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A New PV System Configuration Based on Submodule Integrated Converters
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Abstract—The power loss due to mismatch effect among inter-
connected photovoltaic (PV) modules can be significantly reduced
by applying the maximum power point tracking to fine granularity
level. In this paper, a novel configuration is proposed to utilize a sub-
module integrated converter (subMIC) for effective solar energy
harvesting. Gallium Nitride (GaN) field-effect transistors (FETs)
are used to construct the power circuits for high conversion effi-
ciency and high power density. The detailed mathematical analysis
is presented to provide insight into the architecture. Simulation is
carried out to demonstrate the system behavior in response to real-
world atmospheric conditions. The hardware prototype consisting
of three subMICs is developed utilizing GaN FET as the power
switches, which are based on industrial standard and are compact
to fit into the junction box of commercial PV modules. The advan-
tages in terms of conversion efficiency, system cost, and dynamic
performance are experimentally proved by the comparison with a
benchmark system.

Index Terms—DC–DC power converters, energy harvesting,
maximum power point tracking (MPPT), photovoltaic (PV) power
systems.

I. INTRODUCTION

PHOTOVOLTAIC (PV) power systems have been installed
dramatically over years thanks to the technology improve-

ment of PV materials and power electronics [1], [2]. In conven-
tional PV power systems, the panels are arranged in series to
achieve high stacked voltage at the dc link for grid connection.
However, such configuration suffers significant power degrada-
tion in case of mismatch among connected PV modules. This
can result from partial shading, dissimilar aging of PV panels,
manufacturing imperfections, and dirt accumulation, etc. [3].

Distributed MPPT structures have been proposed to mini-
mize the mismatch impact. The architectures of microinverter
[4], differential power processor (DPP) [5], [6], submodule-level
differential power processor (subDPP) [7]–[10], dc power opti-
mizer (DCPO) [11], [12], and submodule integrated converters
(subMICs) [13]–[16] have been introduced in literatures. The
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Fig. 1. (a) Conventional subMICs architecture. (b) Proposed PV power system
architecture.

DCPOs and subMICs are categorized as full power processing
(FPP) architectures because the distributed dc–dc converters
process the entire power generated from the PV element. On the
other hand, the systems of DPP and subDPP fall in the category
of partial power processing architectures and process only the
mismatch power. The subDPP and subMICs are controlled by
maximum power point tracking (MPPT) on the submodule level
in order to eliminate mismatches at finer granularity as com-
pared to module-level MPPT solutions of DCPO and DPP. The
submodule is a section of a PV panel, which is segmented into
three or four subsections of 15 to 24 series-connected PV cells.

The cascaded subMICs have been shown to be effective in
handling mismatches and providing efficient energy harvesting
[13]. It shows the potential to be integrated inside the PV mod-
ule junction box for easy installation and low cost. The inputs
of converters are connected in parallel with PV submodules,
while the converters are connected in series on the output ter-
minal, as shown in Fig. 1(a). Consequently, converters share the
same output current. The dc–dc converter topology with current
step-up ability is recommended since the shaded submodules
cannot generate the same current as the unshaded submodules.
Therefore, the synchronous buck topology is preferred because
of its ability to step-up the input current and has been utilized
in [13]–[16] for subMIC implementation.

However, for PV applications, the boost converter topology
is more suitable due to the low voltage nature of PV cells.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 2. Interconnection of submodules and subMICs in a single PV module.

One study created an equivalent environment to compare buck
converter and boost converter used for PV side power interface
[17] and evaluated the performance in terms of system dynamics
and components cost. The results demonstrated the effectiveness
of boost converter in terms of better dynamic performance and
low-cost implementation. Therefore, to utilize the advantages
of boost converter in distributed systems, a novel submodule-
level PV power system architecture is proposed in this paper.
The proposed solution aims at providing a simple and efficient
solution for PV power extraction by utilizing synchronous boost
converters.

In addition to the variation in terms of architectures, power
transistor devices show significant impact on the performance
of a PV system. The commonly used silicon-based MOSFET
has already reached its theoretical limits [18]. Wide bandgap
devices, such as silicon Carbide and Gallium Nitride have been
utilized in power electronic applications [19] showing the advan-
tages of high achievable junction temperature, higher switching
speeds, and lower on-resistance as compared to the conventional
silicon-based devices. In [15] and [20], GaN FETs have been
utilized in distributed PV systems and show superior perfor-
mance. Taking advantage of the characteristics, GaN FETs are
utilized to develop high-efficient prototype converters for the
proposed configuration for high efficiency and reduced size.

