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Abstract— This paper proposes a novel PWM cell-
level diffusion charge redistribution (DCR) converter
based on a switched capacitor converter (SCC) utilizing
diffusion capacitance of photovoltaic (PV) cells for PV
modules under partial shading. Although a discrete
inductor and capacitor are additionally necessary, Joule
losses associated with switching operations can be
reduced compared to the conventional capacitorless DCR
converter. Firstly, ac impedance measurement for a PV
cell with 125x125 mm was performed, and the diffusion
capacitance values were measured to be approximately
6.0 mF at its maximum power point voltage of 0.574 V.
Secondly, the theoretical loss model was derived based on
the detailed analysis, and it revealed that an optimal duty
cycle achieving the lowest Joule loss was dependent on
shading conditions. Thirdly, a dual MPPT algorithm that
controls duty cycles of not only the DCR converter but
also a front-end boost converter is also proposed. With
the dual MPPT control, the DPP converter operates at its
optimal duty cycle to minimize the Joule loss while the
boost converter seeks the MPP. The experimental results
demonstrated that the maximum power significantly
increased thanks to the DCR converter, and that both the
DCR and boost converters operated with respective
optimal duty cycles.

Keywords—Diffusion capacitance, photovoltaic cell,
partial shading, switched capacitor converter (SCC),
maximum power point tracking (MPPT).

L INTRODUCTION

Partial shading on a photovoltaic (PV) panel comprising
multiple substrings connected in series is known to cause
serious issues, such as significant decrease in energy yield
and occurrence of multiple maximum power points (MPPs).
For instance, 10% equivalent area of partial shading on a PV
module reportedly results in 30% reduction in power
generation of the module as a whole [1]. Similar phenomena
occur in curved PV panels, such as solar roofs for plug-in
hybrid electric vehicles (PHEVs), due to uneven irradiance
on the panel at all times, as depicted in Fig. 1. The impact of
the reduced energy yield will be of serious concern in mobile
and vehicular applications where space for PV panels is very
limited.
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Module-integrated converters (or dc optimizers) and
micro-inverters that can mitigate the negative issues of
partial shading have been extensively developed and
commercialized [2], [3]. By applying these converters and
inverters to substring level, all substrings in a panel can
operate at each optimal point, contributing to increased
energy yield even under partial shading conditions. However,
since these converters and inverters must process the full
power of panels/substrings, the cost and volume are prone to
soar as numerous active and passive devices with relatively
high-power rating are necessary.

The aforementioned module-integrated converters and
micro-inverters are essentially a full power processing (FPP)
converter that must be rated for the full power of
panels/substrings. In contrast, differential power processing
(DPP) converters literally process only differential power,
hence allowing a significant reduction in power rating of
converters. With DPP converters, a fraction of power
generated by unshaded substrings is transferred to shaded
ones so that characteristics of all substrings are virtually
unified even under partial shading conditions.

Various kinds of DPP converters have been proposed and
developed to enhance the energy yield of PV panels under
partial shading. Nonisolated bidirectional PWM converters
[4]-[10] are the most straightforward topology, through
which neighboring substrings exchange power depending on
shading conditions. Single-input-multi-output converters,
such as multi-winding flyback converter [11], multi-stacked
buck-boost converters [12], [13], and resonant voltage
multiplier [14], [15], offer simpler circuit with reduced
switch count. Isolated bidirectional flyback converters allow
flexible power transfer even between remote substrings [16]—
[19].

Among the most promising and viable DPP converter
topologies is a switched capacitor converter (SCC) [20]-[23].
In addition to their simple circuit and simple operation
principle, SCCs are advantageous over any other DPP
converters in terms of circuit volume because of the superior
energy density of capacitors over inductors—energy
densities of discrete capacitors are in the range of three orders
of magnitude of those of similarly-scaled inductors [24], [25].

Although most DPP converters have been proposed for
substring-level power balancing, the DPP concept can be
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Fig. 1. Image of uneven irradiance and mismatched substring
characteristics in solar roof for PHEVs.



applied to any granularity levels, including cell-level power
balancing. The finer the granularity level, the greater will be
the energy yield under partial shading conditions [1], [5],
[26]. Cell-level DPP architectures, however, require
numerous converters in proportion to the cell count and
therefore are unpractical unless DPP converters are
dramatically simplified and miniaturized.

To achieve an even simpler and more compact circuit, the
capacitorless SCC-based cell-level diffusion charge
redistribution  (DCR) converter utilizing diffusion
capacitance of PV cells has been proposed, as shown in Fig.
2 [27], [28]. A diffusion capacitance Cg, a parasitic element
originating from a P-N junction of PV cells (see the inset of
Fig. 2), is used as a capacitor of SCCs, achieving even
simpler and more compact circuit design by eliminating
discrete capacitors. The conventional capacitorless cell-level
DCR converter, however, has to keep its switching operation
even when cell characteristics are perfectly matched under
unshaded conditions, naturally increasing losses associated
with pulsating currents generated by switching operations. In
addition to the efficiency penalty under unshaded conditions,
this conventional capacitorless DCR converter is only
applicable to modules comprising odd number cells, likely
limiting its applications because most standard PV modules
consist of even number cells (e.g., 36, 60, and 72 cells).

