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Segmented Differential Power Processing Converter
Unit and Control Algorithm for Photovoltaic Systems

Hoejeong Jeong
A-Rong Kim

Abstract—Differential power processing (DPP) for photovoltaic
(PV) systems can achieve high system efficiency and maintain
maximum power production even under mismatched conditions.
However, DPP converters applied to large-scale systems have chal-
lenges of complicated installation and high voltage ratings. The
segmented DPP structure is introduced as a modular approach
that utilizes groups of bidirectional DPP flyback converters to
maximize PV power generation while minimizing converter power
loss. Groups of four DPP converters are combined into a segmented
DPP unit with maximum power point tracking (MPPT) control to
maximize output power of the unit. The segmented DPP system and
control algorithm are verified through simulation and hardware
experimentation. Simulation results verify the effectiveness of the
control algorithm with multiple segmented DPP units interacting
with a typical inverter employing MPPT. Experimental results
verify that system efficiency of the segmented DPP unit reaches
96.4% in even lighting conditions, reaches 92.7% in severe partial
shading conditions, and shows an increase of up to 14.8 % in uneven
lighting conditions compared to an equivalent series-connected PV
system.

Index Terms—Bidirectional flyback converter, dc—-dc converter,
differential power processing (DPP), maximum power point
tracking (MPPT), partial power processing, photovoltaic (PV)
systems.

1. INTRODUCTION

N SOLAR photovoltaic (PV) systems that provide renewable
I energy to the electric grid, PV panels are typically connected
in series to achieve high voltage required for grid connection.
A power converter controls the PV panels to operate at the

Manuscript received April 20, 2020; revised July 7, 2020, August 27, 2020,
and November 9, 2020; accepted December 8, 2020. Date of publication Decem-
ber 14, 2020; date of current version March 5, 2021. This work was supported
in part by the Research Institute of Industrial Science and Technology (RIST),
Korea, through the grant on DPP Technique Development for Improving PV
Efficiency under Grant 2017A032 and in part by the Ministry of Science and
Technology, Taiwan, under Grant 109-2218-E-002-011-MY3. Recommended
for publication by Associate Editor S. Mekhilef. (Corresponding author: Kather-
ine A. Kim.)

Hoejeong Jeong, Seungbin Park, and Jee-Hoon Jung are with the
School of Electrical and Computer Engineering, Ulsan National Institute
of Science and Technology (UNIST), Ulsan 44919, South Korea (e-mail:
hjeong94 @unist.ac.kr; spsb95 @unist.ac.kr; jhjung @unist.ac.kr).

Taewon Kim and A-Rong Kim are with the Research Institute of Industrial Sci-
ence and Technology, Pohang 37673, South Korea (e-mail: robokim @rist.re.kr;
arkim83 @rist.re.kr).

Katherine A. Kim is with the Department of Electrical Engineering, National
Taiwan University, Taipei 10617, Taiwan (e-mail: kakim @ntu.edu.tw).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TPEL.2020.3044417.

Digital Object Identifier 10.1109/TPEL.2020.3044417

, Student Member, IEEE, Seungbin Park, Jee-Hoon Jung
, and Katherine A. Kim

, Senior Member, IEEE, Taewon Kim |
, Senior Member, IEEE

ST pc [t 1o gt:ring T To _String
PV, Op, | Inverter DPP, Inverter
~ DC + rd
PV; Ops | DPP; -
J + >
~—
PV, pe PV,| | oep,
- . _— —
S J +r
PV De PV,| | Dpp,
i Opr | =

(a) (b)

Fig. 1. Main current flow of (a) FPP and (b) DPP systems.

maximum power point (MPP) of the series string and transfers
power to the load. However, series-connected PV panels cannot
always generate maximum power because mismatch among the
panels, due to shading or uneven sunlight, can severely reduce
the power output. To overcome this problem, full power pro-
cessing (FPP) systems like dc optimizers or modular integrated
converters (MIC) are widely used [1]. These FPP converters are
normally connected to each PV panel to convert and control
power from each PV panel individually [2], [3]. With individual
control, the PV panels can generate near-maximum power, but
the converters process the full power of the PV panels, which
contributes to losses that are proportional to the power level.
Thus, the PV-to-output system efficiency in an FPP system
cannot exceed the power converter efficiency.

Differential power processing (DPP) systems have been stud-
ied to achieve high efficiency under partial shading and mis-
matched conditions [4]. DPP converters are also connected to
each PV panel, like FPP converters, but the architecture is fun-
damentally different. When the PV panels experience mismatch,
the DPP converters transfer a small amount of power to maintain
MPP operation [5], [6]. In other words, DPP systems process a
smaller amount of power compared to FPP systems. Fig. 1 shows
the main current flow of FPP and DPP systems. As shown, in the
FPP system, the main power flows through the FPP converters,
which process the full amount of PV power. Conversely, in the
DPP system, the main power flows through the PV panels and the
DPP converters process a small amount of power, rather than full
PV power. For this reason, the power rating of the DPP converter
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Fig. 2.

Different colored BIPV installed on a building[8].

is lower than that of the FPP converter such that converter loss
and component cost can be lower. Also, since full power is not
always flowing through the DPP converters, the wear of the DPP
converters can be reduced, which has reliability benefits.

