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ABSTRACT Among the converters currently employed for ac—dc conversion, diode rectifiers (DRs) and
voltage source rectifiers are the most prevalent due to their accessibility, cost-effectiveness, and efficiency.
However, current source rectifiers (CSRs) present several advantages, such as short-circuit protection, step-
down capabilities, minimal output current ripple, and the elimination of dc bus capacitors. These features can
lead to a reduction in overall size and an enhancement in power quality, although CSRs are often associated
with higher conversion losses. Recent advancements in applications that can leverage the benefits of CSRs,
along with the development of new devices to improve their efficiency, have produced renewed interest in this
configuration. This article aims to review the design parameters of CSR components, modulation schemes,
and control strategies, while also conducting a loss analysis using both established literature methods and
innovative approaches developed by the authors. In addition, a comparison with other topologies is presented,
illustrating that in certain applications and conditions, CSRs can be a compelling choice. Thus, rather than
focusing on a specific aspect of CSRes, this article provides a comprehensive overview of the topic, offering

practical insights for engineers.

INDEX TERMS Control, current source rectifier (CSR), design, losses, modulation, performance.

I. INTRODUCTION

The current source converter (CSC), whether operating in
inverter or rectifier mode, has been extensively studied over
recent decades. However, the published reports often reveal
significant drawbacks, leading to its status as a secondary
option in both industrial applications and academic research.
CSCs are particularly beneficial in specific applications such
as induction heating and medium-voltage motor drives, thanks
to their capability to step down voltage and the inherent
short-circuit protection provided by the topology. Neverthe-
less, the losses associated with CSCs have generally rendered
them less attractive compared to voltage source converters
(VSCs) [11, [21], (3], [4], [S].

Recent advancements in components, such as Gallium Ni-
tride (GaN) bidirectional transistors and Reverse Blocking
IGBTs (RB-IGBTs), which are particularly well-suited for
CSCs, have produced renewed interest. This interest is further
amplified by applications like hydrogen generation—which

necessitates a current source—and aircraft converters, where
weight reduction is critical. Such advancements have reignited
focus on CSCs, especially in rectifier mode. In electric vehicle
applications, the potential elimination of dc bus capacitors
opens up new possibilities for CSC implementation, poten-
tially enhancing overall system efficiency compared to VSCs,
which typically require an additional stage. While modern
converters often utilize film capacitors that are less bulky than
traditional electrolytic types, their physical size remains con-
siderable in high-power applications. Moreover, capacitors are
frequently among the first components to encounter reliability
issues, impacting the overall durability of the system [6], [7],
(81, [9], [10].

Some studies have presented simulation results illustrating
the advantages of CSCs under specific conditions in compari-
son to VSCs. However, comprehensive practical experiments
and in-depth mathematical analyses remain limited. When
such analyses are conducted, they often fail to provide a
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FIGURE 1. Current source rectifier (CSR).

direct comparison with equivalent VSC systems. Furthermore,
while certain papers emphasize efficiency outcomes, they fre-
quently overlook the design of components and the influence
of control and modulation strategies on losses and power
quality [11], [12], [13].

This study focuses on rectifiers due to their significance
in emerging applications such as hydrogen generation and
aircraft power supplies, which necessitate ac—dc conversion.
In these contexts, the benefits of a CSC can outweigh its dis-
advantages, as competing topologies often suffer from issues
such as reduced power quality or increased weight, both of
which are particularly critical in these applications [14], [15],
[16], [17], [18], [19], [20].

This article aims to review the concepts presented in
the literature concerning losses, modulation, control, and
component design in current source Rectifiers (CSRs). It
also highlights recent advancements in loss evaluation and
component design, making this information accessible and
comprehensible. The findings indicate that, due to inherently
lower switching losses, CSRs enable silicon (Si) semicon-
ductor devices to operate at higher frequencies compared to
voltage source rectifiers (VSRs), while maintaining good ef-
ficiency and power quality, alongside a reduction in size and
the number of passive components.

The rest of this article is organized as follows: Section II in-
troduces the circuit and main characteristics of CSRs, includ-
ing relevant equations and the design of passive components
and semiconductors. Section III focuses on loss analysis, pre-
senting novel evaluation methods. Section IV discusses the
modulation, control, and simulation results. Section V com-
pares the power quality, size, and cost of CSRs with other
topologies commonly used nowadays. Finally, Section VI
concludes this article.

Il. DESIGN OF CSRs

The CSR, depicted in Fig. 1, is a rectifier characterized by
a current source output linked to the output inductor. No-
tably, this converter does not include a bus capacitor, which
can be beneficial for applications that require a constant cur-
rent. In contrast, a VSR typically necessitates an additional
stage beyond the capacitor, as illustrated in Fig. 3. This
absence of a bus capacitor creates a dual relationship between
the CSR and the VSR in terms of component design. This
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FIGURE 2. Input rectifier current and voltage, and S1 switch stresses:
(a) CSR, (b) CSR+FW, and (c) VSR.
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FIGURE 3. Voltage source rectifier + Buck stage (VSR+Buck).

relationship is further elaborated in Fig. 2, which compares
both rectifiers’ main waveforms and highlights the devices’
stress. Specifically, Fig 2 displays the input rectifier line volt-
age (v/,), the rectified current (i},), and the stress values on
each device (is1, vgy) for the CSR, CSR+FW, and VSR, al-
lowing for a thorough comparison. A critical consideration is
that the current is switched, as shown in Fig. 2. This indicates
that high frequency is associated with the current rather than
the voltage, affecting the design analysis, and necessitating a
distinct evaluation for the CSR, which will be discussed in
detail later.

In addition, similar to modulation changes, a CSR requires
specific input voltage source characteristics for the current
path, which is typically not supplied by the grid. Conse-
quently, a capacitive filter is essential on the input side for grid
connection applications to prevent direct series connections
between the current source associated with the output inductor
and the grid’s impedance. An LC filter is commonly employed
to achieve these characteristics and may be configured in a star
or delta arrangement.

