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Abstract—This paper discusses the potentials of string
based Maximum Power Point Tracking (MPPT) in ground-
mounted solar power plants using the HILEM topology.
First, the functionality of the HILEM circuit is described,
then the planned setup with the HiLEM topology is
presented. Finally, the operating principle is illustrated
by a simulated shading scenario.

Index Terms—Solar energy, Photovoltaic power sys-
tems, Maximum Power Point Tracking (MPPT), DC-DC
converters

I. INTRODUCTION

Photovoltaic (PV) power plants play a decisive role
in the conversion from today’s energy generation to the
future based on renewable sources. The government of
the Federal Republic of Germany has defined a devel-
opment path for the expansion of renewable energies in
the "Renewable Energies Act - EEG 2023” [1]. This
targets an installed capacity of 215 GW,, for solar energy
in 2030 and 400 GW,, for 2040 in Germany. To achieve
these goals, it is necessary to build many new plants, but
also to increase the efficiency of existing plants through
repowering.

Since the consumption of land area in densely pop-
ulated regions of the world is a major problem, it is
necessary to use the available land as efficiently as
possible. This is done, for example, through dual-use
such as ”Agrivoltaics” or the use of existing roof areas.
However, large-scale ground-mounted PV systems also
need to be optimized in their use of land.

In current large-scale ground-mounted PV systems,
large, powerful, central inverters with several 100 kW
to several MW of power are usually used to feed solar
energy into the power grid. The systematic structure of
a large ground-mounted PV system is often as follows:
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Typically, 20 to 35 solar modules are connected in series,
up to a system voltage between 1000V and 1500V, to
form strings. Several of these strings are connected in
parallel inside combiner boxes, see Fig. 1. However,
this setup has a considerable disadvantage: It is not
possible to take the voltage discrepancy of the different
strings, caused by mismatch in consideration [2]. Mis-
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Fig. 1: MPPT Level in large-scale ground-mounted PV
systems



match refers to the power loss, caused by differences
in irradiation, shading, soiling, aging, orientation, tilt
or solar module types in the individual strings. Since
the central inverter has only one DC voltage input, it
can only set a single Maximum Power Point (MPP)
voltage for all strings together. Therefore, strings with a
deviating MPP voltage are not operated optimally, which
leads to a reduction in the energy yield of the entire
system.

Individual MPPT of each string is possible by adding
multiple boost converters, electrically isolated converters
or other topologies [3] to the strings. But they all result
in higher costs and increased losses, if no mismatch
is present at the moment. Actually, these technologies
are used in conventional string inverters, with a power
range of 2kW to 200 kW, but due to economical reasons
not in large central inverters. Recently, the request for
string based MPPT is increasing in these type of systems,
for this reason string inverters are being used more and
more in large ground-mounted PV systems. Therefore,
research interest in more efficient and cost-effective
solutions for string based MPPT is currently increasing.

In this paper the further development and setup of the
High Efficiency Low Effort MPPT (HiLEM) [4] circuit
in a PV research plant is presented. The purpose of
this research plant is to investigate the efficiency gained
through the HILEM circuit with MPPT at string level on
a ground-mounted PV system. As a reference, combiner
boxes as well as conventional string inverters will be
compared in terms of their overall efficiency.

In Section II the HiLEM circuit is presented. The
hardware setup of the HiILEM system is described in
Section III and the simulation results of a potential
shading scenario are presented in Section IV.

II. HILEM CIRCUIT FOR ULTRA EFFICIENT MPPT

First introduced in [5], the HILEM circuit provides
a highly efficient method to operate multiple strings of a
PV system at their individual MPP. The circuit exploits
the circumstance that it is not necessary to have a voltage
range at the converter input down to 0V for a reasonable
operation. Furthermore, an input voltage range between
the lowest string voltage uq min and the highest string
voltage UG max 1S sufficient to operate all strings in their
MPP. This is evident from the power curves shown in
Fig. 2.

The patented HiLEM circuit described in [4], [5]
and shown in Fig. 3 reduces the switched voltages to
UG, diff = UG, max — UG,min- FOr this reason, semiconduc-
tors with a lower blocking voltage can be used compared
to, for example, a boost converter topology. This leads to
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Fig. 2: Difference in power and voltage between un-
shaded and partially shaded strings; Parameters from
Table 2 of [6]

very low losses also at higher switching frequencies, al-
lowing smaller passive components to be used compared
to conventional full power DC-DC converters [7]. This
further reinforces the advantages mentioned above. There
are several versions of the HILEM circuit as described
in [4]. For the setup of the PV research plant, only the
HiLEM-2 version is of interest and will be abbreviated
as HiLEM in this paper.