DPP converters are particularly conducive to PV installa-
tions that are frequently exposed to uneven lighting conditions.
Building-integrated photovoltaic (BIPV) systems are one such
example, where PV panels are often installed at different angles
because they are integrated into the building structure [7]. In this
article, the target application is a BIPV system where PV panels
are installed vertically on the wall of a building. Each PV panel
is covered with a sheet of glass, but the sheets of glass are tinted
with different colors for purely aesthetic reasons to match the
building’s design, as shown in Fig. 2 [8]. In this installation, the
PV panels experience both slight mismatch, in both illumination
and temperature, due to the glass tinted with different colors
and severe mismatch due to building self-shading at certain
times of the day. With the level of mismatch expected in this
type of BIPV installation, DPP converters are chosen for their
ability to yield higher efficiency and performance compared to
series-connection or FPP converters.

An example of the DPP architecture referred to as PV-to-bus
[9]is shown in Fig. 1(b). In this architecture, each DPP converter
is connected between a PV panel and the PV string voltage,
where the PV string voltage is equivalent to the system bus
voltage. Previous work has validated various converter topolo-
gies for PV-to-bus DPP converters, including the flyback [10],
multistacked LLC resonant [11], and multistacked SEPIC [12].
Ideally, each PV-to-bus DPP converter is bidirectional such that
it supplies or draws current to maintain MPP operation of the
PV panel [9]. When the PV-to-bus system operates at the unique
minimum where the least amount of power is processed, the
system achieves higher output power than FPP converters and,
generally, better performance than other DPP architectures such
as PV-to-PV converters, which connect between a PV panel and
an adjacent PV panel [13].

DPP converters have shown clear advantages in higher power
production and lower converter ratings, yet they have still
not gained traction in the commercial market [4]. One major
challenge is in the implementation of previously proposed DPP
architectures, particularly, for high-voltage grid-connected PV
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Fig.3. Segmented DPP unit connection diagram.

systems. For DPP systems to be commercially viable, increased
energy capture must be achieved at lower or equivalent cost
of existing PV converter systems. Further, system installation
should be straightforward to reduce labor costs and minimize
the chance of incorrect installation. The converter system should
also be modular such that it could be scaled up without the need
for completely redesigning or rewiring the entire system. Thus,
for PV DPP systems to be widely adopted, they should have
a cost-effective modular design that improves overall system
efficiency.

To meet these needs, this article proposes a segmented DPP
system, as shown in Fig. 3, which is modular and requires
minimal connections. In this architecture, groups of DPP flyback
converters are modularized into a unit that is controlled and op-
erates independently. This structure enables the DPP converters
to be designed with lower voltage stresses and low cost.

The work in [14] proposed a DPP architecture that connected
between the PV panels and an isolated bus, which also benefited
from lower voltage ratings on the isolated bus side. It was
implemented at the submodule level of a PV panel, which is
also a type of segmented DPP system if the submodule DPP
units are connected in series. However, [14] does not explore
or analyze the effect of connecting the submodule DPP units
in series. Also, [14] uses voltage balancing control of the three
substrings of a PV panel, which works well when the PV MPP
voltages are nearly equal. However, it is less effective in systems
that experience severe mismatch, particularly when temperature
varies between PV panels, causing the PV MPP voltages to vary
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[15], [16]. Since temperature variation is expected in the target
BIPV application, individual MPPT control is a requirement.

Earlier work in [17] introduced, explored, and validated the
segmented DPP concept but only referred to it as a unit DPP
converter. It consisted of flyback converters that controlled PV
operation by processing power between the PV and a shared bus,
and a boost converter that controlled the voltage of the shared
bus by processing power between the shared bus and the stacked
PV string. The maximum system efficiency achieved with that
work was 94.7% under even lighting conditions. This article
improves on the concept by removing the boost conversion
stage to simplify the structure and further increase conversion
efficiency. This article also details the control algorithm that
allows for individual MPPT of the PV panels connected to the
segmented DPP unit.

The contributions of this article are the introduction of the
segmented DPP topology, development of an individual MPPT
control algorithm with minimal sensor requirements that inde-
pendently controls each segmented DPP module, experimental
validation of the modular segmented DPP unit, and experimental
results of the system’s improved performance over existing solu-
tions. The final results show effective operation of a segmented
DPP module consisting of four bidirectional flyback converters,
and high system efficiency, up to 96.4% under even lighting
conditions.

II. MODULARITY AND CABLING

Modularity and ease of installation are critical for wider com-
mercial acceptance of PV DPP systems. Also, additional cables
and connectors needed for DPP converters add manufacturing
cost such that additional wiring should be minimized. Standard
PV panels are manufactured with a watertight junction box that
has two standard-length cables and standard watertight MC4
connectors. DPP systems should easily interface with these
standard PV panel cables and be straightforward to install.

