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A B S T R A C T

Concentrating solar technologies offer substantial potential for optimizing solar energy for heat and power 
generation, particularly in green hydrogen production. This study investigates the use of commercial high ef
ficiency concentrated photovoltaic (CPV) cells in a central tower concentrating solar system to enhance energy 
conversion efficiency. By integrating DC-DC converters with self-adaptive microfluidic cooling systems, we 
address current mismatches and temperature variations that affect CPV performance. The novel receiver design 
ensures scalability for large-scale implementations by implementing the electrical connections between DC-DC 
converters and each CPV cell without creating shaded areas. We numerically model and simulate the thermo
dynamic and electrical characteristics of a dense array CPV receiver, evaluating six illumination profiles. Our 
results indicate a significant improvement in receiver efficiency compared to the traditional configuration with 
bypass diodes, demonstrating an increase from 23.4 % to 30.3 % under a central Gaussian illumination profile, 
and reaching up to 38 % relative efficiency improvement depending on the applied profile. Power transfer losses 
decrease from 26 % to 10 % when 200 kW/m2 of illumination non-uniformity occurs. The proposed solution 
enhances reliability and energy conversion efficiency, presenting a viable path forward for large-scale CPV 
applications.

Nomenclature

Symbols

I CPV cell current, A Pin_DC Power consumption of the 
DC-DC converters, W

Isc Short-circuit current, A Pout_receiver Total receiver power output, 
W

IT Total receiver current, A Pnet Net receiver power, W
Iph Solar-generated current 

for measurements, A
PT Total receiver output power, 

W
Is Diode saturation 

current, A
kB Boltzmann constant, J/K

Ir0 Irradiance used for 
measurements, W/m2

Ƞc Internal efficiency of DC-DC 
converters, -

Ir Incidence irradiance, W/ 
m2

Vin Input voltage of DC-DC 
converter, V

(continued on next column)

(continued )

Symbols   

N Quality factor diode, - ΔV Output voltage variation of 
DC-DC converter, V

Rs Series resistance, Ohm P(ext.DC-DC) Power consumption of the 
DC-DC converters, W

Rp Parallel resistance, Ohm σm Standard deviation of 
irradiance between 
modules, kW/m2

ε Electromotive force, V PV Photovoltaic
r Internal impedance, 

Ohm
DC Direct current

Scell Illuminated area of the 
cell, mm2

Nc Number of CPV cells per 
module

V Voltage, V Nm Number of modules in the 
receiver

VT Thermal voltage, V ​ ​

(continued on next page)
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(continued )

Symbols   

T Temperature, K Acronyms ​
Eg Effective energy gap, eV MPPT Maximum Power Point 

Tracking
e− Electron charge, C MPP Maximum power point
ƞcell CPV cell efficiency, - DC Direct current
Psun Incident irradiance to 

the CPV cell, W
CPV Concentrating photovoltaics

1. Introduction

Central tower concentrating solar technologies can play a crucial role 
in integrating electricity and heat for high-temperature steam electrol
ysis, enhancing solar-to-electrolyzer energy efficiency [1]. Recent 
studies show that these technologies can supply heat for 
high-temperature steam electrolysis while generating electricity via 
thermodynamic cycles [2,3] or concentrated thermo-PV receivers [4,5]. 
In Solid Oxide Electrolyzers (SOECs) operating at up to 800 ◦C, solar 
heat can provide up to 28 % of the Gibbs free energy needed for elec
trolysis, which is more cost-effective and efficient to produce than 
electricity [6].

Central tower concentrating solar systems feature low-cost, scalable 
heliostat fields [7]. Concentrating Photovoltaics (CPV) systems, using 
high-efficiency PV cells, can be adapted to smaller areas without effi
ciency loss. However, CPV installations face challenges that need 
addressing for broader implementation. Lasich et al. [8] developed a 
business model to address these issues, demonstrating effective low-cost 
CPV solar energy with attractive returns on investment, even at small 
scales. Their approach uses a central receiver-PV architecture where the 
complex generation components are centralized in a small, factory-built 
receiver, while the collector is a commercial heliostat field. This reduces 
manufacturing and deployment costs significantly, making the system 
competitive at scales as small as 1 MW.

Solar irradiance on CPV receivers is often non-uniform due to factors 
such as tracking precision, time delays between heliostats, Gaussian 
illumination profiles [9], mirror imperfections, or structural misalign
ment. The current generated by a photovoltaic cell depends on incoming 
irradiance, and variations between cells in series cause current mis
matches, limiting the overall current to that of the least irradiated cell, 
affecting power transfer efficiency [10]. Series connections minimize 
Joule-effect losses but suffer from current mismatch, while parallel 
connections remove current restrictions but impose a uniform voltage, 
leading to mismatched voltage due to varying cell temperatures. This 
issue aligns with the maximum power transfer theorem, which states 
that maximum power transfer occurs when the load impedance matches 
the source’s internal impedance. In several studies, DC-DC converters 
are implemented to mitigate current mismatch by adjusting the source 
impedance to match between cells, even under varying irradiance 
conditions.

To mitigate power transfer loss from current mismatch in series 
connections, Eccher et al. [11] demonstrated that connecting each PV 
cell to a partial DC-DC converter improves power transfer efficiency by 
around 10 %. These converters supply only the mismatch current be
tween the series current and the maximum power point (MPP) current of 
each CPV cell, enhancing overall efficiency compared to traditional 
converters or microinverters. This experimental study was limited to a 
4-cell array (1 cm2 each), but commercial CPV receivers require higher 
compactness [8], posing challenges for implementing dedicated DC-DC 
converters for each cell.

