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In order to reduce the volume of the filter components at the

input or at the output of non-isolated DC/DC converter stages,

so-called multi-level (ML) converter topologies are used more

and more often, which, by connecting several identical converter

cells in series, reduce e.g. the voltage-time areas across inductors,

whereby they have to store less energy and can therefore

also be built smaller in volume. The advantages of this ML

approach have often been proven by means of realized hardware

demonstrators with remarkable power densities, but only for

systems without galvanic isolation. In order to show why the

ML approach is so rarely seen in galvanically isolated systems,

and why it is not reasonable to be used in such systems even

from a conceptional point of view, scaling laws for the magnetic

components in galvanically isolated ML converter systems are

derived in this paper, which are then used to investigate how

the volumes of the different magnetic components change with

increasing number of series-connected converter cells. Finally, the

scaling laws of the individual magnetic components are combined,

which allows to make a final statement about how the total

volume of the galvanically isolated ML converter changes with

the number of cells. Even though the scaling laws are derived

based on a simple galvanically isolated buck/boost converter

topology, the general scaling trends found are not limited to this

specific topology, but rather apply to any galvanically isolated

ML converter structure.

I. INTRODUCTION

The positive impact of multi-level (ML) converter topolo-

gies on the size of the filter components, especially the filter

inductors, is well known for a long time and is also being used

more and more often in power electronic products [1]–[4]. By

means of several identical series-connected converter cells, it

is possible to generate a switched voltage that has a certain

DC or low-frequency (LF) voltage component and at the same

time only a relatively small high-frequency (HF) rectangular

voltage ripple. The small HF voltage ripple then appears across

a common filter inductor, whereby the resulting voltage-time

areas are significantly smaller than in conventional two-level

converter topologies. This is exemplarily shown in Fig. 1
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Fig. 1. a) Simple galvanically isolated buck/boost converter topology
and b) the corresponding multi-level (ML) topology consisting of an
input inductor Lin, multiple identical converter cells, each comprising
a transformer, a switch, a diode and two blocking capacitors, and an
output inductor Lout, with the characteristic waveforms of the input
inductor Lin for both topologies shown in c) and d), respectively.
The topology is exemplarily shown for four converter cells, but can
consist of any number of cells.

by means of the voltage and current waveforms of the input

inductor Lin of a galvanically isolated single-stage buck/boost

converter topology [5]. Hence, in Fig. 1a the topology is

shown as a simple two-level converter with

uin,TL = x · (Uin +Uout) , x ∈ {0,1}, (1)

whereby a conducting input side switch results in a voltage of

+Uin across Lin, whereas a blocking input side switch results

in a voltage of −Uout across Lin, if a 1:1 turns ratio of the

transformer is assumed (cf. Fig. 1c). The same applies to

the output inductor Lout, which is why identical flux linkages
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Fig. 2. a) Inductor current in the reference system with a switching frequency of fsw,ref (transparent line) and 2 · fsw,ref (solid line). b)
Inductor current in the reference system (transparent line) and a dual-cell converter (solid line) with the same effective switching frequencies
of fsw,ref. c) Transformer current in the reference system with a switching frequency of fsw,ref (solid line).

in the two inductors occur. Furthermore, the input side and

output side series-capacitor voltages correspond to Uin and

Uout, respectively, which is necessary to avoid saturation of the

transformer core and results from the steady-state volt-second

balance of the input and output inductors. This simple two-

level converter is operated with a constant switching frequency

fsw,ref and is referred to as reference system in the remainder

of the paper, since all scaling laws which will be derived are

related to this converter.

The same topology is implemented in Fig. 1b as an ML con-

verter, where e.g. four identical galvanically isolated converter

cells (n = 4) are connected in series, whereby three additional

voltage levels are available at the output-side terminal of Lin,

according to

uin,ML = x ·
Uin +Uout

4
, x ∈ {0, ...,4}. (2)

Consequently, a much smaller voltage ripple ∆uL,in = Uin −
uin,ML is applied across Lin compared to the reference system,

which is why the inductor volume can be significantly reduced,

even for the same number of overall switching operations per

second (identical frequencies of ∆uL,in) as shown in Fig. 1d.

