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Abstract—Differential power processing (DPP) is a power elec-
tronics system architecture that configures dc—dc converters in
parallel with the PV string to improve its power yield. The parallel
nature of the DPP architecture brings a number of benefits, such
as low converter power rating and low power losses, all of which
make DPP especially suitable for submodule-level maximum power
point tracking (MPPT). Meanwhile, microinverters typically per-
form only module-level MPPT and do not address power losses
due to uncompensated submodule mismatch. In this paper, we in-
troduce DPP converters into a microinverter system to improve
its energy capture by recovering power losses due to submodule
mismatch. The control method to interface DPP converters with
a microinverter for submodule MPPT is presented and the trade-
off between tracking accuracy and control overhead is analyzed.
A small-footprint DPP converter is designed. A digitally assisted
windowed sensing technique is also implemented to address the
challenge of precise current sensing. Altogether, the proposed so-
lution seamlessly integrates DPP into the existing microinverter
design. To demonstrate the effectiveness of the proposed solu-
tion, a hardware prototype has been built and tested with an off-
the-shelf commercial microinverter. The improvement in energy
capture with DPP converters has been experimentally verified.

Index Terms—Differential power processing, maximum power
point trackers, micro-inverter, photovoltaic, power systems, power
converters.

I. INTRODUCTION

In photovoltaic energy systems, PV elements (cells, submod-
ules, and modules) are often connected in series at every level for
increased voltage and minimal wiring. Typically, each PV mod-
ule consists of three series-connected submodules, each with a
bypass diode connected in parallel, and each submodule consists
0of 20-24 PV cells. Due to various causes, such as partial shading,
manufacturing variability, thermal gradients, nonuniform aging,
etc., series-connected PV elements often have mismatched I-V
characteristics. Since all elements connected in series share the
same current, some PV elements cannot operate at their individ-
ual maximum power point, and the power output of the entire
string is limited by the underperforming elements. The bypass
diode in parallel with each submodule can mitigate this mis-
match to some extent and prevent PV hot spotting [1], [2], but
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the power loss can still be significant when severe mismatch
exists between PV submodules.

To fully recover the power loss due to PV module-level mis-
match, distributed power electronics, such as dc optimizers [see
Fig. 1(a)] [3]-[5] and microinverters [see Fig. 1(b)] [6]-[8] have
been proposed to overcome the mismatch problem by perform-
ing module-level MPPT. Compared to a PV string with only
a central inverter, these two solutions can improve the power
yield by mitigating the mismatch between PV modules. How-
ever, the mismatch between submodules within one PV module
is still not compensated for. A submodule-level dc optimizer has
been proposed [9], but microinverters typically work only at the
module level. Submodule-level microinverters are not practical
today due to the high hardware cost and relatively low efficiency
associated with the large voltage step-up required.

In search of submodule MPPT solutions, the differential
power processing (DPP) architecture [see Fig. 1(c)] has been
shown to be a viable alternative. Such structure has been ex-
plored in the previous literature in battery management [10],
[11], data center power distribution [12]-[14], multicore CPU
power delivery [15]-[18], etc., as well as in photovoltaic appli-
cations [19]-[39]. A high-level introduction to the DPP concept
in photovoltaic applications can be found in [40]. In the DPP
architecture, the bulk power common to all PV elements flows
through the series connection without any intermediate conver-
sion, while the DPP converters manage the differential power
between adjacent PV elements to balance the mismatch (with-
out the conduction of bypass diodes). With proper control, DPP
converters can fine-tune the voltage of PV elements and perform
MPPT [28]. Since the DPP converters only process the power
mismatch, which is typically only a fraction of the full power,
they can be rated at a relatively low power level, resulting in a
small-size low-cost hardware implementation. Moreover, each
DPP converter is processing much less power than a dc submod-
ule optimizer on average. Given similar converter efficiencies,
the overall power loss of a DPP architecture is thus significantly
smaller. When there is only a very small mismatch or no mis-
match existing between PV submodules, the parallel nature of
the DPP architecture allows the converters to be turned OFF,
while the dc optimizers always have to process the full power
even when there is no mismatch. In other words, the system effi-
ciency of a dc optimizer system is fundamentally limited by the
dc—dc converters, while the DPP system decouples the system
efficiency from the dc—dc converter efficiency.

