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Abstract—This paper presents an advanced control concept for
a specialized Partial Power Converter (PPC) topology, specifically
the High Efficiency Low Effort MPPT (HiLEM) circuit. A revised
hardware architecture is introduced to enable a more systematic
and robust control of the PPC. The results of the measurement
and simulation validate the effectiveness of the proposed control
strategy and highlight its potential for further functional en-
hancements. Beyond the novel control approach for the HILEM
topology, a loss-reduced operating method is also investigated.
This method leverages the characteristic that identical input-side
voltages can be generated at multiple operating points, thereby
providing additional degrees of freedom for implementing an
efficiency oriented operating strategy.

Index Terms—DC/DC converter, Maximum Power Point
Tracking, Partial Power Converter, photovoltaic system

I. INTRODUCTION

In recent years, the newly installed capacity of photovoltaic
(PV) systems has shown a consistent global growth trend,
reaching a record annual rate of 32 % in 2024, resulting in
an additional capacity of 451.94 GW [1]. This remarkable
progress in the sector has fueled further research efforts aimed
at reducing costs, increasing yields, and minimising losses in
large-scale PV systems.

In large PV systems, two distinct methodologies are cur-
rently employed for connecting individual PV strings. In
both variants, the modules are connected in series to form
a string up to a predefined system voltage. One approach is
to feed solar power into the public grid via single-stage PV
systems, using a central inverter with parallel PV strings for
single Maximum Power Point Tracking (single-MPPT) and
grid connection. The central approach has lower investment
costs and good power conversion efficiency under optimal
system conditions [2]-[4].

However, when the PV system deviates from optimal con-
ditions due to factors such as soiling, non-uniform shading,
defects, string configuration, or system ageing, employing
a two-stage approach with a multi Maximum Power Point
Tracking (multi-MPPT) capability can significantly improve
the overall system yield [3], [5]-[9]. The two-stage variant
comprises a boost converter for each string, which enables
a multi-MPPT mechanism with a single inverter. Using a
Full Power Converter (FPC) as DC-to-DC converter (DC-DC
converter) means that the entire power flow must be handled
by the active switches, resulting in additional losses and
reducing the overall system efficiency. Consequently, PPCs
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have emerged as a promising alternative for increasing system
efficiency while ensuring precise MPPT [10], [11]. The PPC
approach requires active processing of only a fraction of the
generated system power, thus incurring a fraction of the losses,
costs, and size associated with the traditional FPC [12].

In recent years, numerous topologies have been developed
and studied for PPC DC-DC converters, all of which exhibit
lower losses and less effort compared to conventional FPC
DC-DC converters [11], [13]-[17].

One of the most promising approaches for multi-MPPT
with PPC is the so-called HiLEM topology introduced in
[15], [18] and further developed in [19]. The topology enables
semiconductor losses to be lowered by reducing the necessary
blocking voltages of the semiconductors, making it possible
to use semiconductor technologies with lower voltage ratings,
such as Gallium Nitride (GaN), even at high system voltages
of 1000V or even 1500 This paper presents a novel control
strategy and a loss-reduced system control algorithm for the
previously mentioned HiLEM topology. The paper is struc-
tured as follows:

First, Section II describes the structure and functionality
of the HiLEM-2 topology, which is used in this paper and
depicted in Fig. 1. Section III explains the structure and
configuration of the developed control and demonstrates the
system’s capabilities through a simulation. The idea of the
loss-optimised system controller of the converter that builds
on the represented control is described in Section IV. Finally
the preliminary measurement results of the controlled system
with implemented Maximum Power Point Tracking (MPPT)
are shown in Section V.

II. PARTIAL POWER CONVERTER TOPOLOGY - HILEM

The PPC topology HIiLEM-2, hereafter referred to as
HiLEM, shown in Fig. 1 enables efficient multi-MPPT for
large PV power plants.