This paper proposes a novel PWM SCC-based DCR
converter utilizing diffusion capacitance of PV cells—this
paper presents the extended work of [29]. Although an extra
discrete capacitor and inductor are necessary, Joule losses
associated with the DCR converter can be reduced especially
under unshaded conditions, in comparison with the
conventional DCR converter [27], [28]. In addition, the
proposed DCR converter consists of even number cells and
therefore would be easily applied to standard PV panels. The
loss of the DCR converter is significantly dependent on
shading conditions, and its duty cycle should be properly
adjusted in order to minimize the loss. To this end, a novel
dual MPPT technique, which controls duty cycles of not only
the DCR converter but also an external front-end boost
converter, is also proposed in this paper.

The rest of this paper is organized as follows. Section II
presents the measurement of the diffusion capacitance of PV
cells. Section III describes the topology of the proposed DCR
converter and its major features. Detailed analysis will be
performed in Section IV, followed by the theoretical loss
comparison in Section V. Section VI introduces the novel
dual MPPT control technique for the proposed DCR
converter, followed by experimental verification tests in
Section VII.
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Fig. 2. Conventional capacitorless SCC-based DCR converter utilizing
diffusion capacitance of PV cells.

II.  MEASUREMENT OF DIFFUSION CAPACITANCE OF PV
CELL

Before detailing the proposed DCR converter, the
measurement results of the diffusion capacitance of actual
PV cells are reported in this section.

A. Experimental Setup

AC impedance, or Nyquist plot, of a mono-crystalline
silicon PV cell with 125x125 mm and an efficiency of
approximately 20% (C60 Solar Cell, Sunpower) [30] was
measured on the basis of ac impedance spectroscopy using a
frequency response analyzer (FRA5087, NF Corporation).
The measurement was performed outdoors under various
irradiance conditions, including zero-irradiance conditions
(i.e., dark -V conditions). The experimental setup is shown
in Figs. 3(a) and (b). Irradiance was measured using a
pyranometer (ES-602, EKO). Under the dark /-V conditions,
the cell was covered with a black box to completely shut off
lights. The excitation signal from the FRA was applied to an
electronic load (PLZ70UA, Kikusui Electronic) to draw ac
currents superimposed on a dc current. Under dark -V
conditions, a bipolar power supply (HSA4012, NF
Corporation) was employed instead of the electronic load
because of no current generated by the cell—a current
source/sink is necessary to measure an ac impedance under
dark /-V conditions. The current of the PV cell was measured
using a current probe (TCPA300, Tektronics). The excitation
signal was swept in the frequency range of 1 Hz—100 kHz at
various bias voltages Viias.

From the measured Nyquist plots, the diffusion
capacitance C, was calculated. A typical Nyquist plot of a PV
cell is depicted in Fig. 3(c). The semi-circle represents a time
constant formed by a parallel resistance R, and C,. From the
diameter (i.e., R,) and a frequency at the vertex fc.,, C4 can
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Fig. 3. Experimental setup for diffusion capacitance measurement. (a)
Schematic diagram. (b) Photograph of measurement system outdoors.
(c) Typical Nyquist plot of PV cell.
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Fig. 4. Experimental results of diffusion capacitance measurement. (a)
Nyquist plots. (b) Diffusion capacitance vs. bias voltage.
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B. Measured Diffusion Capacitance

Measured Nyquist plots are shown in Fig. 4(a). The
measured plots were dependent on Vs and irradiance. The
diameters of the semi-circles increased at low irradiance and
low Vpias.

The calculated C; from the obtained Nyquist plots are
shown in Fig. 4(b). The values of C; exhibited a significant
dependence on V., whereas the irradiance dependence was
very minor. The calculated C; showed an inflection point
around Vs = 0.35 V, and similar tendencies were reported
in the previous work [31]. The calculated values of Cy at the
maximum power point voltage of about 0.574 V were greater
than 6.0 mF. These calculated C; values were in a range of
more than two orders of magnitude over those reported in
[32], [33]. In general, Cy is proportional to a carrier lifetime
7 and cell area (or short-circuit current), and Kim et al.
reported Cy of around 20 pF for the poly-crystalline PV cell
(152x152 mm) with 7 0of 6.5x1077 sec [32]. C, of a silicon PV
cell (20x40 mm) with 7 0f 4.12x1073 sec is reportedly around
100 pF at 0.43 V [31], and high-efficiency cells exhibit much
longer 7 of 6.0x107°-1.6x107* sec [34], which is greater than
two orders of magnitude of that reported in [32]. Although ¢
of the tested cell in this paper is unknown, given the reported
values of 7 and Cy per unit area in [31], [34], the calculated
values of Cy in Fig. 4(b) are considered to be in a plausible
range. Cy of 6.0 mF was considered sufficiently large to be
used as capacitors of SCC-based DCR converters.

