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Abstract—Submodule mismatch has become the major cause of
losses in the photovoltaic (PV) power generation system, which
has been an important factor restricting the development of PV
technology. Differential power processing (DPP) architecture is
increasingly employed in PV distributed MPPT (DMPPT) due to
its low processed power. In order to improve the PV utilization
efficiency, minimize the power loss and reduce the system cost, a
novel scheme based on DPP is introduced in this article. The pro-
posed DPP converter is composed of multiple buck–boost choppers,
and a multidimensional perturb and observe (MPO) algorithm is
proposed to achieve true DMPPT through correcting the voltage
of each submodule to its voltage at the maximum power point by
using a single current sensor. A prototype with multiple buck–boost
choppers for 36 V/200 W PV module is designed and built to verify
the operating principle and evaluate the performance of the pro-
posed DPP converter and DMPPT strategy, and the experimental
results show that the prototype is low-cost and effectively improves
system efficiency.

Index Terms—Differential power processing (DPP),
multidimensional perturb and observe, multiple buck–boost
choppers, photovoltaic (PV) module, submodule distributed
MPPT (DMPPT).

I. INTRODUCTION

IN PHOTOVOLTAIC (PV) generation systems, PV elements
(cells, submodules, and modules) often have mismatched

I–U characteristics due to partial shading condition (PSC),
manufacturing variability, and nonuniform aging, etc. Since the
serial elements share the same current, some PV elements cannot
operate at their individual maximum power point (MPP), and the
output power of the system is limited by the underperforming
elements [1]–[5]. By installing bypass diodes on each submod-
ule, the mismatch can be mitigated and PV hot spotting can be
prevented, but the power loss is still significant when a severe
mismatch exists among submodules [6]–[8].
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In order to recover the power loss due to PV module or
submodule mismatch, full power processing (FPP), and dif-
ferential power processing (DPP) distributed MPPT (DMPPT)
architectures, as shown in Fig. 1, are introduced. DC optimizer
[9]–[12] and microinverter [13]–[15], as shown in Fig. 1(a) and
(b), are two typical FPP architectures with a good performance,
which are widely used in module-level DMPPT application. By
installing a microinverter on the port of each PV element, it
is easy to realize MPPT of each element, and only includes
single-stage power conversion. However, the step-up ratio of
the inverter is too high, which leads to the problem of high loss.
Moreover, the cost of installing an inverter or a dc optimizer
in each submodule is too high, so it is currently difficult to
popularize the application at submodule level. In addition, FPP
PV optimizers process full power of attached PV elements,
leading to an inevitably inefficiency of the system.

By contrast, DPP architecture is a cost-effective power man-
agement solution for DMPPT application, as shown in Fig. 1(c)–
(f). DPP architecture enjoys several advantages, such as higher
efficiency, fewer components, and lower cost, since DPP con-
verters process only a small portion of the power delivered by
each PV element and is connected in a way that they process
zero power in the absence of mismatch. Even if the conversion
efficiency of DPP converters is lower than that of FPP converters,
the overall system efficiency is still relatively high. Therefore,
the DPP architecture can reduce the hardware size and cost
of the power converter, which facilitates its integration with
PV submodules and even smaller-grained PV elements. The
submodule-level DPP are categorized into three types, which are
different in connection: PV–PV [16]–[26], PV-bus [18], [27]–
[34], and PV-isolated port bus (PV-IP) [27], [29], [35]–[37].
In PV–PV, the task of the converter is to realize the mismatch
compensation current flow between adjacent submodules. The
voltage stress of the power components in PV–PV is lower
than that of the other two architectures. The architecture is
scalable in the number of PV elements, but this work is not easy,
because converters require all the PV elements to participate in
power compensation, which introduce more power loss. In PV-
bus, the mismatch compensation current flows between the PV
submodules and dc bus. The advantage of the PV-bus architec-
ture is that its processing power is reduced compared to the other
two architectures. In PV-IP, the mismatch compensation current
flows between the PV submodules and an isolated bus, and the
voltage stress of power devices can be very small. Compared to
FPP PV optimizers, the lower power rating of DPP converters
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Fig. 1. PV DMPPT power generation systems. (a) DC optimizer. (b) Microin-
verter. (c) PV–PV DPP system. (d) PV-bus DPP system. (e) PV-IP DPP system.
(f) More integrated DPP system.

offers potential cost reduction and reliability enhancement as
well as higher efficiency in submodule level DMPPT.

