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For maximum power point (MPP) application, the transient evolution of capacitor can be exploited to
examine the power-voltage (P-V) characteristics of a photovoltaic (PV) array. This method is simple
and inexpensive. In addition, it can be implemented on any array size whether un-shaded or partially
shaded. This paper presents a new MPPT technique that scans the P-V curve of PV array with a series
capacitor (Cscan) through a unique H-bridge architecture. The proposed technique employs a simple algo-
rithm, which controls the H-bridge to scan the P-V curve in two sequences: (1) during charging of capac-
itor, and (2) during discharging of capacitor. The proposed MPPT neither requires the isolation of PV array
from load nor executes power loss during checking of P-V curve. The effects of input capacitor (Ci,) of
converter during scanning of P-V curve are comprehensively discussed, and then the correct sizing of
Cscan according to array size is explained with a design example. A comparative analysis of different
MPPTs in the context of tracking ability, dynamic, and steady state efficiencies is presented. This analysis
highlights the advantage of proposed technique over other MPPTs. Finally, the fundamental operation of
proposed MPPT is verified through experimental results.

1. Introduction

The enormous expansion of photovoltaic (PV) plants around the
continents signifies their importance as one of the most popular
renewable energy sources (Gonzélez et al., 2016; Bizon, 2016).
Usually, the economic viability of PV plants is estimated based
on assumption that PV array will operate in a maximum power
point (MPP) region. Since the current - voltage (I-V) characteristics
(together with MPP) of PV array fluctuate non-linearly with chang-
ing irradiance and temperature (Spertino et al., 2015; Wang et al.,
2016; Subudhi and Pradhan, 2013), an inefficient maximum power
point tracking (MPPT) technique cannot guarantee optimal opera-
tion of PV array. These circumstances can correspondingly have
negative ramifications for the overall revenue and expenditure.

In order to harness maximum power from PV arrays, research-
ers opted low complex MPPTs such as: optimized perturb and
observe (P&0O) (Femia et al., 2005), adaptive P&O (Piegari and
Rizzo, 2009), and variable step size incremental conductance
method (Liu et al., 2008). The aforementioned techniques per-
formed moderately in terms of convergence speed; however, these
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methods wavered in fast varying weather conditions. To improve
the performance, numerous MPPT designers proposed hybrid com-
bination of conventional techniques (Sher et al., 2015; Murtaza
et al., 2014a; Moradi and Reisi, 2011). Other researchers employed
the advanced intelligent algorithms, including fuzzy logic (Chen
et al., 2016), and particle swarm optimization (PSO) Chao, 2014.
For uniformly irradiated arrays, hybrid and advanced techniques
exhibit satisfactory performance; but these MPPTs may falter to
track the global maxima (GM) under partial shading condition.
The power loss can go up to 70% (Petrone et al., 2008), when MPPT
is trapped in the local maxima (LM). During partial shading, multi-
ple local maximum (LMs) appear on P-V curve of the PV array due
to activation of bypass diodes (Murtaza et al, 2014b;
Seyedmahmoudian et al., 2015). These bypass diodes are con-
nected across the group of series cells, in a PV module, to avoid
hot-spot effects.

Under these circumstances, the MPPT developers proposed dis-
tinct strategies. Re-configurable MPPTs vary the interconnection
between PV modules to decrease the unfavorable effects of partial
shading (Bidram et al., 2012). However, the extra cost of semicon-
ductor devices and administration of switching matrix are main
drawbacks of this strategy. Circuit topology based MPPTs while
providing relief against shading effects require additional


http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2017.08.025&domain=pdf
http://dx.doi.org/10.1016/j.solener.2017.08.025
mailto:rana.riaz@ucp.edu.pk
http://dx.doi.org/10.1016/j.solener.2017.08.025
http://www.sciencedirect.com/science/journal/0038092X
http://www.elsevier.com/locate/solener

