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Abstract—The strings of photovoltaic panels have a significantly
reduced power output when mismatch between the panels occurs,
as, e.g., caused by partial shading. With mismatch, either the panel-
integrated diodes are bypassing the shaded panels if the string is
operated at the current level of the unshaded panels, or some power
of the unshaded panels is lost if the string current is reduced to
the level of the shaded panels. With the implementation of dc–dc
converters on panel level, the maximum available power can be ex-
tracted from each panel regardless of any mismatch. In this paper,
different concepts of PV panel-integrated dc–dc converters are pre-
sented and their suitability for panel integration is evaluated. The
buck–boost converter is identified as the most promising concept
and an efficiency/power density (η-ρ) Pareto optimization of this
topology is shown. Based on the optimization results, two 275 W
converter prototypes with either Silicon MOSFETs with a switch-
ing frequency of 100 kHz or gallium nitride FETs with a switching
frequency of 400 kHz are designed for an input voltage range of 15
to 45 V and an output voltage range of 10 to 100 V. The theoretical
considerations are verified by efficiency measurements which are
compared to the characteristics of a commercial panel-integrated
converter.

Index Terms—GaN transistors, pareto optimization, photo-
voltaic (PV) panel-integrated dc–dc converter, prototype compar-
ison.

I. INTRODUCTION

R ENEWABLE energy sources, including hydro power,
wind power etc., are gaining an increasing share of the

global electricity generation and reached a share of 19.3% in
2009 [1]. Among those, especially the photovoltaic (PV) tech-
nology has been in the focus of many governments and, due
to substantial subsidies, experienced a steep rise in the num-
bers of installations in those countries. In some countries, e.g.,
in Germany, the electricity generated by PV systems already
amounts to 30% of the electricity generation during some days
with a record high of almost 50% in 2012 [2]. With the on-
going trend of declining PV panel prices from $4.90/Wpk in
1998 to $1.28/Wpk in 2011 [3], the rate of growth of new PV
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Fig. 1. Impact of shading on a simplified string formed by only two PV panels:
(a) output power of the PV string with only unshaded panels receiving equal
irradiance and (b) with the shaded panel (plotted versus the total bus voltage
UBus ).

system installations is expected to remain on a high level and to
compensate for diminishing subsidies in the future.

In the state-of-the-art PV system installations for residential
as well as commercial or utility-scale application, PV panels
are connected in series so that the panel output voltages, usually
in the range of 15 to 45 V, add up to a voltage of at least
around 400 V which is required (in Europe) to feed power into
the public grid by means of a central dc–ac inverter. Due to
this series connection, the output current of all panels is equal
to the string current. The current generation of a PV panel,
however, is dependent on the irradiance level. In case all the PV
panels in a string receive the same level of irradiance, the whole
string of panels has only one maximum power point (MPP),
and all panels contribute to the total power of the string [see
Fig. 1(a)]. In contrast, if the PV panels in a string are subject to
different levels of irradiance, e.g., due to local shading of some
panels, the output currents are unequal and the string shows
multiple MPPs as visualized in Fig. 1(b). In that case, those
panels generating less current than the string current will get
reverse biased and their internal bypass diodes will conduct the
string current and consequently those will be shorted out, i.e.,
their power cannot be harvested. Alternatively, the string current,
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Fig. 2. Classification of PV module integrated dc–dc converter concepts into full-power and partial-power processing converters, each with subcategories of
series and parallel connection.

which is controlled by the central inverter, can be lowered so
that the shaded panels are not bypassed. But then the unshaded
panels will not be operating at their MPP. In both scenarios, not
the whole theoretically available power Ptot,th of a PV string
with N PV panels which is the sum of MPPs of all PV panels

Ptot,th =
N∑

i=1

PMPP ,i (1)

can be harvested. This problem of unequal current generation
of series-connected PV panels within a string—often referred
to as mismatch—is not only caused by shading but also by
other factors such as different orientation of PV panels, dirt or
dust on panels, different panel manufacturers, unequal aging,
etc. Especially, building integrated PV modules are prone to
orientation mismatch and partial shading.

By equipping each PV panel with a dc–dc converter, the
panels can be operated independently from each other in their
MPP and the aforementioned problems can be mitigated. Those
module integrated converters (MICs) allow to harvest the theo-
retically available string power Ptot,th . However, some reduc-
tion of the power generation due to the finite efficiency of the
dc–dc converters has to be accepted. In this paper, the con-
cepts of suitable dc–dc converters for PV panel integration
are presented and classified. The most promising concept for
series-connected PV panels is selected for a multiobjective, i.e.,
efficiency/power density (η-ρ) Pareto-optimization. The exper-
imental results of two prototypes are presented in order to show
the potential of gallium nitride (GaN) FETs in comparison to
the state-of-the-art Silicon (Si) MOSFETs.

II. EVALUATION OF CONVERTER TOPOLOGIES

Possible dc–dc converter topologies for PV panel integration
can be classified into the two groups of full-power and partial-
power converters as shown in Fig. 2. In a full-power converter,
the whole amount of panel power is processed by the con-
verter, whereas in a partial-power converter only a fraction of the
panel power has to be converted. The full-power converter con-
cepts can be further divided into series and parallel connected

concepts [4]. In a similar way, the partial-power converter cat-
egory contains the subcategories of series-connected partial-
power converter (S-PPC), which are adding or subtracting a volt-
age in series to the panel output voltage, and parallel-connected
partial-power converters (P-PPC) which are equalizing the PV
panel voltages. The P-PPC concept is also known as ”energy
shuffler” or “current diverter” concept [5].

Due to the fact that nowadays in PV installations the PV
panels are connected in series, only topologies that still allow
for a series connection of PV panels will be regarded in this
paper. These topologies are shown in Fig. 3 in its basic form.

A. Full Power Converters

For full-power conversion [see Fig. 3(a)] either buck, boost,
or buck–boost converters can be used [6]. Other, more complex
topologies like, e.g., the Ćuk or SEPIC converter are not consid-
ered here due to their higher system complexity. When the PV
panels are equipped with buck converters, the output voltage of
shaded panels can be stepped down in order to increase their
output current until it matches the current of the unshaded pan-
els [cf., Fig. 4(a)]. Vice versa, if boost converters are employed,
the output voltage of unshaded PV panels can be increased in
order to lower the output current until it matches the MPP cur-
rent of the shaded panels [cf., Fig. 4(b)]. The greatest flexibility
is given with buck–boost converters [cf., Fig. 4(c)] where any
string current value can be matched by the output currents of
the converters.