The topology takes advantage of two important properties:
On the one hand, it is not necessary to lower the converter
input voltage of a string in its Maximum Power Point (MPP)
down to 0 V. On the other hand, the voltage difference

UG,diff = UG, max — UG, min (1)

between the MPP voltage of the string with the lowest voltage,
UG min = min (ug,), and the MPP voltage of the string with
the highest voltage, uG max = max (ucy), is usually low for
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Fig. 1. Circuit design of the HILEM-2 topology with one to N Input Stages
and a single Output Stage

large PV plant applications. The reason for this is that in large
PV plants, the string configuration is typically homogeneous
across all strings, which means that their MPP voltages can
only differ significantly due to soiling, heterogeneous shading,
defects, different string orientation or ageing. Asymmetrical
string configurations, meaning different number of PV mod-
ules per string, are uncommon in large PV systems. This leads
to very low differential voltage between the individual strings
of the system, which is utilised by HILEM’s special circuit
arrangement, as it only needs to switch the differential volt-
age uq,qig With its active semiconductors [15]. Furthermore,
asymmetric string configurations can of course also be utilised
with the HILEM topology, as long as they do not exceed a
limit defined by the design for voltage differences between the
strings. However, higher differential voltages are switched by
the active semiconductors, which increases switching losses.

As seen in Fig. 1, the DC link connecting the Input Stages
with the Output Stage is split into an upper (W1 to W2) and
lower (W2 to W3) part. This arrangement makes it possible
to adjust the voltage at the Input Stage ug, between uco and
uce + uci. Fig. 2 shows this functionality of adjusting the
input voltage ugy-.

The hardware setup on which this paper is based was
described in detail in [19]. It assigns each PV string its own
Input Stage, enabling individual MPPT per string. It consists of
an capacitor Cy,, an inductor L1, and the GaN semiconductors
Ty, and Ty,, with x € {1...N}. The right side of Fig. 1 is
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Fig. 2. Voltage adjustment for the Input Stage of the HILEM topology
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called the output stage and consists of the GaN semiconductors
T3 and T4, a capacitor C3 and the inductor Ly. The divided
DC link with the capacitors C; and Cs between W1, W2 and
W3 connects the Input Stages with the single Output Stage.
In the described hardware implementation, the capacitors C;
and Cs are allocated across the Input and Output Stages.

The following equations are based on the references [15],
[19].

The Inputs Stage transistors Ty, and Ty, are driven by a
Pulse Width Modulation (PWM) characterized by the duty
cycle dp, and the switching frequency fs. The corresponding
conduction intervals within one switching period Ty = 1/fisw
are given by:

= de . Tswu (2)
TTQX == (]- - de) : TSW' (3)

The input current ig, applied to each input stage is divided
into the branch currents igj, and igo,. In steady-state opera-
tion, the average values of these branch currents are:

;Elx = de . iGX7 (4)
;EQX = (1 - de) : ti~ (5)

For simplification of the analytical framework, the N input
stages are abstracted into a unified equivalent input stage. This
equivalent representation is characterized by the aggregated
input voltage uc and the corresponding equivalent currents ig
and ip. The total input current i is obtained as the sum of all
individual input currents iq,, while the total inductor current
ip is defined as the sum of all individual inductor currents ip,.
The total voltage ug is constrained to the interval defined by
the minimum string voltage UG min and the maximum string
voltage uqg max. The equivalent quantities are determined un-
der the assumption that the total power of all individual strings,
given by Pay = ugyx - iqy, 18 equal to the equivalent aggregated
power Pg = ug-ig. Accordingly, the equivalent voltage ug is
obtained by applying power-normalization to the aggregated
input stage:

N N
ig = E iGxs ip = E iDx, (6)
x=1 x=1

N N ,
PG _ Z}c:l PG _ Zx:l UGx LGx
i i i '

)

ug =

The Output Stage combines the currents ip; and ips by the
semiconductors T3 and Ty4. They are controlled using PWM
with the duty cycle dr. The corresponding conduction intervals
within one switching period Ty, = 1/fs are given by:

Tr, = dp - Toy (8)
TT4 - (1 - dF) : Tsw (9)

Under steady-state conditions, the average output power pr =
ua - ip corresponds to the input power pg = ug - i minus
the internal losses of the converter. The output current ia
corresponds to the mean inductor current ip, due to current
aggregation at the input stage, it is identical to the equivalent
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input current ig. If the internal losses are neglected, the output
voltage ua approximates the equivalent input voltage ug:

(10)
an
Consequently, the inverter is supplied with an input voltage

ua, whose magnitude may vary within the admissible range
defined by ug min and ug max:

in =ip = igq,

Uup <~ UG.