To better illustrate the efficiency comparison between the dc
optimizer and DPP system, Fig. 2 provides a numerical example
where one PV module (three submodules) is affected by a small
mismatch—the three PV submodules have a 100%, 90%, and
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Fig. 1. Three types of distributed power electronics solutions for PV systems. (a) DC optimizer. (b) Microinverter. (c) DPP-based system.
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Fig. 2.

TABLE I
COMPARISON OF DC STAGE EFFICIENCY FOR THE EXAMPLE IN FIG. 2

Device dc optimizer DPP
Total PV Submodule Power [W] 270 270
Total Power Processed [W] 270 20
Average Converter Efficiency [%] 95% 85%
Power Loss in dc Stage [W] 13.5 3
dc Stage Efficiency [%] 95% 98.9%

80% normalized irradiance, respectively. Either dc optimizer or
DPP converters can be applied to perform submodule MPPT to
mitigate the mismatch. The analysis of the dc stage efficiencies
of both systems are summarized in Table I. Note that since
the dc optimizers are expected to operate mostly in a full load
condition while the DPP converters are expected to operate in
a light load condition, we assume a higher converter efficiency
for the dc optimizers than that for the DPP converters. Even so,
the overall dc stage efficiency of the DPP system is significantly

Comparison of dc stage efficiency between dc optimizer system and DPP system. (a) DC optimizer. (b) DPP.

higher as presented in Table I. A more detailed and more general
example can be found in [28].

Due to the aforementioned advantages, submodule-level DPP
has been widely proposed to be applied directly to utility-scale
PV arrays [19]-[24], [26]-[28], [34], [41], [42] or merged with
module-level dc optimizers [25], [30] or microinverters [39].
However, most of these solutions [21]-[25], [30], [39] perform
voltage equalization (also referred to as “virtual parallel opera-
tion” in some literature). That is, instead of locating the precise
MPP, these solutions are striving to equalize all submodule
voltages, so each submodule does not really operate at MPP
during voltage equalization. Rather than performing true MPPT,
voltage equalization only performs near MPPT. Although true
DPP MPPT has been proposed for large-scale PV systems with
central inverters [19], [20], [26]-[28], [34], [41], the solutions
proposed to date have relatively high complexity in terms of
control method or circuit implementation, while solutions more
suited for microinverters have not yet been explored. Nowadays,
microinverters are the preferred solution for residential PV
installations. In residential PV applications, partial shading
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and other types of mismatch can be more frequent and severe.
Therefore, submodule-level compensation is even more crucial,
yet not fully addressed in microinverter systems.

In this paper, we propose a solution that seamlessly combines
commercial microinverters with DPP converters to address sub-
module mismatch with minimal additional hardware cost and
no change to the existing microinverter design. The key con-
tribution of this paper is the development of a control scheme
to interface DPP converters with a microinverter to perform
submodule-level MPPT. The DPP control algorithm is designed
to be independent of the microinverter control such that no
modification to the existing microinverter design is required.
Additionally, we discuss the tradeoff between true MPPT and
the voltage equalization in terms of control overhead and track-
ing efficiency, and perform both simulations and experiments
to illustrate their differences. We identify the system impact of
real-world challenges, such as the double line frequency rip-
ple caused by the microinverter and propose solutions such as
the digitally assisted windowed current measurement to address
these challenges. Moreover, we design a DPP converter that
achieves high efficiency and substantial hardware miniaturiza-
tion to the point where it can fit into a PV junction box. A
DPP converter hardware prototype has been built to work with
a commercial off-the-shelf microinverter, and both laboratory
and field tests have been performed to prove the concept.

The remainder of this paper is organized as follows: Sec-
tion II discusses the control of DPP converters and their inter-
action with the microinverter. The tradeoff between true MPPT
and voltage equalization is also analyzed. Section III presents
the design of the DPP converters and the digitally assisted win-
dowed current sensing technique. Section I'V provides the exper-
imental results of the DPP converters tested with a commercial
microinverter. Finally, Section V concludes this paper.

II. CONTROL

This section provides an overview on the operation of the
merged system of the microinverter and DPP converters as
well as detailed analyses on its control. The control problem
of achieving submodule-level MPPT with DPP converters in a
microinverter system is formulated. Simulation based on real
PV module data is performed to illustrate the improvement on
energy capture. True MPPT operation and voltage equalization
are compared. In particular, the benefit of implementing true
MPPT over voltage equalization is quantified while the tradeoff
is analyzed.