These three different concepts also have different implications
on the number of PV panels per string which are required in order
to reach a given bus voltage UBus of, e.g., 400 V despite different
levels of irradiance. In a string where all panels are equipped
with buck converters, the string voltage may drop below 400V
if panels are shaded, since the adaption to match the current
of the unshaded panels is achieved by lowering the voltage of
shaded panels. Thus, a minimum number of panels per string
is required to guarantee the generation of the bus voltage up
to a certain degree of shading. The upper limit of the number
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Fig. 3. Possible dc–dc converter topologies ensuring MPP operation of PV panels in series connection: (a) full-power converters, (b) series-connected partial-
power converters (S-PPC), and (c) parallel-connected partial-power converter (P-PPC).

Fig. 4. Working principles of full-power converters for series connection of shaded (red) and unshaded (blue) panels: (a) buck converter, (b) boost converter, and
(c) buck–boost converter. OP1 : converter input (Uin , Iin ) related to MPP of a PV panel. OP2: operating point characterizing the converter output (Uout , Iout ).
The first converter of (a) (cf., step inverter in [7]), here shown in gray, can either connect the converter output to the PV panel output or bypass the PV panel. The
string voltage of a PV string equipped with this converter type exhibits voltage steps, and thus a LC filter (not shown) needs to be connected to the string.

of PV panels with a buck converter in a string depends on the
maximum output current rating of the converters.

With boost converters the string voltage is prone to exceed the
level of 400V during shading, since unshaded panels increase
their output voltage to reach the lower current level of shaded
panels. Thus, a maximum number of PV panels per string can be
defined for a certain degree of shading. Furthermore, the lower
limit of PV panels with boost converters in each string depends
on the maximum output voltage rating of the converters.

Buck–boost converters allow to keep the bus voltage constant
since any level of string current can be set. Thus, the upper
limit of PV panels per string for the buck–boost converter con-
cept depends on the maximum output current rating, and the
lower limit depends on the maximum output voltage rating of
the buck–boost converters. In Table I, the equations for the max-
imum and minimum numbers of PV panels per string are given
for the three different full-power converter topologies under the
assumption that all panels should be able to feed power into the

TABLE I
MAXIMUM, RESP. MINIMUM NUMBER OF PV PANELS PER STRING FOR

DIFFERENT MIC TOPOLOGIES WHERE IOut ,M ax DENOTES THE MAXIMUM

OUTPUT CURRENT OF THE CONVERTER, UM PP THE PV PANEL VOLTAGE IN A

TYPICAL MPP, Δ THE FRACTION
PP V , u n s h
PP V , s h

AND PPV ,m ax THE MAXIMUM

OUTPUT POWER OF THE PV PANEL

string under a given shading condition which can be expressed
as Δ = PP V , u n s h

PP V , s h
.

An example of those limitations is depicted in Fig. 5. In
case only boost converters are used, the number of panels per
PV string has to be in the range of 6–11; if all PV panels are
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Fig. 5. Example of maximum and minimum number of PV panels per string
when either only buck converters (I) or only boost converters (III) are used. The
buck–boost converters combine those two regions and extend it to the previously
unreachable area II. (Numbers used for this example: UBus = 400 V, UM PP =
25 V, PPV ,m ax = 250 W, Δ = 1.5, Iout ,m ax = 20 A, Uout ,m ax = 100 V.)

equipped with buck converters only, the number of panels has to
be between 25 and 32. So, if either only buck or boost converters
are chosen, there is no possibility to have between 12 and 24 PV
panels in the string. However, with buck–boost converters, any
number of PV panels between 6 and 32 can be connected in se-
ries. Thus, based on the limitations which buck as well as boost
converter topologies imply on the number of panels in a PV
string, the buck–boost concept is chosen for further considera-
tion. Since MICs in general target residential applications which
are more susceptible to shading than industrial applications, the
flexibility provided by buck–boost converters is not only advan-
tageous for the design of a PV system regarding shading, but
also allows to fully utilize the available space on a rooftop by
setting up multiple PV strings with different lengths.

The global irradiance consists of at least one quarter to one
third of indirect irradiance, i.e., diffuse irradiance and reflected
irradiance. Therefore, the maximum shading condition Δmax ,
up to which all PV panels should be able to operate in their
MPP, is around Δmax = 3 . . . 4. Further, in order to set up a
PV system with the greatest flexibility in the number of panels
per string, the maximum number of PV panels Nmax should be
equal to (2 · Nmin ). This allows, for example, to split up a string
with more panels than Nmax into two strings with at least Nmin
panels. Based on that, the required maximum output current can
be calculated with the formulas for the minimum and maximum
converters in a PV string with buck–boost converter (cf., Table I)
as

Iout,max

=
2 · PPv ,max(Uout,max + UBus · Δmax − Uout,max · Δmax)

UBus · Uout,max
.

(2)

B. Partial Power Converters

Common to all PPCs is the possibility to compensate the
mismatch between the PV panels by processing only a fraction

Fig. 6. Splitting of the power flow into two parallel power flow paths given for
PPCs. The direct path transfers power from the PV panel to the output without
any conversion stage. Only a fraction Pc of the panel output power PPV is
processed by a voltage (or current) adaption stage with efficiency ηconv .

of the full panel power. Hence, the total efficiency ηtot of the
mismatch compensation depends only to certain extent on the
converter efficiency ηconv itself [8], [9]. The PPCs are charac-
terized by a splitting of the power conditioning into two power
flow paths (cf., Fig. 6) [10], [11]. If one of the paths is highly
efficient, e.g., direct power flow from the source to the load with
η ≈ 1, then the effective conversion efficiency is increased. The
ratio of the power Pc which is processed by the PPC to the total
power PPV taken from the PV panel, determines the influence
of the converter efficiency on the total efficiency

ηtot = 1 − Pc

PPV
(1 − ηconv) . (3)

This means, if less power is processed by the PPC, a higher
system efficiency is achieved. Thus, in the ideal case with no
mismatch, the PPC does not have to process any power and the
total efficiency approaches 100% (neglecting load independent
converter losses, e.g., due to control electronics). Furthermore,
the PPC can be optimized for a high part-load efficiency, since
it will only process large fractions of the PV panel power if high
conversion ratios are required.