III.  PROPOSED PWM SCC-BASED DCR CONVERTER
UTILIZING DIFFUSION CAPACITANCE OF PV CELLS

A. Circuit Description

The proposed PWM SCC-based cell-level DCR converter
utilizing diffusion capacitance of PV cells is shown in Fig. 5,

—————

Synchronous PWM
Buck Converter

i ll mod

it 2a

I~ Capacitorless SCC

&fﬁ. Rs

cd Rp
T o
\Single-Diode Solar Cell Model

Fig. 5. Proposed PWM SCC-based DCR converter utilizing diffusion
capacitance of PV cells.

in which diffusion capacitances are not illustrated for the
sake of simplicity, except in the inset. A discrete inductor L
and capacitor C are added to the six-cell capacitorless SCC
so that a synchronous PWM buck converter is formed in the
circuit. In other words, the proposed DCR converter is
essentially the combination of the six-cell capacitorless SCC
and synchronous PWM buck converter. The addition of the
PWM buck converter achieves reduced losses, especially
when cell characteristics are matched under unshaded
conditions, in comparison with the conventional
capacitorless DCR converter, as will be compared in Section
V. It should be noted that the synchronous PWM buck
converter in Fig. 5 is a floating one as PV, does not share a
common line with C. The discrete capacitor C and the
diffusion capacitance of PV, correspond to the output and
input ports, respectively, of the synchronous PWM buck
converter. Similar to the conventional capacitorless DCR
converter, diffusion capacitances of cells function as
capacitors for SCC. Since a discrete inductor and capacitor
are necessary for the PWM buck converter, the proposed
topology is not completely capacitorless.

B. Major Features

Both the conventional and proposed DCR converters
requires n+1 switches (n being the cell count in the DCR
converter). However, since a discrete inductor L and
capacitor C are additionally necessary, the proposed DCR
converter is slightly larger, more expensive and complex than
the conventional DCR converter. But the impact of the
increased volume and cost due to these added discrete
elements is considered infinitesimal as PV modules are far
larger and costlier than these two added elements.

Similar to the conventional topology shown in Fig. 2, the
odd- and even-numbered switches are alternately driven so
that the DCR converter operates under partial shading
conditions. In the ideal case, all capacitor voltages are
automatically unified at any duty cycle. Under unshaded
conditions, on the other hand, the DCR converter operates
with 0% duty cycle (i.e., d = 0 where d is the duty cycle of
even-numbered switches), realizing the 3-series—2-parallel
configuration. No pulsating currents flow when d = 0, and
hence losses associated with switching operations can be
significantly reduced in comparison with the conventional
DCR topology, as will be compared in Section V.

Another advantage is that the proposed DCR converter
can be applied to PV modules consisting of an even number
of cells. Although the topology shown in Fig. 5 is for six cells,



it can be scaled to the arbitrary even number cells by simply
adding cells and switches. Since most PV panels comprise
even number cells (e.g., 60 and 72), the proposed DCR
converter would be more suitable than conventional one
which is applicable to odd number cells.

C. Proposed DCR Converter in PV Systems

Various DPP converter architectures have been proposed,
such as adjacent module-to-module [4]-[10], [20]-[22],
string-to-module [11]-[15], and module-to-bus [16]-[18]
architectures, as shown in Fig. 6. The proposed and
conventional DCR converters are roughly categorized into
the adjacent module-to-module architecture, though these are
a cell-level topology. Switches in the module-to-module (or
cell-to-cell) architecture [see Fig. 6(a)] are rated based on
module (or cell) voltage rather than string or bus voltage,
hence lowering the cost and allowing for scalability.
However, since the power transfer is limited only between
adjacent two modules, the power of unshaded modules may
have to traverse multiple converters before reaching shaded
module(s). Therefore, a power conversion loss tends to
collectively soar in systems comprising a lot of modules
connected in series. In the string-to-module and module-to-
bus architectures [see Figs. 6(b) and (c)], switch voltage
rating needs to be as high as string or bus voltage, but the
direct power conversion between shaded module(s) and

string or bus allows reduced collective power conversion loss.

Kim et al. investigated the effects of scaling on the
converter rating of the module-to-module and module-to-bus
architectures [35]. The results revealed that the module-to-
module architecture has a lower converter rating in small-
scale systems comprising less than eight modules, while the
module-to-bus architecture can have a lower rating in large-
scale systems. The reported results suggest that the proposed
DCR converter should not be applied to panels comprising a
large number of cells.

Modularized architectures combining cell- and module-
level DPP converters would be a viable application of the
proposed DCR converter, as shown in Fig. 6(d)—
modularized architectures have already become common in
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Fig. 6. DPP converter architectures. (a) Adjacent module-to-module
architecture. (b) String-to-module architecture. (c) Module-to bus
architecture. (d) Modularized architecture.

battery equalization systems [36]-[38]. Cell-level DCR
converters handle a limited number of cells (e.g., less than
eight cells) in each module to avoid the issues of collective
power conversion loss and increased converter rating.
Meanwhile, module-level DPP converters are also applied
for module-level power balancing. This modularized
architecture is considered compatible with solar roofs for
Prius PHE Vs that consist of seven substrings each containing
eight cells.