Previous studies on a 6x8 cell CPV receiver [12], found that the 
parallel-series configuration, with parallel cell modules equipped with 
DC-DC converters linked in series, yields the best output. This configu
ration also showed a 43.2 % improvement in power output compared to 

series configurations [13]. To further this, in a previous study [12] we 
modelled DC-DC converters numerically, considering their technical 
specifications and control mechanisms under six different illumination 
profiles.

The electrical connection between cells is crucial for achieving high 
packing density in the receiver design. While back-contact cells resolve 
surface metallization issues [14,15], only interdigitated back contact 
(IBT) cells have zero shading losses [16]. However, IBT cells are limited 
to single p-n junctions, typically silicon, with a theoretical efficiency 
limit of 29.43 % [17]. In multijunction solar cells, shading losses can be 
reduced using metal wrap-through and emitter wrap-through architec
tures, which route front contacts to the back, but these technologies are 
less developed and currently achieve lower efficiencies compared to 
front-contact cells, which hold the record at 47.6 % [18]. For our study, 
we selected commercially available multijunction PV cells with 42.8 % 
efficiency at 500 kW/m2 and 25 ◦C under AM1.5D [19], featuring back 
metallic contacts and front bus-bar contacts.

CPV receivers also require active cooling systems with extremely low 
thermal resistance (<1x10⁻⁴ m2K/W) [20] to maintain high efficiency 
and reliability. Although microchannel-based liquid cooling systems 
meet this requirement, they cause voltage mismatches due to tempera
ture variations along the channel flow path [21,22]. Various cooling 
geometries have been proposed to address this, including tailored-width 
microchannels [23,24] and self-adaptive microfluidic cells [25]. This 
study implements the latter, as it provides improved temperature uni
formity across diverse illumination profiles [10,26], enhancing receiver 
reliability and efficiency while saving pumping power [27,28].

This study models the thermodynamic and electrical characteristics 
of a CPV receiver to evaluate its overall efficiency, focusing on designing 
a control system for DC-DC converters to optimize operation under 
varying conditions. The system was simulated to assess the energy 
benefits of integrating DC-DC converters with a self-adaptive micro
fluidic cooling system.

The paper is structured as follows: Section 2 outlines the receiver 
design, including electrical and thermal models and illumination pro
files. Section 3 presents the receiver’s characteristic curve with diodes, 
discusses maximum power point characteristics, and details the control 
methodology for DC-DC converters. Section 4 analyzes the enhanced 
receiver characteristic curves and results.

2. Modelling

2.1. CPV receiver design

This section outlines the technical aspects of the receiver design, 
focusing on electrical interconnections and the cooling system. The 
proposed series cell connection uses shingle-shaped mounting, which is 
commonly adopted by other researchers [29,30]. This method increases 
packing density by eliminating one bus bar from each PV cell’s illumi
nated area [31], as shown in Fig. 1.

Fig. 1(a–c) show the receiver designed to evaluate the CPV cells’ 
electrical output. The partial cell overlap, detailed in Fig. 1(c), places the 
back electrode of cell 1 above the bus bar of cell 2, creating a series 
connection. This shingle interconnection maintains the active area of 
each photovoltaic cell (5.5 × 5.5 mm2) while reducing the occupied area 
from 5.6 × 6 mm2 to 5.6 × 5.72 mm2, increasing the active area ratio 
from 90 % to 94 %.

To facilitate electrical interconnection, different views of the CPV 
receiver design are presented in Fig. 1 The CPV cells are mounted and 
electrically connected on top of the electrically conductive elements 
within the cooling device, which is segmented and isolated as per the 
interconnection scheme (Fig. 1, b). Series connections are made by 
positioning cells between different segments of the cooling plate along 
the Y axis, while parallel connections are achieved by placing cells side 
by side along the X axis (Fig. 1, c). This configuration allows different 
voltages across the cooling plate.
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The electrical terminals extend beyond each conductive element of 
the cooling plate, allowing connections with external electrical com
ponents without increasing dead space in the photovoltaic cell assembly, 
thus optimizing the active area ratio and enhancing energy conversion 
efficiency.

The cooling device’s internal geometry consists of an array of 
microfluidic cells with individually variable coolant flow rates, as rec
ommended by Laguna et al. [25,26], to prevent temperature 

non-uniformity. Each microfluidic cell (detail A in Fig. 1) self-adjusts the 
flow rate based on local temperature via a temperature-controlled 
microvalve [32]. This adjustment reduces thermal gradients and mini
mizes pumping consumption for cells with lower thermal demand. The 
microfluidic cells are supplied with cooling fluid through a manifold 
with multiple inlet and outlet channels located beneath the array.

Fig. 1. Schematics of the dense array CPV receiver: (a) Isometric view, (b) Top view, (c) Cross-section B (units in mm).

Fig. 2. Electrical configuration of photovoltaic cells with (a) DC-DC converters and (b) diodes.
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2.2. CPV receiver electrical model

2.2.1. Electrical interconnection
The interconnection of cells significantly impacts the power output 

of a multi-cell array under non-uniform illumination due to voltage and 
current mismatches. The 9x9 parallel-series configuration (Fig. 2) has 
been chosen because it is less affected by electrical mismatches 
compared to other configurations [10,13].

Bypass diodes are installed in parallel with each module (Fig. 2, b) to 
mitigate the effects of current mismatch when the average irradiance 
differs between modules. As the series current (IT) increases, the voltage 
of each module decreases, can reach zero or negative values where the 
module’s cells begin to absorb energy. However, the maximum current 
through the module remains close to its short-circuit current, which 
depends mainly on its mean irradiance, thereby limiting the series 
current across other modules. To address this, the bypass diodes are 
activated when a module’s voltage becomes sufficiently negative to 
directly bias the diode, allowing the series current to flow without 
further voltage reduction.