With the S-PPC the output voltage of the converter can be
added to the panel output voltage (boost operation) and/or sub-
tracted from the panel voltage (buck operation). The S-PPC
converter with only boost functionality is also often referred
to as series connected boost (SCB) converter [12], [13]. This
converter type can be realized with a transformer with either
a full-bridge, half-bridge, or push–pull stage on the primary
side and a full-bridge diode rectifier, center-tapped rectifier, or
voltage doubler rectifier on the secondary side [14]. Topolo-
gies which allow for buck and boost operation are presented
in [15], [16], and [17]. For the same reasons as explained for the
full-power converter concept, an S-PPC converter with buck–
boost voltage conversion capability is favorable. In Appendix
typical realizations of the S-PPC concept with boost function-
ality are compared to the full-power boost converter based on
component load factors (CLF) [18]. The results show that the
S-PPC concept only offers an advantage if a slight adaption of
the PV panel current is used, and thus the rated power of the
converter can be relatively low, which yields low CLF values.

Consequently, the possibility to exploit the advantages of S-
PPCs as PV panel-integrated dc–dc converters mainly depends
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Fig. 7. Possible realizations of the parallel connected partial-power converter
(P-PPC): (a) converter based on a bidirectional buck–boost converter and (b) a
switched-capacitor converter.

on the required voltage conversion ratio. As already mentioned
in Section II-A, the output voltages of the converters have to
cover a wide range (up to a factor of four between the minimum
and maximum voltage) in order to cope with the most challeng-
ing shading scenarios which, in combination with a relatively
high complexity of the S-PPC buck–boost concept, renders the
S-PPC as unsuitable for PV panel integration.

The P-PPC concept is well known from battery management
systems used for the charge equalization of battery cells [19],
[20] which are realized, e.g., as bidirectional buck–boost con-
verters [cf., Fig. 7(a)] [21] or without magnetic components as
a switched-capacitor circuit [cf., Fig. 7(b)] [22], [23]. This con-
cept of voltage equalization applied to PV panels leverages the
fact that the MPP voltages of the PV panels hardly depend on
the level of irradiance but primarily on the panel temperature
[cf., Fig. 8(a)]. Thus, due to the P-PPCs, all panels operate at
the same voltage which is also close to their MPP voltage [24].
With such a technique the share of string current which is greater
than the MPP current of a shaded panel is bypassed around that
panel which means that all panels can operate close to their MPP
despite different MPP currents. This concept can be used both
on the panel and on submodule level. In a string with N PV
panels, the string MPP current IString,MPP depends on the MPP
currents of the individual panels by

IString,MPP =
∑N

i=1 IMPP ,i

N
(4)

which can be derived for the condition of equal PV panel volt-
ages from (17) in [25]. As a result, the whole string exhibits only
one MPP at a certain operating point which has to be tracked
by the central inverter or an additional dc–dc converter. This
additional string dc–dc converter for the P-PPC concept must
also be considered in order to ensure a fair comparison with the
aforementioned categories of panel-integrated dc–dc converters
that are directly able to adapt the string voltage to a certain bus
voltage UBus . The output voltage of commonly used crystalline
Silicon PV panels is strongly dependent on the panel temper-
ature and can vary by a factor of two if the minimum MPP
voltage and the maximum open-circuit voltage are considered
over a large temperature range (−10 . . . 70 ◦C) [26]. Thus, if
multiple strings of PV panels have to be connected in parallel
in order to interface with the central dc–ac inverter, each of
those strings needs to be equipped with a dc–dc converter or a

multistring inverter has to be used. Moreover, the adaption of
the string voltage to a specific bus voltage benefits the system
efficiency as the central ac–dc inverters exhibit a peak efficiency
at a certain bus voltage [27]. However, the dc–dc converter stage
required for the P-PPC introduces additional losses which can
be assumed to have a typical peak efficiency of around 98%
(which most 3-ph. inverters also reach [28]) unless it can be
bypassed if all string voltages are equal. Therefore, aiming for
the most efficient MIC concept, the P-PPC is not suitable for
panel integration and will not be considered any further in this
paper.

III. CONVERTER DIMENSIONING AND OPTIMIZATION

As a result of the evaluation process of Section II, the full
power buck–boost converter concept is selected as the best suited
MIC concept for series-connected PV panels due to its high
flexibility in the number of PV panels per string.

A. Choice of the Converter Topology

The buck–boost converter can be realized by either a two-
switch topology or a four-switch topology as shown in Fig. 4(c).
These two converter topologies are compared to each other
regarding their switching and conduction losses, under the
assumption that the same total silicon area ASi and the same
switching frequency is used for both converter topologies. As
a result, the conduction losses and switching losses of the con-
verters can be set in relation. For the reasons of simplifica-
tion, it is also assumed that the four-switch and the two-switch
buck–boost converter comprise the same kind of switches with
a specific on-state resistance R∗

DS(on) = RDS(on) · ASi .
Since the four-switch converter is either working in buck

or boost mode, with only one bridge-leg being switched, the
conduction losses can be obtained in dependence of the transfer
ratio TF = U2/U1 as

Pcond,4sw

=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2 ·
R∗

DS(on) · 4
ASi

·
(

P

TF · U1

)2

, if TF ≤ 1 (buck)

2 ·
R∗

DS(on) · 4
ASi

·
(

P

U1

)2

, if TF > 1 (boost)

(5)

where R∗
DS(on) characterizes the switch technology for a certain

voltage blocking capability [8]. The conduction losses of the
two-switch buck–boost converter can be expressed in a similar
way by

Pcond,2sw =
R∗

DS(on) · 2
ASi

·
(

P (1 + TF )
TF U1

)2

. (6)

For the calculation of the switching losses it can be assumed
that only the capacitances COSS of the transistors are determin-
ing the switching losses during the turn-on operation, while the
contribution of the junction capacitances and the reverse recov-
ery current of the diodes as well as other parasitic capacitances
are neglected. By taking into account the voltage dependence of
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Fig. 8. (a) Influence of temperature and irradiance on electrical characteristic of PV panel and (b) derived input and output specifications of the PV panel-integrated
converter.

COSS(UDS), the loss of energy can be expressed as (cf., [29])

ES,turn−on =
2
3
COSS,ref

√
UDS,refU

(3/2)
DS . (7)

Furthermore, the four-switch buck–boost converter can operate
in pass-through mode if the voltage tranfer ratio TF is equal to
one. Hence, the switching losses of the four-switch converter
are given by

Psw ,4sw =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

2
3
C∗

OSS,ref
ASi

4

√
UDS,refU

(3/2)
1 fsw ,

if TF < 1 (buck)

0, if TF = 1
2
3
C∗

OSS,ref
ASi

4

√
UDS,ref (TF U1)(3/2)fsw ,

if TF > 1 (boost)

(8)

and for the two-switch converter by

Psw ,2sw =
2
3
C∗

OSS,ref
ASi

2

√
UDS,ref

(
U1

1 − TF

1+TF

)(3/2)

fsw .

