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ABSTRACT Testing of power electronic converters can advantageously be carried out in power-hardware-in-
the-loop (P-HIL) environments that emulate the behavior of power grids, electric motors, etc. The interface
between themodel and the device under test requires a power amplifier whose bandwidth ultimately limits the
accuracy of the emulation. Hence, there is a need for general-purpose AC power amplifiers with ultra-high
power bandwidth. This paper first provides a comprehensive review of amplifier concepts proposed over
the past decades, i.e., linear power amplifiers, switch-mode amplifiers, including advanced variants such as
multilevel (parallel-interleaving) and multicell (series-interleaving) topologies, as well as hybrid approaches
that, e.g., combine analog and switch-mode stages. Based on this review, the two key concepts (parallel-
interleaving of bridge-legs and cascading of converter cells) that facilitate high efficiency and ultra-high
power bandwidth are identified and discussed, covering also suitable isolated mains interfaces and control
considerations. Finally, we present a three-phase amplifier system that uses six cascaded converter cells per
phase to realize an effective switching frequency of 3.6MHz. The prototype thus achieves a measured power
bandwidth of 100 kHz at the nominal phase output voltage of 230V rms, and an output power of up to 10 kW
per phase.

INDEX TERMS Power-hardware-in-the-loop (P-HIL), grid emulation, motor emulation, power amplifier
topologies, switch-mode power amplifier, ultra-high-bandwidth power amplifier.

I. INTRODUCTION
Power amplifiers are a key component of power-hardware-in-
the-loop (P-HIL) test environments, where they act as inter-
faces between a virtual system model (e.g., of a power grid
or of a load) and a device under test (DUT, e.g., an inverter
stage) [1]. A typical example is the emulation of power
grids, including transient phenomena and disturbances (e.g.,
unbalanced voltages, voltage dips, harmonics) [2]–[4], and
possibly also the grid impedance characteristics [5], [6],
to facilitate comprehensive testing of grid-connected convert-
ers such as PFC rectifiers or PV inverters. The authors of [7]
provide an up-to-date overview on grid-emulation concepts.
Similarly, multi-area power system dynamics can be investi-
gated using test benches with multiple grid and load emula-
tors [8]–[11]. The emulation of electrical motors is another
important field where P-HIL testing can advantageously
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enable flexible and fast analyses of motor drive inverter sys-
tems [12]–[17], whereby various coupling networks between
amplifier and DUT inverter can be employed [18]. Consid-
ering, e.g., automotive drive trains, also the emulation of
batteries [19] is of interest. Further applications for power
amplifiers include injecting test signals into electric sys-
tems that can be characterized by their frequency-dependent
impedance, e.g., impedance spectroscopy of batteries [20]
and measurements of the grid impedance to accurately assess
the control-loop stability of grid-connected converters [21].
Finally, gradient amplifiers for magnetic-resonance imag-
ing (MRI) systems share similar requirements of high power,
highly dynamic voltage adaption, and bandwidth [22], [23].

In general, the accuracy of emulated phenomena such
as grid transients or slot effects in electric motors is ulti-
mately limited by the bandwidth of the power amplifier. Also,
as the switching frequencies of DUTs increase, e.g., due
to the spread of wide-bandgap (WBG) power semiconduc-
tors, so must the bandwidths of amplifiers used in P-HIL
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FIGURE 1. Large-signal bandwidth (maximum output frequency at
nominal voltage) vs. single-phase power (of a single unit, i.e., without
paralleling of multiple units) of typical AC power amplifier systems that
can generate a single-phase output rms voltage of at least 230 V,
as reported in literature by industry [26]–[46] and academia [12]–[14],
[38], [47]–[55]. The category ‘‘unknown’’ applies to industry systems of
which the topology could not be determined from publicly available
information. The systems closest to the indicated (empirical) performance
boundary as well as the ultra-high power bandwidth (UH-PBW) amplifier
system proposed in this work (see Section IV) are highlighted.

systems [24] to still accurately capture the corresponding
interactions between DUT and emulated environment. Simi-
larly, considering, e.g., future aircraft onboard grids with grid
frequencies of up to 1 kHz, or high-speed motors with similar
or even higher fundamental frequencies, there is a need for
power amplifiers that not only provide a high small-signal
bandwidth, but that can also provide full voltage and power
at high output frequencies of up to 50 kHz to 100 kHz [25].