In this study, we evaluate the energy savings achieved by replacing 
bypass diodes with DC-DC converters (Fig. 2, a). The primary function of 
the DC-DC converters is to compensate the current mismatch in the 
module to supply additional current to each module until the series 
current is reached, while maintaining the module’s operating voltage at 
the level set by the converter, typically corresponding to the maximum 
power point voltage of each module.

The electrical configurations in Fig. 2 consist of an array of 9 modules 
connected in series, each formed by 9 photovoltaic cells in parallel, with 
either a converter or a diode depending on the configuration (a or b). 
Equations (1)–(3) define the output current and voltage of the receiver, 
extending these considerations to an array of Nm modules in series. Each 
module comprises Nc cells and either one DC-DC converter or one diode. 

Ii =
∑Nc

j
Ii,j(Vi)+ IDC,i (Vi) (1) 

VT =
∑Nm

i
Vi (2) 

PT = IT⋅VT (3) 

Where Ii is the output current of the module i, Ii,j is the output current of 
cell j within module i, and IDC,i is the output current from the DC-DC 
converter connected to module i. The receiver voltage VT is the sum of 
the module voltage Vi interconnected in series. Both the receiver voltage 
VT and series current IT depend on the external load connected to the 
receiver, typically the internal impedance of the maximum power point 
tracking system. The receiver output power, denoted as PT, includes the 
electrical power generated by the CPV cells and the power delivered by 
the DC-DC converters.

2.2.2. CPV cell electrical model
The electrical output of the PV cell [19] under different irradiation 

and temperature conditions is calculated through an 8-parameter 

double-diode model for a multijunction solar cell (Fig. 3) as a parallel 
combination of a current source, two exponential diodes and a parallel 
resistor, Rp, that are connected in series with a resistance Rs. The output 
current I is given by. 

I= Iph − Is ⋅
(

e
V+I⋅Rs
N1 ⋅Vth − 1

)

− Is2 ⋅
(

e
V+I⋅Rs
N2 ⋅Vth − 1

)

−
V + I⋅Rs

Rp
(4) 

Where Is and Is2 are the diode saturation currents, Vth is the thermal 
voltage, N1 and N2 are the quality factors (diode emission coefficients) 
and Iph is the solar-generated current. The thermal voltage Vth is defined 
as the following expression: 

Vth =
kB⋅T
e−

(5) 

Where kb is the Boltzmann constant, T is the operating cell’s tempera
ture, and e- is the electron charge.

The solar-generated current Iph is given by: 

Iph = Iph0⋅
(

Ir

Ir0

)

(6) 

Where Iph0 is the measured solar-generated current for irradiance Ir0 
and, Ir is the incidence irradiance in W/m2.

Additionally, the following Equations (7)–(11) were applied to cor
rect the solar cell parameters that depend on temperature: 

Iph(T)= Iph⋅
(

1+TIph1 ⋅ (T − Tmeas)
)

(7) 

Is(T)= Is ⋅
(

T
Tmeas

)

(
TXIS1

N1

)

⋅e

⎛

⎜
⎜
⎝Eg ⋅

(
T

Tmeas
− 1

)

N1 ⋅Vth

⎞

⎟
⎟
⎠

(8) 

Is2(T)= Is2 ⋅
(

T
Tmeas

)

(
TXIS2
N2

)

⋅e

⎛

⎜
⎜
⎝Eg ⋅

(
T

Tmeas
− 1

)

N2 ⋅Vth

⎞

⎟
⎟
⎠

(9) 

Rs(T)=Rs⋅
(

T
Tmeas

)TRS

(10) 

RP(T)=RP⋅
(

T
Tmeas

)TRP

(11) 

Where T is the cells’ temperature, Tmeas is the measurement temperature 
parameter, TIPH1 is the first order temperature coefficient for Iph. Finally, 
temperature exponents for Is, Is2, RS, RP are TXIS1, TXIS2, TRS, TRS, 
respectively.

The incidence solar power is calculated in Equation (12) by multi
plying incidence irradiance Ir with the total illuminated area of the cell 
Scell. The electrical efficiency of the PV cell ηcell is calculated in Equation 
(14) using the input energy Equation (12) and the electrical output of 
the PV cell from Equation (13). 

Psun = Ir⋅Scell (12) 

Pcelli,j =Vi,j⋅Ii,j (13) 

ηcell =
Pcell

Psun
(14) 

The efficiency of a single CPV cell, considering its active area (5,5 x 
5,5 mm2), is evaluated using the Equations (4-(14), based on the values 
from the CPV cell model (Table 1). This is illustrated in Fig. 4, which 
shows the efficiency’s dependence on both temperature and irradiance.Fig. 3. Equivalent circuit diagram for the double-diode model of the multi

junction solar cell.
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On one hand, an increase in temperature causes a rapid efficiency 
loss since the maximum power voltage is significantly affected by tem
perature, as described in Equations (5)–(9). This occurs due to the 
thermal voltage (Equation (5)) and the increase in reverse saturation 
current with temperature (Equations (8)-(9)), leading to current loss 
through internal recombination. On the other hand, as the model ac
counts for series resistance, an increase in irradiance results in a direct 
rise in current (Equation (6)), which causes a voltage drop, resulting in a 
sharp decrease in efficiency at higher irradiances.

2.2.3. DC-DC converter electrical model
The electrical model of the DC-DC converters is defined in Equation 

(15) as a linear current generator by two parameters: the electromotive 
force εi and the internal resistance ri. The electrical power consumed by 
the DC-DC converters and the net power of the receiver are defined using 
Equation (16)–(18). 