II. PROPOSED STRUCTURE

In the proposed configuration, the outputs of the subMICs are
internally connected in parallel within the hosting PV module,
as shown in Fig. 1(b). Each PV submodule is connected to
the dedicated subMIC for MPPT. The adjacent PV modules
are connected in series to build the dc-link voltage VDC . The
electrical diagram of the subMICs connected within one PV
module is shown in Fig. 2. The output voltage of the converters
is denoted by Vo,x , where x represents the index of the PV
module. The PV side components and variables are denoted by
subscript “pv,” while output side is denoted by subscript “o.”
The first subscript after comma represents PV module index
and second subscript denotes the index of submodule.

III. DESIGN AND ANALYSIS

Detailed analysis is carried out to investigate the mismatch
handling capability of the proposed architecture. First, an it-

Fig. 3. Flowchart of the process to size the proposed PV power system.

erative process is proposed for optimal design of the system
as shown in Fig. 3. The number of PV modules Nmod is de-
termined first, which is based on the minimum desired system
power Psys,d , as given in (1). The value Nmod is a rounded
integer. The variable Pmpp represents the rated power of each
submodule

Nmod = round
(

Psys,d

3 × Pmpp

)
. (1)

The conversion ratio (CR) of the synchronous boost converter
impacts its efficiency. Higher CR also results in high stress on
the converter switches. Therefore, it is essential to limit the CR
to a certain level, CRmax . In ideal atmospheric conditions, all
converters output the same voltage determined by Nmod and
rated dc-link voltage VDC , as shown in (2). The CR of the boost
converter is calculated in (3) and compared with the maximum
value CRmax , where Vmpp,stc is the MPP voltage of the sub-
module at STC. If the condition of CR < CRmax is satisfied,
Nmod is considered as final. Otherwise, as shown in Fig. 3, the
value Nmod is incremented and the process is repeated until the
condition is satisfied. Moreover, the mismatch handling capabil-
ity of the proposed structure and the output voltage distribution
among subMICs is determined, as is illustrated in the flowchart
of Fig. 4

Vo =
VDC

Nmod
(2)

CR =
Vo

Vmpp,stc
. (3)

The multicrystalline PV cell, Qcell Q6LPT3-G2, is used as
an example for the following analysis. Following the product
datasheet, the photon current Iph(E, T ) and open-circuit volt-
age of a PV cell VOC(E, T ) in response to the variation of irradi-
ance E and temperature T can be calculated in (4) and (5), [21],
[22]. The saturation current Is(E, T ) can be calculated using
these values as shown in (6), where a is the diode ideality fac-
tor, k is the Boltzmann’s constant and q is the electrical charge.
The parameters αT , βT , and γE are PV cell current tempera-
ture coefficient (%/K), PV cell voltage temperature coefficient
(%/K), and PV cell voltage irradiance coefficient (V·m2/W), re-
spectively. Finally, the MPP voltage VMPP(E, T ) and current
IMPP(E, T ) of each submodule can be calculated in (7) and (8),
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Fig. 4. Flowchart to analyze the mismatch handling capability of the proposed
architecture and determine output voltage profile of dc–dc converters.

respectively

Iph (E, T ) =
E

ESTC
ISCS(1 + αT ΔT ) (4)

VOC(E, T ) = VOCS(1 + βT ΔT )(1 + γE ΔE) (5)

Is(E, T ) =
Iph(E, T )

e

[
q V O C (E , T )

a k (T C S + Δ T ) −1
] (6)

VMPP(E, T ) = NC VMPPc(1 + βT ΔT )(1 + γE ΔE) (7)

IMPP (E, T ) = Iph (E, T ) − Is(E, T )[e
q V M P P (E , T )

k a T c N c − 1]. (8)

The string current Io is the sum of the output current of
three subMICs connected within one PV panel, as given in the
following equation:

Io = io,x1 + io,x2 + io,x3 . (9)

The output voltage of the three subMICs connected to a single
PV panel is identical because of the parallel connection at the
output terminals. Any unbalanced generation is reflected by the
output current of the corresponding subMIC. On the string level,
the converters form a series connection from panel to panel. So,
the string current is same and the output voltages of converters

connected to different PV modules reflect the changes in power
produced from different PV modules.