UG, min <up 5 UG, max- (12)

A voltage boost beyond ug max 1S not achievable with this
topology. This restriction does not impose a practical limita-
tion, since most inverter architectures are inherently designed
to operate over a wide range of DC input voltages.

The previously mentioned hardware setup uses GaN semi-
conductors with a blocking voltage of 650V, which limits the
voltage level of the upper DC link uc; to 400 V. This value
also serves as the upper limit for the differential voltage ug qgig
between the input strings. This also represents the limitation
for deviation in asymmetric string configurations. The voltage
of the lower DC link uc» is designed for a maximum voltage
of 1000V, which allows a system voltage of up to 1000V to
be set at the input, regardless of the current voltage level of
uci.

In order to minimize switching losses, the most straightfor-
ward approach is to ensure the voltage uc; is kept as low as
possible while using the second voltage uce to ensure the
necessary system voltage for the MPP at the Input Stage.
A comprehensive elaboration of this control methodology is
provided in Section IV.

III. CONTROL DESIGN FOR FAST SWITCHING HILEM
ToOPOLOGY

The already mentioned new hardware design used for this
paper allows a new straightforward strategy to control the
HiLEM DC-DC converter. To get an overview of how the
signal processing of the new hardware design works, Fig. 3
shows the connection and control diagram of the system that
has been set up. The input and Output Stages have a Local
Control Unit (LCU) based on a Field Programmable Gate
Array (FPGA) from Altera’s MAX10° series, communicating
with the Central Control Unit (CCU) using an Fiber Optic
Cable (FOC) interface. The CCU is a modular, highly perfor-
mant and fully adaptable real-time signal processing platform
containing a Zynq-7030 System on Chip (SoC) from Xilinx®
as its central logic chip [20].

As shown in Fig. 2, the input voltage uc, is driven by the
PWM of T and Ts. To determine the modulation duty cycle
dpy), a cascaded control is implemented at the LCU of each
single Input Stage. The two proportional integral controller
(PI controller) forming the control structure of the input side,
consisting of a voltage controller for ug, and a subordinate
current controller for ip,.

The subordinate current PI controller for ip, is designed
according to the optimum criteria. This means that the internal
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current control loop of ip, behaves like a second-order element
with an attenuation of d = /2. The voltage PI controller for
ug, results in the combination of an integrator and a first-
order element, in which the parameters can be determined
with the help of the symmetrical optimum. A better controller
performance is achieved by using a back calculation anti-
windup. To avoid saturation of the choke, the operating range
of the choke L is set as the control value limit.

To stabilize overshoot during setpoint changes of ug,, a
first-order element is connected as an optional reference value
filter before the controller’s setpoint input.

The setpoint of ug, is provided by a local MPPT algorithm,
implemented in the LCU of each Input Stage. This MPPT is
based on a Perturb and Observe algorithm (P&O algorithm)
[21], that finds a local optimal operating point for the con-
nected PV string by perturbing the input voltage and observing
the behaviour. A comparison between the instantaneous power
and that of the previous operating point enables a decision
regarding whether the voltage trajectory should be further
advanced in the current direction or whether the polarity of
the voltage increment should be reversed.

The setpoints of the two remaining voltages of the divided
DC link ucy and uco are controlled by the LCU of the Output
Stage.

Voltage ucsy is driven by the PWM of T3 and T4, with
the modulation duty cycle dr provided by a cascaded control
structure at the LCU of the Output Stage. The control structure
is similar to the Input Stage consisting of a voltage controller
for uco and a subordinate current controller for ig.