In the research on DPP architecture, circuit topologies and
control methods as the research focus had achieved excellent
works. Many topologies, such as bidirectional buck–boost con-
verter [16]–[22], switched capacitor converter [23], [24], reso-
nant switched capacitor converter [25], [26], flyback converter
[18], [27]–[33], [35], [36], Sepic converter [34], and power
electronics equalizer [37], have been introduced. In the above-
mentioned topologies, the control method can be divided into
two main types, including voltage equalization (VE) and true
MPPT. Usually, VE can make the voltage of each PV element
equal. This is based on a theory that the difference of voltage of
mismatched PV elements is paltry. However, the characteristics
of PV elements are often significantly different, and PV array
installed outdoors can easily cause uneven aging, which makes
VE unable to obtain valuable optimization results. But true
MPPT control method could solve this problem since it is not
affected by the difference in characteristics among PV elements.
The DPP converter in [18] achieves true MPPT without using

local distributed current sensors, which significantly reduces
hardware costs and measurement loss, but requires additional
communication modules. The literature [21] introduced the
delta-conversion concept that aims at averaging out differences
in output power between PV cells for PV submodules and
modules, and it has made a contribution to reducing costs and
expanding the scale of applications, but it brings difficulty to
communication and has potential problems of low efficiency
caused by multistage conversion. The circuit implementation of
the switched-capacitor converters proposed in [23] for PV power
management eliminates large power magnetic components, and
a topology proposed in [24] reduces the voltage stress of the
capacitor by half from the conventional switched-capacitor con-
verter. A resonant switched-capacitor converter, which realized
local MPPT is introduced in [26] by inserting an inductor in
a switched-capacitor converter. The work in [28] proposed the
concept of PV balancers and implemented two balancer struc-
tures, including flyback converter and flipped buck converter for
isolated PV elements, but it requires a high-voltage transforma-
tion ratio at the inverter stage. The power electronics equalizer
proposed in [37] employed only one magnetic component, but
could not achieve true DMPPT, and used too many diodes. A
detailed comparison of typical DPP topologies is presented in
Table I. The number of switches, drivers, diodes, transformers,
and auxiliary power supply of the proposed topology is reduced,
which is conducive to further integration and cost reduction of
the converter, and the overall performance of the converter is
satisfactory.

The conventional DPP systems, as shown in Fig. 1(c)–(e), are
often implemented as multiple bidirectional dc–dc converters.
Either one converter connects two neighboring PV elements,
or two converters connect two nonneighboring PV elements
via an intermediate link. In short, the power is transferred
inevitably with two-stage conversion among the PV elements.
In order to reduce the power conversion loss and the number
of current sensors, a more integrated DPP system is introduced
in this article as shown in Fig. 1(f), and the objective of this
article is to demonstrate a united and efficient submodule level
DMPPT scheme with multiple buck–boost choppers to alle-
viate the energy loss that occurs due to mismatches in PV
generation systems. Moreover, in the application of large-scale
PV arrays, the scheme in this article is suitable for forming
a matrix architecture with module-level DPP converters and
module-level microinverters. The module-level DPP converters
and the proposed DMPPT converters are independent, and the
communication module is installed in the microinverter matrix.
The specific implementation of this scheme is discussed in detail,
and experimental verification is carried out.

The remainder of this article is organized as follows. Section II
discusses the mismatch model of PV cells and submodules. Sec-
tion III analyzes the DMPPT strategy based on the multidimen-
sional perturb and observe algorithm. The topology, working
principle, and control strategy are also proposed and studied.
Section IV implements a prototype, and the experimental results
are provided. Finally, Section V concludes this article.

II. PV MODULE AND MISMATCH

A. PV Model

A single-diode electrical equivalent circuit model is well
known for circuit modeling for PV cells, as shown in Fig. 2.
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TABLE I
COMPARISON OF DIFFERENT DPP TOPOLOGIES

∗TM is short for true MPPT.
∗∗Bases on the data obtained from experiment under closed-loop control, including digital circuit loss, sampling loss, driving loss, and auxiliary power loss (level conversion
loss), etc. Detailed data and analysis are shown in Section IV.