IV. OPERATION ANALYSIS

A. Voltage Conversion Ratio

The added capacitor C and PV correspond to an output
and input of the PWM buck converter in the proposed DCR
converter, as can be seen from Fig. 5. Therefore, assuming
all the cell voltages are ideally equal to Vpy, the voltage of C,
Ve, is given by

Ve = dVpy, (2)
where d is the duty cycle of even-numbered switches. The
voltage of a module consisting of n cells (n is an even
number) is generalized as

n
Vimoa = (5 +d) Vv. 3)
Hence, for the module consisting of six cells (n = 6) shown
in Fig. 5, V;0a = (3 4+ d)Vpy. This equation suggests that
module characteristics seen from the output are dependent on
d. In other words, /-V and P—V characteristics of the module
seen from the output terminal change with d.

B. Charge Vector Analysis

Diffusion capacitances in the proposed DCR converter
deliver a unique amount of charge, depending on their
positions, d, and shading conditions. The mathematical
analysis based on the charge vector analysis [39]-[41] is
performed to compare the conventional and proposed DCR
converters quantitatively. To simplify the analysis, a diode
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Fig. 7. Operation modes. (a) Mode A. (b) Mode B.



and parallel resistance R, in the equivalent circuit model of a
PV cell (see the inset in Fig. 5) are ignored. It should be noted
that the charge vector analysis focuses only on charge flows
(or current), not voltage, and therefore this analysis does not
reflect cell voltage information during operation.

The operation modes of the proposed SCC-based DCR
converter are shown in Fig. 7, in which the inductor L is
equivalently illustrated as a current source. By defining
charge flows in each mode as designated in Fig. 7, the
Kirchhoff’s current law (KCL) at nodes A—D in Mode A [see

)

(5)

Fig. 7(a)] yields the following set of equations;
0=—qc+qLa—q0a
! 0=—-gs—qc+qc—qa+dUs—I)
0=—q,+q3—qs+qe+d' (I — Iz +1s — I¢)
Lo = 1+~ qutgs+d' (h—L+1,—I5)
where d’ = (1 — d). Similarly, from the KCL at Nodes A’—E’
in Mode B [see Fig. 7(b)],
{ 0=9qc+4qLs—qos
0=¢g3+qs —qs—qc + d(z + 15— I¢)
Q2= 43+ qa—qs +d(; — I3 + 1, — I5).
I 0=q1—q—qs+dlh — 1, — 1)
k 0=qs—qvp
The charge delivered through L is proportional to the
mode length, and therefore,
0=dqoa—d'qs- (6)
For the sake of convenience, the voltage of the load
resistor Ry is assumed constant, so is the sum voltage of C;—
Cs and C. Neglecting voltage drops across Rs1—Rs3 gives
0=qc1+qc2+qc3 + 4qc. 7
Equations (4)—(7) can be arranged in the matrix form as
shown at the bottom of this page. The last six elements in the
column vector on the left-hand side refer to currents of cells,
I1—1s. For example, [1, 1, 1, 1, 1, 1]" means that all of /,~1s
are 1.0 A (i.e., [[1, 12, 13, [4, 15, ](5]T = [1, 1, 1, 1, 1, I]T)
Arbitrary values can be applied to the last six elements to
emulate mismatched partial shading conditions as will be
exemplified in Section V. From this matrix, the unique
amount of charge delivered in each operation mode can be
determined. The equations and matrix obtained in this
subsection do not contain diffusion -capacitance Cy,
indicating that the charge amount flowing in the circuit is
independent on Cy. The determined charge amount will be
used to derive losses of switches and cells, in the following
subsections.

Fig. 8. Image of pulsating current due to switching operation.

C. Joule Loss of Series-Resistance of Cells

In general, SCC operations can be characterized by two
asymptotic limits of slow switching limit (SSL) and fast
switching limit (FSL). A rough boundary between the SSL
and FSL is whether the switching frequency f; is higher or
lower than a corner frequency f. that is the inverse of a
product of capacitance and resistance [42]—f; > f. in FSL,
and vice versa in SSL. Given that the measured Cy; of
approximately 6.0 mF (see Section II-B) and prototype’s
total effective resistance of approximately 30 mQ [a switch
on-resistance of 13.4 mQ, cell series resistance R of 5.0 mQ
(see Tables I and II), and cable resistance of approximately
10 mQ], f. is determined to be 5.6 kHz. Since experiments
were performed at f; of 15 kHz, the SCC was assumed to
operate in the FSL region; details about the prototype and
experiments will be described in Section VII. Although SSL
operations should also be considered for a correct calculation,
the FSL operation only is considered to simplify the analysis
in this section.

