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Abstract—The development of high-power-density and efficient
high-voltage DC/DC power electronic circuits plays a crucial
role in ionic propulsion’s potential employment. Traditional
voltage multipliers (VMs) are typically fed by sinusoidal voltages
delivered by a resonant converter coupled with a high-voltage step-
up transformer. This paper explores a transformerless solution,
achieved by feeding the VM directly with the inverter’s square
wave output voltage. Although requiring additional multiplier
stages to get the same output voltage level, this configuration
simplifies the implementation and could be suitable for size- and
weight-sensitive applications. The performance and feasibility of
the square-wave-fed VMs are evaluated, and it is demonstrated
that lower output voltage ripple and drop and better system
dynamic response are achieved with this approach.

Index Terms—DC high voltage, high power density, ionic propul-
sion, output voltage regulation, square wave, voltage multiplier

I. INTRODUCTION

Advances in ionic propulsion technology are leading to devel-
opments in several fields, including aviation, climate monitoring,
telecommunications, and other stratospheric missions [1], [2].
The development of high-power-density and efficient high-
voltage power electronic circuits plays a crucial role in the ion
thrusters’ potential employment [3], [4]. As visible in Fig. 1,
DC/DC power converters used in this type of application usually
consist of three stages: a resonant and/or multilevel inverter
(i.e., DC/AC), an isolation step-up high-voltage high-frequency
transformer, and a rectification stage (i.e., AC/DC) [5]. Typical
applications require for output voltages and powers in the order
of about 10-30 kV and 0.1-1 kW respectively.
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Fig. 1: Main power converters for an airship-based ionic
propulsion in atmosphere.

The rectification stage is commonly realized by means of
a voltage multiplier (VM). VMs consisting of a cascaded
configuration of diodes and capacitors are widely used because
capable to provide a significantly high voltage step-up ratio
without employing active devices and thus floating supplies
[6]–[8]. First introduced by Villard in 1901 and Greinacher in
1921, the VM circuit gained significant recognition in 1932
when Cockcroft and Walton employed it to achieve the first
artificial nuclear disintegration [9]–[11]. The original VM, a
half-wave (HW) configuration, suffered from several drawbacks,
including high output voltage ripple and drop. To mitigate these
limitations, Heilpern proposed the full-wave (FW) topology
in 1954, also called symmetrical VM, adding an oscillating
column of capacitors and a stack of diodes [12]–[16]. While the
FW-VM design significantly reduced ripple and voltage drop, it
introduced new challenges, such as the need for a high-voltage
transformer with center-tapped secondary windings, increasing
the system complexity and bill of material [17].



Till now, VMs have been analyzed by considering a sine
wave input voltage, typically supplied by a high-voltage
transformer [18]. This approach, however, introduces significant
weight and complexity into the overall system, due to the
transformer and the related resonant tank [19]. This paper
explores a transformerless solution, achieved by feeding the
VM directly with the inverter’s square wave output voltage.
The behaviour of the HW- and FW-VMs is investigated,
analyzing performance and feasibility in high-voltage systems.
The square-wave-fed configuration requires a higher number
of multiplier stages to achieve the same output voltage level,
but potentially avoids the transformer. The results demonstrate
that lower output voltage ripple and drop are achieved with
this approach, and could pave the way for a weight trade-off
and a simplified system design in fields where size and weight
are critical constraints. The use of a square wave input voltage
introduces challenges, such as current spikes due to faster
capacitive transients. Although these spikes can have an impact
on component stress, they are manageable given the typical
low currents of these applications.

The rest of the manuscript is organized as follows: a
background on sine-wave-fed HW- and FW-VMs is provided
in Section II, while the proposed square-wave-fed VMs are
introduced in Section III. Section IV presents the numerical
validation, and Section V draws conclusions.