Fig. 2. Equivalent circuit model of a PV cell.

The I–U characteristic equation of a PV cell is given by the
following equation:

IPV = (αISC0 +Ct (T − TREF))

− ID0

(
exp

(
q (UPV +RsIPV)

NAKT

)
− 1

)

− UPV +RsIPV

Rsh
(1)

where UPV and IPV are, respectively, the voltage and current of
the series connected PV cells, α is the normalized irradiance (0
≤ α ≤ 1), ISC0 is the short-circuit current, ID0 is the saturation
current, q is the electric charge of a single electron, A is the PV
cell ideality factor, K is the Boltzmann constant, and N is the
number of PV cells in series.

Ignoring the temperature change of the PV cells and the
resistances Rsh and Rs in the model, (1) can be simplified as
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. (2)

Power–voltage equation of PV cells can be written as

PPV = UPV
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))
. (3)

When the bypass diodes are employed to solve the PV mis-
match problem, the equivalent circuit model of PV cells can be
expressed as

IPV = αISC0 − ID0

(
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)
− 1

)

Fig. 3. Submodules with bypass diodes and the characteristic curves.
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where IS0 and n are the saturation reverse current and idealized
factor of the bypass diodes, respectively.

B. Mismatched PV Model

In commercial applications, an integrated PV panel (PV
module) is often made up of three submodules. Therefore, the
circuit topology and control strategy proposed in this article are
dedicated to this type of PV panel, and so are the mathematical
calculations. But it is worth noting that the proposed scheme can
also be optimized and applied to PV panels containing a different
number of submodules, such as two and four. Suppose that the
irradiance of submodule 1, 2, and 3 subjects to α1>α2>α3,
Fig. 3 shows PV submodules with bypass diodes and the output
characteristic curves. It reveals that even if the bypass diode is
employed, the power of the PV cells cannot be fully captured,
which leads to a large power loss, and the P–U curve has multiple



JIANG et al.: ANALYSIS, DESIGN, AND IMPLEMENTATION OF A DIFFERENTIAL POWER PROCESSING DMPPT 10217

peaks, which increases the complexity of MPPT. Based on the
abovementioned theories, a novel multiple buck–boost choppers
topology with a small volume and fewest sensors and DMPPT
strategy are proposed in this article.

III. IMPLEMENTATION OF DIFFERENTIAL POWER PROCESSING

DMPPT WITH MULTIPLE BUCK–BOOST CHOPPERS

In order to achieve the MPP and improve the utilization
efficiency (MPPT efficiency) of the PV cells, the voltages (or
currents) of the three submodules must be tracked to their own
submodule MPP voltages (or currents), since the voltages and
currents at the MPP of PV cells are various under different
irradiance condition. The whole tracking process could be di-
vided into module-level MPPT and submodule-level DMPPT.
The module-level MPPT is used to achieve the tracking of
the output voltage UPV, by the cascaded microinverter; the
submodule-level DMPPT achieves the independent control of
the three submodule voltages. Since the module-level MPPT
operation frequency is usually much lower than the submodule-
level DMPPT control frequency, these two control loops operate
independently from each other simultaneously. The research in
this article only focuses on the submodule-level DMPPT. By
default, the module-level MPPT has finished the output voltage
UPV tracking.

The DPP DMPPT architecture with multiport choppers is
shown in Fig. 1(f). By controlling multiple variables of the
DPP converter, the voltage adjustment of three submodules is
realized, thereby achieving true DMPPT of the PV module.

A. Analysis of DMPPT Characteristics of PV Module

Assume that the irradiances, submodule voltages, and sub-
module MPP voltages are αi, UPVi, and UPVim (i = 1, 2, 3),
and UPV1/UPV = a, UPV2/UPV = b, and UPV3/UPV = c, where
a+b+c = 1.

According to (3), the total output power of the PV module is

PPV(a, b) = a · UPV

(
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The first-order and second-order partial derivatives of PPV(a,
b) with respect to a are obtained as

∂PPV(a, b)
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Fig. 4. Trajectory curves of the maximum point of function clusters PPV (a,
b∗) and PPV (a∗, b).
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Obviously, �2PPV(a, b)/�a2 < 0. Hence, for �b = b∗�[0,
1], �PPV(a, b∗)/�a decreases as a increases, and PPV(a, b∗) has
at most one maximal value point when a�[0, 1].