Although a cell current /; (i = 1...6) is pure dc, the current
flowing through the series resistance Ry, irsi, is pulsating due
to the switching operation of the DCR converter, as depicted
in Fig. 8. It should be noted that ac currents due to switching
operations are assumed to be a square wave to simplify the
analysis, similar to the FSL operation of traditional SCCs
[22], [39], [42]. As long as the DCR converter is assumed to
operate in the FSL region, current waveforms are
independent on C; and can be approximated to be a square
wave whether C; values are matched or not.

The superimposed ac component naturally increases an
RMS current as well as the Joule loss to some extent. The
charge flowing through R,; in Modes A and B, grsi.« and grsi s,
are expressed as
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Qrsia = —q; + d'I;
9
{ Grsiz = q; + dl; ©)
Currents of R; in Modes A and B are
qRSlA
Ipsia = 7
qRrsiB” (10)
IRSL B — T
The total Joule loss of Ryi, Prs.or, 1S
6
PRs.tot = Z(dll}%si.A + dII%si.B)RSi- (11)

i=1
This equation suggests that the Joule loss of Ry is
independent on C.

Cells generate Joule losses in the form of /7R, when
without the DCR converter. Joule losses due to pulsating
currents, Pgs.0rp, can be expressed as

6
PRs.tot.p = Ppstor — Z IiZRsi» (12)
i=1
where the second term on the right-hand side is the Joule loss
in the case without the DCR converter.

D. Joule Loss of Switches

Unique amount of charge flowing through switches can be
similarly determined from Figs. 7(a) and (b), as

Gs1 =qa —d'ly

| ds2 = qq4 +dl,

{ qs3 = —qs+qs +d' (I, — Is) (13)

Gsa =42 — qz +d(; — I3)

| qss = —qs + qe +d'(Is — 1)

\ dse = q3 —qc +dl3

Switch current, is; (i = 1...7), is expressed as

Ba=135 n

Is; = . (14)

% (i = 2,4, 6)
The total Joule loss of switches, Ps, is given by
Psior = Ron( Z d’isgi + Z disgi)' (15)
i=1,3,5,7 i=2,4,6

where R,, is the on-resistance of switches. Similar to the
Joule loss of the series-resistance Ry in the previous
subsection, C; does not appear in (15) and has no influence
on the switch Joule loss.

V. Lo0sS COMPARISON WITH CONVENTIONAL
CAPACITORLESS DCR CONVERTERS

Based on the derived Joule loss models in the previous
section, the total Joule losses of the proposed DCR converter

RL

Fig. 9. Capacitorless DCR converter comprising six cells.

TABLE |
PARAMETERS USED FOR QUANTITATIVE LOSS COMPARISON

Switching Frequency, f; 15 kHz
Series Resistance, Ry; 5.0 mQ
On-Resistance, R,, 13.4 mQ
ESR of Inductor, r; 3.6 mQ
ESR of Capacitor, rc 1.0 mQ

are compared with those of the conventional capacitorless
topology shown in Fig. 2. In addition, the capacitorless DCR
converter comprising six cells (see Fig. 9) is also included for
the loss comparison. Parameters used for the comparison are
listed in Table I. In this comparison, all cells generate 5.0 A
G.e., [I1, I, I3, 14, Is, I§]" =[5, 5, 5, 5, 5, 5]7), and total losses
are normalized by the number of cells in each circuit because
the proposed and conventional DCR converters contain
different numbers of cells;
Total Loss

Number of Cells’ (16)

Theoretical normalized Joule losses under the unshaded
condition are compared in Fig. 10. Switching losses, which
are roughly expressed as %vaisl- fi(Trise + Tfa”) (fss Trises
and Ty being the switching frequency, rise time, and fall
time, respectively), were also calculated based on the
determined current values of (14). The calculated switching
losses were lower than 0.01 W/cell for all three DCR
converter topologies chiefly because nominal cell voltages
were lower than 0.6 V. The switching losses were negligibly
small in cell-level DCR converters and therefore are not
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included in the loss comparison. The Joule loss due to the
discrete capacitor C in the proposed DCR converter was also
negligibly small thanks to the low ESR of C. The normalized
Joule losses in the conventional capacitorless five-cell DCR
converter became lowest at d = 0.5, as shown in Fig. 10(a),
because of its symmetric circuit (see Fig. 2). The
capacitorless six-cell DCR and proposed DCR converters, on
the other hand, showed different tendencies that the losses
decreased at small d, as shown in Figs. 10(b) and (c). As d
neared 0, the Joule loss of cells disappeared because the
operation of d = 0 was equivalent to the 3-series—2-parallel
configuration, as discussed in Section IIl—note that Joule
losses of Ry; associated only with ac current components due
to switching operations were considered in order to fairly
compare the losses of DCR converters [see (12)]. The losses
in Ry; of the conventional capacitorless six-cell DCR
converter were rather larger than those of the proposed
converter. This is chiefly because PV¢ in Fig. 9 is open-
circuited during even-numbered switches are on, hence
resulting in larger current pulsation in Rgs.