As already mentioned, the advantageous scaling of the vol-

umes of the filter components in non-isolated ML converters is

well known and actively used, however, it has not yet been in-

vestigated in detail how the total volume of the magnetic com-

ponents in galvanically isolated converter systems is affected

by the ML approach, and whether the advantageous scaling

also applies to the transformers that provide the required

galvanic isolation. In this paper, in Sec. II, scaling laws for

the inductor volume in ML converter systems are first derived

before the same procedure is used in Sec. III to find scaling

laws for the transformer volumes as well. Finally, in Sec. IV,

the volumes of the two magnetic components are combined

and the resulting scaling law of the total volume of the

magnetic components in galvanically isolated ML converter

systems is analyzed and discussed in detail. Sec. V concludes

the findings of this paper.

II. SCALING OF THE INDUCTOR VOLUME

The approximate volume of an inductor depends primarily

on the (rms) current to be carried in the particular application

(”electrical design”) and the inductance value required to

limit the current ripple due to the applied AC voltage, or

equivalently, on the peak current relevant for the ”magnetic”

dimensioning of the component. This dependency can be

derived from the so-called area product [6,7], which is usually

used for a pre-selection of suitable inductor cores and consists

of the product of the minimum cross-sectional area AC of a

specific inductor core geometry and the respective available

winding window AW, according to

AC ·AW =
L · Ipk · Irms

kW ·Bsat · Jrms
→VL ∝ (AC ·AW)

3
4 , (3)

where Ipk, Irms, L, kW, Bsat and Jrms denote the peak current,

the maximum rms current, the inductance, the winding fill-

ing factor, the saturation flux density of the core material,

and the maximum allowable current density in the winding,

respectively. Hence, the area product depends on electrical

properties (Ipk and Irms), the desired inductance value (L), and

geometrical and material properties (kW, Bsat, and Jrms), where

the latter do not directly depend on the number of converter

cells n (for higher n the magnetic components are showing a

higher surface to volume ratio and therefore would e.g. allow

higher conduction losses and/or higher Jrms [7]), which is why

they can be considered as constants. In order to be able to

deduce the volume VL of the inductor (in [m3]) from the area

product (in [m4]), the area product must finally be raised to

the power of 3/4, according to (3).

As can be seen in Figs. 2ab, both Ipk and Irms vary with the

effective switching frequency fsw,n and with the number of

converter cells n, which is why these two parameters must

be expressed in terms of fsw,n and n in order to be able to

estimate the influence of the ML approach on the inductor

volume. Note, that the term ”effective switching frequency”

is used in the following for that frequency which is present

across the inductor and thus determines the frequency of the

current ripple. Hence, the effective switching frequency of an

ML converter system corresponds to n times the switching fre-

quency of a single converter cell, due to the assumed mutually



phase-shifted (interleaved) modulation of the converter cells.

According to Figs. 2ab, the peak current Ipk corresponds to

the sum of the average inductor current Idc and the amplitude

of the occurring (single-side) current ripple ∆IL, while the rms

value of the triangular current can be calculated, according to

Ipk = Idc +∆IL and Irms =

√

I2
dc +

∆I2
L

3
. (4)

Since the current ripple amplitude ∆IL depends on the design

of the reference system (n = 1), it is best to express this term

as a fraction of the DC current, in order to keep a certain level

of generality, according to

∆IL = x · Idc. (5)

However, if the effective switching frequency fsw,n or the num-

ber of cells n in a converter system is increased or decreased,

the current ripple amplitude ∆IL and, therefore, the current

ripple factor x changes as well. As a first approximation, it

can be assumed that x scales inversely proportional to n and

fsw,n since both an increase in n and fsw,n result in a reduction

of the voltage-time areas across the inductors (cf. Figs. 2ab).