A. System Overview

We propose merging DPP converters into a microinverter sys-
tem, as shown in Fig. 3, to improve its energy capture. The DPP
converters can be implemented as bidirectional buck—boost con-
verters (see Section III for implementation details). By changing
the duty ratio accordingly, each DPP converter can enforce a de-
sired voltage ratio between neighboring submodules. Together
with the microinverter that enforces certain module voltage (sum
of the three submodule voltages), under proper control, the DPP
converters can adjust the voltage of each submodule toward its
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Fig. 3. Schematic of the proposed microinverter system with DPP converters.

individual maximum power point voltage. Therefore, each PV
submodule can operate at its maximum power point. Meanwhile,
current that is common to all submodules flows directly through
the microinverter series connection, while the DPP converters
shuffle the current mismatches between adjacent submodules,
i.e., the DPP converters provide a path for the differential cur-
rents. A mathematical proof that a DPP system, as shown in
Fig. 3, is capable of true MPPT operation can be derived, and
interested readers are referred to [40] for details.

B. Control Problem Formulation

To design a proper control method for MPPT in this DPP
system, first consider the operation of the microinverter. Most
existing designs of commercial microinverters operate a
module-level MPPT based on a voltage-referenced perturb and
observe (P&O) algorithm, in which the microinverter temporar-
ily enforces a certain PV module voltage V,,,. Therefore, the
microinverter can be considered a controlled voltage source.
When the microinverter executes its P&O algorithm, it perturbs
the module voltage periodically, observes the resulting PV mod-
ule current, and calculates the change in the PV module output
power to decide the direction of the next voltage perturbation.
While it may appear at first glance that significant coupling
exists between the operation of the microinverter and that of
the DPP converters, this is not the case in practice. As will be
shown in Section III, the DPP converters can be designed to
operate at a high switching frequency (on the order of hundreds
of kilohertz) and, thus, have a much smaller time constant than
the perturbation interval of V,,, (typically on the order of tens of
hertz). For the DPP converters, the PV module voltage can be
considered temporarily fixed by the microinverter at any given
time during the P&O interval. Since the power output of the PV
module is

Pm :Vm XIm; (1)

given a temporarily fixed module voltage, the power output
of the PV module is maximized when the module current
I, is maximized, regardless of details of the mismatch be-
tween submodules. With a fixed V,,, for given environmental
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Fig. 4. Visualization of the module current /,,, as a function of DPP converter
duty ratios (D1, D2) with a normalized irradiance profile of 100%, 80%, 50%
on three PV submodules and module voltage fixed at 30 V.

conditions (irradiance, temperature, etc.), the module current is
only a function of the duty ratios of the two DPP converters,
(Dl s DQ ), i.e.,

Im :f(DhDZ)- (2)

Therefore, the control problem for the DPP converters can be
simplified to

maximize [, (D1, Do),
subjectto Vi + Vo + V3 = V. &)

As an example, Fig. 4 shows a simulation result that visualizes
I, as a function of (D;, Ds), given a certain V,,,, in a contour
plot with a normalized irradiance profile of 100%, 80%, 50%
on the three submodules. It is clear from Fig. 4 that this function
I, = f(D1, D9) has only one maximum. It is also easy to see
that, similar to the control algorithm demonstrated in [26], the
DPP converters can maximize the module current I,,, by a DPP
converter P&O algorithm that perturbs the duty ratios (D1, D)
and observes the change in I,,, as illustrated by Fig. 5. Note
that both DPP converters directly read and execute the duty ra-
tio value from this control loop. The discrepancy in duty ratio
and actual voltage conversion ratio due to converter nonideality
has already been compensated in the MPPT control loop, so no
lower level local control for DPP is required. The DPP converter
P&O algorithm is implemented in a relatively fast control loop,
while the original microinverter P&O algorithm is implemented
in a relatively slow control loop. These two control loops operate
independently from each other simultaneously to maximize the
power of all submodules. The proposed control method is simi-
lar to the classical cascade control [43] with the small distinction
that the former is a discrete P&O algorithm, while the latter is
a continuous error-based PID control. The design of classical
cascade control uses a rule-of-thumb approach and generally
consider that the response time of the inner loop should be at
least four times smaller than the outer control loop. In the pro-
totype developed here, the fast loop was designed to be always
at least ten times faster than the slow loop for adequate safety
margins. As long as the fast control loop is at least 10 to 20
times faster than the slow control loop, the module voltage V/,
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Fig. 5. Flowchart of the control algorithm for DPP converters.

can be considered temporarily fixed for DPP converters. Under
these conditions, the proposed DPP control algorithm is capable
of submodule MPPT as analyzed above.