II. BACKGROUND ON SINE-WAVE-FED HW- AND FW-VMS

Fig. 2a represents the HW-VM introduced in [11] while
Fig. 2b represents the FW-VM introduced in [12] and [13].
The n-stage HW-VM is driven by an input AC voltage source
vin = Vin sin (ωt) and consists of one oscillating column of
capacitors, one smoothing column of capacitors (C1, C2, ..., Cn),
and a stack of diodes. The n-stage FW-VM is driven by a
pair of phase-shifted AC voltage sources vin1 = Vin sin (ωt)
and vin2 = Vin sin (ωt− π), commonly obtained by using a
transformer with center-tapped secondary windings. It includes an
additional oscillating column of capacitors and a stack of diodes.
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Fig. 2: Sine-wave-fed VMs with n stages.

In steady-state operations, the capacitors of the smoothing
column are charged in parallel by the oscillating columns and
discharged in series through the load. The latter, for ease, is
considered as a constant current IL. The total output voltage
VL is the sum of the smoothing column capacitors’ voltages. For
the sake of simplicity, it is assumed that the capacitance of each
capacitor is equal to C [13]–[18], [20]–[22].

From now on, the notation
∣∣∣HW/FW
sin/sq will be used; the subscript

refers to the input voltage waveform (i.e., ”sin” and ”sq” in case
of sine or square waves respectively) type while the superscript
refers to the voltage multiplier topology (i.e., ”HW” or ”FW”
in case of HW-VM or FW-VM respectively). The key steady-
state waveforms of the VMs are depicted in Fig. 3. At no
load, with IL = 0, each capacitor of the smoothing column
charges up to 2Vin, where Vin is the maximum value of the
input voltage vin. Thus, the total output voltage at no load is
VL
∣∣HW
sin = VL

∣∣FW
sin = 2nVin, where n is the number of stages.

If a load current IL > 0 is drawn through the output terminal
of the multiplier circuits, a voltage ripple V̂L and drop ∆VL
will occur across the capacitors of the oscillating columns and,
consequently, across the capacitors of the smoothing column. The
voltage drop across diodes is considered negligible in this analysis,
as frequently done in literature [13]–[18], [20]–[22].

From Fig. 3 it can be noted that thanks to the additional
oscillating column, the output voltage of the FW-VM presents an
half-wave symmetry, therefore its analysis can be limited to the
half period T/2; f = 1/T = ω/2π. The latter statement does not
apply to the HW-VM, which requires to be studied considering
the whole period T = 1/f because lacking half-wave symmetry.

A. Analysis of the Sine-Wave-Fed HW-VM

The output voltage ripple and drop of the sine-wave-fed
HW-VM is the sum of the voltage ripples and drops of the
smoothing column capacitors, respectively, resulting in:

V̂L
∣∣HW
sin =

q

C

n(n+ 1)

2

∆VL
∣∣HW
sin =

q

C
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2

3
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2
− n

6

) , (1)

where q = IL/f is the load charge within the time T [20]–[22].
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Fig. 3: Key steady-state waveforms of the sine-wave-fed VMs.



As visible in Fig. 3, the average output voltage of the VM
circuits can be determined, after calculating the output voltage
ripple and drop, as V L = VL −∆V L = VL − (∆VL + V̂L/2),
where ∆V L indicates the average output voltage drop.

Regarding the sine-wave-fed HW-VM, the average output
voltage can be computed from (1) as:

V L
∣∣HW
sin = 2nVin −

q

C

(
2

3
n3 +

3

4
n2 +

n

12

)
. (2)

B. Analysis of the Sine-Wave-Fed FW-VM
The output voltage ripple and drop of the sine-wave-fed

FW-VM is the sum of the voltage ripples and drops of the
smoothing column capacitors:
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∣∣FW
sin =

q

C
n

∆VL
∣∣FW
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q

C
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3
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2
+

n

6

) , (3)

where q = IL/(2f) is the charge transferred to the load within
half a period T/2 [12]–[18].

Following the same principle as the HW-VM, the average
output voltage drop of the sine-wave-fed FW-VM can be
computed from (3) as:

V L
∣∣FW
sin = 2nVin −

q

C

(
n3

3
+

n2

2
+

2

3
n

)
. (4)

Clearly, FW-VMs present lower voltage drops compared to
HW-VMs. This can be verified comparing (4) and (2).