A. PV-to-Bus DPP

In designing PV-to-bus DPP converters, one challenge is the
high voltage step-up ratio from the PV-side to the bus-side. In a
string of n PV panels, the output voltage of the DPP converters
should be rated to boost n times the input voltage. While this is
reasonable for small values of n, itis problematic for long strings
of PV panels. Also, the physical wire connections of a PV-to-bus
DPP system are complicated and require numerous connections.
If the PV-to-bus architecture is implemented with n individual
DPP converters, each DPP converter requires eight connectors:
two for the PV, three for one adjacent DPP converter, and three
for the other adjacent DPP converter. For a system of n PV
panels, the total number of connectors is 8n and the number of
additional cables (excluding PV panel cables) is 3(n — 1) + 4.

B. Segmented DPP

Segmented DPP addresses these challenges by being mod-
ular, using a minimal number of connections, and reducing
the number of additional cables to allow for straightforward
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TABLE I
CONNECTORS AND CABLES FOR DPP ARCHITECTURES
. Number of Ex: n =12
Architecture Conn Cables Conn. | Cables

PV-to-bus 8n 3n—1)+4 96 132

dc optimizer an 2n 48 24

seg. DPP (m=4) | 2 241 30 4

seg. DPP (m=6) | in 241 28 3

installation. In this approach, the original PV-to-bus architecture
is segmented such that the output voltage of the DPP converters
is not the entire PV bus but the voltage of a smaller subset of
PV panels. Adjacent PV panels are connected to one segmented
DPP unit that consists of multiple DPP converters. Then, the
DPP units are connected together to form the overall string. The
standard PV cable length should connect a panel to the nearest
segmented DPP unit. For n PV panels, let m be the number of
PVs connected to one PV unit such that there are n/m DPP
units. Then, each DPP unit has 2(m + 1) connections: two for
each PV panel connected to the unit and two for the adjacent
DPP units.

As a point of comparison, dc optimizers are commonly imple-
mented as an additional unit that attaches to the backside of each
panel. The two standard PV cables connect to the dc optimizer
unit and two additional cables with standard MC4 connectors
connect to the adjacent dc optimizer units, one for each side.
For n PV panels, each dc optimizer unit has 4n connections and
2n cables. Since dc optimizers have been commercialized for
many years in the PV industry, the number of connectors and
cables is considered a baseline for industry acceptance.

Fig. 4 shows the connectors and cables for a segmented DPP
system viewed from behind the PV panels for m = 4. Table I
summarizes the number of connectors and cables needed for
the conventional PV-to-bus implementation, dc optimizers, and
the segmented DPP architectures; it also gives the numbers for
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an example case of n = 12 PV panels. The PV-to-bus system
requires 96 connectors and 132 cables for 12 PV panels, which
is significantly more than the dc optimizer system that requires
48 connectors and 24 cables. Conversely, the segmented DPP
systems require 30 connectors or fewer and only 3—4 cables. The
segmented DPP approach has a significantly lower connector
cost and fewer cables to ease installation such that segmented
DPP is viable for commercialization and industry acceptance.

III. SEGMENTED DPP SYSTEM

The segmented DPP system is proposed to reduce wiring
complexity, lower the high step-up ratio of the converter, and
improve modularity, compared to the existing PV-to-bus DPP
system. Although the architecture is based on the PV-to-bus
architecture, its structure and operation are fundamentally dif-
ferent. It has unique challenges in terms of converter design and
control.

A. Structure of the Segmented DPP System

In the segmented DPP architecture, each segmented DPP unit
consists of m DPP converters connected to m PV panels. Fig. 3
shows an example of segmented DPP system connected to four
PV panels where m = 4. The input of each DPP converter is
connected to one PV panel and the output of each DPP converter
is connected to the series connection of m PV panels. Each
DPP converter controls its adjacent PV panel at its MPP and
operates bidirectionally to transfer power from the PV panel
to the string of m panels or vice versa. The DPP converters
need galvanic isolation between input and output because the
DPP converter inputs are connected in series while the DPP
converter outputs are connected in parallel; thus, the primary
and secondary ground should be isolated.

The segmented DPP unit is modular and scalable such that
m PV panels are connected to a unit and, then, units can be
connected in series to form the string that connects to the string
inverter. One practical design requirement is that the standard PV
panel cables should be able to connect to the segmented DPP
module for ease of installation. Based on physical constraints
of the standard-length cables, the number of PV connections is
generally limited to m < 9 (3 by 3 panel configuration con-
necting to one unit). There is a basic tradeoff between the
number of panels connected to one segmented DPP unit and
system performance. The value of m is related to the number
of panels that can exchange power with each other in order to
offset mismatch. A larger value of m means that the unit will
balance power among more PV panels in the string. Conversely,
a lower value of m means that the unit will balance power
among fewer PV panels, which can lower overall performance
at the string level. However, a lower value of m decreases the
segmented DPP converter’s voltage boost ratio and reduces the
connections to one unit. In this article, the selection of m is
based on considerations of physical connections, performance,
and testing capabilities for the target BIPV application. A design
with four PV panels connected to one unit, m = 4, was selected.
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TABLE II
BIDIRECTIONAL FLYBACK CONVERTER DESIGN PARAMETERS

Parameter Primary | Secondary
Voltage 128 V 512V
Current +2.0 A +05 A

Switching frequency 100 kHz
Coupled inductor turns 7 19
Magnetizing inductance 8.9 uH 64.88 uH