Last, the freewheeling (FW) path plays a crucial role in
significantly reducing losses. During the second half of the
cycle, the current bypasses four devices and follows the FW
path, thereby minimizing losses. This topology, illustrated in
Fig. 4, also alleviates stress on the bridge side, as shown in
Fig. 2(b), and is included in the analysis.
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FIGURE 4. CSR + Freewheeling diode (CSR+FW).
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FIGURE 5. Inductor waveform.

A. PASSIVE COMPONENTS DESIGN

1) OUTPUT INDUCTOR

The main component, the output inductor, is associated with
the output voltage and current ripple, following the well-
known inductor voltage equation:

dt Ton

Loyt =VL— =V, .
out LdiL LAiout

ey

This equation relates the voltage across the inductor (V7),
the output current ripple (Aiyy) and the conduction time
(Ton)- The current ripple, Aiqy, is primarily determined by
the application requirements; for example, a megawatt (MW)
electrolyzer for hydrogen production should operate with less
than 3% ripple [7]. The conduction time, Ty, serves as a
design criterion and is related to the switching frequency (f;),
which in turn affects the size and losses of the inductor.

Fig. 5 illustrates the characteristics of the inductor current.
During the first period (75;,), the voltage Vy, across the inductor
is defined by the difference between the dc voltage and the
output voltage. In the second period (T5¢), it is defined solely
by the output voltage, expressed as follows:

Tost
A iout

Ton
Lout = (Vdc — Vout) = Vout

- (2
Aoy

Since a CSR does not have a dc bus capacitor, the dc voltage
(Vi) 1is linked to the input waveform and can be defined as
the peak value of the input grid line voltage (Vj,). Given that
the duty cycle varies with the grid, an expression that satisfies
the condition in the above equations can be derived. Using this
definition along with the common grid RMS line voltage (V,),
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FIGURE 6. Example of dc voltage stresses by input capacitance.

the output inductance can be calculated as follows:

V2
Low = (Vg - 7V0ut

VOU[

o 3)
ngs Algy
2) INPUT CAPACITOR
As previously mentioned, the input capacitor plays a crucial
role as a voltage source input. The voltage stresses are related
to the voltage ripple defined by the capacitor, which can be
expressed in relation to the capacitor current (I¢) and its ca-
pacitance as follows:
dt Ton
Cn=Ic— =1 .
in C dvc C Avge

With a definition for the desired dc voltage ripple (Avgqc),
and recognizing that the maximum values will occur at the
peak of the input phase current (/,), the equation for deter-
mining the input capacitor becomes

CY —|v —QV Ip+Ai0ut
in — 8 out VfAU .
gJs dc

“)

> ®)

Here, the output current ripple (Aioy) has been included for
greater accuracy, as the input capacitor influences the voltage
stress on the devices. By validating this equation, we can
create a graph illustrating the relationship between voltage
stress and capacitance (see Fig. 6). This graph can aid in
designing the optimal value for the input capacitor. Selecting
the appropriate voltage ripple is critical, as the capacitance
value directly impacts this. A smaller capacitance will lead
to increased ripple, which in turn raises the dc voltage and
elevates the voltage stresses on the semiconductor devices,
subsequently affecting switching losses.

An important concept for the input capacitor filter is the
delta connection, which allows for lower currents and capaci-
tance while maintaining the same voltage ripple results. In this
configuration, the stresses are distributed across three phases.
Consequently, for the delta connection, the capacitance value
can be expressed as follows:

cY

G = 3% (6)

VOLUME 6, 2025



IEEE Open Journal of

Industry Applications

T [ Loyt

DIOIC
|
f
|
i

«OOO

PLL

it |
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3) INPUT FILTER

The input inductor filter (L;,) is crucial for defining a cut-
off frequency (f;) to prevent high order harmonics content
and should be designed to mitigate dependence on the grid
impedance [21]. The value of this inductor can be calculated
using the following formula:

1

T crenf “

in
The specified cutoff frequency, f;, corresponds to the res-
onance frequency of the input LC filter. This frequency must
be set a decade higher than the grid frequency and a decade
lower than the switching frequency to avoid coupling between
the filter, control, and grid [21], [22], [23], [24]. When a
switching frequency of around 10 kHz is applied, the range
for f,. becomes quite limited, often resulting in low order
harmonics. To address this, damping is necessary, which can
be achieved through control methods (active damping) or with
a tuned trap filter (passive damping), as utilized in this study
and illustrated in Fig. 8. The values of capacitance (Cy) and
inductance (Ly) in the tuned trap filter can be optimized while
maintaining the resonance frequency, given by the equation

1
N

Optimizing the capacitance and inductance values will impact
the trap filter’s bandwidth, so it is important to consider size

Ir ®)
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and cost implications during the design process. Finally, a
reference value for the damping resistance (R;) is given by

R =1 Ly 9)
5\ C;

When designing a system with passive damping to reduce
low order harmonics content, it is crucial to carefully balance
the damping resistance to minimize losses while effectively
controlling the harmonic content of the grid current.

B. SEMICONDUCTORS DESIGN

In CSR, the current stresses on semiconductors are directly
related to the output current, while the voltage stresses cor-
respond to the peak voltage of the grid. The selection of
semiconductor devices is significantly influenced by these
project parameters and the associated switching losses. Given
that the CSR topology involves fewer commutations com-
pared to VSR topologies, opting for a higher switching
frequency is advantageous, as discussed in the following sec-
tion.

However, a challenge arises with conduction losses in the
CSR bridge, where a series diode is required to block cur-
rent, resulting in increased conduction losses. This issue could
be alleviated by using reverse-blocking IGBTs (RB-IGBTs),
although such devices are not widely available. A recent
and promising alternative is GaN MOSFETS, which can be
engineered to prevent reverse current and exhibit excellent
performance at high switching frequencies.

In this work, a commercially available silicon (Si) IGBT
module with a common collector device (FF2400RB12IP7)
was employed in the bridge for comparison in Section IV,
as it shares similar characteristics with the device used for
the VSR leg (FF2400R12IP7). Silicon Carbide (SiC) devices
were utilized for the FW and buck interleaved to compare
these topologies.