III. PROPOSED SQUARE-WAVE-FED HW- AND FW-VMS

Fig. 4 displays the key steady-state waveforms of the square-
wave-fed HW- and FW-VMs, while Fig. 5 and Fig. 6 represent
the main operating principle. Thanks to the half-wave symmetry
of the FW-VM output voltage, Fig. 6 represents the working
principle of the FW-VM only during the first half of the period,
as in the second one the operation is symmetrical. At no load,
with IL = 0, the operating principle is the same as in the sine-
wave-fed VMs. Consequently, the total output voltage at no load
is VL

∣∣HW
sq = VL

∣∣FW
sq = 2nVin. If a load current IL > 0 is drawn

through the output terminal of the multiplier circuits, the square-
wave-fed VMs behave differently from the sinusoidal case.
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Fig. 4: Key steady-state waveforms of the square-wave-fed VMs.

(a) Interval t1. (b) Interval t2.

(c) Interval t3. (d) Interval t4.

Fig. 5: Operating principle of the square-wave-fed HW-VM during time intervals t1, t2, t3, and t4.

(a) Interval t1. (b) Interval t2.

Fig. 6: Operating principle of the square-wave-fed FW-VM during time intervals t1 and t2.



Generally, four time intervals within a period T can be
distinguished:

• t1 – the smoothing column capacitors are charged by the
upper oscillating column;

• t2 – the smoothing and oscillating column capacitors are
discharged through the load;

• t3 – in the HW-VM the oscillating column is charged by
the smoothing column, while in the FW-VM the smoothing
column is charged by the lower oscillating column;

• t4 – the smoothing and, only for the FW-VM, the oscillating
column capacitors are discharged through the load.

As frequently done in literature, to analyze the VM circuits
it can be assumed that the time intervals t1 ≪ T and t3 ≪ T
[13]–[18], [20]–[22]. Therefore, the charging processes (i.e.,
t1 and t3) are considered instantaneous and the discharging
processes last t2 = t4 = T/2. This allows the portion of charge
supplied to the load during the charging intervals t1 and t3
to be neglected, and consider the load supplied only during
intervals t2 and t4. Furthermore, this allows to obtaining of
generic formulations that can give good approximation results
regardless of the actual charging transients. The key steady-
state waveforms modified according to this approach are shown
in mild colors in Fig. 4.

Considering the periodicity of the HW- and FW-VM discussed
in Section II, and assuming that q = IL/f is the charge
transferred to the load by each capacitor of the smoothing column
of the HW-VM in a period T , with a simple power balance
equation it can be obtained that the charge supplied by the source
in time T is qin = 2nq, as can also be deduced from Fig. 5. The
same applies to the FW-VM considering half a period T/2, then
q = IL/(2f), and can be verified from Fig. 6.

The main difference from the sine wave case is that during
t2 the input voltage is constant. This causes the conduction of
the diode in the last stage of the multiplier chain, as shown in
Fig. 5b and Fig. 6b. It is easy to demonstrate that the charge
supplied to the load during t2 is equally shared between the
smoothing and oscillating column capacitors. It should first be
noted that the first capacitors of the oscillating columns are
charged up to Vin, while all the other oscillating and smoothing
capacitors are charged up to 2Vin. This can be deduced from
the Kirchhoff’s voltage law during diode conduction intervals
displayed in Fig. 5 and Fig. 6. As a result, the circuits are
capacitive current dividers where the impedances of the two
branches are equal.

During t4, the diode in the last stage of the HW-VM is
reverse-biased. Consequently, the charge is supplied to the load
only by the smoothing column capacitors. This is visible in
Fig. 4, where the output voltage slope, which depends only on
the smoothing column capacitors, during t4 is twice the one
during t2. On the other hand, in the FW-VM, during t4 the
lower oscillating column capacitors supply the load together
with the smoothing column capacitors.

In-depth analysis of square-wave-fed HV- and FW-VMs is
reported in Subsections III-A and III-B.