Fig. 1 gives an overview of power amplifier systems
reported by industry and academia. Typically, analog ampli-
fiers need to be employed if ultra-high power bandwidths
(UH-PBWs), i.e., higher than a few kilohertz, should be
reached. However, the advent of WBG power semiconduc-
tors and the increasing computing power of digital control
hardware, which facilitate higher switching frequencies and
advanced (e.g., interleaved) converter topologies, enables
switch-mode amplifiers to achieve quasi-analog amplifier
performance and much higher efficiencies. The focus of
this paper is thus on the hardware realization options
for such next-generation power amplifiers. As a starting
point, Section II provides a comprehensive review of ana-
log, switch-mode, and hybrid power amplifier topologies
reported in the literature. Based on this, we identify the most
promising approaches for next-generation UH-PBW power
amplifiers, which we then discuss in Section III. Finally,
Section IV demonstrates the achievable performance of a
modular switch-mode power amplifier system that employs
one such approach—cascading of multiple converter cells—
to realize a 10 kW phase module of a three-phase system with
an UH-PBW of 100 kHz and 230V rms output phase voltage.

II. TYPES AND ARRANGEMENTS OF POWER AMPLIFIERS
To provide a basis for identifying the most promising con-
cepts and topologies for future power amplifiers that canmeet
the UH-PBW requirements outlined in the introduction, this
section gives a comprehensive overview and a classification

FIGURE 2. Classification of power amplifier realization options as used in
Section II; small identifiers refer to the corresponding subsections; the
color coding corresponds to that used in Fig. 1.

FIGURE 3. Basic amplifiers with controlled output voltage. (a)
Linear (analog) class B amplifier. (b) Digital (switch-mode) two-level
amplifier with low-pass output filter to remove switching harmonics
(exemplary single-stage LC filter shown).

(see Fig. 2) of power amplifier concepts described in the
literature. Whereas the focus of this paper is on AC power
amplifiers with output voltages in the range of 230V rms
(single-phase) and output power levels in the order of several
kilowatts to several tens of kilowatts, the following discussion
considers also other examples with lower or higher output
voltage and power capabilities as far as necessary to com-
prehensively cover all conceptually different solutions.

Note further that we use the terms ‘‘large-signal band-
width’’, ‘‘power bandwidth’’, and ‘‘maximum output fre-
quency’’ interchangeably to refer to the maximum frequency
at which an amplifier can provide full-scale output voltage
and current (i.e., power). Similarly, the publications sum-
marized below do not all employ a consistent definition of
the ‘‘small-signal bandwidth’’. Unless specificallymentioned
otherwise, we therefore use a generic definition as a maxi-
mum frequency where only a small fraction (e.g., 10%) of
the full-scale output voltage or current can be provided.

A. LINEAR (ANALOG) POWER AMPLIFIERS
Linear power amplifiers (LPAs) operate power transistors
(see Fig. 3a) in the linear range and hence can achieve
very high bandwidths, high slew rates and low output
impedances [56]. Fig. 1 reflects these desirable characteris-
tics and indicates that still many commercial high-bandwidth
power amplifiers are of analog type. However, as known from
electronics textbooks such as [57], the maximum efficiency
of an analog class-B amplifier is given by

ηmax,Class B = π/4 ≈ 78.5%, (1)

which it achieves only at the maximum output voltage (v̂out =
Vdc/2) and with resistive load. The efficiency degrades in
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direct proportion to the output voltage amplitude and also
scales with the power factor cosϕ. This efficiency charac-
teristic is an inherent property of the topology and can not
be improved, e.g., by employing larger transistors. Class AB
amplifiers achieve better linearity (reduced distortions around
the output voltage zero crossing) by introducing a quiescent
current that flows through both output-stage transistors and
hence further reduces the efficiency. Similarly, operation with
reverse power flow, i.e., as an active load, results in extreme
power dissipation as then the sum of the supply power and of
the power fed back from the DUT is dissipated in the linear
amplifier’s transistors [56]. All in all, these low efficiencies,
which imply high losses and correspondingly high cooling
effort, render conventional purely analog concepts unsuitable
for future UH-PBW power amplifiers.