IIl. LOSSES ANALYSIS AND COMPARISON

This section provides an analytical analysis of the losses as-
sociated with CSRs. At the end, a comparison between the
developed equations and the well-known VSR losses equa-
tions are presented as a figure-of-merit (FOM).

A. CONDUCTION LOSSES

Conduction losses in semiconductor devices are crucial for
determining the overall efficiency and performance of power
electronic systems. These losses are typically quantified using
established semiconductor loss equations, which relate to the
voltage drop (V) across the device [25], [26], [27], [28], [29].
For diodes, this is the forward voltage (Vy), and for IGBTs,
it is the collector—emitter voltage (V..) both of which are
multiplied by the average current (I.'%) flowing through the
device. In addition, Joule losses associated with the resistance
of wires and connections (rg), or the ON-state resistance (rop)
when using a MOSFET, are taken into account. These losses
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can be calculated as

Poong = Val™& + ro(I™$)?. (10)

In a CSR, the analysis is inherently influenced by the need
to produce a constant current source, requiring a continuous
path for the current flow. Losses within the CSR topology are
typically aggregated across various components that provide
a current path. For IGBTs and diodes, the primary conduction
losses are due to the voltage drop across the device, allowing
us to neglect the resistance for this analysis. Thus, the conduc-
tion losses in CSR can be defined as follows:

pCSR _ » Lout (VCIGGBT + VfDlODE) (11)

cond

where Ve and Vy represent the voltage drop across a single
device, and P.onq represents the total conduction losses of
the converter, which consists of six IGBTs and six series
diodes. The body diode of the IGBT can be excluded from
calculations due to negligible current flow through it.

While this approach is valid, it does not accurately reflect
the average or RMS current flowing through each component
due to the sinusoidal nature of the grid. To evaluate losses,
the voltage drop values found in datasheets should be related
to the current stress. In a voltage source, this stress typically
correlates with the grid phase RMS current. However, in a
CSR, the current is switched rather than the voltage. There-
fore, the average and RMS current for each component must
be considered in the calculations to determine losses for each
component and the output current to find the voltage drop val-
ues in the datasheets. The currents in each leg can be defined
as

Ileg _ Tout
rms — ’
NG

Consequently, the losses in each component can be expressed
as

leg Lout

avg = 12)

1 leg 2
PcSond = Vce]affgg + VOIrrengs (13)
1 leg 2
Pg)nd = VfIa\eli + rOIrfngs . (14)
Thus, the total conduction losses for the CSR become
CSR S D
Pcond =0 (Pcond + Pcond) . (15)

For MOSFETS, the ON-state resistance or the drain-source volt-
age drop should also be considered.

Including a FW path reduces the losses in the current source
bridge since the current passes through only one semiconduc-
tor instead of four. Accordingly, the conduction losses can be
directly related to the modulation index, defined as

232 Vour

Mingex = 3 v,
8

(16)

The modulation index indicates the magnitude of the modula-
tion signal. Consequently, the average duty cycle, associated
with the conduction time in each phase, can be defined using

38

trigonometric equations as

Dcs = ?Mindex- a7
Therefore, the bridge CSR losses equations become
PSIY = VilSEDcs + m(WEDes). (1®)
PRV = Vi Des + ro (d&gsDcs)z (19)
Peond" " =6 (Ping™ +Piond ) (20)

With the addition of the FW diode, it is also necessary to
account for the conduction losses associated with this device,
which can be expressed as

PFW I out

where (n) represents the number of parallel devices, as the
voltage drop values in the datasheet should correspond to the
current in each device.

If the MOSFET body channel is used for reverse conduction
instead of a diode, the expression (21) becomes

2
PN, = Ty 28y + (1 = Des Tdtfs)(%) o (22)
where Ty represents the dead time during which the MOSFET’S
body diode conducts. Since the MOSFET operates in reverse
mode, it achieves soft-switching (ZVS), resulting in mini-
mal switching losses, with the remaining energy primarily
attributed to reverse recovery from the diode. The losses in the
FW should be multiplied by the number of parallel devices.

B. SWITCHING LOSSES

Switching losses include the energy dissipated during both
the turn-ON (Ey,) and turn-OFF (Eug) processes in devices.
The turn-ON energy loss is often neglected for diodes, but the
reverse recovery characteristic determines the turn-OFFenergy
loss, typically referred to as E,... Various methods exist to
quantify these losses, which are fundamentally proportional
to the energy dissipated and to the switching frequency (f;),
defined as the reciprocal of the switching period

Py, = (Eon + Eoff + Err)fs~

The energy losses depend on the current and voltage during
the switching, which is why manufacturers usually provide
energy loss data under specific test conditions. To accurately
estimate switching losses under different operating condi-
tions, the following equation can be used:

Vdc

Iy
Psw = (Eon + Eoff + Err)fx (V_f> <I_Cf) (24)
re re;

where Vir and ¢ are the reference voltage and current pro-
vided in the datasheet, respectively.

As noted in this equation, the losses depend on the current
and voltage in the converter (Ig., Vyc). In scenarios like VSRs
or CSRs, where voltage or current varies sinusoidally and each

(23)
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TABLE 1. FOM of Device Losses Equations for Different Topologies

Peond Py plammeterized
CSR AV Lo fo P TP 2 Lo AV Loui + 0.9fs(Eon + Eor + Frr )
CSR+FW | (3Dcs + D)Vplow | fs (W 3 Vo Tout + %};’C"T‘) 1,92V Tout+ 0.52f5 (Eon + B + Err ) + 0.94f, Exr
VSR+Buck | 3.41Vr I, + Vil s WV@ (81 + Lo ) 2,04V Tout + 1.58f5(Eon + Eofr + Er )
DR+Buck | 2VElg + Vi lou fs WVG‘C Tout 1.5VETow + fs(Eon+ Eofr + Frr )

device conducts for half a cycle, the average losses can be
expressed as

_ S Vo hae

sw =
278 Viet lret

g

/0 (Eon + Eofs + Ey) sin(wt )dowt. (25)
Here, I3 or Vg refers to the sinusoidal characteristics’ peak
values, representing the maximum loss points. While the
switching losses in a VSR are associated with the dc bus volt-
age Vq. and sinusoidal grid current, in a CSR, they relate to the
dc output current I,y and the sinusoidal grid voltage, as shown
in Fig. 2. The voltage ripple from the filter capacitors and the
commutations associated with the current path in other legs
lead to a voltage on the device that is not purely sinusoidal.
For simplicity, the peak line voltage Vj, is considered as the
voltage stress on the CSR devices