Leakage inductance 0.25 pH 1.92 yH

Snubber Capacitance 200 nF 10 nF

Snubber Resistance 1.2 kQ 23.5 k2

B. Bidirectional Flyback DPP Converter

This work examines a segmented DPP unit with m = 4,
which shows the benefits of the architecture while maintaining
a moderate converter output voltage. The DPP converter used
is a bidirectional flyback converter [14], [18]. Bidirectional
operation is needed because the converter should take extra
power away when the MPP current of the PV is higher than
the substring current (Igs) and provide additional power to the
PV when the MPP current is lower than Igs. In this way, the
DPP converter can maintain PV operation at the MPP current,
regardless of Igg [4]. Fig. 5 shows the circuit diagram for the
bidirectional flyback converter, where the diode of the unidirec-
tional flyback converter is replaced by a MOSFET. For forward
operation, MOSFET () is driven and the body diode of )5 acts as
a diode; for reverse operation, () is driven and the body diode
of (J1 acts as a diode.

1) Converter Design: The voltage rating of the DPP con-
verter depends on the PV panel open-circuit voltage V. and the
number of panels connected to one DPP unit m. The primary
side is rated at V. of the PV panel and the secondary side is rated
at mVy.. The nominal voltage ratings of the converter are based
on the panel’s MPP voltage Vi at which the PV panels usually
operate. For this work, Voo = 16V, Vippp = 12.8 V,and m = 4.
The converter current rating is directly related to the expected
current mismatch of the PV panels. The work in [13] identified
power ratings at 15%—17% of the panel rating to compensate
for mild PV mismatch in PV-to-bus converter systems. For this
work, the current limit was chosen as 2.0 A for PV panels
with MPP current of 8.3 A, which is equivalent to 24% of the
panel rating. The flyback converter design parameters are shown
in Table II. RCD snubbers are used on both the primary and
secondary sides, as shown in Fig. 5. The snubber reduces the
high voltage over the MOSFET caused by the resonance between
the leakage inductance and switch capacitance. Each snubber
is designed according to [19] such that the snubber capacitance
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Bidirectional Flyback Converter Diagram
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Fig. 6. System diagram of the bidirectional flyback converter.

and resistance values differ based on parameters of each side
[20], as outlined in Table II.

To operate the two MOSFET switches, gate drivers on both
the primary and secondary sides are needed, where both drivers
require a steady 12-V supply. Because the voltage of one PV
panel may be lower than 12 V in some operating conditions,
power is supplied from the secondary-side voltage, which is are-
liably high voltage. However, since the primary-side gate driver
ground should be separated from the secondary-side ground, a
low-power isolated dc—dc converter is used for the primary-side
gate driver and a low dropout (LDO) linear regulator is used
for the secondary-side gate driver. An additional LDO linear
regulator powered from the secondary side to 5 V is used to
supply power to the voltage and current sensors of the converter.
Fig. 6 shows the diagram of the bidirectional flyback converter.

2) Converter Operation Mode: A flyback converter can be
designed to operate in continuous conduction mode (CCM)
or discontinuous conduction mode (DCM). In CCM, the body
diode needs time for reverse recovery due to the characteristics
of the MOSFET body diode. This causes a large peak and ripple
current through the driven switch, which causes reverse recovery
loss. In DCM, the input side switch is turned ON when the output
side current has already reached zero such that there is no reverse
recovery loss. Also, there is no right half plane zero in DCM,
which makes the compensation feedback control loop easier to
design. Thus, the bidirectional flyback converter was designed
for DCM operation.

As a segmented DPP converter, the flyback converter should
control the primary-side current I; to a positive value in forward
mode and a negative value in reverse mode. Let D1 be the duty
ratio for ()7 in forward mode and D5 be the duty ratio for Q2
in reverse mode. For DCM operation, the voltage gain in the
forward direction [21] is

‘/SSC
Vi)ri

Viec '
=D _— (1)
"\ 2Lmp Leee

where V. is the secondary-side voltage, V},; is the primary-
side voltage, 1" is the switching period, Ly, is the primary-
side magnetizing inductance of the coupled inductor, and I is
secondary-side current. Solving for D; and using power balance
to substitute in Iy yields

2L 00 Lo
D, =,/ —=mp7pn 2
1=/ VT (2)
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Similarly, the voltage gain in the reverse direction is

Vi)ri VriT
= Dy | 52— 3)
‘/;ec 2 2Lms(_Ipri)

where L, is the secondary-side magnetizing inductance of the
coupled inductor and —1; is the current flowing out of the
primary side. Then, solving for D5 yields

2Lms Viari(_Ipri)
BT @

Equations (2) and (4) show that both duties D; and D5 can be
expressed in terms of Ip,; such that they can be used to control
the primary-side current in both forward and reverse modes of
the DPP flyback converter.

IV. SEGMENTED DPP CONTROL ALGORITHM

The goal of the segmented DPP control algorithm is to
maximize PV power production while reacting quickly to light
changes. Two control modes are proposed for the segmented
DPP unit: voltage balancing to quickly bring the operating
point near the MPP and MPPT to reach the true MPP for each
panel. Both control modes operate by setting the primary-side
current value of each bidirectional DPP flyback converter. A
PI controller is used to regulate the primary-side current to the
reference value for each converter. When the reference current
is positive, the DPP converter operates in the forward direction.
When the reference current is negative, the DPP converter oper-
ates in the reverse direction. When the reference current is zero,
the converter turns off to reduce unnecessary switching losses.