For the sake of completeness, note that there is ongo-
ing research on improving the efficiency of analog ampli-
fiers. Following essentially the same approach discussed in
Section II-C below for switch-mode amplifiers, i.e., cascad-
ing of building blocks consisting of low-voltage (LV) power
semiconductors and individual DC power supplies, [58] pro-
poses a diode-clamped linear inverter. The system replaces
the n-type and the p-type transistors of a class-B amplifier
with series connections of n-type and p-type LV MOSFETs
and a network of clamping diodes. Depending on the output
voltage, at any point in time only a single LV MOSFET
operates in the linear region, whereas all other LVMOSFETs
are either fully turned-on or fully turned-off. Therefore, the
efficiency increases with the number of series-connected LV
devices to values exceeding 95% for more than 20 series
devices (e.g., using 40V MOSFETs for a total DC-link volt-
age of 800V). However, the losses are not equally distributed
among the power devices. A further improvement can be
achieved if the DC voltages are not split equally but asym-
metrically [59]. Similarly, [60] employs a flying-capacitor
approach to ensure equal blocking voltages for the LV
MOSFETs. Both systems feature unity voltage gain and
hence require a high-voltage reference signal. The concepts
have been proposed and tested for filter-lessmotor driveswith
sinusoidal output voltages or rectifier applications with a few
kilowatts of power. However, so far no performance evalua-
tion focusing on UH-PBW operation has been reported.

B. SWITCH-MODE (DIGITAL) AMPLIFIERS
The term ‘‘switch-mode amplifier’’ has been coined as early
as in the 1950s [61]–[63], initially for inverters targeting
applications such as servo drives and later for audio applica-
tions (Class D). By not operating the transistors in the linear
range but only either in the off-state or in the fully turned-on
state (digital behavior), i.e., in switch-mode operation, ampli-
fiers with significantly higher efficiencies could be realized.
Importantly, their efficiencies do not depend strongly on
neither the output voltage amplitude nor on the power factor,
which is in stark contrast to LPAs.

As shown in Fig. 3b for the simplest case of a single
half-bridge stage, switch-mode (digital) amplifiers employ

pulse-width modulation (PWM) to generate a switched out-
put voltage whose local average value follows a reference
signal. Considering naturally sampled PWMwith a triangular
carrier and a purely sinusoidal reference signal, the spectrum
of the switched voltage, vsw, contains harmonics at multiples
of the carrier frequency, i.e., at nfs, and sidebands at nfs±2fout
(and ±4fout, etc., which are, however, already significantly
lower in amplitude), where fs denotes the switching frequency
and fout denotes the fundamental frequency of the (filtered)
output voltage, vout [64]. Thus, a low-pass output filter is
required to separate the desired local average of the switched
output voltage from the switching-frequency harmonics (see
also Fig. 4a and the in-depth discussion in Section III-A).
To do so, even with an ideal low-pass filter the maximum
output frequency is limited to fout ≤ fs/3, because otherwise
the relevant sideband harmonic at fs − 2fout would be in
the filter’s passband. According to [56], in practice only
lower maximum output frequencies (for a given switching
frequency) are feasible, i.e., typically fout ≤ fs/10, taking into
account characteristics of real filters with finite slopes such as
the exemplary single-stage LC-filter with−40 dB/dec shown
in Fig. 4a.