(9)
The values R∗

DS(on) and C∗
OSS,ref are defining a figure of merit

(FOM) (see eq. (34) in [30]) which denotes a technology limit

FOMηρ1 =
1√

R∗
DS(on)C

∗
OSS,ref

. (10)

The previously calculated semiconductor losses of the two-
switch converter in relation to the four-switch converter are
shown in Fig. 9. It can be revealed that the four-switch converter
features lower switching losses but larger conduction losses in
the whole operating range. However, in this comparison only
the conduction losses in the semiconductors have been consid-
ered. Since the inductor current in the two-switch converter is
larger than in the four-switch converter, the ohmic losses of the
inductor and of the PCB tracks of the two-switch converter will
probably be higher than the ones of the four-switch converter
and difference of the conduction losses will decrease.

Furthermore, the relative volume of the passive components
can be compared between the two converter types by assess-
ing the stored energy in the inductor and capacitors. With the
introduction of tolerable relative voltage and current ripples,

Fig. 9. Relation of semiconductor losses, i.e., conduction losses Pcond and
switching losses Psw , between the four-switch and the two-switch buck–boost
converter under the assumption that the same total silicon area is used for both
converter designs.

εuC = ΔuC /UC and εiL = ΔiL/IL , respectively, (UC and IL

denominate the rated values of the capacitor voltage and in-
ductor current, respectively), the energy stored in the capacitors
(which is related to the physical capacitor volume, see ch. 5
in [31]) can be expressed for the four-switch converter as

EC ,4sw =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1
4
(1 − TF )

P

fsw

(
1 +

εuC

2

)2

εu C

2
, if TF ≤ 1 (buck)

1
4

TF − 1
TF

P

fsw

(
1 +

εuC

2

)2

εuC

2

, if TF > 1 (boost)

(11)
and for the two-switch converter as

EC,2sw =
1
4

P

fsw

(
1 + εu C

2

)2

εu C

2
. (12)

In an analogous fashion, the equations for the stored energy in
the inductor (which is again related to the component volume
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Fig. 10. Relation of the energy stored in the inductors and/or capacitors of the
two-switch and the four-switch buck–boost converter under the assumption of
a certain equal relative current and/or voltage ripple εuC = εiL .

[31]) can be expressed for the four-switch converter as

EL,4sw =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

1
4
(1 − TF )

P

fsw

(
1 +

εiL

2

)2

εi L

2
, if TF ≤ 1 (buck)

1
4

TF − 1
TF

P

fsw

(
1 + εi L

2

)2

εi L

2
, if TF > 1 (boost)

(13)
and for the two-switch converter as

EL,2sw =
1
4

P

fsw

(
1 + εi L

2

)2

εi L

2
. (14)

The energy storage requirements of both converter topologies
can now be directly related, which yields

EL,4sw

EL,2sw
=

EC,4sw

EC,2sw
=

⎧
⎨

⎩

(1 − TF ), if TF ≤ 1 (buck)

TF − 1
TF

, if TF > 1 (boost)
(15)

as shown in Fig. 10. The comparison of semiconductor losses
as well as the ratio of the stored energies and/or volumes of pas-
sive components indicates benefits for the four-switch topology,
which is selected for the further dimensioning and optimization.
In addition, with a special modulation scheme, the four-switch
converter can also be operated in a soft-switching mode [32]
which results in lower switching losses. However, this modula-
tion scheme induces higher RMS values of the inductor current
and an increased complexity in the control scheme and thus is
not considered in this study.

B. Modeling of Converter Losses

In this section, the general converter optimization procedure
is described and the results for a converter realization with Si
MOSFETs with a switching frequency of 100 kHz, and a con-
verter with GaN FETs with a switching frequency of 400 kHz
are shown.

As a first step of the optimization, the converter specifica-
tions have to be defined. The converter input operating range
depends on the electrical output characteristic of the PV panel,
i.e., dependence of the output current on the output voltage of
a PV panel. This characteristic changes with temperature and

TABLE II
SPECIFICATIONS OF MODULE INTEGRATED DC–DC CONVERTERS

irradiance level [cf., Fig. 8(a)] but also depends on the type of
PV panel (e.g., polycristalline or monocristalline). In order to
cope with these variations, a converter input operating range
can be defined as shown in Fig. 8(b), whereas the full set of
converter specifications is summarized in Table II.

For a comprehensive and meaningful modeling of the con-
verter, the tradeoff between efficiency and power density can be
visualized by means of a η-ρ-Pareto front. There the volume of
the employed components and their losses have to be identified
for each design, as shown in the design procedure of Fig. 12.
The main losses can be categorized as follows:

1) switching losses (Psemi) of MOSFETs including gate drive
losses;

2) DC, skin effect, and proximity effect winding losses
(PDC , Psk , and Ppr) and core losses (Pcore) of the in-
ductor;

3) ohmic losses of the PCB tracks (PPCB ) and conduction
losses due to the on-state resistance of the MOSFETs
(PRds,on );

4) constant losses (Pconst), i.e., power consumption of the
auxiliary supply for the DSP, current and voltage sensors,
and other peripheral electronics.

1) Switching Losses (PSemi): The choice of input side
switches is based on the required blocking voltage, which is
defined by the upper limit Uin,max of the converter input volt-
age range. Thus, MOSFETs with a blocking voltage capabil-
ity of at least 60 V are required for the input side and MOS-
FETs with a voltage rating of around 150 V are sufficient for
the output side. Resulting from the wide operating range, the
output side switches virtually have to cope with a power of
Uout,max · Iout,max = 2 kW. The switching losses of the MOS-
FETs strongly depend on the specific PCB layout which has to be
optimized with regard to parasitic inductances in the commuta-
tion paths. This is in particular the case for low-load impedances,
i.e., for operating points with low voltage and high current as
it could occur in buck operation. In combination with different
gate drives and variations of the gate resistance, an accurate ana-
lytical modeling of the switching losses becomes very challeng-
ing. Thus, switching loss measurements have been conducted
with a small set of suitable switches from different manufac-
tures and, where applicable, LTSPICE simulations have been
performed to build up a loss database containing the energy
loss Esemi occuring within a switching period depending on the
switched current and voltage for a certain junction temperature.