When −1 ≤ α1 − α3 ≤ 1, −1 ≤ α2 − α3 ≤ 1, the
maximal point trajectory curves of function clusters PPV(a,
b∗) and PPV(a∗, b) (a∗�[0, 1]) are shown in Fig. 4. Where
T11, T12, and T13 are the sets of maximum points of the func-
tion cluster PPV(a, b∗) when α1–α3 = −1, α1–α3 = 0, and
α1–α3 = 1, respectively; T21, T22, and T23 are the sets of
maximum points of the function cluster PPV(a∗, b) when α2–α3

=−1, α2–α3 = 0, and α2–α3 = 1, respectively. Under different
irradiance conditions, for any b = b∗, in the area to the left of
the trajectory T11 (or T12 or T13), PPV(a, b∗) increases with
the increase of a, and in the area to the right of it, PPV(a, b∗)
decreases as a increases; similarly, for any a = a∗, in the area
to the below of the trajectory T21 (or T22 or T23), PPV(a∗, b)
increases as the increase of b, and in the area to the above of it,
PPV(a∗, b) decreases as the increase of b. The intersection point
of the trajectories T1x and T2y (x, y= 1, 2, 3) is the MPP of the PV
module under a certain voltage UPV and irradiance condition.
When UPV = UPV1m + UPV2m + UPV3m, the intersection
point is exactly the distributed MPP (DMPP) of the PV module.
Moreover, this DMPP exists in a domain centered on the point
(a = 1/3, b = 1/3). Based on the abovementioned analysis, we
can limit the operating point of the PV power generation system
to a preset domain, which helps reduce the oscillation loss of
MPPT, and it also plays a very important role in configuring the
automatic reboot of the MPPT.

Therefore, the equation UPV = UPV1m + UPV2m + UPV3m

is true after the process of the module-level MPPT and the
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Fig. 5. Topology and waveforms. (a) Topology of DPP DMPPT with multiple
buck–boost choppers topology. (b) Steady-state waveforms.

submodule-level DMPPT, and finally DMPPT is finished. In
addition, the control of the submodule voltages can be equivalent
to the control of the factors a, b, and c.

B. Topology and Working Principle of Multiport Buck–Boost
Choppers

1) Topology of Multiport Buck–Boost Choppers: The intro-
duced DPP DMPPT topology with multiport buck–boost chop-
pers is shown in Fig. 5. The topology consists of two bidirec-
tional buck–boost choppers. The switch S1, the inductor L1,
and the switches S2and3 constitute the bidirectional buck–boost
chopper I; the switch S3, the inductor L2, and the switches
S1and2 constitute the bidirectional buck–boost chopper II. In
these two choppers, the turn-ON time of S1 is complementary
to that of S2 and 3 with dead time, and so is S3 and S1 and 2,
and the direction and amplitude of the currents of L1 and L2 are
controlled by adjusting the duty of S1 and S3, and then the three
submodule voltages are controlled.

2) Working Principle of Multiple Buck–Boost Choppers:
The direction and amplitude of the inductor currents, IL1 and IL2,
are various due to different irradiance of three submodules, and
the relationship between the current directions and the irradiance

is shown in the following equations:

IL1

{
< 0, 2α1 − α2 − α3 > 0
> 0, 2α1 − α2 − α3 < 0

(9)

IL2

{
< 0, α1 + α2 − 2α3 > 0
> 0, α1 + α2 − 2α3 < 0.

(10)

Taking α1>α2>α3 as an example, IL1 < 0, and IL2 < 0. The
working principle of this circuit is discussed as follows. The
converter has three operating modes within one switch period
according to the different states of S1, S2, and S3, as shown in
Fig. 6. ugs1–3, uL1–2, and iL1–2 are the drive signals of the three
switches, the inductor voltages, and currents, respectively.

State 1: During [t0–t1], S2 and S3 are reversely turned ON,
and S1 is turned OFF. As shown in Fig. 6(a), L1 and
L2 are charged by UPV2 and UPV3 through S2 and
S3.