Vi = εi − Iiri (15) 

Pin DC,i =
Ii⋅Vi

ηc
(16) 

Pin DC =
∑Nm

i
Pin DC,i (17) 

Pnet =PT − Pin DC (18) 

Where Vi is the output voltage of DC-DC converter i, calculated from its 
electromotive force εi and the internal voltage drop due to the current Ii 

across the internal impedance ri. The term Pin_DC,i represents the input 
power supplied to each DC-DC converter, accounting for an internal 
efficiency (ηc) of 0.87, based on the specifications of the selected com
mercial DC-DC converters [34]. Finally, Pin_DC, PT and Pnet refer to the 
power consumption of the DC-DC converters, total receiver power 
output, and net receiver power, respectively. As shown in Equation (18), 
the power supplied to each DC-DC converter is subtracted from the total 
receiver output power. The number of DC-DC converters, denoted by 
Nm, corresponds to the number of modules to DC-DC converters.

The main electrical requirements for DC-DC converters include the 
ability to supply output currents (0–80 A) to compensate for current 
mismatches between modules, an adjustable output voltage (0.6–5 V) to 
be tuned to each module’s maximum power point, low internal 
impedance, and protection against overcurrent, negative current and 
overvoltage. These protections allow the converters to handle higher 
voltages when the external load is too high, even with a lower output 
voltage set on the converters. This ensures that the converters do not 
draw current from the modules under such conditions. Additionally, 
overcurrent protection limits the current delivered by the converters, 
disconnecting them when necessary to allow the receiver to operate at 
voltages lower than the set voltage of the DC-DC converters. Since each 
DC-DC converter supplies modules connected in series, an isolated 
power supply is required for the selected non-isolated DC-DC converters. 
For this study, we modelled two OmniOn Power DC-DC converters 
connected in parallel to meet the output specifications presented in 
Table 2.

The electrical modeling of the configuration with bypass diodes is 
based on the direct biasing of the diode when the voltage drop in a 
module reaches − 0.5V, triggering its activation. This occurs when a 
current mismatch between modules reduces the electrical potential of 
the less productive CPV modules to negative values, causing energy 
absorption from the other modules and leading to hot spots. To mitigate 
this issue, the bypass diodes activate to limit the voltage drop to the 
activation threshold, allowing for higher series current and preventing 
further damage.

2.2.4. Receiver efficiency
The external energy provided to a conventional CPV receiver (Fig. 2, 

b) is zero. However, introducing an active element such as a DC-DC 
converter increases the external power demand above zero. The PV 
array produces a net power PNET(PV + DC) (Equation (20)) based on the 
total output power PT (Equation (19)) and the power consumption of the 
DC-DC converters Pext. DC-DC (Equation (12)).

The electrical efficiency of the receiver plus DC-DC converters ηreceiver 
is calculated in Equation (22) using the net electrical output and the 
input energy of the receiver from Equations (20) and (21), respectively. 
The input energy depends on the incident irradiance Ir and the area of 
the receiver Sreceiver. 

PT =VT⋅IT (19) 

Table 1 
Parameterized values for the 8-parameter double-diode model of AzurSpace Solar 
Power GmbH 3C44 - 5,5 x 5,5 mm2 CPV cell [19] version with grid optimized for 
medium concentration and antireflective coating adapted to air, available library in 
Matlab Simscape Electrical [33].

DESCRIPTION SYMBOL VALUE UNITS

Diode 1 Saturation current Is 2.7359 ⋅10− 35 A
Diode 2 Saturation current Is 1.1678 ⋅10− 37 A
Solar-generated current for measurements Iph0 1.1900 A
Irradiance used for measurements Ir0 250 ⋅103 W/m2

Diode 1 Quality factor N1 1.5030 [− ]
Diode 2 Quality factor N2 1.5953 [− ]
Series resistance Rs 0.1043 Ohm
Parallel resistance Rp 26248.1045 Ohm
First order temperature coefficient for IPH TIPH1 7.9999⋅10− 4 1/K
Energy gap Eg 1.441 eV
Temperature exponent for Is TXIS1 92.8778 [− ]
Temperature exponent for Is2 TXIS2 227.9262 [− ]
Temperature exponent for Rs TRS1 2.1642⋅10− 2 [− ]
Temperature exponent for Rp TRP1 0 [− ]
Measurement temperature Tmeas 298.15 K

Fig. 4. Modelled dependence of the efficiency of the AzurSpace 3C44 CPV cell 
[19] under different irradiance and temperature conditions.

Table 2 
Output specifications of two OmniOn Power (model NSR040A0X43Z) con
verters connected in parallel.

PARAMETER SYMBOL MIN TYP MAX UNITS

INPUT VOLTAGE Vin 5 – 14 V
OUTPUT CURRENT 

RANGE
Ii 0 – 80 A

OUTPUT VOLTAGE SET 
POINT RANGE

Vi 0.6 – 5 V

OUTPUT VOLTAGE 
VARIATION (WITHIN 
THE CURRENT 
RANGE)

ΔV – 0.004 0.010 V

INTERNAL RESISTANCE r0 – 3.33⋅10− 5 8.33⋅10− 5 Ω
EFFICIENCY η – 87 90 %
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PNET(PV+DC) =PT − Pext. DC− DC (20) 

Psun = Ir⋅Sreceiver (21) 

ηreceiver =
PNET(PV+DC)

Psun
(22) 

2.3. Illumination profiles

This section presents the illumination profiles (Fig. 5) considered to 
assess the impact of DC-DC converters on the electrical output of the 
receiver. These profiles are identified to cover the majority of situations 
encountered during normal operation of the CPV receivers [26].