The current i is controlled by the subordinate PI controller
which is designed according to the optimum criteria. Similar
to the Input Stage, ir behaves like a second-order element
with an attenuation of d = /2. As with the Input Stage, the
voltage PI controller for ucs is also designed with the help of
the symmetrical optimum. A better controller performance is
achieved by using a back calculation anti-windup. Achieving
better controller performance involves implementing a back-
calculation anti-windup. To prevent the choke from saturating,
the operating range of the choke L is set as the control value
limit.

Another PI controller, located at the Output Stage, controls
the voltage of uc; using the control variable uy. To regulate
the capacitor voltage uc1, the approach is expressed in relation
to the power. If losses are neglected, the difference of the
powers in capacitor C; occurs as follows:

PC, = UG +ip —UA - Ip —Ug2 - io2 (13)
—_——— —— ——

Pp PF PCy

With ug as the average value of the input voltages uc,
weighted over the current ip,. The average power pc, over
capacitor Co is approximately OW and can therefore be
neglected for further consideration. The output voltage ua,
provided by an arbitrary output-side circuit, for example a DC-
to-AC converter (DC-AC converter) or a DC-DC converter, is
a suitable degree of freedom to regulate the capacitor voltage
ucy. Considering the transfer function G,, (s) of the voltage
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Fig. 3. Structure of the

control circuit and Eq. (13), it follows for pc, with the
controller output variable u:

pc, =ug - ip + Guy (8) - gy - ip — Gy (s) -ug - ip - (14)

The setpoints ug,; and ug, are defined by the higher level
CCU with a loss-reduced approach explained in Section IV.
In Section V, the control behaviour will be presented using
the control approach described above.

IV. LOSS REDUCED SYSTEM OPERATION

The largest loss contributions in the HiLEM circuit are
caused by the conduction and switching losses of the GaN
High-Electron-Mobility Transistor (HEMT) employed in the
Input and Output Stage. This is where the greatest potential for
loss-reduced operation is available. With the HILEM topology,
it is possible to realise an input voltage ug, with different
operating points of the voltages (uc1, uce) of the divided
DC link. The primary loss-minimisation strategy consists in
regulating the upper DC-link voltage uc; to the lowest feasible
level, thereby reducing the semiconductor switching losses
associated with high voltage stress. It must be ensured that
uci is at least as high as ug qig from Eq. (1), otherwise the
voltage at the input cannot be set correctly. The lower DC
link voltage uco must then be selected such that the remaining
voltage difference for the input voltages ug, can be provided.

In addition, the following boundary conditions must be
observed when regulating the DC-link voltages. The system-
wide voltage constraints must be satisfied at all times, mean-
ing that uc; must not exceed Ucimax = 400V, and the
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Algorithm

HiLEM Control System

combined DC-link voltage uc; + uce must remain below
Usys,max = 1000V to ensure electrically safe operation and
prevent overstressing of insulation and semiconductor devices.
Moreover, the input voltage control loop requires a defined
voltage buffer Uy on uc; to avoid operation at the modu-
lation boundaries corresponding to UG max and UG min. This
voltage buffer enables rapid compensation of minor variations
in the input voltages ug, without necessitating continuous
adjustment of the divided DC-link voltages uci and uco.

The algorithm scheme, with the specified boundary condi-
tions, is illustrated in Fig. 4, calculating the voltage setpoints
U¢, for the upper DC link and U¢, for the lower DC link. To
illustrate this approach, a simulation was performed, which
is shown in Fig. 10, whereby the input voltages ug, were
varied. The simulation results are discussed in Section V.
The loss-reduced algorithm from Fig. 4 selects an operation
point with low switching losses, for the given input voltages
ugy, but neglects the main value that actually needs to be
optimised, namely the total system yield. This consists mainly
of two components: the system losses and the solar PV yield
from which the losses must be deducted to receive the total
system yield. Therefore, in certain configurations, it may be
more effective to discontinue operating the Input Stage in local
MPP mode and instead reduce system losses in the HILEM
topology, thereby enhancing overall system performance. For
this purpose, loss characteristic maps seen in Fig. 5 and Fig. 7
were generated for the HILEM topology in order to be able
to determine the losses of the current operating point during
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Fig. 4. Loss-reduced algorithm
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Fig. 5. Loss characteristic map of the Input Stage