3fs

Vip + Avgc I,
7(Eon + Eoff + Err)¥0_ut

PCSR —
%
Vief

et (20)
where the remaining values (Eon, Eof, Err) are derived from
the datasheet, and Avyq. is included for accuracy, as variations
in voltage and current affect the switching losses. Notably, the
switching frequency fs, is twice the carrier frequency when
triangular carrier-based modulation is applied, as discussed in
the following Section.

When an FW path is implemented, the current and voltage
stress waveforms on the bridge side are altered. Half of the
cycle will exhibit zero current, while the other half will follow
the phase voltage shape, as illustrated in Fig. 2(b). Conse-
quently, the equation for switching losses in a CSR with FW
becomes

PCSR+FW _ %
saw - T

Voo 1,
(Eoan + Eof + EH)V—P" I"—‘“ 7)

ref fref
where this equation now references the peak phase voltage
(Vpp) instead of the peak line voltage (Vjp). This indicates that
the FW path reduces both conduction and switching losses in
the bridge CSC.

The switching losses associated with the FW path are pri-
marily due to the reverse recovery losses of the diode, as the
dead time enables ZVS characteristics. These losses can be
defined as
le Lout/n

Vref I, ref

FW
Psaw

= nfv (Err (28)

where n represents the number of parallel devices, illustrating
the potential for current sharing among multiple devices.

VOLUME 6, 2025

C. TOTAL DEVICE LOSSES COMPARISON

With the analytical equations established, the CSR topology
can be compared to well-known device loss equations as-
sociated with other topologies, as outlined in Table 1. In
particular, we consider [29] a VSR paired with a buck con-
verter (VSR+Buck), depicted in Fig. 3, and a diode rectifier
(DR) with a buck converter (DR+Buck), illustrated in Fig. 7.
The conduction losses for these converter devices are given by

Ponis = 6 (Pl + PRI 29)
IGBT _ VZTIP (1 n Miniexﬂ> 30)
PPIODE _ sz;p <1 " Min:w”) a1
Pigna = 2Vlae. (32)

Assuming semiconductor devices have the same voltage
drop (Vr), a unity modulation index (Mjnqex), and neglecting
the resistance of IGBTs for simplicity, the conduction losses
for a VSR become

VSR __
Pcond -

(6/7 +3/2)(V¥1p) (33)

where I, is the peak phase current, and /y is the bus current,
which are related to the average current in each diode of the
DR.

The switching losses for a VSR are defined as

6fs

6f: Vac Iy
T

Viet Iref

(Eon + Eoff + Err) (34)

PYSR —
The DR switching losses are generally considered negligible
since the DR commutation is linked to the grid frequency. As
discussed in Section IV, a CSR experiences three commuta-
tions during each switching period, compared to six in a VSR,
resulting in lower switching losses for the CSR.

The conduction losses of the buck stage are related to the
duty cycle

Dvs = Vour/Vac (35)
PBYY = VeeTouDys + Vilow(1 — Dys). (36)

Since only one IGBT phase leg is used, and assuming similar
voltage drops across the diode, the conduction losses simplify
to

Buck
P cond

= Vrlou. (37)
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TABLE 2. Converters Simulation Parameters

Parameter Description CSR VSR+Buck
Py Rated power 150 kW 150 kW
Vy Grid line RMS voltage 400 vV 400 V
fq Grid frequency 50 Hz 50 Hz

Tout Output current 1000 A 1000 A
Vout Output voltage 150 V 150 vV
Ve Bus voltage - 600 V

fs Switching frequency 10 kHz 10 kHz
S, D Semiconductor device | FF2400RB12IP7 | FF2400R 121P7
Lin Input grid inductor filter 54 pH 435 pH
Cﬁ Input grid capacitor filter 155 pF -

L Trap filter inductor 54 pH -

C Trap filter capacitor 155 pH -
Ry Damping Resistance 68.5 mS2 -
Clous Bus capacitor - 2.1 mF
Loyt Output inductor 1.102 mH 1.125 mH

The switching losses for the buck stage are defined as

PSB\yck = fs(Eon + Eoff + EH)E@-
Viet Iret
The four topologies of analytical loss equations, detailed
in Table 1, are analyzed. The total losses (Py) presented,
are the sum of losses in each topology, assuming the same
voltage drop and switching frequency across the devices. Gen-
eral equations for conduction and switching losses in each
converter are parameterized and summarized, serving as a
FOM for comparative analysis. The dc-bus current /. and grid
current /,, are expressed as functions of the output current /oy,
while the phase peak voltage Vp,, and the line voltage Vi, are
represented as functions of the bus voltage Vg respectively,

(38)

Voutl
]]7 = %Out\/z/i’ lae = Dyslout (39)
8
Vo2 Vor/2
= Y2y oy W2 )
Vaer/3 Vae

With these parameters and those in Table 2, assuming that
the reference values (Ief, Vier) match the output current and
bus voltage (Ioy, V4c), and considering the corresponding
values for Dcs and Dysg, the total losses Py, can be param-
eterized as shown in Table 1, highlighting the dependence on
device characteristics in each topology.