Moreover, as can be seen from Fig. 4 and other similar sim-
ulations, when the mismatch between submodules is not se-
vere, the optimal operating point of DPP is often very close
to (D1, D) = (0.5,0.5). This is because, within certain mis-
match level, the maximum power point voltage of submodules
does not change much with irradiance [23] (a detailed exam-
ple is presented in Section II-C). Therefore, the control of DPP
converters can be simplified: instead of DPP P&O, all DPP con-
verters can simply run at a fixed 0.5 duty ratio with open-loop
control to perform a near MPPT operation. This operation es-
sentially equalizes all submodule voltages, and is capable of
compensating for most of the potential power loss due to mis-
match [21], [23], [30].

C. Comparison Between DPP and Bypass Diodes

To quantify the power yield improvement with DPP (both
voltage equalization and true MPPT) over the conventional
bypass diode solution, the following simulation has been
performed: the P-V characteristics of the three submod-
ules of a PV module (Sunmodule SW 235 Poly) are mea-
sured under different irradiance conditions (the experimental
method to perform these measurements can be found in [44]);
one example of the submodule P-V curves for a particular
irradiance condition (100%, 40%, 20% normalized irradiance)
is shown in Fig. 6; the measured submodule data are used to
calculate the P-V curve of the entire module seen by the mi-
croinverter, with either bypass diode or DPP. Fig. 7 presents
the module PV curve corresponding to the condition of Fig. 6.
Fig. 7 illustrates that DPP converters, with either control method,
achieve significant improvement (more than 1.5 times for this
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Fig. 6. P-V curve of each submodule in a condition of (100%, 40%, 20%)
normalized irradiance. Each submodule operates at its own maximum power
point voltage under true MPPT, while they all operate at Vyp under voltage
equalization.
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Fig. 7. P-V curve of the PV module with diode, DPP running voltage equal-

ization and DPP running true MPPT in an irradiance condition corresponding
to Fig. 6. The submodule P-V curves in Fig. 6 are plotted as well for reference.

particular condition) over bypass diode compensation in terms
of maximum power output. The DPP converters also eliminate
the local maxima caused by the conduction of bypass diodes, so
the module P-V curve is smooth with only one maximum. This
feature greatly facilitates the tracking operation of the microin-
verter (as will be shown by the experiment in Section I'V).

D. Tradeoff Between Voltage Equalization and True MPPT

While true MPPT control gives the theoretical optimal power
output, the simpler voltage equalization reduces the control
overhead. The tradeoff between MPPT precision and the control
overhead is fundamental and requires careful design considera-
tion.

Figs. 6 and 7 illustrate the optimal module voltage for voltage
equalization and true MPPT on the submodule level and the
module level, respectively. Together with Fig. 4, it is easy to see
that the operating point of voltage equalization (Vyp, 0.5,0.5)
is close to that of true MPPT, (V\ippr, Dl,MPPTyDQ,MPPT),
while voltage equalization extracts slightly less power than true
MPPT. To further quantify the power difference between voltage
equalization and true MPPT in all irradiance conditions, the
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Fig. 8. Percentage power loss due to voltage equalization operation instead
of true MPPT for different irradiance conditions. Submodule 1 is fixed at 100%
normalized irradiance, submodule 2 is fixed at 20% , 40%, 60%, 80% and
100% normalized irradiance, and submodule 3 is sweep from 20% normalized
irradiance to 100% normalized irradiance.

percentage power loss due to voltage equalization, defined as

P VP, max
T=1— —"—~=>—]

Prrpp T max
is plotted in Fig. 8.