State 2: During [t1–t2], S1 and S2 are forward turned ON, and
S3 is turned OFF. As shown in Fig. 6(b), L1 and L2

are discharged by UPV1 and UPV2 through S1 and
S2.

State 3: During [t2–t3], S1 is forward turned ON, S3 is re-
versely turned ON, and S2 is turned OFF. As shown
in Fig. 6(c), L1 is charged by UPV1 through S1, and
L2 is discharged by UPV3 through S3.

According to the volt–second balance of L1 and L2

(UPV2 + UPV3)× TOFF1 − UPV1 × (TOFF2 + TOFF3)= 0
(11)

(UPV1 + UPV2)× TOFF3 − UPV3 × (TOFF1 + TOFF2)= 0.
(12)

Define the OFF duty of the switches

D=TOFF/TS (13)

where TS and TOFF are, respectively, the switching period and
the OFF time of a switch within one switching period. The OFF

duty of the switches S1, S2, and S3 are D1, D2, and D3, respec-
tively. Since S1 and S2&3, S3 and S1&2 work in complementarily

D1 +D2 +D3 = 1. (14)

According to UPV1/UPV = a, UPV2/UPV = b, UPV3/UPV =
c, and (11)–(14), (15) is true

⎧⎨
⎩

D1 = a
D2 = b
D3 = c.

(15)

Therefore, the submodule voltages can be controlled by the
OFF duty of S1–S3, and then achieve DMPPT of the PV module.
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Fig. 6. Equivalent circuit of all states. (a) Equivalent circuit of state 1. (b) Equivalent circuit of state 2. (c) Equivalent circuit of state 3.

Fig. 7. Control system block diagram and flow chart. (a) Block diagram of the control system. (b) Iterative control flow chart of constant pressure equalization
combined with multidimensional perturb and observe.

C. Design and Implementation of DMPPT Control System

The schematic of the proposed DMPPT system and the PV
array generation system is shown in Fig. 7. The DMPPT control
system consists of five parts, including main power circuit,
control circuit, sampling circuit, drive circuit, auxiliary power
supply, etc. These parts are all connected in a common ground
(GND), with UPV3 as an auxiliary power supply. A small sensor
resistor and resistor dividers are used to sample current and
voltage, respectively. The driver comprises of two bootstrap
circuits.

The system controls UPV3 indirectly by controlling UPV1

and UPV2, and tracks the maximum power by sampling the
voltage UPV and current IPV of the PV module. As mentioned
in Section III, in this case, the proposed DPP converter and
microinverter work together to achieve real-time tracking of

three-dimensional vectors with main constraints and maximize
the module current IPV through the multidimensional perturb
and observation (MPO) algorithm that perturbs the OFF duties
and observes the increment of PPV as illustrated by Fig. 7(b).
When the submodule DMPPT process is launched, VE is started
first to achieve fast tracking of approximate DMPP, which im-
proves the response speed of the system; then MPO is started to
achieve three-dimensional tracking of DMPP.

Fig. 8 presents the complete DMPPT process under α1 = α3

= 1, and α2 = 0.1. Before the DMPPT process is launched, the
PV module achieves global MPP (point A) in multipeak P–U
characteristics by module-level MPPT controller. The VE would
be completed within the first few switching cycles of power-ON,
and the operating point moves from A to B; then MPO optimizes
the output power, and accurately tracks the operating point to
point C, which is the DMPP point.
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Fig. 8. Complete DMPPT process. (a) Complete DMPPT path. (b) MPO path. (c) MPO dynamic changes of a, b, c.

TABLE II
MAIN COMPONENT LIST

The prices of the device are from https://www.digikey.cn.

TABLE III
INSTRUMENTS AND MAIN PARAMETERS OF EXPERIMENT SETUP

Fig. 8(b)–(c) presents the optimization paths of the voltage
factors a, b, and c in MPO algorithm. Factors a and b are
perturbed interleaved and the output power is observed. When
both a and b enter the minimum pulsation mode, the DMPPT
is finished. Note that the algorithm shown in the figure uses a
fixed perturbation step size, but the variable step perturbation
algorithm can be used to further improve the system’s response
speed and reduce the oscillation loss.