2) Inductor Design and Losses (PDC , Ppr , Psk , and PCore):
The converter is designed to work in continuous conduction
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Fig. 11. Normalized inductance value in dependence of the output to input
voltage ratio for an operating point of Uin = 25 V and a maximum current
ripple of ±30% of Iin ,m ax .

mode and thus shows a dc inductor current with superimposed
switching frequency-dependent ripple. The value of the induc-
tor is chosen considering a limitation of the current ripple to a
maximum of ±3 A which is equal to ±30% of the maximum
input current Iin,max . As shown in Fig. 11, the worst case re-
quirement to maintain this limit is given by the highest boost
ratio operating point, i.e., for Uout,max = 100 V. Moreover, an
inductor design is only valid, if the maximum flux density Bpk
in the core with cross section Ac is well below the saturation
flux density of the core material. The peak flux density can be
calculated by

Bpk =
L · Ipk

N · Ac
(16)

where N is the number of turns and Ipk the peak current which
can be determined as sum of the maximum average current
according to (2) and the ripple current. The core losses of the
inductor can be calculated for nonsinusoidal flux waveforms
with the improved generalized Steinmetz equation [33] which
yields the power loss per unit volume

PV ,core =
1
T

∫ T

0
ki

∣∣∣∣
dB

dt

∣∣∣∣
α

(ΔB)β−αdt (17)

with ΔB being the peak-to-peak flux density and

ki =
k

(2π)α−1
∫ 2π

0 | cos θ|α2β−αdθ
(18)

where α, β, and k are material parameters that can be deduced
from manufacturer’s data sheets of a core material by curve fit-
ting. According to [34], these parameters have to be adapted to
take the dc-bias into account. Furthermore, (17) can be simpli-
fied for piece-wise linear flux density waveforms as present in
the converter.

The winding losses are caused by the conduction losses of the
dc inductor current and by eddy currents which are increasing
with increasing frequency. The eddy currents lead to skin effect
and proximity effect losses which can be determined by means
of FEM simulations for a specific core design or by analytical
approximations as summarized in [35].

3) Capacitor Selection: Similar to the current ripple crite-
rion for the inductor value, a voltage ripple criterion has to be

defined for the input and output capacitors. In [36] it was shown,
that the voltage ripple at the PV panel should be kept below 8.5%
of the MPP voltage in order to extract 98% of the available panel
power. This statement mainly focuses on MPP trackers which
periodically change the converter input voltage in order to track
the MPP of the PV panel. The voltage ripple which is caused
by the switching transients should be kept to a minimum in
order to not influence the MPP tracker. Thus, the maximum
relative peak-to-peak voltage ripple at the input and output is
limited to around 2%, which yields Cin · fsw ≈ 7F · Hz and
Cout · fsw ≈ 4.5F · Hz.

IV. OPTIMIZATION RESULTS AND EXPERIMENTAL

VERIFICATION

In this section, the optimization results for two semiconductor
technologies, i.e., Si and GaN, are shown and experimentally
verified as prototypes. First, the GaN technology is described
and the differences to Si and SiC are pointed out. Furthermore,
the different ways of measuring a converter efficiency are com-
pared and the measurement setup which was used for the mea-
surements of the prototypes is described. In addition, the control
scheme of the converter as well as the PV system composed of
multiple PV panels with module integrated dc–dc converters
and the subsequent inverter are presented.

A. GaN Transistor Technology

For the past 30 years, after its first appearance in 1976 as an
alternative to bipolar transistors, the Si MOSFET has dominated
the area of switching power conversion in the low-power range
due to its properties as an unipolar device with no threshold volt-
age in forward direction, easy controllability of the switching
speed via gate resistances, the lack of tail currents, its rugged-
ness, and its fast switching speeds [37]. But, since the develop-
ment of superjunction MOSFETs and the related overcoming
of the silicon limit, the rate of improvement has slowed down.
However, with the recent introduction of enhancement-mode
gallium-nitride-on-silicon transistors, the switching figure of
merit (RDS,on · QGD ) of Si MOSFETs could be significantly
improved by a factor of six for 200 V devices and by a fac-
tor of two to three for 40 and 100 V devices [38]. The major
benefits of GaN FETs arise from the physical properties of
gallium nitride as a wide band-gap material like silicon car-
bide (SiC). Wide band-gap materials posses a higher critical
electric field strength than silicon which allows to manufacture
devices with a lower on-state resistance RDS,on at a given max-
imum blocking voltage capability. A distinctive feature of GaN
in combination with an AlGaN layer is the formation of a 2-
D electron gas (2-DEG) with unusually high electron mobility
that facilitates even smaller devices for a certain on-resistance
and maximum operating voltage than realizable with SiC [38].
The maximum allowed operating voltage of this type of de-
vices is not defined by an avalanche break-down mechanism
as for a pn-junction, a metal–semiconductor contact (Schottky
barrier) or metal–oxide–semiconductor but by a subthreshold
leakage current that increases with increasing drain-source volt-
age [39], [40]. Furthermore, due to the pure lateral structure of
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Fig. 12. η-ρ-Pareto optimization algorithm for the four-switch buck–boost converter: A loop over a range of switching frequencies is executed and for each
switching frequency a converter design is calculated based on the converter specifications and ripple criteria. This includes the design of the main inductor which is
executed in an inner loop to minimize the losses, where all available core sizes are considered. As a result of the optimization all converter losses and the converter
volume are stored in order to plot efficiency versus power density characteristic.

GaN FETs, no parasitic pn-diode is inherently present as given
for vertical Si MOSFET structures. However, a reversed bias
GaN FET operates in a similar manner as a body diode but due
to a different mechanism [38]. Thus, for reverse conduction no
minority carriers are involved so that no reverse recovery losses
are generated. These advantages enable the design of converter
systems with higher switching frequencies at the same efficiency
which leads to reduced volumes of passive components and thus
to an overall increase in power density.

As a drawback, the recent generation of GaN FETs is not
avalanche rated, thus special care has to be taken to prevent
transient overvoltages. Moreover, the gate-source voltage must
not exceed an upper limit of 6V which requires the application
of gate drives with voltage clamping. Because of a rather low
threshold voltage of around UGS,th = 1.6V , the gate to source
path needs to be designed for minimum inductance in order to
prevent an erroneous turn-on of the switch due to fast switching
transients in rectifier operation.