Each of the N PV strings has its own input half-
bridge in the HiLEM circuit configuration shown in
Fig. 3 on the left side. These consist mainly of the two
semiconductors T'1x and T2x, the capacitors C4x and the
inductors L1x with z € {1... N}. The N input side half-
bridges are connected by W1, W2 and W3 and combined
by the single output side half-bridge to a common DC
output. The HiLEM output half-bridge consists of the
two semiconductors T3 and T4, the capacitor C3 and
the inductor L.2. The split DC link is formed by capacitor
C1 between W1 and W2 and capacitor C2 between W2
and W3.

The MPP voltage ugy for the individual PV strings
can be adjusted in the range between uce < ugx <
uce +uci. Within certain limits, caused by the blocking
voltage of the semiconductors, the voltage level for uc;
and uceo can be varied. If ucy is chosen as small as
possible and uco as large as possible, the switching
losses in the switched semiconductors can be minimized
[4]. The circuit provides a DC voltage up between
terminal A+ an A-, to which a grid feeding inverter
can be connected. Neglecting all losses, the mean value
of the output voltage ua is always between ug min and
UG, max-

Pulse width modulation (PWM) is used to control
the transistors T1x-T4. The duty cycle of the input half-
bridges are designated as apy and those of the output
half-bridge as ar. With the switching frequency fsw,
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Fig. 3: HILEM-2 circuit [7]

the length of the power-on periods

Tr1x = apy - stw (1)
Tror = (1 — apy) - stw (2)
T3 = ap - f%w (3)
Tra=(1—ar) - 5 “4)

result [7]. For the stationary mode the current icy, can
be neglected resulting in iq, =~ ip,. T1lx and T2x split
the input current ip, of the input half-bridge into the
currents igy, and igo,. According to [7], the two mean
values during one pulse-period result as:

®)
(6)

The two currents ig; and ipo are combined by the
transistors T3 and T4 of the output half-bridge to form
the current ip.

Modeling the NV input half-bridges as one equal input
half-bridge simplifies the circuit. The sum of all input
currents ig, results in the equivalent input current ig
and the sum of all inductor currents ip, result in the
equivalent current ip [7]:

TE1x = aDx * IGx

EE2x = (1 - an) ' ti

N

ic =) i (7
x=1
N

iD= Zli (8)
x=1

Assuming that all individual powers Pg, = ugy - tqy are
summed to the equivalent power Pg = ug -ig, the result
for the equivalent voltage ug is:
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If the losses of the circuit are neglected, then in sta-
tionary operation, where no capacitor is charged or
discharged, the input power Pg = ug - iq is equal to
the output power Pr = up - ip. Thus, the output current
i 1s equal to the equivalent input current ¢ respectively
equal to 7¢ and ip and thus up ~ ug.

ia=1ip =ip =1ig | wua~ug (10)
It follows from the topology that the output voltage ua
is in the range between uq min and UG max. Therefore, it
is not possible to boost the output voltage ua above the
value of ug max. Usually this is not necessary, because
most inverters can be operated with different DC voltages
and the minimum voltage for feeding into the grid is
ensured by the setup of the entire PV system, i.e., the
number and the type of the solar modules.

One advantage of the HiLEM circuit is the reduced
total switching power compared to a conventional full
power circuit with one boost converter for each of the
N PV strings. The switching power is the sum of the
products of the drain-source voltage and the drain current
from each of the four transistors. The current iq, is the
maximum possible current of the PV strings and the
voltage uc is the difference between uG max and UG min-
This yields the total switched power of the HiLEM
circuit [7]

Pswnitem = N -4 - (UG max — UG,min) * 4G max - (11)

For a conventional boost converter, the total switched
power results to

Psw,boost =N-2- UG, max * iG,max . (12)

A low total switching power leads to low losses and
therefore a higher efficiency. From Eq. 11 and Eq. 12 it
is obtained, that as long as the difference uq max —%G min
is less than 50% of uq max, the HILEM circuit has the
lower total switching power resulting in less switching
losses.

Since the switching losses, as shown in Eq. 11 are di-
rectly proportional to the voltage uc1 = UG, max— UG, min,
the voltage uci is kept at the lowest possible value
UG,max — UG,min during operation. Since the smallest
and largest string voltage change dynamically during
operation due to the MPPT, a dynamic adjustment of
the voltage uc; is possible and will have significant
effects on the overall efficiency. So far, only setups of the
HiLEM circuit with a fixed voltage uc; are investigated
(41, [7].