Calculated normalized losses under the shaded condition
of [I1, I, I3, Iy, Is, I5]" = [2.5, 5, 5, 5, 5, 5]" are shown in Fig.
11—PV, was partially-shaded and its short-circuit current
was half those of other unshaded cells. Losses under shaded
conditions were larger than those under the unshaded
condition for all topologies because of the relatively large
power transfer among cells for power balancing. More
importantly, the duty cycle achieving the lowest loss under
shaded conditions in Fig. 11 differed from those under the
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Fig. 11. Normalized Joule losses as a function of duty cycle under
shaded conditions: (a) conventional capacitorless five-cell DCR, (b) six-
cell DCR, (c) proposed DCR converter.
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unshaded conditions of Fig. 10. These results suggest that the
optimal duty cycle for the lowest Joule loss varies depending
on shading conditions and that the duty cycle should be
properly adjusted in order to minimize the losses.

In the next section, a novel dual MPPT control algorithm
is proposed to realize the optimal duty cycle operation and to
minimize the Joule losses of the proposed SCC-based DCR
converter.

VI. DuAL MPPT CONTROL

A module characteristic with the proposed DCR converter
varies depending on duty cycle d as (3) indicates; the module
voltage increases with d. In addition, an optimal duty cycle d
for the lowest Joule loss is dependent on shading conditions,
as discussed in the previous section. It should be noted that a
module’s operating point cannot be determined with d but an
external circuit that is usually a boost converter for ordinary
PV panels. In other words, a PV module with the proposed
PWM SCC-based DCR converter operates in conjunction
with an external front-end boost converter.

A dual MPPT technique manipulating not only duty cycle
d of the proposed DCR converter but also duty cycle D of an
external front-end boost converter is proposed so that the
module can operate at its MPP with minimizing Joule losses.
The control block diagram is illustrated in Fig. 12(a). The
dual MPPT control system consists of two feedback loops.
Vimoa and I,0q are measured to calculate P04, and both d and
D are simultaneously manipulated to maximize Pos. To
decouple two MPPT control loops, a sampling interval of
MPPT for d should be approximately 10 times greater than

Vmod
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Fig. 12. (a) Dual MPPT control block diagram. (b) Notional module
characteristics with dual MPPT control under shaded condition. (c)
Maximum power vs. duty cycle d of DCR converter.



that for D. Ordinary MPPT algorithms, such as P&O,
incremental conductance, etc., can be employed for both
control loops for the proposed dual MPPT control.

Notional module characteristics with the proposed dual
MPPT control are depicted in Fig. 12(b). An optimal module
characteristic is sought by the DCR converter adjusting d
while an MPP is tracked by the boost converter manipulating
its duty cycle D. Module characteristics seen from the boost
converter are dependent on d, as indicated by (3). More
importantly, the extractable maximum power is also
dependent on d and shading conditions because the optimal
duty cycle d of the DCR converter for the lowest loss varies
depending on shading conditions, as discussed in Section V.
In the case of Fig. 12(b), the optimal duty cycle is ds.

Figure 12(c) illustrates notional characteristics of
maximum power vs. duty cycle d under two shading
conditions: Case 1 is a heavily-shaded condition, which
corresponds to the case in Fig. 12(b), and Case 2 is a lightly-
shaded or unshaded condition. Under Case 1 shading
condition, for example, the largest maximum power is
obtained at d3, and the maximum power decreases as d moves
away from ds. Hence, the characteristic of the maximum
power is convex. Under the Case 2 shading condition, on the
other hand, the optimal d is zero, at which the loss is
minimized and the PV module is equivalent to the 3-series—
2-parallel configuration (see Section III-B). The maximum
power monotonically decreases with d under Case 2 shading
condition. Thus, the shapes of these characteristics vary
depending on shading conditions, and d needs to be properly
adjusted to extract the maximum power accordingly.

VII. EXPERIMENTAL RESULTS

A. Prototype

A prototype of the DCR converter for six cells was built,
as shown in Fig. 13, and its circuit elements are listed in
Table II. The prototype was designed for proof-of-concept,
not for practical use, and its voltage was even lower than 2.5
V. To drive the MOSFETs with the gate threshold voltage

Inductor

Capacitor

150 mm

(®)
Fig. 13. Photograph of the proposed DCR converter prototype. (a) End
board. (b) Extension board.

TABLE 1T
CIRCUIT ELEMENTS USED FOR PROTOTYPE

Element Value

R Dual MOSFET, IFR9910, V g5y =2.55V
Switches . L

Ron =13.4 mQ (low-side) and 9.3 mQ (high-side)

Gate Driver  ISL6596
L 10 uH, 3.6 mQ
C Ceramic Capacitor, 300 pF, 1.0 mQ

Vasm of 2.55 V (see Table II), external isolated ac-dc
converters (DRL10-12-1, TDK Lambda) with an output
voltage of 5.0 V were used to power the gate drivers. A
modular design was employed, and the prototype consisted
of an end board and three extension boards. The inductor and
capacitor were mounted on the end board. Each extension
board contains two switches (dual MOSFET, IRF9910) and
a gate driver for two cells. This modular design allows the
number of cells can be arbitrarily increased by stacking
extension boards. The size of extension boards was
determined to be slightly larger than that of cells so that
wiring cables be as short as possible. The end and extension
boards were directly connected using screws.