This indicates that a device with a high voltage drop will
make the CSR inefficient, whereas a device with significant
switching energy losses will have a more substantial effect
on the VSR. The DR emerges as the more efficient solution,
with drawback implications for grid power quality. The FOM
presented in Table 1 aligns with the simulation results in
Section IV, where loss results are compared. It is essential
to note that variations in grid voltage, bus voltage, output
voltage, and output current will influence the parameterized
results, potentially altering their relationships as well as the
FOM of the pParameterized presented in Table 1.
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IV. SIMULATION RESULTS

This section provides a concise overview of the control and
modulation techniques employed in this article, illustrated in
Figs. 8 and 9. While various studies have addressed these
characteristics [30], [31], [32], [33], this discussion focuses
on carrier-based modulation for simplicity, utilizing output
current control to achieve a unity power factor. In addition,
we present waveforms and compare analytical and simulated
losses in this section.

A. MODULATION

Each converter family has specific modulation techniques that
dictate the states of the switches, optimizing performance
based on criteria such as switching frequency, distortion,
losses, harmonic generation, and response speed. The most
common techniques include carrier-based modulation and
space vector pulse width modulation (PWM). This work intro-
duces a modulation approach designed to further enhance the
performance of a CSR converter through saw-tooth carrier-
based modulation [34], [35], [36], [37].

It is relevant to include a section about the modulation of
CSR, since it is directly related to the frequency of switching
in devices, especially when using PWM modulation based
on a carrier signal. This modulation essentially involves a
comparison between two signals: 1) the carrier, typically a
high-frequency triangular or saw-tooth signal, and 2) the mod-
ulator, which is a constant or low-frequency signal related to
the desired output [38], [39], [40].

For a VSR, the sinusoidal modulator signal at grid fre-
quency is derived directly from the phase current and must
align with the phase voltage to ensure a unity power factor.
In contrast, a CSR is related to current and cannot be directly
controlled. Due to the duality of these values in a three-phase
system, they are interconnected with a phase lag of 30°, which
can be used to command the CSR PWM. There are notable
differences between CSR and VSR modulation, such as the
use of overlapping instead of dead-time and variations in the
phase shift of the modulation signal. Furthermore, thanks to
this duality, a CSR can implement a clever mapping method to
derive its PWM switching signal from the switching sequence
of a VSR [37]. Fig. 10 illustrates the relationship between

ssssssssss

where the 30° phase angle is evident.
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FIGURE 11. CSR PWM modulation bi-logic and tri-logic example with:
(a) triangular carrier; (b) saw-tooth carrier.

This angle is significant as it relates to the grid line and
phase waveforms, aiding in the synchronization of the CSR
with the three-phase ac source by aligning with the natural
phase difference in a balanced three-phase system. This align-
ment can ensure a unity power factor when combined with
reactive control. The switching states shown in Fig. 10 allow
us to define the CSR states from the VSR states using the
following equations:

S?SR — SYSRSXSR SZCSR — S;’SRSYSR

’

CSR VSR ¢VSR CSR VSR ¢VSR
S3 = S3 S2 S4 == S4 S3

’

ngSR — S;/SRSXSR, (41)

SgSR — Sg/SRS;/SR.

By applying a —30° phase shift to the VSR modulation
signal, we can derive the CSR PWM from the VSR modu-
lation, as illustrated in Fig. 9. The null states of a VSR PWM
can be utilized to control the FW switch when a MOSFET is
implemented

ngSR _ SYSR S;/SR S;/SR + S;’SR SXSR Sg’SR' (42)

In a VSR, only one switch per leg is active at any moment.
This approach, known as bi-logic, results in a two-level signal
representing the ON/OFFstates of the upper or lower switch,
as shown in SYSR and Sg/ SR in Fig. 11, characterized by six
commutations in each switching period. In contrast, a CSR al-
lows both switches to conduct simultaneously, a configuration
referred to as tri-logic. During the positive half-cycle, only the
upper switch operates (as illustrated in S ?SR in Fig. 11), while
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FIGURE 13. Harmonic spectrum of a saw-tooth carrier with 10 kHz.

the lower switch operates during the negative half-cycle. Con-
sequently, the CSR has only three commutations per switching
period [35].

As shown in Fig. 11(a), the tri-logic CSR PWM exhibits
a frequency twice that of the carrier signal when using a tri-
angular carrier. When utilizing a saw-tooth carrier, Fig. 11(b)
confirms that the carrier frequency matches the CSR PWM
frequency. This occurs because the carrier-based CSR PWM
represents a comparison within a comparison, generating the
signal SESR from SYSR and SESR as illustrated in Fig. 11.
With a saw-tooth carrier, all modulation signals switch simul-
taneously, preventing an additional commutation during each
switching period.

This characteristic establishes a relationship between the
switching frequency fs, used for designing passive compo-
nents, and the carrier frequency. Specifically, when employing
a triangular carrier, its frequency should be half that of the
switching frequency to maintain consistent ripple and dynam-
ics in the designed passive components.

Another concern is that the triangular carrier CSR PWM
lacks uniform spacing between the pulses. This nonhomo-
geneity is evident in the harmonic spectrum through side-
bands, with maximum magnitude occurring at twice the
carrier’s frequency, as shown in Fig. 12. These issues are
resolved when using a saw-tooth carrier, as demonstrated in
Fig. 13.

B. CONTROL

The implemented output control is a current loop control,
which is essential for CSRs. However, in certain applications
where the load voltage increases over time, relying solely on a
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current loop can result in the converter delivering more power
at the end of its lifespan than at the beginning. To address this
issue, one effective solution is to incorporate a voltage loop or
a power output loop [30].

The input power control loop is implemented in the dg
reference frame to achieve a unity power factor. Due to the LC
filter required for this converter, there is an inherent reactive
power and a low harmonic resonance associated with the LC
filter and the grid impedance, which necessitates a damping
filter [41]. The damping can be designed using a trap filter and
a resistor tuned to the same frequency, as described in Sec-
tion III. A proportional-integral (PI) controller is employed
in each loop, achieving the 100 ms response time required
in the hydrogen industry [31], [32], [33], thus enabling the
evaluation of losses in simulations.