IV. EXPERIMENTAL RESULTS

A DPP DMPPT with multiple buck–boost choppers for
36 V/200 W PV module is designed and built to verify the
operating principle and evaluate the performance of the proposed
DPP converter and DMPPT strategy. The main component list of
the experimental prototype and instruments and main parameters
of experiment setup are shown in Tables II and III, respectively.

The DPP converter is implemented as a bidirectional syn-
chronous buck–boost converter. Due to the small size of the
converter, if it is combined with a centralized MPPT controller, it
will consume little extra circuit board space; if it is implemented
as an independent circuit, it is easy to be directly combined and
installed in the PV module junction box. Moreover, the DPP

converter itself has a simple structure, so it will not add greater
complexity to the entire system.

A. Experimental Results

The photographs of the prototype are shown in Fig. 9, and
Fig. 10 shows the experimental steady-state and dynamic results
in a closed-loop manner to investigate its performance.

In the steady-state experiment, the irradiance is set to (α1,
α2, α3) = (1, 0.2, 1). Fig. 10(a) and (d) shows the driver voltage
and submodule voltage waveform. Reverse-conducting switches
(such as S2) can be replaced with MOSFET body diodes, which
reduces the control difficulty, but at the same time may cause
additional power loss. Since the irradiance of submodule 2 is
the lowest, its voltage is also the lowest, which is only 10.90 V,
while that of the other two submodules is 11.85 V. In Fig. 10(b)
and (e), before the sudden change in irradiance, the system has
reached steady state, UPV1 = UPV2 = UPV3 = 11.85 V, IPV1

= IPV2 = IPV3 = 5.63 A, and all PV submodules work stably
at their respective MPPs; after a sudden change in irradiance,
the irradiance of submodule two decreases, so its MPP moves to
the direction of decreasing voltage, UPV2 decreases to 11.69 V,
whereas UPV1 and UPV3 increase to 11.93 V (since the total
output voltage is the same as before the irradiance changes),
correspondingly, IPV2 is rapidly reduced to 3.32 A, and IPV1

and IPV3 are reduced to 5.58 A at the same time. In Fig. 10(c)
and (f), before the sudden change in irradiance, the irradiance of
submodule 2 is lower than that of submodules 1 and 3, and its
operating point voltage is also lower than that of submodules 1
and 3, UPV1 = UPV3 = 11.93 V, UPV2 = 11.69 V, IPV1 = IPV3

= 5.58 A, IPV2= 3.32 A; after a sudden change in irradiance, the
irradiance of submodule 2 rises to equal to that of submodules
1 and 3, and its MPP moves in the direction of voltage rise,
UPV2 rises to 11.85 V, and UPV1 and UPV3 reduce to 11.85 V,
the voltage of all submodules reach the same, correspondingly,
IPV1, IPV2, and IPV3 are increased to 5.62 A at the same time, so
the submodules work at the MPPs. The dynamic process lasted
about 10 ms, after which the system reached a steady state again.

The experimental results show that the system output is stable,
and the system can response to the irradiance change quickly, and
the designed closed-loop control system can achieve superior
control performance. The correctness of theoretical parameters
and closed-loop design is proved.
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Fig. 9. Prototype photographs. (a) Indoor experiments setup. (b) Installed in PV panel junction box. (c) In detail.

Fig. 10. Experimental waveforms. (a) Gate driver waveforms and (d) voltage waveforms when irradiance is (α1, α2, α3) = (1,0.2,1). (b) Voltage waveforms and
(e) current waveforms when irradiance changes from (1,1,1) to (1,0.6,1). (c) Voltage waveforms and (f) current waveforms when irradiance changes from (1,0.6,1)
to (1,1,1).

B. DC-Side Efficiency, Conversion Efficiency, and Utilization
Efficiency

Considering various DPP architectures as described in Sec-
tion I, how to evaluate the efficiency of a DPP system is a great
challenge. It is obviously inappropriate to represent the effi-
ciency of the whole system only by the conversion efficiency of
one converter unit in the system. Therefore, this article proposes
a method, that is, to regard the PV side and the load side as
the input and output of the multiport bidirectional converter in a
DPP system, and the dc-side efficiency in this article is defined
as

ηdc=
Pload

PPV
(16)

where PPV and Pload are the output power of the PV module
and the power of dc load or input power of cascaded centralized
inverter, respectively.