sub-systems like module integrated MPPTs, DC- DC converters,
multiple inverters, capacitors, multiple switches and sensors
(Bidram et al., 2012). Not only the overall cost of the MPPT imple-
mentation is high, control is also difficult. MPPTs based on study of
characteristics of PV array provide the solution with no additional
hardware (Patel and Agarwal, 2008). In search of GM, the tech-
nique introduced in Kouchaki et al. (2013) scans the P-V curve with
multiple integrals of 0.8V... A better technique is presented in
Boztepe et al. (2014), which first restricts the voltage zone of P-V
curve and then pursues the GM in that zone. Extended time
required by these MPPTs to reach the MPP curtails the energy pro-
duction considerably. Soft computing based MPPTs revolve around
the artificial intelligence concepts, including artificial neural net-
work (Punitha et al., 2013), cuckoo search scheme (Ahmed and
Salam, 2014), and wolf optimization process (Mohanty et al.,
2015). Optimization procedures involving tuning of multiple
parameters and advanced embedded systems are the negative
aspects of these MPPTs.

A large portion of aforementioned MPPTs uses the scheme
shown in Fig. 1(a), where the duty cycle (D) of the DC-DC converter
is used as a control variable to regulate the operating voltage (Vy,)
or current (I,,). For each perturbation in D, the second order tran-
sient of the converter requires execution time in milliseconds (5—
50 ms) (Femia et al., 2005; Ortiz-Valencia and Ramos-Paja, 2015)
as shown in Fig. 1(b). At times, multiple adjustments in D are
required to settle the PV array (Vp,) at reference point. Since MPPTs
assess multiple points on P-V curve to identify the MPP/GM, the
execution time of these MPPTs is in hundreds of milliseconds, if
not in seconds. Moreover, the array is not operated at maximum
power during the search.

First-order capacitor based MPPTs are suggested in literature
(Spertino et al., 2015; Parlak, 2014) for fast scanning that exploits
capacitor transients to trace P-V curve. To implement this method,
a modification in the conventional circuit is needed as shown by
black dotted lines in Fig. 1(a). Using innate characteristics of capac-
itor, the P-V curve can be scanned in tens of milliseconds. This
duration is almost equivalent to the execution time of single volt-
age step of above mentioned MPPTs as evident in Fig. 1(b) and (c).

As a result, capacitor scanning based MPPT has fast convergence
speed and better dynamic efficiencies. However, the isolation of
PV array from load is required to scan the P-V curve with parallel
capacitor (Spertino et al.,, 2015; Parlak, 2014). Moreover, to re-
initialize every subsequent scanning, energy stored previously in
the capacitor is dissipated through the external resistor (Spertino
et al., 2015). On similar lines, the methods presented in Kotti and
Shireen (2015) and Kotti and Shireen (2013) performed the scan-
ning of I-V curve through DC-DC converter. Although these meth-
ods use the input capacitor (C;,) of converter instead of separate
capacitor, they may have compatibility issues with PV arrays hav-
ing small C;,. Note that C;, is designed keeping in view the con-
verter design and PV array. In addition, these MPPT consumed
extra time to set the converter at one extreme before initializing
the scanning. Apart from MPPT, another significant application of
this mechanism is the parametric characterization of PV arrays.
The P-V curve of array can be traced with the low cost capacitor
charging method (Munoz et al., 2011) instead of expensive elec-
tronic load as per the described standards (Standard IEC 62446,
2009).

To date, there has been no formal study, which exploits the
employment of capacitor in series to scan the P-V curve of array
either for MPP application or for parametric characterization. This
paper presents a new MPPT to scan the P-V curve with a series
capacitor (Cs.an). Through unique H-bridge architecture, the pro-
posed algorithm traces P-V curve in two sequences: one during
transient evolution of charging, and the other during transient pro-
gress of discharging of capacitor. With this scheme, the advantages
gained are: (1) fast scanning process without isolation of PV array
from load, (2) the energy stored in capacitor during charging is re-
injected to the load during discharging, and (3) the technique is
simple to implement and scalable to any array size. A comprehen-
sive criterion is presented for the accurate sizing of capacitor
according to array size and input capacitor (C;,) of converter. For
comparative analysis, the proposed and previous MPPTs are imple-
mented in Matlab/Simulink and their efficiencies are assessed.
Finally, the working principle of proposed MPPT is verified
experimentally.
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Fig. 1. (a) Basic setup to implement MPPTs (capacitor MPPT circuit in dotted lines), (b) MPPTs execution with DC-DC converter, and (c) Scanning of P-V curve with capacitor.