Consequently, the ratio between x(1, fsw,ref) of the reference

system with a single converter cell and a switching frequency

of fsw,ref and x(n, fsw,n) of a converter with n converter cells,

which is operated with an effective switching frequency of

fsw,n, can be expressed as

x(1, fsw,ref)

x(n, fsw,n)
=

n

1
·

fsw,n

fsw,ref

. (6)

Due to the phase-shifted control (interleaving) of converter

cells in ML converter systems, the actual current ripple in

the inductors depends heavily on the ratio between the output

and input voltage. This relationship is illustrated in Fig. 3,

which shows the flux linkages applied to the inductors for

different numbers of cells n, where an exemplary effective

switching frequency of 1 Hz, an input voltage Uin of 1 V, and

1:1 transformers are assumed for simplicity reasons. However,

since in most applications a certain input and/or output voltage

range needs to be covered, the inductors need to be designed

for the worst-case operating conditions within this range, thus,

e.g. the maximum occurring peak current Ipk, which can be

approximately estimated based on the current ripple factor

scaling of (6).

Accordingly, using the aforementioned current ripple factor x,

Ipk and Irms of (4) can be expressed as

Ipk = Idc · (1+ x) and Irms =

√

I2
dc ·

(

1+
x2

3

)

, (7)

resulting in the area product ratio of the inductor in an ML

converter with n converter cells and an effective switching
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Fig. 3. Flux linkages applied to the inductors of the buck/boost
converter topology shown in Fig. 1 for different numbers of cells n,
a constant exemplary input voltage Uin of 1 V, an effective switching
frequency of 1 Hz, and different output to input voltage ratios.

frequency of fsw,n and the inductor of the reference system,

according to

(AC ·AW)(n, fsw,n)

(AC ·AW)(1, fsw,ref)
=

(Ipk · Irms)(n, fsw,n)

(Ipk · Irms)(1, fsw,ref)

=
1+ xref

n· f

1+ xref

·

√

√

√

√

3+
x2

ref

n2· f 2

3+ x2
ref

, (8)

where f denotes the ratio of the two effective switching

frequencies, according to

f =
fsw,n

fsw,ref

, (9)

and xref denotes the current ripple factor of the reference

system, according to

xref = x(1, fsw,ref). (10)

Based on the area product ratio, the inductor volume ratio can

then be determined, according to

VL(n, fsw,n)

VL(1, fsw,ref)
=







1+ xref
n· f

1+ xref

·

√

√

√

√

3+
x2

ref

n2· f 2

3+ x2
ref







3
4

, (11)

which is shown graphically in Fig. 4. The beneficial scaling

of the inductor volume with increasing number of cells n and

the effective switching frequency fsw,n is evident, but can be

shown even more clearly by calculating the minimum effective

switching frequency for a certain given n, which results in

identical inductor volumes of the reference system and the

ML converter, according to

VL(n, fsw,n)

VL(1, fsw,ref)
= 1, (12)
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which is achieved if

n · f = 1, (13)

and, therefore

n · fsw,n = fsw,ref, (14)

holds (cf. (11)). The results are shown in Fig. 5, where it can

be seen, for example, that in a five-cell converter a frequency

ratio f of only 20 % is required to obtain the same inductor

volume as in the reference system (n = 1) with five times the

switching frequency (cf. gray markers in Fig. 5). Thus, the
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Fig. 5. Ratio between the effective switching frequency fsw,n of a ML
converter with n converter cells and the switching frequency fsw,ref

of the reference system, where the volumes of the inductors of both
systems are identical, i.e. VL(1, fsw,ref) =VL(n, fsw,n).

inductors clearly benefit from the multi-level approach, which

is why this approach is often used in practical applications.

However, since many applications also require galvanic isola-

tion, usually achieved by means of transformers, the following

section examines whether these components also benefit from

the ML approach in a similar way.

III. SCALING OF THE TRANSFORMER VOLUME

Similar to the previously discussed inductors, the trans-

former volume can be estimated using the potentiated area

product, with the electrical properties now being twice the

rms current Irms (due to the two windings) and the maximum

flux linkage Ψpk = Lm · Im,pk (with Lm and Im,pk being the

the magnetizing inductance and the maximum magnetizing

current), according to

AC ·AW =
2 ·Ψpk · Irms

kW ·Bsat · Jrms
→VT ∝ (AC ·AW)

3
4 , (15)

where kw, Bsat, and Jrms denote the geometrical/material prop-

erties of the core: winding filling factor, saturation flux density,

and maximum allowable current density, respectively [6]. The

electrical properties can be calculated according to

Ψpk =
D ·Uin

fsw
and Irms =

√

4 · I2
dc +

4 ·∆I2
L

3
, (16)