The string current Io is limited by the sum of the MPP currents
of the converters connected to the most severely affected module
(denoted by subscript M), as given in the following equation:

Io,sev sh =Impp,M1(E, T )+Impp,M2(E, T )+Impp,M3(E, T ).
(10)

The dc power PDC available at the input of the inverter is
given by (11). The output power of each subMIC is equal to the
MPP power multiplied by the converter efficiency ηc as shown
in (12) while the current Io in steady state is determined as
(13). The mismatch can be completely compensated only if the
condition of (14) is satisfied

PDC =
N sub∑
k=1

pk
o,subMIC (11)

pk
o,subMIC = ηcV

k
mpp(E, T )Ik

mpp(E, T ) (12)

Io =
PDC

VDC
(13)

Io < Io,sev sh . (14)

The failed condition of (14) means that the corresponding
module is needed to be bypassed. This is because a boost con-
verter cannot step up the current and the sum of MPP currents of
submodules of the affected module are less than the string cur-
rent. Bypassing the affected module guarantees that while the
PV module is delivering power through converters the output
voltage of the converters is always higher than the input voltage.
After the module is bypassed, the current in (10) is calculated
using the subsequent most affected module and (11)–(14) are
evaluated. The process continues till (14) is satisfied, as illus-
trated in the flowchart of Fig. 4. The module output power is the
sum of powers of three submodules, as shown in the following
equation:

Po,m = Pmpp,m1 + Pmpp,m2 + Pmpp,m3 . (15)

Since the current at the output terminal of each PV module
is constant at the value of string current Io , the output voltage
of each subMIC, denoted as Vo,m , is given in (16). It should be
observed that voltage at the output of each converter is higher
than the input voltage since the output current of individual
subMIC is smaller than the input current

Vo,m =
Po,m

Io
. (16)

It is pertinent to note that since the MPP currents of individual
submodules add up to deliver the string current the mismatch
can also be compensated for large intensity partial shading. So,
if one submodule is very severely affected (because of damage,
chimney shading, etc.) the remaining two submodules can cover
up to provide the string current. When one submodule of a PV
panel is severely shaded, its MPP current decreases decreasing
the output power of the entire PV panel. This results in the
decrease in output voltage of the converters since string cur-
rent is constant. To follow this reduction in output voltage, the
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Fig. 5. (Left) Small-scale PV power system under partial shading, (right)
output voltage profile of the designed system.

converters connected to healthy submodules decrease their duty
cycle according to keep operating at their respective MPPs,
which increases their output current. Therefore, the required
string current can be compensated and achieved by healthy sub-
modules despite the decrease in the current of one submodule.
This inherent characteristic of the proposed architecture enables
easier control.

A small-scale real-world system is designed and analyzed us-
ing the methods presented in this section to provide an insight
into the behavior of the proposed architecture. The desired plant
specifications are as follow: Psys,d = 5 kW, VDC = 420 V,
and CR = 2. The design process of Fig. 3 results in Nmod
of 18 and Psys of 5.18 kW. The PV panels are arranged into
three rows each containing six panels, as shown in Fig. 5. Par-
tial shading occurs as follow. Modules #10 and #16 are most
severely shaded meanwhile two submodules in modules #9 and
#15 are also partially shaded. One submodule in modules #4,
#11, and #17 are affected. All other submodules in the system
are unaffected and receive the highest irradiance.

The analysis method shown in Fig. 4 is applied to determine
the string current and output voltage profile of converters under
the predefined shading conditions. The terminal output voltage
of all PV modules is illustrated in Fig. 5, which is the subMIC
output within the PV modules. When all submodules receive
the uniform irradiance and temperature, the output voltage of all
converters should be equal to 23.3 V, according to (3). However,
the output voltages of converters vary because of the inhomoge-
neous irradiance across the system. The converters correspond-
ing to shaded modules decrease their output voltage; mean-
while, the converters connected to unshaded modules increase
their output voltage to maintain the dc-link voltage. The output
voltages of the subMICs that are connected to shaded mod-
ules are as follow: Vo,4 = 23.7 V, Vo,9 = 18.62 V, Vo,10 =
13.5 V, Vo,11 = 23.7 V, Vo,15 = 22 V, Vo,16 = 15.2 V, and
Vo,17 = 23.7 V. The converters connected to unshaded mod-
ules increase their output voltage to 25.4 V to compensate for
the decrease in output voltage of converters connected to af-
fected modules. The string current Io is maintained as 11.1 A.
The coordination can be automatically achieved by the MPPT.

IV. MODELING AND CONTROL

The primary task of the subMICs is to perform MPPT. The
PV submodule voltage (vpv ) is selected as the MPP indicator
because of its several advantages, as discussed in [23]. The
control structure for individual subMIC using vpv as control
variable is shown in Fig. 6. The MPPT operation determines

Fig. 6. Control structure of an integrated submodule and dc–dc converter.

the voltage to represent MPP. The voltage loop is regulated to
follow the optimal reference.