The switching losses even of modern WBG SiC and GaN
power semiconductors still limit fs, if certain efficiency tar-
gets should be achieved and/or maximum cooling system
volumes are limited. Nevertheless, in parallel to the develop-
ment of power electronic inverter systems (drives, UPS, etc.),
two-level topologies have found and are finding widespread
application as power amplifiers in applications where the
achievable output frequencies / bandwidths are sufficient,
e.g., for the emulation of 50Hz grids. Thus, before discussing
more advanced topological variations, i.e., multilevel and
multicell topologies, that facilitate increasing the effective
switching frequency and by doing so shift the fundamental
limit discussed above to significantly higher frequencies,
we give a brief overview on recent applications of two-level
switch-mode amplifiers as AC power amplifiers.

Typical systems based on standard two-level (IGBT-based)
inverters feature switching frequencies of around 10 kHz and
power levels in the range of about 10 kVA to 50 kVA, achieve
small-signal control bandwidths in the order of 1 kHz and
are typically employed for applications with fundamental
frequencies of up to 100Hz [2], [8], [9], [12], [14], [15],
[17], [65], [66]. Higher fundamental output frequencies can
be achieved by employing special modulation patterns, as,
e.g., reported in [13] for a 120 kVA machine emulator sys-
tem that supports a maximum output frequency of 2.5 kHz
with a switching frequency of 10 kHz only. Moving from
silicon IGBTs to WBG power semiconductors facilitates
higher switching frequencies above 100 kHz and correspond-
ingly also higher small-signal bandwidths of up to several
10 kHz [5], [51], [67]. Special techniques such as synchro-
nizing the amplifier’s modulation to the PWM of the DUT
inverter allows the emulation of motor current harmonics at
the switching frequency of a DUT inverter (10 kHz) [24].
Note that when only lower output voltage levels are required,

VOLUME 10, 2022 54615



J. Böhler et al.: Ultra-High-Bandwidth Power Amplifiers: Technology Overview and Future Prospects

FIGURE 4. Basic topologies of digital amplifiers with exemplary waveforms of the switched voltages and the corresponding spectra, considering
Vdc = 800 V, fout = 20 kHz, and a device switching frequency of fs = 200 kHz. The cutoff frequency of the LC output filter is selected to limit the
maximum peak-to-peak voltage ripple of the output voltage, vout, to 0.02 · Vdc/2 in all cases. (a) Two-level bridge-leg. (b) Parallel-interleaving of
NHB = 4 two-level bridge-legs, which results in a cancellation of all switching-frequency harmonics below fs,eff = NHBfs, i.e., an NHB-times higher
effective switching frequency at roughly the same switching losses as occurring for (a), and enables a significantly higher filter cutoff frequency.
Compared to a single bridge-leg, the current stress of the power semiconductors is reduced. Note that vsw,virt is the sum of the four bridge-legs’
individual switch-node voltages divided by NHB. (c) Series-interleaving of two full-bridge cells with in total again NHB = 2Ncell = 4 bridge-legs, which
thus achieves identical harmonic performance. Note the dedicated (isolated) power supplies of the cells, and the lower DC voltage switched by the
cells’ bridge-legs (reduced voltage stress). We discuss the operating principle of these concepts in detail in Section III-A. Note: the solid black waveform
is vsw,(1), i.e., the switched voltage’s fundamental component that corresponds to the reference voltage.

significantly higher large-signal bandwidths can be achieved
such as 50 kHz for a 45V DC system reported in [68],
because the employed LV power semiconductors allow much
higher switching frequencies (e.g., 700 kHz) without exces-
sive switching losses. These considerations already indicate
that a further increase of the achievable bandwidths could
be facilitated by either paralleling of multiple bridge-legs or
by stacking multiple converter cells realized with LV power
semiconductors.