A. Voltage Balancing Mode

Even when a set of PV panels experience different illumi-
nation levels, their MPP voltages are similar [22]. For this
reason, balancing or equalizing the PV panel voltages brings
their voltages near the MPP [23] but not necessarily to the
exact value. Fig. 7 shows the flowchart of the proposed voltage
balancing algorithm for segmented DPP units.

Based on the characteristics of PV panels, the voltage of a
panel decreases when current increases. Hence, if the measured
voltages of all the PV panels are not in a certain range, the
index of the panel with the highest voltage is identified, and the
reference current of that index is increased by a set value Al
to decrease that panel’s voltage. The index of the panel with
the lowest voltage is also identified and the reference current is
decreased by AT to increase that panel’s voltage. By increasing
and decreasing the reference currents by the same amount, the
return current [, and substring current /i (denoted in Fig. 3)
remain approximately constant such that the other PV panels
of the unit are not affected. The algorithm then waits for a
set amount of time, during which the segmented DPP system’s
operating point stabilizes. Then, the algorithm starts again by
measuring the new PV voltages. Once all PV panel voltages are
within the set range, the control mode switches to the MPPT
mode. At any point in operation, if the PV panel voltages fall
outside of the set range due to sudden illumination changes,
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the controller returns to voltage balancing mode until the PV
voltages are again within the set range.

B. Maximum Power Point Tracking Mode

After the voltage balancing algorithm runs, each PV panel
operates near its MPP. Then, the MPPT algorithm is used to
ensure operation at the individual MPP of each PV panel.
The MPPT control algorithm follows a similar approach to the
perturb and observe (P&QO) algorithm [24], [25] but is adapted
to the unique segmented DPP system. Fig. 8 shows the flowchart
of the MPPT algorithm for a segmented DPP unit. By design,
the MPPT algorithm runs significantly faster than the inverter
MPPT algorithm that controls the string current Igyin.. This
means that gine 1S assumed to be constant while the MPPT
algorithm executes such that the total PV voltage is proportional
to the power produced by the segmented DPP unit. Thus, the
algorithm aims to maximize total PV voltage which is equivalent
to maximizing power production.

First, each PV panel voltage is measured and the sum of m PV
voltages is calculated. Then, the primary-side reference current
of the first DPP converter is incremented by a set amount and
the system adjusts to the new operating point. Next, the total PV
voltage is calculated again and compared to the previous total
voltage. If the total voltage increases, the system maintains the
new reference current. However, if the total voltage decreases,
the reference current returns to the previous value and the
direction of the increment is changed for that converter. This
procedure is executed sequentially for each converter until it
reaches the last converter and then returns to the first converter
again.

The operating points of the PV panels and the DPP converters
are highly coupled; so the reference currents of the converters
are changed one by one rather than changing all the reference
currents at once. When the string current changes, the MPPT
algorithm maximizes the voltage based on the new Iy value.
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In this way, the system is continually adjusting its operating
point to stay as close as possible to the MPP of the segmented
DPP unit, thus maximizing the output power for the given Iying
value.

C. Sensor Requirements

Both voltage balancing and MPPT modes rely only on PV
panel voltage measurements to adjust the converter current refer-
ences. Thus, each PV panel needs a voltage sensor at the primary
side of the DPP converter and each DPP converter requires one
current sensor on the primary side, which is a total of 2m sensors.
The proposed control algorithm has the advantage of requiring
a small number of sensors in the segmented DPP unit, which
reduces power loss in the sensors, board area, converter cost,
and controller computation time.

V. SEGMENTED DPP SYSTEM SIMULATION

To verify the segmented DPP system structure and control
algorithm, a model was developed in MATLAB Simulink. Fig. 9
shows the simulation diagram of the segmented DPP unit, which
consists of four PV panels and four DPP flyback converters
with one controller. Fig. 10 shows the simulation diagram of
the bidirectional flyback converter, including the PI controller
for the bidirectional primary-side current (/ppp). The primary-
side voltage (V}y) is measured and used as an input for the
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segmented DPP unit control algorithm. After the algorithm sets
the reference current I, the PI controller adjusts the converter
toregulate Ippp to Iir. The segmented DPP unitis connected to a
controlled current source block, which emulates the inverter to
control the string current using the conventional P&O MPPT
algorithm. The simulated PV panel has a nominal power of
106 W at 1000 W/m? and 25°C, which is based on the PV
panel designed for this BIPV application. In the simulations,
irradiance levels on each of the PV panels were varied to emulate
an example with different lighting levels. Fig. 11 shows the
power-voltage curve and MPP of the simulated PV panel at 900,
800, 700, and 600 W/m?.
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Fig. 12.  Simulation results with one segmented DPP unit, showing waveforms
for the four reference currents, string current, four PV powers, and total power.