PV cells (125%125 mm) with a diffusion capacitance of
approximately 6.0 mF at its MPP voltage [see Fig. 4(b)] were
used. The DCR converter was operated at f; of 15 kHz.

B. Module Characteristics with/without DCR Converter

Module characteristics with/without the proposed DCR
converter were measured without connecting a boost
converter. The field testing for the characteristic
measurement was carried out at 15:50 on August 17, 2017,
in Hitachi, Japan. To emulate a partial shading condition, half
of PV was covered with a postcard so that its short-circuit
current was reduced to half those of other cells. Under this
partial shading condition, an electronic load was directly
connected to the module to manually sweep module
characteristics, while d of the DCR converter was fixed to be
0.1. As a reference, a characteristic of a module comprising
six cells connected in series with traditional bypass diodes
was also measured under the same shading condition.

The measured module characteristics with/without the
DCR converter are shown and compared in Fig. 14. The
characteristic with bypass diodes exhibited two power point
maxima (one global and one local MPPs), and its maximum
power was merely 5.38 W at the irradiance of 455 W/m?.
With the DCR converter, on the other hand, the local MPP
disappeared, and the maximum power increased to as high as
7.73 W at the irradiance of 471 W/m?. These results
correspond to 36% improvement in the maximum power
against the percentage increase of 3.5% in the irradiance,
demonstrating the efficacy of the proposed DCR converter.

C. Comparison with Conventional Six-Cell DCR Converter

Module characteristics with/without the end board were
measured at various duty cycle d without connecting a boost
converter. The DCR converter without the end board is
equivalent to the conventional six-cell DCR topology shown
in Fig. 9. Half of PVs was covered with a postcard to emulate
a shading condition.
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— ~ 538 W
Z, 6f
< -0,
H A TN
Qf 4 ,/' “\ JUPTES S ~
5 % ' \.
> A \
o 4 VA
A w/ DCR Converter | w/o DCR Converter'.I
o/ Wm®) | (455 W) i
0 4

1 2 3

Voltage, V,, ., [V]
Fig. 14. Measured module characteristics with/without DCR converter
atd=0.1.



Characteristics of the shaded and unshaded reference cells
are shown in Fig. 15(a). Maximum powers of the unshaded
and shaded cells were 1.82 and 0.93 W, respectively.
Measured representative P—V characteristics with d = 0.3 are
shown in Fig. 15(b). There were no local MPPs observed in
both characteristics, indicating that partial shading issues
were successfully precluded. Extractable maximum powers
as a function of duty cycle d are compared in Fig. 15(c). The
observed tendencies were slightly different due to the
different topology. The extractable maximum power of the
proposed DCR converter was larger in the almost entire duty
cycle range. Given that the measurement was performed
under the nearly identical irradiance condition of 600 W/m?,
the increased power yield by the proposed DCR converter

TABLE Il
IRRADIANCE AND SHADING CONDITIONS FOR EXPERIMENTS

Irradiance [W/m’] Partial Shading

Case A 785 30% of PV, and PV,
Case B 600 50% of PV
Case C 880 50% of PVs
2.5 :
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Fig. 15. (a) Reference cell characteristics. (b) Measured representative
P-V characteristics with d = 0.3. (c) extractable maximum power as a
function of duty cycle d of PV module with conventional and proposed
DCR converters.

demonstrated the superior performance. The measured peak
power of 8.31 W with d = 0.3 corresponds to an overall
efficiency of 82.9%, which is a ratio of an extractable power
to theoretical module power [= 8.31 W/(1.82 W x 5 cells +
0.93 W x 1 cell)].

D. Influence of Partial Shading on Module Characteristics

As shown in the previous subsection, the extractable
maximum power varied with d. To investigate the influence
of shading conditions on characteristics of maximum power,
similar experiments under three partial shading conditions of
Cases A—C were performed outdoors. Partial shading and
irradiance conditions in Cases A—C are summarized in Table
III. Module characteristics with the DCR converter were
manually swept at various duty cycles to grasp the d-
dependent characteristics. As reference data, characteristics
of shaded and unshaded reference cells were also measured.

Characteristics of the shaded and unshaded reference cells
under Case A shading condition are shown in Fig. 16(a).
Measured module characteristics are shown in Fig. 16(b).
Measured characteristics varied depending on d, as (3)
indicated—the open-circuit voltage of the module increased
with d. More importantly, extractable maximum powers
slightly varied with d.

The extractable maximum powers as a function of d in
Cases A—C are compared in Fig. 17. The optimal range of d
varied depending on shading conditions. For example, the
maximum power in Case A peaked at d = 0.3 and decreased
as d moved away from 0.3. This convex characteristic
suggested that the optimal d existed in the range of 0.2 <d <
0.4 under Case A shading condition. Similar convex
characteristic was also observed in Case B. Meanwhile, the
optimal d in Case C was 0. These results suggest optimal duty
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Fig. 16. Measured characteristics of (a) reference cells and (b) modules
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Fig. 18. Measured cell voltage under Case B partial shading condition.

cycle range vary depending on shading and irradiance
conditions.