Since the photogenerated current in a CPV cell is proportional to the 
incident irradiance (Equation (6)), illumination non-uniformities be
tween modules result in a current mismatch when connected in series, 
leading to power loss. To quantify the power transfer loss due to these 
non-uniformities, the standard deviation of the average irradiance be
tween modules (σm, Equation (23)) is evaluated. 

σm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑Nm

i=1
(RSi − RS)

2

(Nm − 1)

√
√
√
√
√

(23) 

Where RSi is the mean solar irradiance of the module i, Nm is the total 
number of modules, and RS is the mean irradiation on the entire CPV 
receiver (800 kW/m2).

2.4. Thermal modelling

The illumination profiles impact the operating temperature of the 
cells, primarily depending on the heat extraction capacity of the cooling 
device and the coolant inlet temperature, fixed at 20 ◦C. The operating 

temperatures of the cells are calculated using Equation (24) as a nu
merical interpolation of the thermodynamic model results performed by 
Fernández et al. [35] employing a finite element solver (COMSOL) for 
the microfluidic cells cooling device [27,28], with a mean squared error 
of 1.27 %. 

T= a ⋅ e(b ⋅ q̇) + d ⋅ e(e ⋅ q̇) + (Tcoolant − 30) (24) 

Where T refers to the temperature of the photovoltaic cell [K], Tcoolant to 
the inlet temperature of coolant [K], q̇ to the heat flux density [kW/m2] 
and the coefficients a, b, d, e to the values 352.12 [K], 1.28⋅10− 2 [m2/ 
kW], − 21.92 [K], − 0.003 [m2/kW], respectively. The pumping con
sumption is subtracted from the electrical production to obtain the net 
output power of the receiver, calculated based on the microfluidic cell 
hydraulic power as described by Fernández et al. [35].

Additionally, to determine the operating temperature of the photo
voltaic cell, it is essential to consider that under normal conditions, the 
cells convert irradiance into electrical energy, thereby reducing the 
energy converted to heat. For thermal modelling, a numerical model 
solves the energy balance of a CPV cell presented in Equation (25) using 
an iterative numerical method (Bolzano) to find the root of the near-zero 
error objective function, ensuring it is below 1 mW (0.008 % of the 
maximum power point of the CPV cell under standard conditions). 

Psun =Pcell + q̇⋅Scell (25) 

Where Psun is the incidence solar power, Pcell is the electrical power 
generated by the CPV cell, considering its illuminated area Scell and the 
heat flux density q̇. By applying the energy balance between absorbed 
irradiance, generated electrical power, and dissipated thermal heat flux, 
the operating temperature of the CPV cell is calculated based on its 
operating voltage, as shown in Fig. 6.

Fig. 6 distinguishes three operating regions based on the CPV cell’s 
voltage range. The electrically non-productive region (right) occurs 

Fig. 5. Illumination distribution across CPV receiver surface. P0: Uniform (σm = 0 kW/m2), P1: Gaussian 1 central maximum (σm = 217 kW/m2), P2: Gaussian 2 
maximums (σm = 312 kW/m2), P3: dispersion within module (σm = 8 kW/m2), P4: large dispersion between modules (σm = 339 kW/m2), P5: off-axis illumination 
(σm = 220 kW/m2).
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when the cell current stops as voltage reaches or exceeds the open- 
circuit voltage, leading to reverse bias of the CPV cell. This halts the 
current, and the entire irradiance is dissipated as heat, maintaining the 
cell temperature. In the normal operation region (center), the temper
ature varies with electrical power generation, with the minimum tem
perature at the cell’s maximum power point voltage. The power 
consumption region (left) occurs when the cell’s operating voltage be
comes negative, as the series current exceeds the cell’s short-circuit 
current. This current mismatch generates excess heat, raising the cell 
temperature until the voltage reaches − 0.5V, activating the bypass 
diode. Once forward biased, the diode diverts some excess current, 
preventing further voltage drops and limiting thermal dissipation.

2.5. I-V characteristic curve of CPV array with diodes

The electrical behaviour of the CPV dense array formed by 9x9 
parallel-series configuration shown in Fig. 2(b), with the use of bypass 
diodes instead of DC-DC converters, is analysed when the receiver is 
subjected to the Gaussian 1 central maximum profile, shown in Fig. 5 
(P1).

The electrical production of each CPV cell is calculated using the 
model described in Section 2.2.2, which depends on the parameters of 
incident irradiance and operating temperature. The operating temper
ature is determined by considering the energy balance between the 
incident irradiance, the generated electrical power, and the thermal 
power extracted for the cooling system, according to its thermodynamic 
model (Section 2.4). The energy balance involves solving a model with 
transcendental equations, requiring numerical methods.

Once the operating parameters are determined, the electrical 
behavior of the receiver can be evaluated, considering the intrinsic 
constraints of the electrical configuration. The operating characteristic 
curves of each module of cells are obtained by summing the current of 
each cell (Equation (4)) as a function of the parallel connection voltage 
(as V in Section 2.2.2). The characteristic curve of the receiver is then 
calculated by considering the series association of the 9 modules. The 
final voltage is obtained by adding the voltages of each module 
(Equation (2)) as a function of the receiver output current (Equation 
(1)).

The I-V characteristics curve of the receiver for illumination profile 
P1 is shown in Fig. 7 (labeled as “CPV receiver”). Additionally, the figure 
shows the characteristic curves of the 9 modules working individually 
under the illumination conditions that spatially occur in the receiver.