A. Simulation Results With One Unit

Fig. 12 shows the results of the simulation with the irradiance
conditions given in Fig. 11. Initially, all the reference currents are
0 A, indicating that the DPP converters are not operating. Since
the four PV voltages are not the same, the controller operates
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Fig. 13. Power-voltage curves for four PV panels.

in voltage balancing mode. As shown in Fig. 11, the reference
values of DPP converters 1 and 4 step in opposite directions as
do DPP converters 2 and 3 to a lesser degree until approximately
0.05 s, when the controller switches to MPPT mode. In MPPT,
the short pulses in the reference current waveforms occur when
the algorithm perturbs the system, but the new measured power is
lower than the previous power; thus, the reference value returns
immediately to the previous value. Since the current generated
by PV1 and PV2 are higher than that of PV3 and PV4, the
reference currents of DPP converters 1 and 2 are positive while
those for DPP converters 3 and 4 are negative, as shown in
the top graph of Fig. 12. The inverter P&O algorithm runs at
a slower rate, as shown in the bottom graph of Fig. 12, while the
segmented DPP MPPT algorithm runs about four times faster to
optimize the unit’s operation at each string current value. Over
1.2 s of the simulation, the overall system reaches an average
power of 320 W (ideal maximum PV power is 321 W) and
maintains operation at the MPP. This simulation verifies that the
proposed control algorithm for the segmented DPP unit works
properly to maximize produced power.

A sweep simulation was also conducted to compare the out-
put power curve of the segmented DPP system with a series-
connected PV system. The results are shown in Fig. 13, where
the DPP system MPP is 13% higher than that of the series system.
Further, the series-connected PV system exhibits multiple power
peaks while the segmented DPP system has one global maxima,
which is better for inverter interaction [24].

B. Simulation Results With Two Units

The segmented DPP unit is specially designed for modularity,
where multiple segmented DPP units are used in one system. To
confirm proper operation with multiple units, two segmented
DPP units were simulated with eight PV panels. The shading
conditions, irradiance level, and resulting power for each panel
are shown in Fig. 14, based on a building self-shading scenario
of the target BIPV system. Unit 1 is connected to the first row
of four PV panels, where the power of PV 1-4 are 43.30, 54.10,
95.70, and 95.70 W, respectively, with a sum of 288.80 W.
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Fig. 15.  Simulation results for the two-unit DPP system, showing waveforms
for the string current, output power of both units, and total power.

Unit 2 is connected to the second row of panels, where the power
of PV panels are the same, except the second panel’s power is
67.76 W, and the sum is 299.46 W. The two segmented DPP
units in series are connected to the inverter block running P&O
MPPT in simulation.

As shown in Fig. 15, the inverter string current moves the
system toward the overall MPP and stabilizes the string current.
After 1.6 s, the three-step up and down pattern of the string
current indicates that the P&O algorithm has stabilized around
the MPP. The controller of each segmented DPP unit optimizes
its output power; however, there is some variation in the power
of each unit, which is a result of the unit’s internal control
continually perturbing the system to maintain operation near
the unit’s MPP. Once the system has stabilized, the variation in
power of each unit is up to 8 W, but the variation in power
of the total power is lower than 5 W. Unit 1 stabilizes at
287.1 W and Unit 2 stabilizes at 295.0 W, which is 582.1 W
in total. These results verify that the segmented DPP units with
independent control are able to interact with the inverter MPPT
algorithm to optimize power produced for each unit. Further, the
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Fig. 17.

Segmented DPP unit hardware.

independently controlled DPP units can be connected in series
and scaled up to higher voltage systems.

Also, Fig. 16 compares the voltage sweep results of the
segmented DPP and series-connected PV systems for the irradi-
ance condition given in Fig. 14. The maximum power achieved
by the segmented DPP system is 48.5% higher than that of
the series-connected PV system. Again, the series-connected
system exhibits distinct peaks, which means that the inverter may
operate the series-connected system at a nonglobal maximum.
Effectively, the PV panels connected to one segmented DPP unit
act as an equivalent large panel.

VI. SEGMENTED DPP SYSTEM EXPERIMENTAL RESULTS

A hardware prototype of the segmented DPP unit was also
developed to verify its operation. The prototype consisted of four
bidirectional flyback converters and a TMS320F28335 DSP to
implement the control algorithm. The four flyback converters are
implemented on one board and connected to a TMS320F28335
DSP controller board, as shown in Fig. 17. Each PV panel
consists of 25 series-connected monocrystalline Si cells, with
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Fig. 18.  Experimental setup with equipment.

the panel’s MPP at 8.3 A and 12.8 V (105 W), under standard
test conditions of 1000 W/m? and 25° C. A power analyzer was
used to measure the voltage and current of the PV panels. A
dc electronic load was used to emulate inverter operation and
measure the load power. This equipment was connected to a
computer running Python scripts that controlled the electronic
load and acquired the measured data. Fig. 18 shows the diagram
of the experimental setup and equipment. The experiments were
conducted with this equipment setup, and the series string and
the segmented DPP systems are compared under various emu-
lated light conditions.

To create realistic and consistent PV panel characteristics
during an experiment, a laboratory PV emulation method was
used that was introduced and verified in [26]. This PV emulation
method uses a power supply and a PV panel connected in parallel
to emulate the realistic characteristics of the PV panel. The
power supply in constant-current mode acts as an external con-
trollable PV photocurrent and the PV panel surface is covered
to ensure that actual photocurrent is not generated. Using this
PV emulation method, experiments were conducted with four
PV panels and four power supplies.