2. Behavior of PV array with capacitor in series

The capacitor in its transient evolution acts as a variable resis-
tor, which can be used to trace the P-V curve from short-circuit
current (lsc) to open-circuit voltage (Vo). Fig. 2(a) presents the I-
V curve of PV array from short-circuit current (ls.) to open-circuit
voltage (Vo) that is superimposed over the intrinsic characteristics
of capacitor. Since PV array is pre-dominantly a current source, its
voltage can be varied from 0 to open-circuit voltage (Vo) with ser-
ies capacitor provided the voltage is maintained at the output as
shown in Fig. 2(b). In that case, the transient progress of PV array
with capacitor in series is precisely the match of PV array with
capacitor in parallel, and no isolation from load is required. How-
ever, the regulation of output voltage is needed, which is explained
in the next section.

Consider a fully discharged capacitor connected in series with a
PV array against the constant DC voltage (Vq4c) as shown in Fig. 2(b).
In such a configuration, the voltage (vpy) of array cannot change
instantaneously as capacitor opposes it. With time, the vpy of PV
array rises along with v¢ until the combination of both becomes
equal to constant Vg4.. The behavior of this configuration from ini-
tial time t = 0 to final time t = t; can be mathematically represented
as:

Vpy t...0 vet..O ---Vdc 1
Vpy T ...t Vet t .. Vdc 2
By subtracting (2) from (1):
|
DVpy ... Dv¢ ... 2Dt 3

scan

From (3), it can be evaluated that the transient evolution of
capacitor's voltage with time (Dt) depends on the current (l,,) of
PV array and capacitance of the capacitor. The proposed MPPT
adopts this scheme to trace the P-V curve.

3. Designing of MPPT technique
3.1. Basic algorithm

Proposed algorithm works in two simple sequences, where each
sequence is executed in four steps. To detect MPP, the first
sequence involves tracing of P-V curve by charging the capacitor
(Cscan); @and the second sequence involves scanning by discharging
the capacitor (Csean). Note that at a given weather condition, the
algorithm processes only one sequence at a time to trace the P-V
curve. The other sequence is used for next scanning process when-
ever weather condition changes.
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3.2. H-Bridge architecture & working principle of technique

Fig. 3(a) illustrates the circuit configuration of proposed tech-
nique, where the H-bridge contains four switches (S1, S2, S3 &
S4) with Cg,n in between the switches. Consider Sequence-1
(capacitor charging sequence) of technique with a completely dis-
charged capacitor.

Step-1: In start, the pulse width modulation (PWM) unit of pro-
posed technique settles V,,, of array at 0.1V, by modulating the
D of converter. Initial value of V. is calculated from the manu-
facturer’s datasheet.

Step-2: After that D is maintained at the same value, and
switches S2 and S4 are closed. Consequently, the capacitor
(Cscan) is hooked up in opposite polarity to PV array as appeared
in Fig. 3(b). The mathematical representation of such a circuit is
expressed as:

Vpy t Vet "..0:1V,e 4

Since v¢c =0 at t =0, PV array starts operating at 0.1V, as indi-
cated by (4) and Fig. 4(a). With passage of time, the capacitor will
charge with I, of array and its v¢ rises from zero. This, in turn, causes
Vpy torise since the difference between vpy and v is equal to the fixed
outputvoltage of 0.1V, as depicted by (4). It should be noted that vpy
of array is always above the v¢ by 0.1V, Finally, when vy, becomes
equal to V., V¢ reaches 0.9V.. In this way, P-V curve is traced from
0.1V, to V.. This principle is elaborated in Fig. 4(a). During scan-
ning, the MPPT controller keeps on sampling I,, and V,, of array
through its analog to digital (A/D) converter as shown in Fig. 3(a).
MPPT stores the maximum power (Prpp) and voltage (Vimpp) Via peak
detection sub-routines. To terminate the scanning process, the pro-
posed MPPT controller senses I, value. The moment I, becomes
equal to zero i.e., Vpy = Vo, the scanning process is stopped; and
the practical V.. value is updated for future processing. With this
procedure, the P-V curve is scanned without disconnecting the PV
array from load. Since duration of P-V curve scanning depends upon
the transient evolution of Cg.4p, the correct sizing of Cgcq,, is essential.
This is explained in next section.

Step-3: After the initial scanning, switches S3 and S4 are closed
to bypass the series capacitor as shown in Fig. 3(d). Thereafter,
the PWM unit of MPPT controller varies D to set array at Vimpp
(stored during the P-V curve scan).

Step-4: A change in weather may occur in 15-25 s during nor-
mal conditions (Bekker and Beukes, 2004), whereas this dura-
tion is reduced down to a few seconds during windy and
cloudy days. Thus, for higher efficiency, it is important to stick
to MPP when conditions are steady and to avoid frequent trac-
ing of |-V curve during fast varying weather conditions. To deal

Fig. 2. (a) Capacitor charging with I-V curve, (b) PV array with series capacitor.



]
SlJ Cscan JS4
LY SR =
MPPT Unit : : : D ‘—.—, +| pcoe 0
Loy ) Peak Detection & ' T .
Switch Cor:trotl System il Cin - comerter A
Trigger D
ME= B
. (2) ’
E E Cscan l
: L
+| P || T
v 0.1V, ! . -'H_.— Vinpp
= = T
dk=s " |Cind “ |G
= I ==
Vein=0.1V e, $2=1, $4=1} Vin=0.9V 0c,S1=1,83=1} V cin=V mpp, S3=1, 54=1
b ; (© (d)

Fig. 3. (a) A H-bridge architecture of proposed MPPT, (b) configuration of circuit with switches S2 and S4 are on, (c) configuration of circuit with switches S1 and S3 are on,

and (d) bypass the Csc,, With S1 and S2 are on.
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Fig. 4. (a) Tracing of P-V curve (uniformly irradiated PV array) with transient evolution of charging capacitor and (b) Tracing of P-V curve (partially shaded PV array) with

transient progress of discharging capacitor.

with such a challenge, the decision to revoke new scanning pro-
cess is based on two parameters: +3% Pypp and tyjmic of 1 min.
Fig. 5 displays the working flowchart of this mechanism. Ini-
tially, the timer is triggered and power condition is checked
whether instantaneous Py, is within 3% of Py, When condi-
tion is violated, the timer state is examined. If timer is less than
one minute, the algorithm declares it as a fast varying weather
and sets the Flag before moving to next scanning. After scan-
ning, timer is reset and triggered again. Consider power of array
changes again in less than one minute (timer <1 min), but this
time algorithm will not move to next Sequence since Flag is set
during previous iteration as shown in Fig. 5. As a result, the
algorithm will wait for remaining time, and then eventually
move to next scanning after clearing the Flag.

For slow varying weather conditions, the timer is usually
greater than 1 min. In that case, the Flag condition becomes irrele-
vant, and the proposed method only revokes the new scanning
whenever there is a change in power due to variation in weather.

In this research work, the power limit is set at +3%, which can be
optimized further based on the sensing equipment. For instance,
the sensing limit can be reduced further through sophisticated
instrument. On the other hand, tjin: is related to weather condi-
tion, the nature of which is difficult to predict. Consequently, tjimit
is calibrated based on the simple assumption that once I-V curve is
scanned, the process should not be repeated for at least 1000 times
of scanning duration. Nevertheless, the historical meteorological
data of a specific location can be consulted to optimize the tjjmit
further.