runtime. A more advanced approach is now to compare the
PV yield and the HiLEM system losses, provided by the
loss characteristic maps at different operating points. Based
on this comparison, an operating point for each Input and
Output Stage can then be selected that maximises the overall
system yield. More precisely, a global MPPT is implemented,
which periodically cycles through certain voltage ranges of the
strings. The specific PV power of the detected MPPs is deter-
mined, and then the system losses occurring at the respective
operating point are to be subtracted, thereby obtaining the total
system yield of the respective operating point.
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The advanced system-power algorithm combines the contin-
uous setpoint determination of u¢,; and ug., of the loss-reduced
algorithm from Fig. 4 with a periodically executed global
MPPT. The global MPPT is only performed periodically every
10min to 30min, whereby the periodic execution time can
be adjusted to the configuration and conditions of the PV
system. This results in voltage setpoints for the individual
string voltages ug,. optimised for the overall system power,
which are transmitted to the local MPPT of the input stages
as initial values. The structural process of the algorithm is
illustrated in Fig. 6. The loss evaluation then assigns the
corresponding power-loss values to each local maximum, as
illustrated in Fig. 5 and Fig. 7, and aggregates the individual
loss components to obtain the total system losses at the
respective operating point. The local maximum that achieves
the highest total system output is then selected, meaning the
PV power minus the losses within the topology.
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Fig. 9. Measurement of three HILEM Input Stages with active MPPT

V. SIMULATIONS AND MEASUREMENTS

To demonstrate the behaviour of the control system pre-
sented in Section III, the simulation shown in Fig. 8 was
prepared. A step change in the setpoint value ug,; of ug
from 680V to 560V was performed to demonstrate the
response behaviour of the implemented control system. A
rapidly declining oscillation of the step response of ug; with
minor setpoint deviation can be observed. The output voltage
ua behaves as expected and corresponds to the weighted input
voltages ug; to ugs, and the voltage uco deviates slightly from
the setpoint during the change of ugs.

Fig. 9 shows the measurement of the Input Stage control
with activated local MPPT for three active input stages. The
MPPT was ensured by the local P&O algorithm described
in Section III. The three PV strings were emulated with a
three-channel PV emulator (EA-PSB 20920-40 triple 4U) for
this measurement. A MPP voltage of 490V was set on string
2 and a MPP voltage of 580V was set on string 3, which
were adjusted appropriately by the control system of the Input
Stages. For string 1, the MPP voltage was abruptly increased
from 500V to 550V at r = 4. The controller then increased
the voltage to the appropriate MPP value, which can also be
seen from the power output of string 1 Pg;.

To demonstrate the loss-reduced algorithm shown in Sec-
tion IV, the simulation displayed in Fig. 10 was performed.
Initially, it can be seen that the voltages uc; and uce adapt
with the buffer voltage Uy s = 30V to the total voltage and to
the voltage difference ug qig from ug; to ugs, as described in
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Fig. 10. Simulation of the loss-reduced algorithm

Section IV. From T = 0.35s, the voltage of ug; continues to
decrease, so that uc; reaches the specified limit of 400V, but
all voltages can still be set correctly. As soon as 7 = 0.55s,
a setpoint value of 250V is requested for ugi, which cannot
be fully achieved due to the limitation of uc;. Because the
algorithm seeks the highest possible yield by favouring larger
voltages, the voltages ugo and ugs are set at their target levels,
whereas ug; is intentionally limited in order to keep within
system constraints.