A. Bidirectional Flyback DPP Converter Efficiency

First, the bidirectional flyback converter was tested to deter-
mine the conversion efficiency of an individual DPP converter.
The conversion efficiency was measured in both the forward and
reverse directions. Fig. 19 shows the efficiency of the flyback
converter according to the input power and the dashed line
represents the efficiency including the power loss of the linear
regulators and sensors. As shown, the power stage conversion
efficiency is greater than 80% over the range of 5-25 W in both
directions, with the maximum forward efficiency at 90.42% and
maximum reverse efficiency at 87.52% (excluding sensor loss).
This converter efficiency is similar to that of other bidirectional
flyback converters used in DPP applications, such as [27] at 90%
in the forward direction and 88% in the reverse direction at 25 W,
and [28] that reached around 91% in the forward direction at
25 W. The advantage of DPP systems is that the power efficiency
of the system is not limited by the converter efficiency and can
be substantially higher than the converter efficiency [9].

B. Evaluation Metrics

In order to evaluate the PV system performance, the following
metrics are utilized. MPP tracking efficiency measures how
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effectively the control algorithm maximizes PV power relative
to the true MPP, which is defined as

> oper Povii
> w—1 Puep.k

where Ppy i, is the actual power produced by PV k and Pyipp 1
is the true MPP of PV k. In other words, the sum of Ppy j, is the
generated PV power from £ panels and the sum of Pypp 1, is the
ideal maximum power of the PV system. Next, segmented DPP
unit efficiency is defined as

&)

TIMPPT =

"7 _ Pout
P L S—
Yo Povik
where Py is the power output of the segmented DPP module,
which includes converter, auxiliary circuit, and controller losses.
Finally, system efficiency considers the output power relative to
the ideal maximum of the PV system, which is defined as

PDllt
> h—1 Pupp i
System efficiency is the main metric used to evaluate the overall
performance for the segmented DPP system.

(6)

77sys == = NMPPT X Tunit- (7)

C. Startup

The segmented DPP unit was tested in experiment with four
PV panels to observe the startup transient and settling time
of the algorithm. Fig. 20 shows the input current waveforms
(Ippp1 to Ipppy) for the four DPP flyback converters after startup.
Here, the PV panels are under even lighting conditions such
that the variation is due to differences in manufacturing and
wire resistances. After the segmented DPP unit is turned on,
the voltage balancing mode is enabled and the DPP currents
adjust within 5 s. Then, the algorithm changes to MPPT mode
such that the currents undergo minor adjustments to continually
track the MPP. After 15 s, the DPP converter input currents
stabilize to their respective steady-state values, two above zero
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TABLE III
EXPERIMENTAL DATA AT DIFFERENT SHADING LEVELS
PV4 | Pypp ‘ P; Pout Nunit | MTMPPT ‘ Nsys
Shade (W) (W) (W)
Series-Connected System
0% 328.09 | 328.07 | 31841 | 97.06% | 99.99% | 97.05%
143% | 317.30 | 301.39 | 292.80 | 97.15% | 94.99% | 92.28%
28.6% | 30620 | 256.48 | 249.73 | 97.37% | 83.76% | 81.56%
42.9% | 294.94 | 242.67 | 234.16 | 96.49% | 82.28% | 79.39%
57.1% | 283.12 | 243.76 | 234.49 | 96.20% | 86.10% | 82.82%
64.3% | 27432 | 241.68 | 231.37 | 95.73% | 88.10% | 84.34%
Segmented DPP System
0% 326.99 | 326.79 | 315.14 | 96.43% | 99.94% | 96.38%
143% | 317.65 | 316.28 | 302.33 | 95.59% | 99.57% | 95.18%
28.6% | 307.01 | 306.52 | 293.42 | 95.73% | 99.84% | 95.57%
42.9% | 294.57 | 293.97 | 27744 | 94.38% | 99.80% | 94.18%
57.1% | 282.19 | 281.69 | 263.04 | 93.63% | 99.55% | 93.21%
64.3% | 274.04 | 273.13 | 254.04 | 93.01% | 99.66% | 92.70%

indicating forward operation and two below zero indicating
reverse operation. The experimental waveforms are consistent
with simulation waveforms, except that the time scale of the real
system is longer because the algorithm’s wait time was extended
to 0.5 s to allow for the real segmented DPP system to sufficiently
settle before new measurements were made. These results verify
that startup operation works properly for a segmented DPP unit.

D. Effects of Increasing Partial Shading

Experiments were conducted to examine how well the seg-
mented DPP unit can compensate for different shading levels.
Six irradiance cases were tested where the emulated current
of PVs 1-3 were maintained at 7 A and the current of PV 4
was varied. The current of PV 4 was tested at 7, 6, 5, 4, 3,
and 2.5 A, which is equivalent to shading levels of 0%, 14.3%,
28.6%,42.9%,57.1%, and 64.3%, respectively. For each shading
case, a sweep experiment was conducted using the segmented
DPP prototype and compared to PV panels connected in series.
The measurements and performance metrics for the six shading
cases are summarized in Table III. The term Pypp is the sum
of true PV panel MPP, P, is the measured input power from
the PV panels, and P, is the power measured at the load. For
the series-connected PV system, 7, indicates the efficiency of
the cables connecting the PV panels to the electronic load.
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Fig. 21. P-V curves according to shading changes.