A. Modeling

Using the techniques of averaging and linearization [21], the
small-signal model is developed, as given in (17). The symbol
RL is the equivalent series resistance of inductor and the variable
rpv , known as dynamic resistance. The rest of the variables and
parameters refer to the symbols shown in Fig. 2. The overhead
cap depicts the incremental change in the variable. Since each
combination of submodule and dc–dc converter is identical, the
indexes of module and submodule are dropped from the symbols
for simplicity

d

dt

[
îL

v̂pv

]
=

⎡
⎢⎣
−RL

L
1
L

− 1
Cpv

1
rpvCpv

⎤
⎥⎦

[
îL

v̂pv

]
+

[
Vo

0

]
d̂, y=

[
0 1

] [
îL

v̂pv

]
.

(17)

B. Closed-Loop Controller Design

Using the state-space model of (17), the small-signal transfer
function of the PV submodule voltage to duty cycle can be
derived in (18) where the parameters Ko , ωo , and ζo are defined
in (19)

v̂pv (s)

d̂ (s)
=

Ko

s2 + 2ζoωos + ω2
o

(18)

Ko = − Vo

LCpv
, ωo =

√
rpv − RL

rpvLCpv
, ζo =

1
2

rpvRLCpv − L

rpvLCpvωo

(19)

Using affine parameterization, the closed-loop controller for
voltage regulation is derived as

C (s) =
s2 + 2ζoωos + ω2

o

Ko (α2s2 + α1s)
. (20)

C. MPPT

One of the advantages of the proposed structure is that a sin-
gle microcontroller is sufficient to coordinate and regulate all
subMICs within one PV panel since they share the common
ground, as shown in Fig. 2. The flowchart of the MPPT algo-
rithm is shown in Fig. 7. The index of module is dropped for
simplicity while submodules indices are shown. The perturb
and observe algorithm is implemented to track MPP of each
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Fig. 7. Flowchart of the unified MPPT algorithm for the three subMICs con-
nected to submodules of a single PV panel.

Fig. 8. Timeline of the unified MPPT algorithm for the three subMICs con-
nected to submodules of a single PV panel.

submodule. The measurements include voltages of submodules
vpv ,1 , vpv ,2 , vpv ,3 and output voltage Vo , which is identical for
three subMICs.

Since the current Io can be considered constant for each
MPPT cycle, Vo is used as the power indicator. In Fig. 7, the
variables ΔVo,1 , ΔVo,2 and ΔVo,3 signify the change in output
voltage due to perturbation in vpv ,1 , vpv ,2 , and vpv ,3 , respec-
tively. The perturbations are sequentially applied to avoid any
conflict among subMICs, which is demonstrated by the timeline
of the algorithm provided in Fig. 8. The variable sub_ind holds
the index of the active subMIC being controlled. The direction
of tracking for each subMIC is decided by observing the change
in Vo caused by the perturbation in PV voltage of the respec-
tive submodule. If the change in Vo is negative, the direction
of tracking is reversed, otherwise, the tracking continues in the
same direction.

Fig. 9. PV submodule voltages.

Fig. 10. PV submodule currents.

V. SIMULATION AND CONCEPT PROOF

To prove the concept, a scaled-down system consisting of
12 submodules and 12 subMICs is simulated to investigate the
system response under variations of E and T. The test scenario is
explained as follow. The submodules SM11 and SM12 suffer E
change at t = 1.5 s from 1 to 0.6 and 0.8 kW/m2, respectively,
while SM21 and SM22 receive a reduced E of 0.7 and 0.5 kW/m2,
respectively. The rest of the submodules in the system receive
a uniform irradiance of 1 kW/m2. The variation in T occurs
at t = 3 s where SM22 and SM23 experience a temperature
change of from 25 °C to 30 °C and 25 °C to 33 °C, respectively.
All the other submodules in the system receive a constant T of
25 °C.

Figs. 9 and 10, respectively, illustrate the behavior of voltages
and currents of the affected submodules. It can be observed from
Fig. 9 that there is a momentary dip shown in voltages vpv11
and vpv12 since the corresponding submodules are experiencing
a transition to lower irradiance. The condition results from the
operating point entering the saturation region of current–voltage
(I–V) curve to output high current to match string current. The
MPPT controller takes action and adjusts duty cycle correspond-
ing to the reference PV voltage value in the fast voltage regu-
lation loop. The condition results from the operating point en-
tering the saturation region of current–voltage (I–V) curve to
output high current to match string current. At t = 3 s voltages
vpv21 and vpv22 change in response to temperature gradients.
The currents ipv12 and ipv12 decrease at t = 1.5 s as irradiance
is decreased while the currents ipv21 and ipv22 remain the same
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Fig. 11. Junction box of a PV panel (Schott-240 W) is implemented with three
subMICs including six GaN FETs.