A. Analysis of the Square-Wave-Fed HW-VM

The output voltage ripple is produced due to the periodic
charging and discharging of the smoothing column capacitors.
During t2, t3, and t4 the smoothing column capacitors of
the HW-VM discharge, while during t1 these capacitors are
charged back of the full amount of the charge lost in the
previous intervals. Consequently, the output voltage ripple and
drop of the HW-VM can be evaluated just by considering
the interval t1. This aspect is displayed in Fig. 4. The output
voltage ripple of the square-wave-fed HW-VM is obtained
by summing the individual voltage ripples of each smoothing
column capacitor, which can be deduced from Fig. 5a, as:

V̂L
∣∣HW
sq =

q

C

n∑
i=1

(
i− 1

4

)
=

q

C

(
n2

2
+

n

4

)
. (5)

The output voltage drop can be determined by summing the
individual voltage drops of each smoothing column capacitor.
Although the first oscillating capacitor C ′

1 is charged up to
VC′

1
= Vin during t3, if ideal diodes and no voltage drop within

the source are assumed, it cannot charge C1 during t1 above:

VC1 = 2Vin −
q

C

(
n− 1

4

)
, (6)

as C1 has lost a total charge of [1/4+(n−1)+1/2]q = (n−1/4)q
during the previous full cycle, and must be charged back of the
same amount. Then C1, that is discharged of [1/4 + (n− 1)]q
during t2 and t3, respectively, cannot charge during t3 the second
oscillating capacitor C ′

2 to a voltage greater than:

VC′
2
= 2Vin −

q

C

[(
n− 1

4

)
+

1

4
+ (n− 1)

]
= 2Vin −

q

C
[n+ (n− 1)] .

(7)

Moreover, during the previous full cycle, C2 has lost a total
charge of [1/4+(n−2)+1/2]q = [(n−1)−1/4]q. Capacitor
C ′

2 charges it back of the same amount during t1. Consequently,
C2 cannot be charged to a voltage greater than:

VC2 = 2Vin −
q

C

[(
n− 1

4

)
+ 2(n− 1)

]
. (8)

This applies to all the following capacitors till Cn, which
cannot be charged to a voltage greater than:

VCn = 2Vin −
q

C

[(
n− 1

4

)
+ 2(n− 1) + ...+ 2(1)

]
. (9)

By summing all the obtained contributions it is possible to
derive the general formula for the output voltage drop of the
square-wave-fed HW-VM:

∆VL
∣∣HW
sq =

q

C

[(
n− 1

4

)
n+

n−1∑
i=1

2i2

]
=

q

C

(
2

3
n3+

n

12

)
. (10)

The average output voltage of the square-wave-fed HW-VM
can be calculated from (5) and (10), as:

V L
∣∣HW
sq = 2nVin −

q

C
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2

3
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n2

4
+

5

24
n

)
. (11)



B. Analysis of the Square-Wave-Fed FW-VM

Considering the previously stated assumptions regarding the
half-wave symmetry of the FW-VM, in the following analysis
only half a period including time intervals t1 and t2 will be
analyzed in the following.

Each smoothing column capacitor of the FW-VM transfers
to the load a charge q/2 in time t2. During t1 they are charged
back of the same amount. Therefore, the peak-to-peak ripple
produced across each smoothing column capacitor is q/(2C).
The output voltage ripple of the FW-VM is obtained by summing
the voltage ripples of each smoothing column capacitor as:

V̂L
∣∣FW
sq =

q

2C
n . (12)

The output voltage drop can be determined by summing the
individual voltage drops of each smoothing column capacitor.
Following the same procedure as for HW-VM, during t1, the first
upper oscillating capacitor C ′

1 charges the smoothing capacitor
C1, which consequently can not have a voltage greater than:

VC1
= 2Vin −

q

C

(
n− 1

2

)
. (13)

This applies to all the capacitors in the smoothing column.
Given that capacitor Cn is charged by the whole upper
oscillating column, his maximum voltage results to be:

VCn
= 2Vin −

q

C
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2

)
+

(
n− 3

2

)
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1

2

]
, (14)

and by summing all the obtained contributions it is possible
to compute the general formula for the output voltage drop of
the square-wave-fed FW-VM:
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sq =

q

C

(
−1

2

n∑
i=1

i+

n∑
i=1

i2

)
=

q

C

(
n3

3
+
n2

4
− n

12

)
. (15)

The average output voltage of the square-wave-fed FW-VM
can be calculated from (12) and (15), as:

V L
∣∣FW
sq = 2nVin −

q

C

(
n3

3
+
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n

6

)
. (16)

IV. NUMERICAL VALIDATION

The sine- and square-wave-fed HW- and FW-VMs are
simulated on PLECS (Plexim GmbH) environment considering
an input voltage of 1 kV, a switching frequency of 50 kHz, a
load current of 0.1 A, and capacitances of 1 µF. Diodes with
an on-resistance of 10 mΩ are considered in the simulations.