C. WAVEFORM ANALYSIS

Analyzing the waveforms of key values is essential for ver-
ifying the analytically defined values and confirming the
accuracy of the equations. This analysis ensures that the
equations produce consistent results. The waveforms were
generated using Simulink and PSIM software, based on the
parameters listed in Table 2. To facilitate a fair comparison, it
is necessary to maintain similar output characteristics to the
CSR model; therefore, the main passive components values
used in the VSR and DR models are determined by the fol-
lowing equations [11], [12], [13]:

XSR — Vpp. 1 — 3Vpp (43)
fiAi, 2Wie
P
CYSR=__ 0 (44)
fsAUchdc
P
DR — L (45)
6/8(Vyy* — V,min%)
VSR __ Vdc - Vout (46)

T 4w fs

The goal of this analysis is to compare the different topologies
while considering the actual characteristics of semiconductor
devices. Although optimization is possible, the primary focus
is on evaluating the performance of these topologies under
comparable conditions.

It is important to note that a comprehensive analysis of
total system losses should include passive losses. However,
evaluating passive losses is complex due to their relationship
with the resistance of passive components, and it is beyond
the scope of the current study. Nonetheless, since the current
stresses on the passive components are available from the
analysis, it is possible to estimate passive losses for com-
parison by calculating the resistance values of the passive
components. This estimation of passive losses is presented in
the final section to compare overall system efficiency.

In the CSR, a unique situation arises when the stresses on
the transistor and series diode (77, D), are split, as high-
lighted in blue in Fig. 8. The voltage stress on the transistor
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FIGURE 15. Comparison switched waveforms: (a) CSR; (b) CSR+FW;
(c) VSR+Buck; (d) DR+Buck.

leg (T7) differs from that on the series diode (D), as illustrated
in Fig. 14(a), making evaluation complex. In addition, there is
a distinction in the modulation signal when an FW mode is
used, shown in Fig. 14(b). The main issue is that in FW mode,
while the voltage stress on 77 follows the sinusoidal phase
grid voltage, D experiences a bus voltage related to the line
voltage, which is further affected by a component associated
with the ripple voltage in the system. This indicates that when
the voltage on D reaches its maximum in FW mode, there is
no current path in the CSR bridge, preventing losses at that
moment. In contrast, there is no secondary current path in
the CSR without FW, which potentially increase its switching
losses.

The primary objective of waveform analysis is to assess
losses, focusing on the voltage and current at the rectifier’s
switch and diode (S, Dj). Fig. 15 displays the voltage and
current stress values for each device (is;, vg) in the CSR,
CSR+FW, VSR, and DR for comparison. In the next step of
the analysis, the output voltage and current (Vou, lour) are
evaluated, as shown in Fig. 16.

This picture also presents the grid input waveforms (v,, i;)
for comparison, along with the rectifier’s output dc voltage
and current (Vg., Iyc), which indicate the stress on the buck
and FW stages. For the buck stage, Iy, represents the current
after the dc-bus capacitor Cyys.

1) INPUT CAPACITOR DEPENDENCE

The correct input filter capacitance is crucial for the CSR to
prevent high voltage stresses caused by ripple, as previously
depicted in Fig. 6 and now illustrated in Fig. 17. The first
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TABLE 3. Converter Semiconductor Devices Losses Comparison
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FIGURE 17. CSR voltage stresses in function of capacitance C!: (a) 470 pF;
(b) 220 xF; () 100 xF.

graph presents the phase voltage and current (v,, i,) along-
side the switched voltage (v},), with power control disabled, to
observe the relationship between reactive power and capaci-
tance. The current stresses on the input capacitor (icj,) in the
middle graph remain constant; however, the semiconductor
voltage stresses (V) at the bottom exhibit higher values at
lower capacitance.

An optimal balance between voltage stress and capacitance
is essential for efficient operation. One approach to achieving
this is through the power control loop shown in Fig. 8, which
allows for increased capacitance to a level where voltage
stresses do not impact efficiency while maintaining a unity
power factor. However, high capacitance values can lead to ad-
ditional losses and increased size of the capacitors. Therefore,
a delta connection presents an alternative to reduce current
and capacitance requirements, as illustrated in Fig 18.

2) LOSSES COMPARISON RESULTS
The loss analysis presented in Section III was compared
with simulation results using the parameters listed in
Table 2. The comparison of losses and efficiency results can
be found in Tables 3 and 4, where similar values are ob-
served, thus validating the previously developed analytical
loss calculations. The simulation losses were evaluated using
MATLAB-Simulink, employing look-up tables (LUT) based
on component datasheet data [42], [43], [44], [45], [46].

In the simulations, the loss analysis dynamically updates
with current values, interpolating the datasheet-based LUT
for greater accuracy than the analytical approach, which
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Z -400

%" 51(;(0 iCin Topology (fs) Analytical Losses (W) | Simulation Losses (W)
;_530 CSR (10 kHz) 7536 7728

R CSR+FW (10 kHz) | 2997 + 1893 = 4890 3138 + 1804 = 4942
& oo Vic VSR+Buck (10 kHz) | 4060+6082=10923 | 4107+6141=11139

DR+Buck (10 kHz) 1020 + 5252 =6272 1028 + 5260 = 6288

TABLE 4. Converter Semiconductor Devices Efficiency Comparison

Topology (fs) Analytical Simulation

CSR (10 kHz) 95.2% 95.1%
CSR+FW (10 kHz) 96.8% 96.8%
VSR+Buck (10 kHz) 93.2% 93.1%
DR+Buck (10 kHz) 96.0% 96.0%

relies on RMS values for sinusoidal shapes. By utilizing
actual sinusoidal values, we can precisely validate the ana-
lytical approach. This methodology is reliable and aligns with
techniques commonly used across various software applica-
tions and studies. In practice, the trends observed among the
converters in simulations are expected to closely match exper-
imental comparisons, although absolute values may differ due
to real-world conditions.

This simulation loss method, implemented in Simulink, is
detailed in Fig. 19, where the LUT inputs include current,
voltage, and temperature measured at each step during the
simulation. Conduction losses are calculated directly, while
switching losses are determined through a logical analysis of
instantaneous values and device states. The energy obtained
from the LUT is multiplied by the switching frequency, and
values are updated with each switching event. The losses are
calculated as the sum of the average conduction and switching
losses, shown in Fig. 19.