Although from Fig. 8, it seems that the potential power loss
of voltage equalization is not significant unless the mismatch
is very severe, it should be noted that severe mismatch does
happen quite frequently in residential installations. According
to the study in [45], shading 10% of the solar module can result
in more than 50% power loss. Fig. 9 shows the measured P-V
curve of a PV module (Sunmodule SW 235 Poly) with only a
small part of a submodule shaded, and significant power mis-
match can be observed. Moreover, while the analysis in Fig. 8
considers the best-case scenario of newly installed well-binned
[46] PV modules with no thermal gradients, factors such as
nonuniform ageing [47], temperature difference, less stringently
binned modules (to reduce manufacturing cost) may further in-
crease the mismatch and, under certain circumstances, justify
the use of true MPPT [28].

On the other hand, voltage equalization significantly reduces
the control overhead while maintaining good tracking efficiency.
DPP converters can simply run with open-loop control, requir-
ing no real-time sensing or communication. In comparison, to
perform true MPPT, the module current /,,, has to be measured.
Additional hardware is required if no modification at all is al-
lowed on the microconverter. Otherwise, since the microinverter
needs to measure the module current I, for its own operation,
and the microinverter is often installed immediately on the back-
side of the PV module and, thus, physically close and accessible
to the DPP converters, the DPP converters can share the same
current sensing device (such as a current sensing resistor) with
the microinverter, eliminating the loss introduced by extra cur-
rent sensing. However, a separate amplification and filtering
circuit may be needed for the DPP converters, since they need
to sense the current change faster than the microinverter owing
to the need for a faster tracking loop. In the ideal case, the DPP
converters can be merged into the microinverter circuit board
and share the same control unit, since the control unit typically
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Fig. 9. Partial shading setup and the corresponding submodule P/ curves.
(a) Shading scenario. (b) Submodule P-V curves.

has enough resources to control the DPP converters as well. In
this way, DPP can be incorporated into the microinverter system
with minimal additional hardware cost.

Based on the above analysis, the choice between voltage
equalization and true MPPT typically depends on the application
requirement. If DPP can be designed as part of the microinverter,
true MPPT operations can be implemented with low additional
cost. For a standalone implementation of DPP, voltage equal-
ization is often the more feasible solution. Since microinverter
design is not in the scope of this paper, for the rest of this pa-
per, we mainly focus on the standalone implementation of DPP
converters.

III. DPP CONVERTER DESIGN

In this section, the goal of the DPP hardware design is spec-
ified and a standalone implementation of the DPP converters
is presented. In addition, the challenge associated with mod-
ule current sensing is analyzed and a solution using a digitally
assisted windowed sensing technique is presented.
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Fig. 10.  Schematic of the DPP converter prototype design.

TABLE II
MAIN COMPONENT LIST

Device Model Value Manufacturer
Microcontroller STM32F105 STMicroelectronics
MOSFET CSD18504Q5A Texas Instruments
Linear Regulator KA78L12AMTF Fairchild

L SER1360-103KL 10 uH Coilcraft

C TMK212BBJ106KG-T 10 pFx4 Taiyo Yuden

D gy 1SS416CT(TPL3) Toshiba
Csnife 0402 1 nF

Rghife 0402 40 k2

Amplifier LMP8602 Texas Instruments
Amplifier OPA188 Texas Instruments

A. Hardware Design Goal

Since the DPP converters only process the differential power
between submodules, the voltage and power ratings required for
the DPP converters are relatively low. The low voltage rating
enables the use of small, fast-switching transistors. Since the
energy storage components in the converters (especially induc-
tors) often dominate the circuit size, the use of a high switching
frequency allows for significant size reduction of the DPP con-
verters. A circuit size reduction that fits the DPP converters into
the PV module junction box or into the microinverter chassis is
highly desirable, since otherwise, the cost of a separate enclo-
sure for the DPP converters will significantly add to the total
system cost [48]. The goal of the hardware design is to build a
converter that achieves these objectives.