B. Optimization Results and Prototype Realizations

The results of the η-ρ Pareto optimization of the buck–boost
converter are comparatively shown for both semiconductor tech-
nologies, i.e., Si MOSFETs and GaN FETs, in Fig. 13. In or-
der to ensure a fair comparison, the efficiency shown in the
graph is calculated as mean value of the efficiencies given for
boost operation (Uin = 30 V, Uout = 40 V) and buck operation
(Uin = 30 V, Uout = 20 V) at an input power of 200 W. The
advantages of lower switching losses of GaN FETs in compar-
ison to Si MOSFETs can be leveraged in two dimensions: a
converter system can be realized with a higher power density
at the same efficiency or with a higher efficiency at the same
power density compared to the Si-based system. Based on the
results of the Pareto optimization two converter designs with

Fig. 13. Results of the η-ρ Pareto optimization for a four-switch buck–boost
converter with either Si MOSFETs or GaN FETs. The efficiency is calculated
as the mean value of two operating points, i.e., at an input voltage of 30 V and
an output voltage of 20 V and/or 40 V with an input power of 200 W. The solid
lines represent the Pareto fronts of each semiconductor technology, whereas the
dashed lines are results for specific switching frequencies (20 kHz . . . 500 kHz).

different switching frequencies but same efficiency have been
selected for realization as prototypes (cf., Fig. 13).

The Si MOSFET-based converter prototype [see Fig. 14(a)]
operates at a switching frequency of 100 kHz. The main in-
ductor (L ≈ 30μH) of the converter is realized using an N87
ETD34 ferrite core.

For the second prototype [see Fig. 14(b)] GaN FETs have been
selected as input and output side switches in combinations with
the recommended half-bridge gate driver IC LM5113/TI for
GaN FETs. Since the switches and the gate drives are only rated
for 100V , the boost operation range is limited to a maximum
output voltage of around 70 V. The prototype features a main
inductance of 7 μH consisting of an EFD25 core, also made
of N87 ferrite material. Consequently the inductor volume is
decreased from 22.6 cm3 to 8.7 cm3 (≈ −62%).
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Fig. 14. PV panel-integrated buck–boost converter prototypes: (a) Prototype with Si MOSFETs (input side: IPB072N15N3/Infineon in D2Pak packagage, output
side: BSB028N06NN3/Infineon in CanPak package) and 100 kHz switching frequency, and (b) prototype with GaN FETs (EPC2001/EPC) and 400 kHz switching
frequency.

Fig. 15. High precision efficiency measurement setup comprising a solar array
simulator, the converter as device under test), an electronic load, highly accurate
voltmeters, and shunt resistors for current measurements.

C. Efficiency Measurement Setup

For highly accurate efficiency measurements of converters
with losses in the lower watt range, a special measurement setup
is required. In general, there are basically three possibilities how
efficiency measurements can be performed:

1) measurement of input and output using a power analyzer;
2) separate measurements of input and output voltages and

currents, which allows a high accuracy in case of dc quan-
tities;

3) calorimetric measurements, i.e., direct measurement of the
losses in combination with a measurement of the input or
output power.

Using a power analyzer is the most convenient way and
therefore usually the first choice. However, measurements of
a dc–dc converter for a typical operating point of PV mod-
ule even with a high performance power anaylzer such as the
WT3000/Yokogawa lead to an efficiency accuracy of only ±
0.18%. This would mean, that a measurement result of, e.g.,
98.5% would only indicate that the actual value is in between
98.32% and 98.68%.

With calorimetric methods the efficiency is determined by
measuring the dissipated heat [8]. However, this method re-
quires a special equipment such as a calorimetric chamber and
for each measurement some time has to be allowed until a ther-
mal steady state has been reached. Thus, this method is not
suitable, especially for measurements of several different oper-
ating points.

Consequently, the efficiency measurements have been per-
formed by separately measuring input and output voltages and
currents as shown in Fig. 15. The setup consists of a solar array

simulator (E4360/Agilent) as a power source, two calibrated
measurement shunts (1282/Burster), and four high-precision
voltmeters (34410A/Agilent) for the measurements of the con-
verter input and output voltage and the voltage across the shunt
resistors for precise current measurements and an electronic load
(63202/Chroma). The voltmeters are synchronously triggered
by a function generator (33220A/Agilent) in order to measure
all values at the same point in time. All devices are centrally con-
trolled by a computer via MATLAB. The converter efficiency
can thus be calculated as

ηConv =
Pout

Pin
=

UoutIout

UinIin
=

Uout
U s h , 2
R s h , 2

Uin
U s h , 1
R s h , 1

. (19)

The accuracy of this method for a typical operating point is ±
0.05%, i.e., over three times more accurate than a measurement
using a power analyzer.

D. Experimental Results

The efficiency measurements have been performed at a fixed
input voltage of 30 V and for different output voltages and input
power levels. The results for the Si and GaN converters are
depicted in Fig. 16(a) for buck operation with output voltages
of 20 and 25 V as a function of the input power. In a similar
way, the results for boost operation are depicted in Fig. 16(b)
for both converter prototypes for output voltages of 35 and 40 V
for different input power values.

A comparison of measured efficiency values of both con-
verter prototypes together with results for a commercial con-
verter for PV panel integration, which employs the same four-
switch buck–boost topology as the prototypes, is depicted in
Fig. 17. In addition, the measured efficiency of the GaN con-
verter for 100 kHz switching frequency is also shown. Due to
the lower switching frequency and in order to mainly compare
the semiconductor devices, the main inductor of the Si converter
was used in the GaN converter for this measurement. The re-
sults show, that the GaN converter has higher conduction losses,
since the efficiency in buck mode (with decreasing output volt-
age and thus rising output current) drops below the efficiency
of the Si converter for the same switching frequency (100 kHz).
This is due to the fact, that, according to the data sheets, the
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Fig. 16. Efficiency measurement results of the Si converter prototype (fsw = 100 kHz) and the GaN prototype (fsw = 400 kHz): (a) Buck operation at 30 V
input voltage and output voltages of 20 and 25 V for different levels of input power Pin and (b) boost operation at 30 V input voltage and for output voltages of
35 and 40 V for the same levels of input power Pin .

Fig. 17. Efficiency measurement results of the Si converter prototype with
a switching frequency of 100 kHz, and the GaN converter with a switching
frequency of 400 kHz and also with 100 kHz in comparison to a commercial
PV panel-integrated buck–boost converter. The measurements were performed
with an input voltage Uin of 30 V and an input power Pin of 200 W.

total RDS(on),max value of the switches in the Si converter is
only 10 mΩ, whereas in the GaN converter the total value is
14 mΩ (+40%). Furthermore, since the chip area of the GaN
switches is very small, the PCB copper traces are in general
somewhat shorter but also less wide and therefore very likely
leading to higher conduction losses on the PCB. If the GaN
converter is operated at a switching frequency of 400 kHz, then,
besides four times higher switching losses, also higher inductor
losses occur.