The advanced system-power algorithm presented in Sec-
tion IV uses the described loss-reduced algorithm in order
to find the setpoints ug,; and ug, that minimise losses for
the specified operating points ug,. Second, it integrates a
global MPPT, in which a defined voltage range is cycled
through for each string in order to find the global MPP from
several possible local MPPs, and to set the starting value for
a local MPPT algorithm there. The advanced system-power
algorithm presented here extends this global MPPT to include
a loss analysis of the individual operating points. Although the
global MPPT finds the operating points at which the highest
PV yield can be achieved. These operating points need not
necessarily be those with the highest total system yield, as
the losses in the selected MPPs could be disproportionately
high. To demonstrate the advantages of the advanced system-
power algorithm presented in Section IV, it is compared in
Fig. 12 and Fig. 13 with a standard global MPPT algorithm.
The conditions for the PV strings are selected such that
multiple local MPPs occur, in order to demonstrate real-world
conditions affected by the factors mentioned in Section I, such
as shading, soiling or uneven orientation. The power-voltage
characteristics of the three simulated PV strings are shown in
Fig. 11. The local MPPs can be obtained from Tab. I, and the
voltage buffer was set to Uyt = 20 V. Particularly for local
MPPs that lie in close proximity to one another, the advanced
system-power algorithm is capable of identifying an operating
point that yields higher net system power than the standard
global MPP approach.

A comparison of Fig. 12 and Fig. 13 shows that the
advanced system-power algorithm selects a different MPP
for String 1. In contrast to the standard global MPPT, the
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Fig. 11. Simulated current-voltage characteristics of the PV strings

TABLE I
VOLTAGE VALUES OF THE LOCAL MPPs
String 1 480V 760V -
String 2 240V 495V 740
String 3 720V - -

advanced algorithm targets maximization of the system output
power and therefore selects for String 1 a MPP with a higher
operating voltage. This allows ucy to be controlled to a lower
value, which in turn reduces conduction and switching losses
in both the Input and Output stages.

In the operating scenario considered, the use of the advanced
system-power algorithm yields a total of 17 W more system
power to be achieved compared to the standard global MPPT
algorithm, despite a reduction in gained PV power. This
corresponds to an increase in overall system efficiency of just
over 0.1 %, achieved solely by an optimized selection of the
operating MPPs. By design, the algorithm guarantees that, in
the worst case, the same performance as the global MPPT is
obtained; thus, no penalty arises from deploying the advanced
system-power strategy. In addition, the systematically reduced
losses lower the thermal and electrical stress on the semicon-
ductors, which is expected to have a positive impact on device
reliability and operating lifetime.

VI. CONCLUSION AND OUTLOOK

This paper introduces a novel control scheme and operating
strategy for loss reduction in a PV PPC based on the HILEM
topology. The control architecture, including the MPPT rou-
tine, is detailed in Section III and validated by both simulation
and experimental results in Section V.

The HiLEM topology provides additional control degrees of
freedom by enabling flexible adjustment of the input voltages
ug, via independent setting of the split DC-link voltages
uci and uce across the full operating range. This flexibility
permits systematic selection of operating points that minimise
conduction and switching losses.

To exploit this capability, a loss-reduced algorithm for com-
puting the optimal setpoints of uc; and ucs was introduced
in Section IV and its performance evaluated in Section V. In
addition, an advanced system-power algorithm was introduced
in Section IV, which incorporates a topology-specific loss
model to evaluate efficiency over a wide range of operating
conditions and to compare overall system efficiency with
alternative strategies. The algorithm was then compared with a
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Fig. 13. Simulation of the advanced system algorithm

standard global MPPT under challenging string conditions and
serves as the basis for yield maximization through loss-aware
operating point selection.

Future work on the advanced system-power algorithm in-
cludes integrating more efficient search strategies to accelerate
the identification of local MPPs and extending the analysis of
device stress reduction enabled by loss-optimized operating
points. The extension of the advanced system-power algorithm
to the subsequent DC-AC converter is also a promising strat-
egy for fully enhancing overall system efficiency.

Compared to a conventional boost converter, which requires
semiconductor devices rated for the full DC-link voltage,
the divided DC-link topology of HiLEM enables the use of
semiconductors with a lower blocking voltage than the system
voltage. As a result, power semiconductors, such as GaN
HEMT shown here, can be used with significantly lower block-
ing voltages. Such devices typically feature lower conduction
losses and lower switching energies while being considerably
more cost-efficient than high-voltage counterparts required in
traditional boost converter topologies.

Although the HiLEM topology necessitates a larger semi-
conductor count due to the additional output stage, this
drawback is offset by the higher conversion efficiency and
comparable, or potentially lower, overall system cost relative
to a conventional boost-converter-based solution.
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