Fig. 7 illustrates the staggered behavior of the receiver’s I-V char
acteristic curve, caused by differences in average irradiance between the 
modules and the activation of the bypass diodes as the impedance 
connected to the receiver decreases. When the receiver’s output current 
exceeds the short-circuit current of one of the modules, the affected 

module’s cells begin to absorb energy, driving its operating voltage to 
negative values. This staggered behavior occurs when a module reaches 
a sufficiently negative voltage to directly bias its bypass diode, allowing 
the series current to flow without further reducing the module’s voltage. 
Since Profile 1 applies similar mean irradiance to multiple modules, the 
generated current values are close, causing some I-V curves of the 
modules to overlap.

2.6. Maximum power point characteristics of CPV cells and modules

The characteristics of the maximum power point of each photovol
taic cell and module, working independently of the electrical configu
ration, are considered for the illumination profile P1 and the operating 
temperature according to the energy balance and the cooling system 
model.

Fig. 8 show the voltage, current, and power values that determine the 
operating conditions of the maximum power point of each module as a 
function of the concentration ratio.

Fig. 8 illustrates the relationship between the maximum power point 
parameters —current, voltage, power, and temperature— as a function 
of the mean irradiance for each module in the CPV receiver. As expected, 
the current increases linearly with irradiance, reflecting the direct 
relationship between irradiance and photocurrent generation in the CPV 
cells. However, the voltage exhibits a slight decrease, which can be 
attributed to two main factors. First, the increased irradiance raises the 
operating temperature of the CPV cells, as shown in the temperature 
profile. This temperature rise reduces the open-circuit voltage, subse
quently lowering the MPP voltage. Second, series resistance losses 
within the cells increase with irradiance, further reducing the MPP 
voltage.

These combined factors result in a reduction in MPP voltage and 
overall system efficiency at higher irradiance levels, leading to the 
logarithmic trend observed in the power regression curve. This 

Fig. 6. Evolution of the calculated CPV cell temperature as a function of 
operating voltage, under active microfluidic cooling, when subjected to 800 
kW/m2 of irradiance.

Fig. 7. I-V characteristic curves of the CPV receiver for illumination profile P1 
(central maximum). Each module separately and the complete receiver.

Fig. 8. Values of maximum power point parameters (voltage, current, and 
power) of each module in the CPV receiver as a function of the mean irradiance. 
The illumination profile used is P1.
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highlights the importance of efficient thermal management and mini
mizing resistive losses, especially when operating at high irradiance 
levels.

3. Results

This section examines the control of the DC-DC converters to 
compute and analyze the electrical behavior of the CPV receiver in terms 
of power transfer efficiency with DC-DC converters (Fig. 2a) and with 
diodes (Fig. 2b) for each of the previously defined illumination profiles 
(Fig. 5).

The electrical simulation of the CPV receiver is conducted numeri
cally using MATLAB, integrating the thermal and electrical models of 
the system. The thermal model calculates the operating temperature of 
the PV cells using the thermodynamic model of the microfluidic cells 
cooling device [10,36], considering the energy balance between irra
diance and electrical output. The electrical model includes the specifi
cations of both the commercial DC-DC converters and PV cells selected, 
as well as the electrical constraints of the 6x8 parallel-series PV cells 
configuration in the receiver.

3.1. Control of DC-DC converters

The selected DC-DC converters exhibit a high degree of ideality as 
current sources, ensuring voltage stability across a wide range of current 
levels (Fig. 9).

This characteristic is particularly advantageous in preventing voltage 
and power loss as the current mismatch increases. Additionally, equip
ped with safeguards against negative currents and overpotentials, each 
DC-DC converter can operate within a voltage range from the module’s 
open-circuit voltage to beyond the maximum power voltage as the 
impedance connected to the receiver decreases. Upon reaching the set
point voltage of the DC-DC converter, each module supplies the current 
mismatch according to its internal impedance, preventing voltage 
reduction as receiver current rises. Furthermore, the selected DC-DC 
converters offer the flexibility to adjust the setpoint voltage within a 
0.6–5 V range to match the maximum power point of each module, 
responding to changes in both CPV cells, ambient temperature and 
cooling plate characteristics.

The DC-DC control methodology employs two Maximum Power 
Point Tracking (MPPT) algorithms. The first algorithm adjusts the 
voltage of all DC-DC converters, while the second modifies the output 
impedance of the CPV receiver. The process begins with the first MPPT 
algorithm, which changes the DC-DC converters’ voltage based on 
methods similar to conventional algorithms such as Perturb and Observe 
or Incremental Conductance, which are widely used for their simplicity 
and adaptability under dynamic conditions [37,38]. Once the voltage is 
set, the second MPPT algorithm optimizes the output impedance of the 

CPV receiver by adjusting it to maximize the net output power at that 
specific DC-DC converter voltage, similar to approaches described in 
intelligent MPPT methods such as Fuzzy Logic Control [38]. After 
determining the net output power associated with that voltage, the first 
MPPT algorithm selects the next voltage for the DC-DC converters 
setting to further optimize the receiver efficiency, ensuring that the 
system operates at maximum power, as illustrated in Fig. 10.

Fig. 10 illustrates the receiver’s efficiency curve at its maximum 
power point as a function of the voltage applied by the DC-DC con
verters, which refers to the biasing voltage applied to each corre
sponding module. As the voltage of the DC-DC converters decreases from 
the maximum power point, the module voltage drops to that voltage 
before allowing the series current to exceed the module’s current. When 
the DC-DC converter voltage is reduced to − 0.5V, the module operates 
similarly to the diode configuration, permitting current flow while 
contributing to power consumption. However, the overall efficiency 
remains above 0 % because only the less productive modules are biased 
at such low voltages, while the more productive modules continue 
operating at higher voltages depending on the series current. As the 
voltage bias decreases, the I-V curve becomes more staggered, but the 
receiver’s overall efficiency remains positive since not all modules 
contribute zero power.