TABLE I
COMPONENT LIST PER JUNCTION BOX

Device Model Synchronous Buck Synchronous Boost

Quantity Cost Quantity Cost

GaN Switches EPC2021 6 7.44 6 7.44
FET Driver LM5113 3 2.29 3 2.29
Inductor SER103KL (10 μH) 3 0.92 3 0.92
Input cap 25 V/4.7 μF - - 3 0.044

25 V/10 μF 6 0.075 - -
Output cap 10 μF 3 0.10 3 0.228
Microcontroller dsPIC33FJ16GS502 3 3.60 1 3.60
OpAmp MCP6022 2 0.99 1 0.99
Total cost (US$) 67.8 59.7

through the test duration as submodules SM21 and SM22 are
constantly under shade. It can be observed from Figs. 9 and 10
that the voltages (vpv31 , vpv32) and currents (ipv31 , ipv32), which
represent healthy submodules do not experience any change in
operation point thus validating independent MPPT operation of
each subMIC in the system. The new MPP of each submodule
is quickly reached after any transient variation.

VI. EXPERIMENTAL EVALUATION

Both subMIC systems, as shown in Fig. 1, are evaluated ex-
perimentally to compare the performance in terms of efficiency,
system dynamics, and cost. Since three subMICs are required
to fit into one PV panel, subMICs were designed and con-
structed using GaN FETs at 250 kHz to meet the requirement.
The prototyped synchronous boost-based subMICs are shown in
Fig. 11, which shows the converters fit in the junction box of the
PV panel, model #Schott-240 W. For a fair comparison of the
proposed solution and the benchmark, a synchronous buck con-
verter is also constructed using the comparable specifications.
Both converters are rated in accordance to a 100-W submodule
with input voltage of 15 V. The proposed solution meets the
voltage ripple requirement using a smaller input capacitance
(4.7 μF) as compared to the benchmark (20 μF). The costs of
the hardware prototypes of both subMIC are compared side
by side, as listed in Table I. The total cost is calculated for
three subMICs needed for individual PV panel. The proposed

Fig. 12. Experimental efficiency curves of the benchmark system (buck) and
proposed system (boost) for a range of string currents.

Fig. 13. Experimental results of MPPT operation in response to the (a) E
variation from 0.6 to 0.8 kW/m2 (b) T changes from 30 °C to 25 °C.

solution shows 14% lower cost than the benchmark system since
the advanced structure allows using one microcontroller and one
op-amp to achieve the required control, MPPT, and sensing task.
Agilent solar array simulator E4350B is used to emulate the PV
submodule, while an electronic load is used to realize the con-
stant string current.

Fig. 12 shows the efficiency comparison between the bench-
mark system and the proposed system. The benchmark shows
lower efficiency ranging from 80% to 90% based on different
power profile. The proposed system shows the advantage in ef-
ficiency, which range from 93% to 97% for the tested operation
conditions. Fig. 13(a) illustrates the MPPT operation when irra-
diation changes from 0.6 to 0.8 kW/m2, while the temperature is
maintained at 25 °C. The variation of vpv and ipv can be noticed
in the experimental results of Fig. 13(b) when the temperature
changes from 30 to 25 °C, while the constant irradiance of 1
kW/m2 is maintained.

VII. CONCLUSION

This paper presented a novel PV system architecture for
submodule-level MPPT implementation. The subMIC proto-
type employs Gallium Nitride (GaN) power switches, which
allow high conversion efficiency and reduction in size.

The step-by-step theoretical analysis and computer-aided de-
sign lead to the full system sizing and development. The syn-
chronous boost converter is utilized as the subMIC interface
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owing to the proven fast dynamic response and low cost imple-
mentation. The system effectiveness in terms of configuration
and control is examined by the simulation of various atmo-
spheric conditions in terms of irradiance and temperature. The
hardware prototypes are designed and constructed, which in-
clude a benchmark system that is based on the conventional
subMIC system. The proposed architecture demonstrates the
advantage of simplicity, low-cost, efficiency improvement, and
fast dynamics superior than the conventional subMIC approach.
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