(cf. Fig. 2c) where D denotes the duty cycle of the converter

cells. Taking into account the inductor current ripple factor x,

Irms can be simplified to

Irms =

√

4 · I2
dc ·

(

1+
x2

3

)

. (17)

Considering the flux linkage and the rms current of a single

transformer in an ML converter, which are given by

Ψpk =
D ·Uin

n ·
fsw,eff

n

and Irms =

√

4 · I2
dc ·

(

1+
x2

ref

3 ·n2 · f 2

)

,

(18)

the area product ratio of a single transformer of an ML

converter with n converter cells and an effective switching

frequency of fsw,n and the transformer of the reference system

(n = 1), can be calculated according to

(AC ·AW)(n, fsw,n)

(AC ·AW)(1, fsw,ref)
=

(Ψpk · Irms)(n, fsw,n)

(Ψpk · Irms)(1, fsw,ref)

=
1

f
·

√

√

√

√

3+
x2

ref

n2· f 2

3+ x2
ref

. (19)

where f and xref again denote the ratio of the two effective

switching frequencies according to (9), and the inductor cur-

rent ripple factor of the reference system.

Based on the area product ratio, the total transformer volume

ratio can be determined, according to

VT(n, fsw,n)

VT(1, fsw,ref)
= n ·







1

f
·

√

√

√

√

3+
x2

ref

n2· f 2

3+ x2
ref







3
4

(20)



which is shown graphically in Fig. 6. The factor n in (20)

is due to the fact that a separate transformer is required for

each converter cell, which is why, n times the volume of a

transformer must be taken into account when comparing the

total transformer volumes.

It is evident that an increase in f reduces the total volume

of the transformers, but in contrast to the inductors, an

increase in the number of cells n greatly increases the total

transformer volume. The disadvantageous scaling becomes

even more obvious if, as in Fig. 5 for the inductors, the

minimum required switching frequency is calculated, which

would be necessary such that the total transformer volume

of an ML converter with n converter cells does not exceed

the volume of the transformer of the reference system (cf.

Fig. 7). Thus, for e.g. a five-cell converter with an inductor

current ripple factor xref of the reference system of 50 %,

at least an eight times higher effective switching frequency

is required compared to the reference system, if the total

volume of the five transformers should not be larger than the

single transformer of the reference system (cf. gray markers

in Fig. 7).

Consequently, it is clear that on the one hand, the ML

approach is beneficial for the inductor volume, but on the

other hand, the transformer volume increases significantly with

n. Therefore, considering the example at hand (cf. Fig. 1),

it depends on the distribution of the total volume Vref of the

magnetic components in the reference system between the two

inductors (VL,ref) and the transformer (VT,ref), whether the ML

approach leads to a reduction or an increase in the total volume

for a given effective switching frequency, as will be shown in
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the following.

IV. SCALING OF THE TOTAL MAGNETICS VOLUME

Assuming an initial volume distribution of

VL,ref = γ ·Vref and VT,ref = (1− γ) ·Vref, (21)

with γ ∈ (0,1), VL,ref being the total volume of the two

inductors of the reference system and VT,ref being the volume

of the transformer of the reference system, the scaling of the

total magnetics volumes can be expressed as

Vn(n, fsw,n)

Vref(1, fsw,ref)
= γ ·







1+ xref
n· f

1+ xref

·

√

√

√

√

3+
x2

ref

n2· f 2

3+ x2
ref







3
4

︸ ︷︷ ︸

Inductor Volume

+(1− γ) ·n ·







1

f
·

√

√

√

√

3+
x2

ref

n2· f 2

3+ x2
ref







3
4

︸ ︷︷ ︸

Transformer Volume

, (22)

(where Vn(n, fsw,n) denotes the total volume of the magnetic

components of the ML converter) which is shown in Fig. 8

for three different exemplary volume distributions γ of the

reference system. From this graph it can be seen that even if

75 % of the total magnetics volume in the reference system

is occupied by the inductors, the total magnetics volume

increases significantly as the number of cells increases for

a given effective switching frequency. Alternatively, the

effective switching frequency needs to be increased for higher

numbers of cells in order to keep the total magnetics volume

of the ML converter the same as in the reference system.

