribution of the shading effect all over
the array by relocating the PV modules at greater distances from their former neighbours, using
the MS-EC algorithm; 2) increased power generation by using the IE algorithm via equalising
the irradiation levels over the rows of a set of TCT sub-arrays; 3) flexible control for the
maximum power generation using BCC-DPP converters with model-based MPP voltage
prediction. This is necessary since some TCT square arrays may still experience multiple power
peaks due to the inequality of the solar irradiance within the rows in each sub-array group, even
after applying MS-EC and IE methods. The robust control scheme of the proposed approach
leads to a global MPP operation under various PSCs, unlike traditional MPPT methods that
only search for one peak power point. Also, the optimal design of the BCCs and IBCs parasitic
elements has shown fast and stable transient responses, as demonstrated in the experimental
validation of the model. The performance of the combined scheme was evaluated by simulation
studies under non-uniform shading patterns and compared favourably to the other existing
reconfiguration techniques, such as MS-EC, IE and the conventional TCT array structure with
only bypass diodes. Output power improvements of 11-48% and average efficiency of 98.95%

have been achieved.

Appendix

A1l. Coefficients of transfer functions in Section 3.1 are expressed as:

as = CC,L, ay = K)((l 0__K,
v1 Rpv2
— - 2 2
o =C, +C1<+L(1 K)((l 0 _ K), O Cal S (A1)
pv2 \ Rpv1 Rpp2 Rpy1 Rpv2

Bs = (CL)*C, . By = CC Lz(—1+

Rpv2
Bs = Cyl (ZC + RmRm)
B, = L(C, + CK? + C(LK)?)(= L)
Rpv1 vaz
2 2
By = Cy +(K2+(1—K))(C+R - )/30 O, (A.2)
pvifiipv2 pvl pv2
Qs =CCL, Q, = + CLK (-~ — 8=
va val
— - 2 2
O =C+C(1L—K) +—(——5 g, =00 4 (A3)

pvl vaz val val vaz

A2. Design of the parameters of a practical Bidirectional Cuk Converter (BCC) in Sub-section 3.1.1:

The capacitors C; = C; = C are obtained from the output voltage ripple of the BCC, expressed as:
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Av, = % _ AL
© c 8CF,

(A.4)

where, 4qq is the surplus charge accumulated in capacitor C during the charging state. The output
inductors L; = L, = L are calculated based on the inductor current ripple during the switching off period,
written as:

(1 =KV

Al =———F—— A.5
L LF, ( )
(1-Kiq) ”2(1 - Ki11) (F, 2
e A () % (A.6)
8CLF; 2 F,

The output voltage ripple 4v, can be reduced by choosing low-pass filter parameters such that F; > F_.
L and C dictate appropriate F.; hence these components values may be pre-determined based on the
compromise between the ripple requirements and physical converter size.
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