Cell voltages with d = 0.3 under Case B partial shading
condition were measured when the module generated the
maximum power (i.e., at the point X in Fig. 17), as shown in
Fig. 18. Cell voltages were slightly imbalanced due to the
nonideality of the DCR converter. All the cell voltages were
nearly constant without noticeable voltage ripples. These
measured cell voltage waveforms support the assumption
that the proposed DCR converter operates in the FSL region,
as discussed in Section [V-C.

E. Dual MPPT Control

The field testing for the dual MPPT control was performed
to demonstrate the entire performance of the proposed DCR
converter with its MPPT control strategy. The experimental
setup for the dual MPPT control demonstration is shown in
Fig. 19. Two cells, PV, and PVs, were covered with postcards
to emulate a partial shading condition—approximately 30%
of these cells were covered, and this shading condition
corresponds to Case A in Table III. The irradiance level
during the testing was nearly constant as 785 W/m?>.

Hill-climbing MPPT algorithms were employed for both
the DCR and boost converters. The boost converter operated
with the duty cycle perturbation of AD = 1% and a sampling

Boost |
Converter

.| Electronic
=1
= | Load  lA

— "
Pyranometer e
PPl )
=N |

i 4 B
‘ —

Fig. 19. Experimental setup for dual MPPT control.

interval of 100 ms. Meanwhile, MPPT conditions for the
DCR converter were empirically determined as Ad = 5%, and
its sampling interval was set to be 1.0 s to decouple two
MPPT control loops, as discussed in Section V. The DCR
converter and boost converter were controlled using
TMS320F28335 (Texas Instruments) control card, and Vyeq
and [..« were recorded using a data logger (NR-500,
KEYENCE).

The experimental results of the dual MPPT are shown in
Fig. 20. The experiment was commenced from the initial
duty cycles of d = 0.25 and D = 0.4, as shown in Fig. 20(a).
D of the boost converter gradually rose up and P04 increased.
After D converged to the optimal point around D =0.73, Vs
and /s fluctuated at nearly three levels in synchronization
with D, similar to traditional hill-climbing MPPT algorithms.
Meanwhile, d of the DCR converter also increased from the
initial value of 0.25 and varied in the range of 0.30—0.45 after
D reached the optimal point. After the operation came to the
steady-state condition, Py« reached approximately 10.2 W,
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Fig. 20. Experimental results of dual MPPT control under partial
shading condition. (a) From cold start. (b) At the moment when MPPT
for the DCR converter was disabled.



as can be seen in Fig. 20(b). Given the slight weather change
during the test, the measured P,.,« and the variation range of
d in Fig. 20 satisfactorily matched with the maximum P,uq of
10.4 W and the estimated optimal d of 0.2—0.4 in Fig. 16(b).

In order to accentuate the efficacy of the dual MPPT
control, d was suddenly forced to be a fixed value of 0.1 [see
the second panel from the bottom in Fig. 20(b)] to disable the
dual MPPT control (i.e., the boost converter only operated
with an MPPT control). P« abruptly dropped down as low
as 9.8 W because the DCR converter did not track the optimal
duty cycle. Thus, these results demonstrated the increased
power yield by the proposed dual MPPT control.

VIII. CONCLUSION

The PWM SCC-based DCR converter utilizing diffusion
capacitance of PV cells has been proposed for partially-
shaded PV modules. The added discrete inductor and
capacitor contribute to significantly reduce Joule losses
associated with switching operations. In addition, the
proposed DCR converter is applicable to modules
comprising even number cells and is considered suitable
from the viewpoint of practical implementation because most
standard PV panels consist of even number cells.

AC impedance measurement based on the ac impedance
spectroscopy using an FRA was performed for the PV cell
with 125125 mm, and the diffusion capacitance value was
determined to be approximately 6.0 mF at its MPP voltage.
The theoretical Joule loss model was derived based on the
detailed operation analysis. The theoretical loss comparison
between the proposed and conventional capacitorless DCR
converters revealed that the proposed topology achieves
lower losses and that the optimal duty cycle minimizing the
Joule loss is dependent on shading conditions. The dual
MPPT control technique was also proposed to minimize the
Joule loss while tracking the MPP of the PV module
employing the proposed DCR converter. With the dual
MPPT control, the DCR converter operates with the optimal
duty cycle minimizing the Joule loss, while the front-end
boost converter seeks the MPP.

Experimental verification tests were performed for the
modules comprising six cells. The local MPP successfully
vanished, and the power yield from the module significantly
improved compared to the case using traditional bypass
diodes. With the dual MPPT control, the proposed DPP
converter could operate with the optimal duty cycle to extract
maximum power, demonstrating the proposed concepts.
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