Because of the low maximum value of the voltage
uc1, the semiconductors T1x — T4 and the capacitor



C1 can be designed for considerably lower voltage than
the maximum string voltage. Therefore, Gallium Nitride
(GaN) transistors are particularly suitable for use within
HIiLEM, since they have a low Rpg(on), allow very high
switching frequencies and the topology does not require
high blocking voltages. As a result, the passive compo-
nents of the circuit can be dimensioned smaller, leading
to a further cost reduction. For reasons of limited space
and since this paper focuses on the overall system, we
refer to [4], [7] for a detailed derivation and description
of the control scheme of the HiLEM circuit.

III. HARDWARE SETUP OF THE HILEM SYSTEM

For the application of the HiLEM topology in a
dedicated research plant, a consideration of the overall
system is made in this section.

The designed HiLEM prototype for the research plant
is flexible in use due to its modular design. Up to four
HiLEM input stages can be combined with one HILEM
output stage. Each input stage has a power of approx-
imately 10kW, and each output stage approximately
40kW,,. The power rating will also allow the use of
very powerful solar modules with up to 500 W, per
module while still being able to utilize the 1000 V system
voltage.

A key design feature of the HiLEM circuit is the
design of the voltage range of wucj;. This determines
the required blocking voltage of the semiconductors. It
is planned to install solar modules with substring MPP
optimizers from a project partner in the research plant.
In case of shading of a module, these optimizers act
like buck converters. The module voltage is regulated in
such a way that the string current 7g, does not change,
but the module is still operated in its MPP. As a result,
the output voltage of the modules with an optimizer is
proportional to the output power when shaded. There-
fore, using the substring optimizers, a higher voltage
difference between several strings %G max — UG,min 18
to be expected, which has to be taken into account in
the design of the HILEM prototype.

As described in Section II, the HILEM topology has
efficiency benefits as long as uq max — UG,min does not
exceed 50% of ug max. Since the MPP voltage of one
string is around 700 V to 800 V, a maximum voltage for
ucy of 400V is set.

For the prototype of the HiLEM input stage the
GaN transistors (GS66508T) [11] from GaN Systems
with a blocking voltage of 650 V and a maximum drain-
source current of 30 A are used. The output stage is
still in the design process, will also be equipped with
GaN transistors (GS66516T) [12] from GaN Systems

with 650 V blocking voltage, but with a maximum drain-
source current of 60 A.

Since the overall system is presented in this paper,
the further hardware structure of the prototypes will not
be discussed in depth at this point. The detailed design
with measurements on the hardware will be presented in
a following publication.

The research plant for the HILEM circuit will consist
of a total of eight strings, each with 21 solar modules.
Four strings will be connected to the HILEM system and
the other four strings will be connected conventionally
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Fig. 4: CAD model of the planned setup of the HILEM
circuit in the outdoor cabinet



with a combiner box and are used as a reference for
validation.

The hardware of the HiLEM circuit for the re-
search plant is to be housed in an outdoor cabinet.
An illustration of the provisional CAD model can be
seen in Fig. 4. On the lowest level, the eight incoming
strings are connected to surge protection devices, string
fuses and DC switch-disconnectors. This way, the strings
can be flexibly distributed between the subsystem with
the HiLEM circuit and the subsystem of the reference
plant. The DC switch-disconnectors are either switched
manually or are automatically switched off for safety
reasons when the grid is disconnected. It is also possible
to turn off the switches by the signal processing system
in the case of a detected fault. On the middle level are the
racks for the power electronic hardware of the HILEM
topology. The input stages are designed in the Eurocard
format 100 mm x 280 mm seen on the lower rack. The
output stage has a double Eurocard format 230 mm x
280mm seen on the upper rack. Grid feeding inverter
with the same format, are also placed on this level. The
inverter developed in-house provides full access to all
relevant parameters necessary for research purposes [9].
The signal processing in the upper area shown in Fig. 4 is
primarily used for research tasks. The signal processing
system is mainly based on a Xilinx Zynq 7030 System
on Chip (SoC). On a single chip, it combines an Field
Programmable Gate Array (FPGA) with a dual core
ARM processor chip [10]. Communication between the
SoC and the individual HiLEM stages is enabled by
optical fibers. This allows the SoC system to be used for
high-performance measurement recording in the research
plant.

The HiLEM circuit can be operated completely in-
dependently, since each input stage as well as the output
stage is provided with its own Local Control Unit (LCU).
This LCU consists mainly of an FPGA of the type
Inte] ® MAX® 10 10M08 or 10M25 for the output stage
and an optical fiber interface. Communication between
the single HiLEM stages and the overall SoC takes
place via optical fibers. All of the needed signals and
measurements for the operation of the HILEM circuit
are located on the HiLEM setup itself. Therefore, the
higher-level signal processing SoC mainly executes tasks
regarding the overall operation and the data collection of
the connected HiLEM setup.