B. DPP Hardware Design

With these design goals in mind, a DPP converter hardware
prototype design is proposed. The circuit schematic is shown
in Fig. 10 and component selection is summarized in Table II.
Note that Fig. 10 only shows the details of DPP; (those of DPP;
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i)

(b)

Fig. 11. Photograph of hardware prototype. (a) Complete hardware prototype
(with a one-cent coin for scale). The circuit board incorporates three DPP
converters for future development, while only two DPP converters are used in
this paper. (b) Photograph of the hardware prototype fitting into a junction box.

are identical and thus omitted). In this paper, DPP converters are
implemented as bidirectional synchronous buck—boost convert-
ers switching at 300 kHz. A microcontroller, a current sensing
circuit, and a communication interface are also incorporated
into this design to implement the control algorithm of the DPP
converters and to facilitate data collection. An annotated photo-
graph of the DPP converter prototype built based on this design
is shown in Fig. 11(a) (inductors are located on the back side
of the PCB). Note the small size of each DPP converter, which
will consume little additional circuit board space if merged with
the microinverter, or easily fit into a PV module junction box
if implemented as a standalone circuit as shown in Fig. 11(b).
Note that the main converter circuit as well as the auxiliary cir-
cuits have relatively low circuit complexity. More importantly,
the proposed solution is an “add-on” circuit to the microinverter
system. No modification to the original microinverter system is
required. As shown in Figs. 10 and 11(b), DPP converters can be
simply attached to the PV string in the junction box. In compar-
ison, as shown in Fig. 1(a), the original series wiring of the PV
module has to be cut to install submodule dc optimizers, mak-
ing them incompatible with existing PV module manufacturing
steps. Moreover, the microinverter design and connection do not
need to be changed for the proposed DPP system. In summary,
the DPP circuit implementation itself has low complexity and
does not add considerable complexity to the overall system.
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TABLE III
HARDWARE PROTOTYPE SPECIFICATIONS

Submodule Voltage Range 520V
Power Rating (each converter) 60 W
Switching Frequency 300 kHz
Converter Peak Efficiency 95%
Weight 25¢g
Volume 17.29 cm?

The main converter specifications are presented in Table III.
In a typical 250-W PV module, the worst case power that one
DPP converter needs to process is approximately 55 W, which
corresponds to the case when one submodule is fully illuminated
and the other two fully shaded. In this paper, the converter
prototype is rated at 60 W. A control method similar to the one
presented in [49] can be developed to further reduce the power
rating of each converter by trading off the MPPT performance
versus power rating. The maximum converter power is bounded
by the local converter control scheme to a value lower than the
worst-case power rating, but the converter can only perform near
MPPT when the power reaches the new converter limit. Such
control method will further reduce the size and power loss of the
DPP converters, while not impacting the overall performance of
the system too much since the worst-case scenario does not
happen frequently.

C. Windowed Current Measurement

A challenge of implementing the proposed control algorithm
for true MPPT is how to precisely sense the small current change
resulting from the converter duty ratio perturbations. The con-
ventional solution is to use a small current sensing resistor and
an amplifier to convert the module current linearly into a voltage
signal and feed it to the microcontroller ADC. In this application,
the module current typically ranges from 1 up to 8 A depending
on the irradiance, so the gain ratio from the current to the volt-
age signal has to be limited to avoid saturating the ADC. At the
same time, the small current change due to DPP perturbation
can be as low as tens of milliampere, which, after converted to
a voltage signal with the same gain ratio, is typically smaller
than the ADC resolution of a typical low-cost microcontroller.
On the other hand, the requirement on the effective ADC speed
and accuracy is not strict in this application, which allows for
the opportunity to improve the ADC with existing resources on
a typical low-cost microcontroller.

To this end, it is observed that, since the P&O algorithm only
uses the relative change between two measurements, the large dc
value can be subtracted from the signal beforehand using digital
feedback such that the small change can be further amplified.
Therefore, the digitally assisted windowed sensing technique
has been adopted from [50] to implement the current sensing
circuitry as shown in Fig. 12. The first stage uses a conventional
current sensing method: The module current signal is converted
into a voltage signal by a 5-m{2 current sensing resistor and
scaled up linearly by an amplifier with a fixed gain of 50. For
a module current change of 10 mA, the output voltage signal
Usense ONly changes 2.5 mV, which is too small to be effectively
captured by the microcontroller’s ADC. However, any attempt to
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Fig. 12.  Schematic of the current sensing circuity using a measurement
windowing technique.

further increase the gain of this circuit will saturate the amplifier
output and the ADC since a large average value is also present
in the module current. To decouple the relative change and
absolute value of the signal and further amplify the relative
change, the voltage signal vgepse 18 passed to a voltage subtractor
(differential amplifier) stage. A voltage reference vyias that is
slightly smaller than vge,se is subtracted from vgepse, and the
resulting small difference can then be further amplified by the
differential amplifier to get vyindowed, 1-€-