This behavior is further explored in Figs. 11 and 12, where the I-V 
and P-V curves show that the receiver’s maximum power point occurs at 
a lower voltage with diodes than with DC-DC converters. The detailed 
DC-DC converter control algorithm enables the system to self-converge 
to optimal operating conditions for all modules, even under varying 
ambient temperatures, cooling capacities, and illumination conditions. 
This feature, as demonstrated by the results in subsequent sections, 
significantly improves the applicability and reliability of the mismatch 
loss reduction system.

3.2. Comparison of I-V characteristic curves

This subsection analyzes the receiver output current IT presented in 
Fig. 9 through the I-V characteristic curves for the electrical configura
tion with diodes (PV) and with DC-DC converters (PV + DC) according 
to the illumination profile to which the receiver is subjected.

In the dotted curves of subsections P1, P2, P4 and P5 in Fig. 11, it can 
be observed that as the current IPV increases, the receiver voltage de
creases until the least productive module losses all its voltage and rea
ches − 0.5 V, activating its bypass diode. Consequently, the module’s 
short-circuit current stops restricting the series current, which continues 
to increase but at the cost of consuming energy from the other modules.

To address this issue, the DC-DC converters supply the current 
mismatch relative to the series current when the module voltage reaches 

Fig. 9. Maximum power voltage values of each module of the CPV receiver as a 
function of the current delivered by the DC-DC converters for illumination 
profile P1.

Fig. 10. Receiver efficiency plotted against the voltage of the DC-DC con
verters, representing the maximum power point of the receiver using DC-DC 
converters or diodes at different mean receiver irradiance levels under a 
Gaussian profile P1.
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2.4V, set as closest to the module’s maximum power point. When this 
occurs (IT(PV + DC) curve in Fig. 11), the DC-DC converter applies an 
almost constant operating voltage, keeping the modules close to the 
voltage of their maximum power point. This allows the PV cells to 
operate under optimal conditions despite irradiance deviations. Due to 
the DC-DC converters’ overpotential protections, the receiver charac
teristic curve develops over the current range from 0 A (open-circuit 
condition) to the current of the maximum power point corresponding to 
the receiver voltage of 19.2V (lower voltage limit).

In Fig. 11(P0), it is evident that there is no difference in performance 
between the use of bypass diodes and the application of DC-DC con
verters. This results from the uniformity of the illumination profile, 
subjecting all the cells to the same conditions. This scenario serves as a 
reference since all modules deliver the same current, resulting in 
maximum power transfer.

A similar situation is observed in Fig. 11(P3), even though the 
receiver is subjected to a non uniform profile between modules (Fig. 5 
(P3)). The reason is that the average irradiance is identical for each 
module. As a result, each module produces the same current, so the DC- 
DC converters remain inactive. However, this profile may cause a 
voltage mismatch within each module due to the temperature gradient 
between photovoltaic cells. This mismatch has a slight effect due to the 
use of the microfluidic cells cooling device.

3.3. Comparison of P-V characteristic curves and receiver efficiency

To evaluate the improvement in receiver efficiency using DC-DC 
converters, the power-voltage characteristic curves of both electrical 
configurations are shown in Fig. 12, with subsections corresponding to 

the different illumination profiles applied to the CPV receiver.
These P-V curves result from multiplying the total output voltage by 

the current of the receiver from previous I-V characteristic curves. The 
results depend on whether the modules are connected with bypass di
odes PPV or with DC-DC converters PT(PV + DC), respectively.

To compare the performance improvement of the receiver with the 
DC-DC converters, it is necessary to subtract the consumption of the DC- 
DC converters from the total power value PT(PV + DC) (Equation (20)). 
The result is the power-voltage curve PNET(PV + DC), which refers to the 
net output power of the CPV receiver. The efficiency of the DC-DC 
converters is assumed to be constant at 87 % according to the device 
data sheet (Table 2).

Fig. 12 shows the scaled behavior of the receiver P-V characteristic 
curves as the receiver load impedance decreases, either with diodes or 
DC-DC converters configurations. On the one hand, the power curves for 
the diode configuration (PPV curves) suffer a significant maximum 
power loss since the maximum power voltage of the receiver is reduced, 
in some cases, to values below 15 V due to the rapid decrease of the 
operating voltage of the less productive modules.

On the other hand, the configuration with DC-DC converters (PT(PV +

DC) curves) achieves much higher maximum power because all the 
modules are operating above the maximum power voltage over the 
entire current range of the receiver. However, as the receiver current 
increases, the current mismatch of the less productive modules gradu
ally rises, resulting in a higher power demand from the DC-DC con
verters. Considering that these devices have an efficiency of 87 % [34], a 
higher demand implies higher power loss. This dissipated power cor
responds to the difference between the PT(PV + DC) and PNET(PV + DC) 
curves, which is higher for illumination profiles with larger deviation 

Fig. 11. I-V characteristic curves of the CPV receiver for several illumination profiles. P0: Uniform, P1: 1 central maximum, P2: 2 maximums, P3: dispersion within 
modules, P4: large dispersion between modules, P5: off-axis illumination. Total output current of the receiver using bypass diodes or with DC-DC converters ac
cording to the type of line dash-dot or dotted, respectively.
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(illumination profiles P1 and P4).
To quantitatively evaluate the energy improvement of the proposed 

solution, Table 3 shows the net power and efficiency values of the entire 
receiver for the electrical configuration with diodes (PV) and with DC- 
DC converters (PV + DC).