The waveforms in this section primarily serve to verify
the characteristics of passive components in accordance with
the applied design techniques. In addition, they help assess
the current and voltage stresses on semiconductor devices,
validating both the design and the evaluation of analytical
losses. The results presented in Tables 6 and 7 are also related
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FIGURE 19. Simulation losses method.

TABLE 5. VSR and DR With Buck Interleaved in Second Stage Parameters

Parameter Description VSR+Buck DR+Buck
Py Rated power 150 kW 150 kW
Vy Grid line RMS voltage 400 V 400 V
fq Grid frequency 50 Hz 50 Hz
Tout Output current 1000 A 1000 A
Vout Output voltage 150 vV 150 V
vt Bus voltage 600 V 500 V
fs Switching frequency 5 kHz 5 kHz
Bridge | Semiconductor device | FF2400R12IP7 | SEMiX341D16s
Buck Semiconductor device | FF2400R12IP7 FF2400R12IP7
Buck®*“ | Semiconductor device |CAB450M12XM3|CAB450M12XM3
Ly |Input grid inductor filter 870 uH 435 pH
Chus Bus capacitor 4.2 mF 10 mF
Lint Interleaved inductor 3 x 375 uH 3 x 292 uH

to this method, wherein passive component losses are esti-
mated based on current values, considering only Joule losses.

V. PERFORMANCE EVALUATION

Although this work primarily focuses on CSRs, this section
offers a brief overview of competing technologies for com-
parison, as illustrated in Fig. 20. The analysis conducted in
Section IV was replicated using improved conditions for VSR
to ensure a fair comparison.

One advantage of VSR topologies is the ability to vary
the frequencies of both the first-stage rectifier and the
second-stage buck converter. With interleaving, as depicted in
Fig. 20(a), the required inductance is reduced because the in-
ductor design is based on the switching frequency multiplied
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TABLE 6. Converter Semiconductor Devices Losses Comparison

Simulation (W)
3138+1804=4942
3138+1280=4418
2730+4218=6948
2730+1641=4371
1028+3630=4658
1028+1551=2579

Analytical (W)
2997+1893=4890
2997+1344=4341
2862+4237=7099
2862+1593=4455
1020+3668=4688
1020+1423=2443

Topology (fs)
CSR+FW (10 kHz)
CSR+FWSIC (10 kHz)
VSR+Buck (5 kHz)
VSR+BuckSi€ (5 kHz)
DR+Buck (5 kHz)
DR+BuckSi€ (5 kHz)

FIGURE 20. Hydrogen generator converter topologies: (a) VSR with buck
interleaved; (b) 24-pulses rectifier.

by the number of legs. This allows for a decrease in switching
frequency and, consequently, less losses [5], [6].

For DR, a multipulse transformer, as shown in Fig. 20(b),
can be employed to lower the THD, while a capacitor bank
can ensure proper power factor correction (PFC), addressing
the main drawback of this topology [7].

The following Section aims to provide a comprehensive
understanding of the benefits and limitations of CSR based
on currently used technologies, facilitating informed decision-
making for specific applications.

A. CURRENT SOURCE APPLICATION TREND

Both topologies shown in Fig. 20 require two stages: the first
stage provides rectification and functions as a voltage source,
while the second stage, typically a buck converter, delivers the
output current source. The advantage of this configuration is
that a single bus voltage allows current to be shared among
multiple interleaved buck converters, enhancing modularity
and optimizing the sizing of output inductors, which can be
coupled to reduce size and cost. However, the VSR topology
has drawbacks related to the size and cost of the bus capacitor
and input inductance, necessitating bulky inductors or trans-
formers compared to the CSR.

1) HYDROGEN GENERATOR CONVERTERS

A key characteristic of this application is the need for a
constant current on the load with minimal ripple, as well as
compliance with grid standards, which require nearly a unit
power factor and low THD. In addition, efficiency, which
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TABLE 7. Comparative Performance Results Among Systems (Considering an Interleaved Buck on Second Stage for VSRs)

Parameter CSR+FW (10 kHz) | CSR+FW Si€(10 kHz) | VSR+Buck(5 kHz) | VSR+Buck S (5 kHz) | DR+Buck(5 kHz) | DR+BuckS¢(5 kHz)
Size 40 L 9L 48 L 46 L 58 L 56 L
Weight 168 kg 167 kg 233 kg 230 kg 244 kg 240 kg
Device losses 4890 W 4341 W 6948 W 4371 W 4658 W 2443 W

Passive Losses 1882 W 1882 W 1012 W 1012 W 1076 W 1076 W
Device Efficiency 96.8% 97.2% 95.6% 97.2% 97.0% 98.4%
System Efficiency 95.7% 96.0% 95.0% 96.5% 96.3% 97.7%
Cost US$ 10.913,00 US$ 10.331,00 US$ 10.925,00 US$ 10.793,00 US$ 10.433,00 US$ 10.301,00
Power Factor PF 0.99 0.99 0.99 0.99 0.90 0.90
THD 1.3% 1.3% 1.5% 1.5% 21.7% 21.7%

-@- CSR+FW (10 kHz)
-@- VSR+Buck (5 kHz)
-@- DR+Buck (5 kHz)
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FIGURE 21. Comparative performance chart. (a) Si semiconductor devices.
(b) SiC semiconductor devices on second stage.

directly impacts the cost and payback of the converter, is a
significant market consideration among competitors [15].

2) AIRCRAFT CONVERTERS

In this application, converter size is critical. CSRs operate at
high frequencies and eliminate the need for a dc-bus capacitor,
making them well-suited for weight-sensitive applications like
aircraft power systems. Although modern film capacitors are
an option, they occupy considerable space and are generally
less reliable than inductors in demanding environments [19].

B. COMPARATIVE RESULTS

The design of each topology is evaluated, with component
results presented in Table 5 and size and cost estimations
in Table 7. Cost considerations primarily reflect component
prices, while analytical and simulation methods assess losses
and power quality. Weight and volume are based on compo-
nent datasheet information, and a design criterion related to
inductance was followed for inductors [47]. Inductors dimen-
sions and weight were obtained by CAD model.