However, the volume distribution of the reference system
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cannot be arbitrarily chosen, as it is directly given by the area

products of (3) and (15) if identical core materials, cooling

conditions, etc. for the inductors and the transformers are

assumed, as will be shown in the following.

If the inductance in (3) is replaced by

L =
Uin

4 · fsw,ref · xref · Idc

, (23)

where, without loss of generality, a duty cycle of 50 % is

assumed, the following volume ratio χ between the two

inductors and the transformer of the reference system can be

found

VL,ref

VT,ref

=
2 · (AC ·Aw)

3
4
L

(AC ·Aw)
3
4
T

=
(1+ xref)

3
4

2
5
4 · x

3
4
ref

= χ, (24)

as shown in Fig. 9. The inductor volume share γ of the
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reference system can now be calculated based on χ and (21)

to

γ =
χ

1+χ
, (25)

which in combination with (22) results in the final scaling

law for isolated single-stage multi-level buck/boost converter

topologies:

Vn(n, fsw,n)

Vref(1, fsw,ref)
=

(

3 ·n2 · f 2 + x2
ref

3+ x2
ref

)

3
8

·
1

(n · f )
3
2

·
4 · x

3
4
ref ·n

7
4 +2

3
4 · (n · f + xref)

3
4

4 · x
3
4
ref +2

3
4 · (1+ xref)

3
4

. (26)

In Fig. 10, the minimum effective switching frequency is

shown for different numbers of cells n and different inductor

current ripple factors xref of the reference system, which

is required to keep the total magnetics volume the same

according to (26). Alternatively, the total magnetics volume

ratio can be calculated for different numbers of cells n and

different inductor current ripple factors xref of the reference

system for identical effective switching frequencies fsw,n, as

shown in Fig. 11.

It can be concluded that no advantages can be achieved with

regard to the magnetic components in galvanically isolated

systems when the ML approach is used. Consequently, from

a magnetic component perspective, it is more reasonable to

build a galvanically isolated DC/DC converter as a two-stage

system consisting, for example, of a non-isolated multi-level

buck/boost converter whose input and output inductors

become significantly smaller thanks to the ML approach,

which is followed by a two-level DC-transformer (DCX),

which ensures the required galvanic isolation. Such a DCX is

usually implemented as a series-resonant converter which is

always operated at (or slightly above) its resonant frequency,

allowing it to be built extremely efficiently and with high

power density [8].

In order to visualize the disadvantageous scaling of the total

volume of the magnetic components in isolated ML converter

systems, the magnetic components of a unity gain reference
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a ML converter with n converter cells and the switching frequency
fsw,ref of the reference system, where the total magnetics (inductors
and transformers) volumes of both systems are identical.

system were built for an exemplary nominal output power

Pn of 3.3 kW, an input voltage Uin (= Uout) of 400 V, an

effective switching frequency of 100 kHz and an inductor

current ripple factor xref of 50 %, as shown in Fig. 12a. For

comparison, an ML converter with n = 4 cells was designed

for the same specifications and the same number of total

switching operations per second ( fsw,n = fsw,ref), and the

respective magnetic components were built (cf. Fig. 12b).

To keep the comparison fair, only solid wire windings and

conventional E-cores made of ferrite were considered for the
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Fig. 11. Ratio between the total magnetics volume of a ML converter
with n converter cells and the total magnetics volume of the reference
system (n = 1) for the same effective switching frequency fsw,n. The
stars indicate the volume ratio of the design examples of Fig. 12a
and Fig. 12b.

design of the magnetic components. The specifications Pn

and Uin were chosen in such a way that the area products

of the E-cores used are at most 10 % larger than what is

required according to (3) and (15). In Fig. 12, it can be seen

that although the volumes of the individual components are

slightly smaller in the ML converter, the increased number

of transformers results in a significant increase in the total

volume of the magnetics if the ML approach is used (cf.

Table I). Furthermore, the increased material volume of

copper and ferrite in the ML converter, which are exposed

to approximately the same currents and flux densities as in

the reference system (cf. (16) and (18)), leads to a significant

increase in losses in the ML converter.