IV. SIMULATION RESULTS

To illustrate a possible operating scenario of the
HiLEM setup, Fig. 5 shows typical voltage curves for
four individual strings ugi—4 with solar modules of the

type [8]. The important specifications of the simulated
solar modules are shown in Table 1. All strings consist
of 21 solar modules connected in series. Every string is
connected to its own HiLEM input stage. To demonstrate
the functional principle of the HILEM setup, the oper-
ational voltages uc; + uce, uce and the output voltage
up are also plotted in Fig. 5.

TABLE I: Electrical properties at Standard Test Condi-
tions (STC) from [8]

Nominal power Ppax 370 W,
Nominal voltage Uw,p 34.60V
Nominal current Iy 10.77 A
Open circuit voltage Uoc 413V

short circuit current Isc 11.30A

The simulation of the shading scenario was per-
formed using a clocking model of the HiLEM topol-
ogy. For this reason, the simulation results shown in
Fig. 5 and Fig. 6 were filtered, since the clock-frequency
fractions are not relevant for the desired observation. In
addition, the simulation model takes the losses of the
semiconductors into account.

String 1 and String 4 are uniformly irradiated with
1000 W/m? and not shaded. String 2 is also uniformly
irradiated with 1000 W/m? until time 7'1 = 4 s . Between
time 7'1 and time 72 = 9s, shading occurs on one
of the 21 solar modules of string 2. From time 72 no
more shading occurs at string 2. String 3 is irradiated
evenly with 1000 W/m? at the beginning. From time
point 71, three of the 21 solar modules of string 3
are completely shaded causing their bypass diodes to
conduct the string current. Table II summarizes the
described shading scenario.

TABLE II: Shading scenario for the simulation

String | Irradiation ﬁggjﬂ: S Percentage shaded
1 1000 W/m? 0 0%

2 1000 W/m? 1 100 %

3 1000W/m?> | 3 100 %

4 1000W/m?> |0 0%

The HiLEM circuit will operate every string in its
individual MPP. To achieve this, the voltage of uc; was
set to 150V and uc2 to 600 V. This results in a possible
adjustable voltage of the strings from ug min =~ 600V to
UG,max ~ 750 V. The output voltage up is determined
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Fig. 5: Simulation results for the voltage curves with the
shading scenario

by the input voltages ug,; and the power Pg, of the
strings.

Fig. 6 shows the power curves of the individual
strings and the corresponding total power, resulting from
the simulation. P, P», P3 and P, represent the input
power of the respective strings. P represents the com-
mon output power at the outlet of the HILEM output
stage.

From these values the possible output voltage as well
as the output current can be determined. The voltage
at the HILEM output can be considered as a weighted
average of the input voltages. Neglecting the losses, the
shown example leads from Eq. 9 to

N .
_ E _ szl UGx * 1Gx

. (13)
G G

UA =~ UG
It is obvious from Eq. 13 that the output voltage wua
depends on the individual MPP voltages ug, and the
power of the PV strings Pg,. Boost operation, to achieve
a higher voltage level at the output voltage up is not
possible. For grid feeding operation, attention must be
taken to configure the PV strings in such a way that
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Fig. 6: Simulation results for the resulting power curves
with the shading scenario

a suitable voltage level can be achieved. Under certain
conditions, operating points can occur at which the
voltage level required for the grid feed-in cannot be
achieved at the output. In this case, it is necessary to
increase the voltage of a string and leave its MPP to
meet the required output voltage for grid feed-in.

V. CONCLUSION

This paper addresses the overall design and structure
of the first High Efficiency Low Effort MPPT circuit
for string-based MPP tracking in large-scale ground-
mounted PV systems. First, the need for finely tuned
MPP tracking, even in ground-mounted systems, is laid
out. Then the current state of technology is described and
the advantages of the HILEM topology as a replacement
for combiner boxes in new or existing plants are derived.
Furthermore, the possibility to use the HILEM topology
as a replacement for MPPT in conventional string invert-
ers is also discussed and its technical advantages over the
other technologies are elaborated.



Moreover, the structure and function of the HILEM
topology is described in detail. The dynamic adjustment
of the voltage uc; has significant effects on the overall
efficiency. For this reason, further investigations are
planned to deal with this question.

An outlook on the hardware setup of the HiLEM
prototype is given. In conclusion, the simulation of a
possible shading scenario with four strings shows the
principle mode of operation. What makes the capabilities
of the HiLEM topology apparent.

The detailed hardware design of the HiLEM proto-
type will follow in a further publication, in which the
switching behavior and achievable efficiencies will be
discussed in detail.
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