Fig. 7: Numerical validation of the normalized average output
voltage drop ∆NL as a function of the total number of stages n
for sine- and square-wave-fed HW- and FW-VMs.

Fig. 7 shows the normalized average output voltage drop
∆NL = −(V L−2nVin)/(q/C) = ∆V L/(q/C) of the described
VMs as a function of the total number of stages n. Considering the
same charge transferred to the load q and capacitance value C, the
normalized average output voltage drop ∆NL is representative
of the whole average output voltage drop ∆V L. It can be noticed
that the square-wave-fed VMs turn out to have lower average
output voltage drop, thus better output voltage regulation. Overall,
the FW-VM has better performance than the HW-VM, as well
known in literature [18]. As visible, numerical results (circles)
fairly match the analytical predictions (solid traces).

Moreover, the absolute error εA and relative error εR between
numerical results and analytical prediction of the normalized
average output voltage drop ∆NL of both square-wave-fed VMs
is computed and listed in Table I. As the number of stages n
increases, εA increases. This is because the number of diodes in
the VM increases, as well as the total voltage drop across them. A
constant current is assumed, thus a constant voltage drop across
diodes. Therefore, it can be observed as a general trend that εR
decreases as the output voltage increases. In fact, by increasing the
number of stages, the assumption of neglecting the diode voltage
drop acquires validity. Although the voltage drop across diodes is
not taken into account in the analysis, εR is anyway lower than 5%,
especially for high n values, therefore validating (11) and (16).

Fig. 8 shows the dynamic response in time of the sine- and
square-wave-fed HW- and FW-VMs for different numbers of
stages n. It can be noted that the square-wave-fed VMs present a
faster transient response with respect to the sine-wave-fed ones.
Furthermore, as the number of stages, and thus the output voltage,
changes, the transient slope does not change. Eventually, it can be
verified from Fig. 8 that the FW-VM has a lower output voltage
drop and a faster dynamic response than the HW-VM.

TABLE I: Absolute error εA and relative error εR in % between numerical results and analytical prediction of the normalized
average output voltage drop ∆N of the square-wave-fed HW- and FW-VMs with n from 1 to 10.

n 1 2 3 4 5 6 7 8 9 10

HW-VM εA 0.0621 0.0686 0.0468 0.287 0.584 1.18 1.91 2.67 3.69 4.75
εR 5.52% 1.02% 0.224% 0.604% 0.644% 0.762% 0.789% 0.745% 0.726% 0.685%

FW-VM εA 0.0167 0.0858 0.186 0.328 0.517 0.782 1.03 1.40 1.69 2.29
εR 4.46% 4.29% 3.17% 2.52% 2.12% 1.91% 1.62% 1.48% 1.28% 1.27%



Fig. 8: Dynamic response of the sine- and square-wave-fed
HW- and FW-VM for different number of stages n.

V. CONCLUSION

The analysis of the square-wave-fed HW- and FW-VM has
been proposed in this paper. The different operating principles
with respect to the traditional sine wave approach have been
highlighted, and the results show that lower output voltage
ripple and drop and faster system’s dynamic response are
achieved. The feasibility of this solution has been numerically
validated by simulations. Although the voltage drop across
diodes is not taken into account in the analytical analysis,
the relative error between numerical results and analytical
prediction is lower than 5%, especially for a high number of
stages, therefore validating the analysis. This approach could
pave the way for high-power-density and efficient designs for
size- and weight-sensitive applications.

Future works can include the voltage drop across diodes in the
analytical developments and the experimental validation of the
proposed approach. Furthermore, the power density of the sine-
vs square-wave-fed systems is still an open point to be studied.
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