E. Control of the Converter and PV System

The PV panel exhibits one operating point (UPV , IPV ) that
results in a maximum panel output power at a certain irradiance
and temperature. The panel-integrated converter thus needs to
constantly track this operating point as it changes during the
course of the day due to the moving sun and shadows, e.g.,
caused by passing clouds. In the literature many MPP track-
ing algorithms have been proposed and comparatively evalu-
ated [41]. The perturb and observe (P&O) method provides a
good performance with low complexity and is thus selected for
implementation in the prototypes. The controller consists of a

Fig. 18. Cascaded converter control with the MPP tracker as (slow) outer
control loop and the PV current controller as (fast) inner control loop.

cascaded structure where the outer loop comprises the MPP
tracker that multiplies the measured values of panel voltage and
current to determine the panel output power (cf., Fig. 18). The
inner loop controls the panel current which receives reference
values from the MPP tracker. The MPP tracker is constantly
varying the current reference value and the direction of per-
turbation is based on the previous step and the corresponding
change in panel power.

The current controller has to be comparably fast in order to
decouple the control loops. The transfer function of the converter
changes as the converter operation moves from buck to boost
mode or vice versa which has to be considered in the design
of the current controller. The small-signal transfer function of
the duty cycle to the PV panel current can be found using the
state-space averaging approach [42] for the buck converter with
stationary duty cycle Dbu as

Gid,buck(s) =
I0 · L · C · s2 + C · Dbu · UPV · s + I0

C · L · s2 + 1
(20)

and for the boost converter with duty cycle Dbo as

Gid,boost(s) =
(1 − Dbo)I0 + C · UPV · s
(1 − Dbo)2 + C · L · s2 (21)

where I0 denotes the converter output current, i.e., the string
current. The string current is controlled by the central (string)
inverter and thus exhibits slower dynamics. The transition from
buck to boost mode and vice versa is implemented as described
in [43]. When the output voltage is equal to input voltage a
so-called pass-through mode can be activated where only the
upper switches of each bridge-leg are activated which allows
to mitigate any switching losses by connecting the converter
input via the inductor with the converter output. However, in
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Fig. 19. Example of a PV system which employs for reasons of simplification only two PV panels with integrated buck–boost converters and generates accordingly
a low bus voltage UBus of only 120 V. Each converter tracks the MPP of the attached PV panel and the central dc–ac inverter controls the bus voltage with a
reference value of 120 V. The converter output voltages Uout ,1 and Uout ,2 reach a steady-state value according to (22).

this case the controllability is lost as the MPP tracker can no
longer determine whether the panel is operated in its MPP. One
method to overcome this problem is to periodically leave the
pass-through mode and to sweep through a certain range of
operating points in order to determine whether other operating
points can deliver more power [44].

The control of the full system does neither require any com-
munication between the individual PV panel-integrated convert-
ers nor between the panel-integrated converters and the central
dc-ac grid inverter. Each panel-integrated converter can track
the MPP of the attached PV panel as described previously. As a
consequence, the converter output voltage is not controlled by
the panel-integrated converter but its value depends on the out-
put power of the attached PV panel and the string current which
is common for all converters. Thus, the central dc–ac inverter
can control the bus voltage UBus by adapting the string current
Istr . The steady-state output voltages of the converters can be
calculated for a system with N PV panels as

Uout,i =
PPV ,i

Istr
=

PPV ,i · UBus

PPV ,tot
=

PPV ,i · UBus∑N
j=1 PPV ,j

,

i ∈ {1, 2, . . . , N} . (22)

An example of a PV system with only two PV panels with
buck–boost converters and a bus voltage of only 120 V is de-
picted in Fig. 19. For extreme irradiance differences (shading)
between the panels, the converter output voltage of the panel
with the highest output power might reach the upper limit. In
that case, the converters has to deliberately move the operating
point out of the MPP to reduce the input power until the output
voltage is no longer at the maximum value. To overcome this
problem additional communication between the panels or with
a supervisory control circuit would be necessary [45].

V. CONCLUSION

In this paper, an overview of the possible topologies for mod-
ule integrated dc–dc converters is given. The converter concepts
can be divided into full power and partial-power converters both
with subcategories of series and parallel connection. The full
power buck–boost converter is identified as the most promis-

ing concept for series-connected PV panels due to the great
flexibility it provides regarding the number of panels per PV
string for a fixed dc bus voltage. An optimization/modeling
procedure is described in detail which allows to obtain an effi-
ciency/power densitiy (η-ρ) Pareto front. Based on the results
of the analytical modeling, two prototypes of the full-power
processing buck–boost concept are realized for a rated power
of 275 W and an input/output voltage range of Uin = 15−45 V
and Uout = 12.5−100 V with either Silicon MOSFETs with a
switching frequency of 100 kHz or gallium nitride FETs with
a switching frequency of 400 kHz. Both converters feature ef-
ficiencies up to 98.5% in switched mode operation and 99% in
pass-through operation.

APPENDIX

CONVERTER TOPOLOGY EVALUATION CRITERIA

In order to assess the potential of S-PPC in comparison to
full-power converters the concept of CLF [18] is selected among
different evaluation methodologies such as calculating compo-
nent utilization quantities [42], [46]–[48] and other criteria [49].
According to [18], the CLF is calculated by relating the apparent
power of a component to the active output power of a system

σ =
V ∗I∗

Ptot
. (23)

A total CLF can be derived for each component type, i.e.,
for transistors, diodes, inductive components, and capacitors by
adding the values of the individual components of the same type.
A low CLF indicates low component and/or low realization ef-
fort due to a good utilization of the components. Depending on
the type of component, the values of V ∗ and I∗ can be peak,
RMS, or peak-to-peak values. The quantity Ptot is the total
output power which for PPCs is the sum of the power directly
transferred to the load and the power processed by the con-
verter (cf., Fig. 6). In the following, three different topologies
of S-PPC boost converters [cf., Fig. 20(b)–(d)] are evaluated
and compared to the standard full-power boost converter [see
Fig. 20(a)]. All values related to the full-power boost converter
are labeled by the subscript FP as an acronym for full power. The
S-PPC converter topology shown in Fig. 20(b) [50] is labeled
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Fig. 20. Full-power and S-PPC boost converter topologies. (a) Standard full-power boost converter used as reference (label: FP), (b) cascaded S-PPC consisting
of a buck–boost converter with cascaded input and output voltages (label: CAS), (c) S-PPC with a MOSFET full-bridge on primary side and full-bridge diode
rectifier on the secondary side (label: PP1), and (d) S-PPC with a push–pull stage on the primary side and center-tapped rectifier on the secondary side (label: PP2).