Ry
VUwindowed = F(anse - Ubias)a (4)
1

given that R; = Rj3, Ry = Ry. ©)

In this design, we select Ry = R3 = 1k(), Ry = Ry = 50k(,
so a 10 mA change in module current results in a 5 mV change
in Vgense and eventually a 250 mV change in vyindowed, Which
is large enough to be sensed by the microcontroller’s ADC. The
signal vyi,s 1s provided by the microcontroller’s DAC output
and can be adjusted by the microcontroller to make sure that
it is always slightly smaller than vgense to avoid saturating the
differential amplifier output or the ADC. In our implementation,
before a DPP perturbation, the microcontroller will adjust v
such that vyindowed 18 Within 40% to 60% of the ADC range,
fix the value of wy;,s, then trigger the DPP perturbation, and
observe the change in vyindowed (the change of vyindowed can
even saturate the ADC; the MPPT algorithm will not be affected
since it only needs the direction of the change instead of the
exact value of vyindowed)- The RC filter in the circuit is carefully
selected such that the switching ripple of the converters will not
affect the measurements.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

We have developed an experimental setup as shown in Fig. 13
to verify the effectiveness of the proposed method and to demon-
strate the ability of the DPP converters to work with a commer-
cial off-the-shelf microinverter. In the setup, a Sunmodule SW
235 Poly PV module consisting of three submodules was used.
The PV module was connected to the dc side of a Pantheon II
microinverter from SolarBridge Technologies. The P&O algo-
rithm of the microinverter was slowed down to about 1 Hz
for data capture purposes. A 112-AMX ac power supply that
generated a 220-V sinusoidal voltage to emulate the grid was
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Fig. 13.  Experimental setup.

connected to the ac side. The microinverter, together with the
ac power supply, also powered a 370-W load consisting of four
light bulbs that were also connected to the ac side. Two Agilent
34401 A multimeters were used to measure the PV module volt-
age and current on the dc side. During the entire experiment,
the microinverter was set to operate autonomously.

B. Indoor Experiments

Instead of testing the experimental setup in an outdoor en-
vironment directly, where the environmental factors are uncon-
trollable and constantly changing, we conducted the initial stage
of our experiments indoors in a more controllable and repeat-
able manner. The PV emulation technique in [44] was used:
each submodule was connected in parallel with a HP6634A
dc power supply (omitted in Fig. 13) in current-limited mode;
the power supply current replicates the photogenerated current
to emulate the effect of sunlight illumination; the current-limit
value (i.e., the amount of current sourced by each dc power sup-
ply) determines the intensity of the emulated irradiance on each
submodule. In the experiment, mismatch between submodules
(e.g., an irradiance profile of 100%, 50%, 100% normalized
values) was emulated.

For the first part of the experiment, an HP6060B electronic
load was connected to the PV module to perform a dc voltage
sweep to characterize the P-V curve of the PV module with and
without the DPP converters running. The resulting PV curve
is plotted in Fig. 14(a), which corresponds to the simulation
result shown in Fig. 7. The low-voltage range (below 15 V) of
dc sweep was not performed for DPP-compensated modules in
the experiment because the gate driver of each DPP converter
draws power from its corresponding submodule, and the volt-
age on each submodule is too low to turn the DPP converter on
when the entire module voltage is below 15 V. The maximum
power of the P—V curve with each compensation method is listed
and compared with simulation result in Table IV. Note that for
diode compensation, the bypass diode of the weak submodule
conducted and created a nonconcave module P-V curve with
local maxima, which can trap the MPPT operation of the mi-
croinverter; its actual power output with diode compensation is
much smaller than simulated value because of the power loss
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TABLE IV
EXPERIMENTAL RESULT SUMMARY AND COMPARISON

Experiment Specifications Measured  Simulated
dc sweep Bypass diode maximum power [W] 41.10 46.61
MPPT maximum power [W] 68.79 71.16
Voltage equalization maximum power [W] 67.40 70.46
Microinverter ~ Bypass diode maximum power [W] 27.18 -
MPPT maximum power [W] 69.11
Voltage equalization maximum power [W] 68.32

from diode forward voltage drop. With the DPP converters run-
ning, the mismatch was compensated by the DPP converters
without turning ON the bypass diodes, and the resulting P—V
curve was concave. Note that due to limited dc sweep reso-
lution, limited DPP duty ratio resolution and converter power
loss, the measured maximum power is less than the simulated
value (which represents the absolute best case with ideal con-
verter and very fine tracking resolution). Nevertheless, using
DPP converters with either control method achieves more than
1.6 times improvement over conventional diode compensation
in the experiment.