Fig. 5. Power condition and timer based mechanism to revoke new scanning.

In Sequence-2 (capacitor discharging sequence), the proposed
MPPT executes the following four steps:

Step-1: In the start, MPPT controller of proposed method
adjusts D to set the PV array at 0.9V.

Step-2: S1 and S3 switches are turned on. The circuit takes the
configuration where both PV array and capacitor (Cs4,) are con-
nected in series with the same polarity as shown in Fig. 3(c).
This can be mathematically expressed as:

Vpy t " ve t #. 0:9V 5

Note that Cg.,,, is already charged to 0.9V, during the previous
iteration in Sequence-1. Since the output voltage is fixed at 0.9V,
Vpy IS zero at t = 0 as depicted by (5). This mechanism is presented
in Fig. 4(b), where the P-V curve exhibits multiple local maximum
(LMs) due to partial shading. With time, the capacitor starts dis-
charging with the rate determined by I, of array. As a result, v¢
of Cscan falls while vpy, of array rises as indicated by (5). This process
continues until Cs.on becomes completely discharged. At this point,
Vpy becomes equal to 0.9V, and P-V curve is scanned from O to
0.9V, as illustrated in Fig. 4(b). Unlike previous sequence, the pro-
posed MPPT evaluates V,, value to terminate tracing process in the
present sequence. When V,,, becomes equal to 0.9V, MPPT con-
troller stops the scanning process. The transient evolution of Cgcan
during discharging allows the proposed MPPT to scan the P-V
curve and stores MPP parameters. Note that energy stored in Cgcan
during the previous scanning is re-injected into load during the
current scanning. Consequently, ideally no energy is wasted. How-
ever, during partial shading the scanning duration is prolonged as
overall average I, is low.

Step-3: After scanning, the switches S3 and S4 are switched on
as shown in Fig. 3(d), and MPPT controller once again varies the
D to bring Vpy at Vinpp.

Step-4: Follow the same mechanism as shown in flowchart of
Fig. 5.

Note that the charging/discharging of Cs..n depends on Iy, of
array, which in turn depends on the weather condition. Therefore,
the duration to scan P-V curve can be varied from one condition to
another. However, the proposed MPPT remains undisturbed as its
scanning process is not operated with fixed time. Instead, the dura-
tion of scanning process is determined by feedback value of I,
( 0) in Sequence-1, and feedback value of V,, ( 0.9V, in
Sequence-2 as already described. With this working principle, the
advantage of proposed MPPT is expected to be prominent over
fixed-time scanning algorithm when conditions hover around
STC. With PV array operating at low I, values, the scanning dura-
tion of proposed MPPT becomes prolonged, thus reducing its
advantage.

4. Effects of C;,, on I-V curve scan and sizing of Cs,, value

Fig. 6 displays the innate characteristics of typical PV module
and transient evolution of capacitor's charging. To evaluate the
time required by the capacitor, consider zone-1 from Is. to MPP.
In this zone, PV generator can be approximated as a constant cur-
rent source. Therefore, the capacitor's voltage (v¢) rises with a con-
stant slope and it will take time (t,) to reach the MPP voltage
(Spertino et al., 2015). While in zone-2 i.e. from MPP to V. point,
the PV generator behaves like a voltage source. In this zone, the
capacitor will follow the transient based on RC time-constant (S).
Thus, the time to reach from MPP to V.. point is 5S (Spertino
et al., 2015). As a result, the final time (t;) to trace the I-V curve
is ty = to + 5S. The work presented in Mahmoud (2006) has theoret-
ically estimated the relationship between Cq.,n and t; as indicated
in (6), while its experimental validation is presented in Spertino
et al. (2015).

Isc;m Np
C 055 —— ¢t 6
scan Voc;m Ns f

where N, and Ns represent the number of modules in parallel and

series, respectively. lscm and Voo m correspond to short-circuit cur-
rent and open-circuit voltage of the module, respectively.

Fig. 6. Transients of capacitor with I-V curve of module.



