with the subscript CAS since it can be seen as a boost converter
with input/output voltage cascading. (The topology is similar
to voltage balancer converter shown in Fig. 7(a) even if both
converters perform a different function.) The other two topolo-
gies are a subset of possible S-PPC realizations of the SCB
converter [12], [13] that can comprise either a full-bridge, half-
bridge, or push–pull topology on the primary side or a full-bridge
rectifier, voltage-doubler, current-doubler, or center-tapped rec-
tifier on the secondary side [14], [16], [17]. The converter of
[Fig. 20(c)] is labeled with PP1 and the one from [Fig. 20(d)]
with PP2. For a meaningful comparison the duty cycles of all
topologies have to be given as a function of the voltage transfer
ratio TF = Uout/Uin

DFP = DCAS =
TF − 1

TF
(24)

DPP1 = DPP2 = (TF − 1)
N1

N2
. (25)

For the deduction of the CLF values, following assumptions
were made [18]:

1) ripple currents in filter chokes are neglibly small;
2) converter losses are negligble, thus Pin = Pout .

A. Transistor CLFs

As MOSFETs have resistive on-state behavior, the RMS cur-
rent is chosen as I∗. For V ∗, the peak blocking voltage is selected
based on the simplification that no over voltage occurs during
the switching transient. This yields as total transistor CLF values

σS,FP =
√

DFP

1 − DFP
(26)

σS,CAS =
√

DCAS

1 − DCAS
(27)

σS,PP1 = 4

√
DPP1

2
1

1 + N2
N1

DPP1

N2

N1
(28)

σS,PP2 = 2

√
DPP2

2
1

1 + N2
N1

DPP2

N2

N1
. (29)

B. Diode CLFs

The conduction losses of diodes are mainly determined by
the average diode current chosen as I∗. Similar to the transistor
CLF, the peak diode blocking voltage is chosen as V ∗. The total
diode CLF values can be determined as

σD ,FP = 1 (30)

σD ,CAS = 1 (31)

σD ,PP1 = 2
1

1 + N2
N1

DPP1

N2

N1
(32)

σD ,PP2 = 2
1

1 + N2
N1

DPP2

N2

N1
. (33)

C. Inductor CLFs

For the inductors, the average current is approximately equal
to the RMS current if a low current ripple is assumed and
is accordingly selected as I∗. For V ∗, the average ac volt-
age is chosen, which is the product of applied voltage and
duty cycle if a square wave excitation voltage is assumed [18].
The energy stored in an inductor is equal to W = L · I2

DC/2,
where the inductance value L is determined by the current rip-
ple ΔI and the applied voltage; L = V · D/(fsw · ΔI). With
an allowed current ripple of εiL = ΔI/IDC the energy can
be expressed as W = IDC · V · D/(2 · εiL · fsw ) which yields
W = I∗ · V ∗/(2 · εiL · fsw ) and therefore justifies the selection
of the aforementioned values for the calculation of the CLF.
This results in

σL,FP = DFP (34)

σL,CAS = DCAS (35)

σL,PP1 = DPP1(1 − DPP1)
1

1 + N2
N1

DPP1

N2

N1
(36)

σL,PP2 = DPP2(1 − DPP2)
1

1 + N2
N1

DPP2

N2

N1
. (37)
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Fig. 21. CLF values of the different component types for the converters of Fig. 20: (a) transistor CLF (σS ), (b) diode CLF (σD ), (c) inductor CLF (σL ),
(d) transformer CLF (σT ), and (e) capacitor CLF. In (f) the different CLF values are plotted for a transfer ratio of TF = 1.1.

D. Transformer CLFs

Only the topologies shown in Fig. 20(c) and (d) comprise a
transformer for which again a CLF can be computed for each
transformer winding. The average ac voltage and the RMS cur-
rent are selected as V ∗ and I∗, respectively, and the transformer
load factor is calculated as the sum of the load factors of all
windings

σT ,PP1 = DPP1

√
DPP1

1
1 + N2

N1
DPP1

N2

N1
(38)

σT ,PP2 = 2DPP2

√
DPP2

2
1

1 + N2
N1

DPP2

N2

N1
. (39)

This concept is different to the definition of the rated power
of a transformer which is calculated by dividing the sum of all
apparent power values of all windings by two.

E. Capacitor CLFs

The capacitor design is determined by the current stress and
the voltage rating (besides a voltage ripple condition defining a
minimum capacitance value). Thus, the RMS current is chosen
as I∗ and the dc voltage as V ∗. The CLF values can be derived
as

σC ,FP =
1

1 − DFP

√
(1 − DFP)DFP (40)

σC ,CAS =
1

1 − DCAS

√
(1 − DCAS)DCAS (41)

σC ,PP1 =
1

1 + N2
N1

DPP1

N2

N1

√
(1 − DPP1)DPP1 (42)

σC ,PP2 =
1

1 + N2
N1

DPP2

N2

N1

√
(1 − DPP2)DPP2 . (43)
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F. Comparison of the Results

The CLFs are evaluated for the requirement of a maximum
transfer ratio of TF = 1.2, which yields a transformer wind-
ing ratio of N2/N1 = 0.2 for the PPCs. The results for each
component type are shown in Fig. 21(a)–(e) versus TF for the
topologies of Fig. 20. As already visible from the derived CLF
equations aforementioned, the full-power boost converter and
the cascaded S-PPC exhibit the same CLF values for all compo-
nents. Thus, in this case the cascaded S-PPC (CAS) potentially
does not exhibit any advantages in terms of converter losses
and/or realization effort. Conversely, the other two concepts
(PP1 and PP2) exhibit lower values of the diode CLF (σD ),
the inductor CLF (σL ), and the capacitors CLF (σC ) than the
full-power boost converter and the PP2 topology also features a
lower CLF value of the transistors (σS ). Yet, the PPCs require
the use of a transformer which yields an additional CLF value.
Thus, in order to facilitate an easier assessment of the CLF val-
ues of the different topologies, the CLF results for a transfer
ratio of TF = 1.1 are shown for the different topologies in the
bar chart of Fig. 21(f).
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