A comparison was conducted using SiC components
(specifically the parallel IMBG120R008M2H model for FW
in CSR) to assess the topologies with improved semicon-
ductor devices. The updated values of semiconductor device
losses for the converters are detailed in Table 6.

The switching frequency in the VSC was reduced to en-
sure a fair evaluation of system losses, and increasing the
number of legs reduces current stresses on the devices. The
performance chart in Fig. 21 highlights the key advantages
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and drawbacks of CSRs in applications such as hydrogen gen-
eration and aircraft converters using both Si and SiC devices.

Table 6 compares results from analytical and simulation
approaches, showing consistency across various conditions,
while Table 7 presents overall values for comparison among
each topology. Passive component losses are included for
comparison, as they significantly affect system efficiency and
can be a determining factor. Each converter offers distinct
benefits, which are outlined in Table 7, and the achieved
performance is depicted in Fig. 21.

By overlaying the performance charts of the converters, as
illustrated in Fig. 21, the advantages of each topology be-
come clear, aiding in decision-making. Beyond cost, where
differences are minimal (excluding input transformers), as-
pects related to power quality (PF, THD), efficiency, and size
become evident.

1) CSR

A CSR offers excellent power quality, along with the smallest
weight and volume among the topologies investigated. The
main drawback of the CSR is its conduction losses, which are
associated with the voltage drop across its components. Typ-
ically, IGBTs are used for current source applications, where
switching frequency losses can be significant. In 150 kW
applications using VSR, devices usually operate around 5 kHz
to achieve approximately 95% efficiency [8], [48]. However,
with a CSR, this frequency can be increased to 10 kHz while
maintaining similar efficiency.

When a FW path (CSR + FW) is implemented, conduction
losses become comparable to those of VSCs, while retaining
superior characteristics in terms of switching losses. In appli-
cations such as aircraft, where weight is a critical factor, the
CSR is an excellent choice. It is also suitable for electrolyzers
requiring high power quality and can be connected directly to
the grid without needing step-down transformers.

2) VSR VOLTAGE SOURCE RECTIFIERS

This topology exhibits intermediate characteristics among the
discussed options. The VSR benefits significantly from an
interleaved buck configuration with three or more legs in the
second stage. By optimizing the number of interleaved legs
and applying phase shifting, the output inductor design can be
enhanced, as the output ripple is proportional to the number
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of interleaved legs. This converter can improve efficiency by
using SiC devices in both the first and second stages, with
the option of utilizing different frequencies. Power quality
can be enhanced by incorporating an LCL filter at the input,
which may increase the system’s overall cost. The main draw-
back is the control complexity; the interleaved configuration
requires a detailed approach, and the VSR must include an
additional control loop for the bus voltage, which is unneces-
sary in CSRs.

In VSR and DR configurations, while a lower dc bus volt-
age negatively impacts losses in the input stage, it reduces
losses in the buck converter and output inductor. This high-
lights the need to balance multiple design criteria and consider
trade-offs between design parameters and semiconductor de-
vices used. For both the buck stage and the FW path, SiC
devices are advantageous for modularity, as the number of
interleaved paths can be increased, resulting in lower losses
during reverse conduction.

3) DR MULTIPULSES RECTIFIERS

The main benefit of DR multipulse rectifiers is their efficiency
in the first stage, as the bridge has lower losses compared to
VSR. The evaluation in this work is focused on a 6-pulse
rectifier connected directly to the grid, which exhibits low
power factor and high THD. Multipulse transformers can be
employed to mitigate these negative aspects, although this
will impact the project’s overall cost, efficiency, volume, and
weight. In 12-pulse rectifiers, power quality may still fall short
of grid compliance. An active filter is required since the issues
are related to harmonics and displacement power factor, which
can decrease efficiency and increase costs [48].

These challenges can be addressed with a 24-pulse rectifier
configuration, as shown in Fig. 20(b), where THD values
can drop below 5% and displacement power factor can be
corrected using a relatively small capacitor bank. However,
this approach necessitates a Zig—Zag transformer, which in-
creases costs, size, losses, and construction complexity. While
multipulse rectifiers can be used as current sources, this could
further elevate THD and lower power factor, as thyristors
would be needed for current control. In large-scale hydrogen
plants, where a transformer is already required, the efficiency
and cost-effectiveness of multipulse rectifiers with an inter-
leaved buck second stage become more appealing.

New semiconductor devices, such as SiC and GaN, can
operate at frequencies of 50 kHz or higher, enhancing system
efficiency by optimizing the design of passive components.
Higher frequencies allow for smaller inductors and capacitors
with reduced losses. While VSRs may seem to benefit more
from these characteristics, CSRs could also operate at higher
frequencies due to lower switching losses. However, the lim-
itations of these components pose challenges for high-power
applications, necessitating compromises in design.

A step-down input transformer can be utilized across all
topologies. By selecting the secondary voltage close to the
desired output voltage, it is possible to minimize the size of
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the output inductance and reduce switching losses. Nonethe-
less, the increase in current must be considered to achieve
the best compromise among values. Currently, efficiencies of
98%, with nearly unit power factor and THD below 5%, are
achieved with multipulse configurations featuring an inter-
leaved buck stage in hydrogen plant applications [7].

VI. CONCLUSION

The analytical analysis, supported by graphical comparisons
and simulations, highlights the potential advantages and dis-
advantages of CSRs compared to VSRs paired with buck
converters. The results demonstrate similar characteristics,
positioning CSRs as a viable option for current source appli-
cations such as hydrogen generation.

While this study focused on commonly used topologies
for comparison with CSRs, there is significant potential for
optimization through parameter variations, modulation, and
control strategies. In addition, exploring alternative topologies
can be a fruitful avenue for future research.

Overall, the methodology and insights gained from this
study can serve as a valuable reference for future research
and projects involving CSCs. By leveraging emerging compo-
nents and trends, CSRs may become an increasingly attractive
choice for various applications, indicating a promising future
for this technology in the evolving landscape of power elec-
tronics converters.
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