Fig. 21 shows the power curves for two of the shading cases:
28.6% and 57.1% shading of PV 4. The series-connected PV
panels show two power peaks and the power of the higher
voltage peak decreases as the shading level increases. For the
same shading cases, the segmented DPP system shows a single
global maximum at a higher output power. This trait is con-
sistent even when some of the DPP converters begin to reach
their 2-A primary current limit, which is shown for the 57.1%
shading case in Fig. 21. Note that the slope of the power curve
is different below and above 36 V, which is a result of the
DPP converter reaching its current limit. The DPP converter
maintains operation at its current limit to offset as much of the
current mismatch as possible, but the tracking efficiency (nvppr)
begins to decrease.

In the series-connected system, the multiple power peaks,
shown in Fig. 21, cause the MPPT efficiency to decrease.
Conversely, the segmented DPP system maintains tracking ef-
ficiency over 99.66%, which follows the real MPP of each PV
panel. As the shading level increases, current flowing through
the DPP converters increases, which results in higher power loss
through the converter and decreased system efficiency. Despite
this converter loss, the segmented DPP system has higher system
efficiency compared to the series-connected system in uneven
lighting conditions. The system efficiency results for the range
of shading cases are shown in Fig. 22. Except for the case with no
shading, the segmented DPP unit consistently outperforms the
series-connected PV panels with a maximum system efficiency
improvement of 14.8%. The segmented DPP unit exhibits over
92.7% system efficiency even with severe shading (up to 64.3%)
of one panel. Also, note that the segmented DPP system effi-
ciency in all shading cases is higher than the peak efficiency of
the bidirectional flyback converter in either the forward direction
(89.1%) or reverse direction (85.4%).

E. Operation With Inverter MPPT

The segmented DPP unit’s control was also tested to ensure
effective interaction with an inverter running MPPT. An elec-
tronic load was used to control the string current according
to the inverter P&O algorithm. The emulated photocurrents of
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Fig. 22.  System efficiency versus shading of one PV panel.
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Fig. 23.  Experimental results with inverter MPPT interaction.

the four PV panels were set to 7, 7, 5, and 5 A during the
experiment. The experimental results are shown in Fig. 23 for the
series-connected PV and segmented DPP systems. The output
power of the series-connected system reaches 242 W at steady
state while the segmented DPP system reaches a higher power of
269 W at steady-state operation. Although the segmented DPP
system exhibits a wider power variation over time, it produces
an average of 11.2% more power than the series-connected PV
system. These results verify that the segmented DPP unit control
properly adjusts to a given string current and interacts well with
inverter MPPT control to optimize output power.

VII. CONCLUSION

This article introduced the segmented DPP system architec-
ture, which utilizes modular design to take advantage of high
power output enabled by DPP while allowing for straightforward
installation. The segmented DPP unit approach allows for lower
voltage ratings of the converters, fewer connectors, and simple
wire connections compared to the conventional PV-to-bus DPP
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architecture. The design assumes that standard PV panel cables
plug directly into the segmented DPP unit and one additional
cable connects between adjacent units. For this article, four
PV panels were connected to one segmented DPP unit, which
contained four bidirectional flyback converters and one digital
controller. To control the segmented DPP unit, a system control
algorithm was proposed that utilized both voltage balancing and
MPPT modes to maximize PV power production. The control
algorithm utilizes voltage balancing to quickly bring the PV
panel voltages to the same value and then employs a type of
P&O MPPT for the segmented DPP unit that optimizes each of
the PV panels.

The operation and control of the segmented DPP system
was first validated using simulation in MATLAB Simulink. The
control algorithm was verified to maximize the output power of
the segmented DPP system for a single unit and when multiple
units are connected in series. An experimental prototype with
four bidirectional flyback converters and a DSP controller was
also developed and tested using an indoor testing setup with
a controllable PV emulation method. The bidirectional flyback
converters provided up to 2 A of primary-side current in both
forward and reverse operations. The segmented DPP module
consistently created a convex power curve with one global
maximum point and exhibited higher output power compared
to series connection in all uneven lighting conditions.

With the segmented DPP unit, system efficiency (includ-
ing converter, auxiliary circuit, and controller power loss) was
96.38% under even lighting. With up to 64% shading on one of
four PV panels, the segmented DPP unit maintained a system
efficiency above 92.70% and increased system efficiency up to
14.8% compared to series connection. Experimental results also
verified that the segmented DPP unit is independently controlled
and effectively maximizes output power when operating with an
inverter P&O MPPT algorithm. Future topics to improve upon
this article are increasing the flyback converter efficiency to push
the overall system efficiency higher and implementing a field
study with multiple segmented DPP units to further evaluate
performance. The segmented DPP unit takes advantage of DPP
to maximize output power while allowing for modularity and
ease of installation, which has higher potential for industry
acceptance.
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