The fact that the ML approach is not immediately sensible

in galvanically isolated converter systems can also be easily

understood conceptually, since the idea behind the ML ap-

proach of generating a voltage with the highest possible ratio

between DC (or LF) component and high-frequency ripple is

diametrically opposed to what is required to transfer power

through a transformer, since the excitation voltage applied to

a transformer needs to be mean-free. This is also the reason

why each converter cell requires its own transformer, since in

a single-stage ML (DC/DC) converter only the respective cell-

internal voltages are mean-free. However, due to the reduced

cell-internal switching frequency of fsw,n/n and the reduced

cell-internal port voltages of Uin/n, each transformer of the ML

converter needs to be designed for the same flux linkage

Ψpk =
Uin

n
·

n

fsw,n
=

Uin

fsw,n
(27)

and almost the same rms current Irms as the transformer of

Inductors

Reference System Multi-Level System

Inductance 200 µH 200 µH
Core E36/18/11 (N87) E34/14/9 (N87)
Number of Turns 54 57
Wire Diameter 1.7 mm 1.6 mm

Box Volume per Inductor 31.7 cm3 25.4 cm3

Losses per Inductor 11.6W 9.2W

Transformers

Reference System Multi-Level System

Core E47/20/16 (N87) E42/21/15 (N87)
Number of Turns Npri = Nsec = 19 Npri = Nsec = 25
Wire Diameter 2.2 mm 2.1 mm

Box Volume per Transf. 59.6 cm3 52.5 cm3

Losses per Transformer 24.8W 22.7W

Magnetics of the Total System

Reference System Multi-Level System

Components 2 Induc., 1 Transf. 2 Induc., 4 Transf.

Total Box Volume 123 cm3 261 cm3

Total Losses 48W 109W

Table I
Specifications of the magnetic components of Fig. 12 with the
respective occurring losses under nominal operating conditions

(Uin =Uout = 400V, Pn = 3.3kW, fsw,ref = fsw,n = 100kHz, and
xref = 50%).
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a) b)

Fig. 12. Magnetic components of a) a reference system (n = 1) with
a nominal power of 3.3 kW, a nominal input voltage of 400 V, an
effective switching frequency of 100 kHz and a current ripple factor
xref of 50 %, and b) an equivalent multi-level converter with four
converter cells (n = 4) for the same specifications.

the reference system, since only the current ripple (2 ·∆IL) is

affected by the ML approach, but not the average value of

the trapezoidal transformer current iT of 2 · Idc (cf. Fig. 2c).

The transformer of an ML cell is therefore only marginally

smaller than the transformer of the reference system, which

inevitably leads to a significant increase in the total volume

of the transformers in ML converter systems (cf. Fig. 12).

Consequently, the validity of the above general findings is

not limited to the buck/boost converter topology of Fig. 1a,

and the findings must be considered as a general trend for all

galvanically isolated ML converter topologies.

V. CONCLUSION

The derived scaling laws for the volumes of the magnetic

components in isolated multi-level (ML) converter systems

clearly reveal, that using multiple voltage levels yields sig-

nificant advantages regarding inductor volume, but at the

same time increases the total transformer volume substantially.

Furthermore, the disadvantageous scaling of the transformer

volume with increasing numbers of cells n outweighs the

benefits in terms of inductor volume, which is why the overall

volume of the magnetic components increases with increasing

n. Consequently, it can be stated that from a magnetic com-

ponent perspective the ML approach in general is not suitable

for galvanically isolated single-stage converter systems. Even

though the scaling laws were derived based on the simple and

universal area products and specific to a galvanically isolated

buck/boost converter topology, the general scaling trends apply

to any galvanically isolated ML converter topology, since the

ML approach has a positive effect on the volume of filter

components, but always has exactly the opposite effect on

the transformer volume, independent of the actual converter

topology.

The ML approach therefore only makes sense if, for example,

the input voltage is too high to be handled with a single (n= 1)

converter cell, as is the case with e.g. solid-state transformers

[9] (where the modularization penalty is also a known issue

[10]). Another reason for the application of the ML approach

could be the economy of scale or the manufacturing of smaller,

more easily transportable and manageable units which can

be used for the assembly of a high-power system, where

the adverse scaling of the magnetic components could be

tolerated.
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