For the second part of the experiment, the PV module un-
der the same irradiance condition was tested with the microin-
verter. Fig. 14(b) shows the real-time power from the PV module
into the dc side of the microinverter. The DPP converters were
initially turned OFF, so the PV module has only diode com-
pensation. Then, the DPP converters were turned ON half-way
through the test to show the improvement in power output. For
one test, the DPP converters running voltage equalization were
turned ON at ¢ = 43 s; for another test, the DPP converters run-
ning true MPPT were turned ON at ¢ = 17 s. Without the DPP
converters running, the microinverter was trapped by a local
maximum as expected, incurring even more power losses. Once
the DPP converters were turned ON, they smoothed the mod-
ule P-V curve. The microinverter quickly converged to the new
operating point and the power losses were recovered.

A challenge associated with interfacing DPP converters with
a microinverter is the double line frequency ripple created by
the microinverter. This problem is very common in single-phase
inverters: The microinverter dc side has constant dc power input,
while the ac side outputs ac power of twice the line frequency;

Indoor experimental results. (a) PV module power versus module voltage (dc sweep with electronic load). (b) PV module power versus time (full system

energy has to be stored temporarily when the instantaneous
power output is different from the constant power input; this
storage is typically implemented by charging and discharging
a dc-link capacitor or ripple port, resulting in terminal current
and voltage ripples [51]. This ripple might be on the same or-
der as, or even larger than the current change caused by the
DPP converter perturbation. The DPP converter MPPT oper-
ation would thus be interfered with, resulting in compromised
tracking performance. In this paper, we implemented the filter of
the current sensing circuitry with low enough cutoff frequency,
and also averaged the ADC readings over the time period of
double line frequency to eliminate the effect of this ripple so
that the DPP can perform MPPT. However, this also limits the
control bandwidth of DPP MPPT operation below the double
line frequency. Even so, the performance of DPP compensa-
tion is lower bounded by the voltage equalization, which still
provides significant improvement over the conventional diode
compensation.

C. Field Experiments

While the indoor experiments illustrate the static tracking
performance of DPP, to further verify the effectiveness of DPP in
a dynamic real-world environment, the same experimental setup
in Fig. 13 was tested outdoors under real sunlight illumination.
The shading pattern used is the same as shown in Fig. 9(a).
As the sun moves throughout the day, the shadow cast by the
cylinder moves as well, representing a moving shading pattern,
simultaneously. The leaves represent a fixed shading pattern,
yielding an overall shading pattern containing both constant
and time-varying mismatch. For comparison purposes, the test
was set up such that for every 60 s, the DPP converters were
turned ON for 30 s and OFF for the other 30 s (leaving the
module with only the conventional diode compensation). The
microinverter was connected to the PV module and performed
its module-level MPPT all the time. The module power at the
end of each 30 s was recorded to represent the corresponding
module power output with and without DPP converters for that
minute. An example of the measured PV module power over
time in a partially cloudy day is shown in Fig. 15 (note that the
controller only ran voltage equalization in this field test). During
this 1-h period, DPP converters always improve the module
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Fig. 15. PV module power output and accumulative energy output with and
without DPP converters over a 1-h period during the field test.

power output, and the accumulative energy yield is about 1.6
times higher than diode compensation. The field test data further
demonstrates the ability of DPP converters to enable significant
power output improvement in a real-world environment.

V. CONCLUSION

In this paper, we addressed the problem of submodule mis-
match in a microinverter system by combining the microinverter
with DPP converters. Without any modification to the existing
microinverter hardware, DPP converters can be integrated into
the system with the proposed DPP converter hardware design
and the control scheme to perform submodule-level maximum
power point tracking. Experiments with a commercial off-the-
shelf microinverter were conducted and the improvement in per-
formance with DPP converters was experimentally confirmed.
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