Through this method, we can relatively fairly evaluate the
efficiency of various topologies in different DPP architectures.
This method is not affected by the number of input ports and
output ports of a system, and can better compare the performance
of different DPP architectures. In the experimental setup of
this article, because the proposed converter includes multiple
bidirectional ports, it is difficult to measure its actual conversion
efficiency, but its dc-side efficiency is easy to get. The following
is an analysis of the relationship between dc-side efficiency of the
DPP system and equivalent conversion efficiency the converter.
Its equivalent conversion efficiency can be written as

ηcon= 1− PPV − Pload

Pprocess
(17)
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Fig. 11. Efficiency curves of α1=α3=1, α2=0.2→1. (a) DC-side efficiency.
(b) Equivalent conversion efficiency. (c) PV utilization efficiency. (d) Improve-
ment of PV utilization efficiency compared to conventional scheme.

where Pprocess is the processed differential power of the DPP
converter, and in the experimental setup of this article, Pprocess

could be calculated as

Pprocess=
|α1 − ᾱ|+ |α2 − ᾱ|+ |α3 − ᾱ|

2
× 200

3
(W) (18)

where ᾱ = (α1+α2+α3)/3.
The measured dc-side efficiency of the prototype, equivalent

conversion efficiency of the converter, measured PV utiliza-
tion efficiency, and improvement of PV utilization efficiency
compared to conventional scheme are depicted in Fig. 11, and
the dc-side efficiency is measured under closed-loop control,
including digital circuit loss, sampling loss, driving loss, and
auxiliary power loss (level conversion loss), etc., which can bet-
ter reflect the characteristics of the system under actual working
conditions. Fig. 11 shows the following.

1) The dc-side efficiency decreases with the increase in the
severity of the PV submodule mismatch. When the irra-
diance is uniform (α1 = α2 = α3 = 1), the converter
efficiency reaches nearly 100%, because all the generated
power is transferred without being processed. As α2 de-
creases, the efficiency also decreases. When α2 = 0.2, the
converter efficiency decreases to 95.25%. This is mainly
because of the higher power processed by the converter
under severe mismatch conditions, and the conversion loss
is also higher.

2) The equivalent conversion efficiency reaches 92.3% under
slight mismatch conditions and over 80% under severe
mismatch conditions.

3) According to the measured data, under closed-loop op-
erating conditions, the PV utilization efficiency of the
proposed converter under uniform irradiance condition
(α1 = α2 = α3 = 1) is 99.81%; when the mismatch is not
severer than α1 = α3 = 1 and α2 = 0.4, the PV utilization

efficiency is higher than 99.65%. This means that the
proposed converter works well with different inputs.

4) Compared with the conventional scheme of bypass diodes,
the proposed scheme has a significant effect on the im-
provement of PV cell utilization efficiency, and the im-
provement reaches 21.19% when α2 = 0.6.

Hence, the proposed converter minimizes the number of com-
ponents, and only employs an auxiliary power and drives three
switches with the help of level shifters. Moreover, the converter
realizes local true MPPT and compared with other references,
the conversion efficiency is satisfactory.

V. CONCLUSION

This article discusses the development status of PV opti-
mizers based on FPP and DPP architectures, and proposes a
scheme with multiple buck–boost choppers based on DPP and
an interleaved iterative MPO algorithm to achieve DMPPT
and maximize the output power of PV module under PSC. In
the proposed scheme, power is directly transmitted between
submodules without any intermediary. The MPO algorithm is
developed based on the DMPPT model of PV series mismatch,
which can improve the dynamic response performance, reduce
the oscillation loss, and realize true local MPPT. A prototype
with a conversion efficiency of 92.3% for 200 W PV module is
implemented. Experimental results show that the proposed algo-
rithm can effectively track the local MPP, and the PV utilization
efficiency is higher than 99.65% when the mismatch is not se-
vere. This work has made contributions to miniaturization, cost
reduction, and complexity reduction of the DPP converter, and
provides a good reference for the further integration of hardware
and PV submodule level DMPPT engineering applications, and
provides experience for the future implementation of DMPPT
at a higher level of granularity such as PV cell level.
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