The increase in receiver efficiency shown in the last row of Table 3 is 
attributed to the gain in power transfer efficiency resulting from the 
application of DC-DC converters instead of the bypass diodes configu
ration for each of the illumination profiles. The receiver efficiency is 
increased from 23.4 % to 30.3 % under Gaussian 1 central maximum 
profile (P1, σm = 217 kW/m2), reaching up to 38 % relative efficiency 
improvement under the large dispersion between modules profile (P4, 
σm = 339 kW/m2).

3.4. Power transfer losses

The power transfer loss is calculated from Equation (26) based on the 
percentage decrease in receiver output power when it is subjected to 
each of the illumination profiles, compared to profile 0. Profile 0 is 

selected as a maximum power scenario since its uniform irradiance 
prevents electrical mismatches between PV cells. 

ηlosses =
PP0 − PPk

PP0
⋅100 (26) 

Where k refers to the illumination profiles (k = 1 to 5) and PP0 and PPk 
are the net output power of the receiver for profile 0 and profile k, 
respectively.

As a result, Fig. 13 presents the power transfer losses as a function of 
the irradiance deviation between modules (σm, Equation (23)), 
demonstrating the power improvement achieved by using DC-DC 
converters.

The slope of the power transfer losses shows an irradiance deviation 

Fig. 12. P-V characteristic curves of the CPV receiver for several illumination profiles. P0: Uniform, P1: 1 central maximum, P2: 2 maximums, P3: dispersion within 
modules, P4: large dispersion between modules, P5: off-axis illumination. Total output power of the receiver with bypass diodes or with DC-DC converters is rep
resented by dash-dot or dotted lines, respectively. The net output power with implemented DC-DC converters is represented by a continuous line.

Table 3 
Net output power and efficiency of the CPV receiver with bypass diodes (PV) or 
with DC-DC converters (PV + DC) according to the illumination profile P0 - P5 
shown in Fig. 4.

Profile P0 P1 P2 P3 P4 P5

PPV [W] 724.1 489.3 476.0 670.4 462.2 462.1
PNET (PV +DC) [W] 724.0 633.5 631.4 670.3 637.6 632.9
ηPV [%] 34.6 23.4 22.7 32.0 22.1 22.1
η NET (PV +DC) [%] 34.6 30.3 30.1 32.0 30.4 30.2
η ratio (PV respect to PV + DC) 

[− ]
1.0 1.29 1.33 1.00 1.38 1.37

Fig. 13. Mismatch losses using bypass diodes or DC-DC converters for different 
illumination profiles as a function of the standard deviation of the mean irra
diation between modules.
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dependency of only 2.9 % with DC-DC converters, compared to 10.5 % 
in the bypass diodes configuration. According to the regression curve, 
when 200 kW/m2 of illumination non-uniformity occurs, the power 
transfer losses decrease from 26 % to 10 %. This demonstrates the sig
nificant improvement with DC-DC converters, as the receiver’s electrical 
output is significantly decoupled from the electrical constraints caused 
by the illumination non-homogeneities.

4. Conclusions

This study presents a comprehensive evaluation of a CPV receiver 
design that incorporates DC-DC converters and self-adaptive micro
fluidic cooling systems to mitigate the effects of current mismatch and 
temperature variations. Implementing DC-DC converters in parallel- 
series configurations of CPV cells significantly enhances power trans
fer efficiency. The receiver’s efficiency improved from 23.4 % to 30.3 % 
under Gaussian 1 central maximum profile, with up to 38 % relative 
efficiency gain under large dispersion profiles.

The self-adaptive microfluidic cooling system effectively maintains 
uniform cell temperatures, enhancing overall receiver reliability and 
reducing thermal gradients that cause voltage mismatches. The pro
posed receiver design demonstrated a substantial increase in net output 
power, reaching up to 724 W under uniform illumination and main
taining high efficiency under various non-uniform illumination profiles.

The integration of commercially available multijunction PV cells 
with DC-DC converters and microfluidic cooling is both scalable and 
practical for large-scale implementations. The patented design ensures 
the scalability and practicability of electrical connections between the 
DC-DC converters and each CPV cell without creating shaded areas, 
optimizing the active area ratio and enhancing energy conversion 
efficiency.

The selected DC-DC converters exhibit a high degree of ideality as 
current sources, ensuring voltage stability across a wide range of current 
levels. Equipped with safeguards against negative currents and over
potentials, each DC-DC converter can operate within a voltage range 
from the module’s open-circuit voltage to beyond the maximum power 
voltage as the receiver output impedance decreases. The control meth
odology employs two Maximum Power Point Tracking (MPPT) algo
rithms: one to adjust the voltage of all DC-DC converters and the other to 
modify the output impedance of the CPV receiver. This enables the 
system to self-converge to optimal working conditions for all PV cells, 
even under varying ambient temperature, cooling capacity, and illu
mination conditions, significantly enhancing the system’s applicability 
and reliability.

In conclusion, the integration of DC-DC converters and advanced 
cooling techniques in CPV systems represents a significant advancement 
in solar energy technologies, addressing key challenges and paving the 
way for higher efficiency and more reliable solar power generation 
systems.
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nonlinear microvalves for self-adaptive MEMS cooling, J. Microelectromech. Syst. 
17 (4) (2008) 998–1009, https://doi.org/10.1109/JMEMS.2008.927742.

[33] MathWorks, List of pre-parameterized components Simscape electrical [Online]. 
Available: https://es.mathworks.com/help/sps/ug/pre-parameter 
ized-components.html#responsive_offcanvas. (Accessed 23 October 2024).

[34] OmniOn Power, “Data Sheet for non-isolated DC-DC power modules, Naos Raptor 
40A.” Accessed: Oct. 31, 2024. [Online]. Available: https://www.mouser.ec/dat 
asheet/2/167/NSR040A0X_DS-1920160.pdf.
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