C. MULTILEVEL/-CELL DIGITAL AMPLIFIERS
In order to increase the bandwidth of switch-mode power
amplifiers, ultimately the cutoff frequency of the out-
put low-pass filter must be increased. If the output volt-
age quality should not be compromised, this implies that
the harmonic content of the switched waveform must be
shifted to higher frequencies. There are two basic strate-
gies to achieve this without increasing the switching fre-
quency of the power semiconductors: series-interleaving and
parallel-interleaving, which is comprehensively explained in,
e.g., [69]. Please note that we provide a detailed technical
analysis of multilevel and multicell amplifier scaling laws
later in Section III-A, whereas here the focus is on providing
an overview of corresponding examples found in the recent
literature to give an impression of the use cases and achiev-
able performance:

1) PARALLEL INTERLEAVING
In the widest sense, the constant power flow of a three-phase
power system [70] can be understood as a result of parallel-
interleaving. As pointed out in [56], parallel operation of
multiple systems to increase the effective operating frequency
is known since 1916 from mercury-arc valve rectifiers with
DC-side interphase reactors [71].More specifically, as known
since the early 1970s [72], [73], two or more bridge-legs can
be operated in a parallel-interleaved manner to generate a
multilevel output voltage waveform with NHB + 1 voltage
levels with NHB denoting the number of parallel bridge-
legs. The first switching-frequency harmonics occur around
the effective switching frequency fs,eff = NHB · fs (see
Fig. 4b). Therefore, it can be shown (see Section III-A)
that a single-stage LC filter’s maximum cutoff frequency
f0,max required to ensure a given maximum output voltage
ripple increases (implying higher possible bandwidth) with
the number of bridge-legs, NHB, over the baseline (required
cutoff frequency f0,max,2L in case of a single two-level bridge-
leg) as

f0,max = N 3/2
HB · f0,max,2L, (2)

whereby the switching frequency of each transistor (device
switching frequency) is kept constant, see also Fig. 5. The
power semiconductors still need to block Vdc, but the output
current is shared among the bridge-legs. Thus, also compared
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FIGURE 5. Possible increase of a single-stage LC filter’s cutoff frequency
by adding additional half-bridges to a simple two-level topology (parallel
or series interleaving, see Fig. 4), for otherwise identical parameters
(device switching frequency, allowed voltage ripple, etc.), see (2). Note
that the 8 times higher cutoff frequency obtained for NHB = 4 can be
observed also in the examples shown in Fig. 4.

to simply increasing the semiconductor current rating (i.e.,
the chip area) of a single bridge-leg to reach higher power
levels, interleaved operation of several bridge-legs is advan-
tageous.

The concept has thus also been employed for digital ampli-
fiers already in the 1990s [74], e.g., for driving MRI gra-
dient coils [22]. More recently, high-power systems have
been described, where even with the use of IGBTs relatively
high effective switching frequencies and hence small-signal
and large-signal bandwidths have been achieved. For exam-
ple, [75] demonstrates tracking of a 1 kHz reference sig-
nal with a ‘‘LinVerter’’ operating from a 320V DC bus
at up to 10A output current. Similarly, [52] employs a
full-bridge configuration with two times six interleaved
IGBT bridge-legs switching at 20 kHz each (i.e., achiev-
ing an effective switching frequency of 240 kHz) to real-
ize a 50 kVA (three-phase) amplifier with a bandwidth of
1 kHz for grid emulation applications. Parallel interleaving
has also been used in industrial systems. For example, [35]
and [76] describe a 200 kVA emulation system that achieves
a large-signal bandwidth of 5 kHz and a small-signal band-
width of 15 kHz using six parallel amplifier modules with
six interleaved IGBT bridge-legs each, operating from an
800V DC bus. Even higher power ratings can be achieved by
paralleling more amplifier modules. Similarly, [37] and [38]
describe a high-power industrial motor emulator system with
an overall output current rating of up to 1600A rms at
a fundamental frequency of up to 5 kHz, which is facili-
tated by an effective switching frequency of 800 kHz. It can
be assumed (based on the high performance and the high
effective switching frequency) that also a digital amplifier
that became available recently as a product [27] employs a
parallel-interleaved topology to achieve an effective switch-
ing frequency of 1MHz and thus the ability to provide a
large-signal bandwidth of 50 kHz at an output power of up to
about 20 kW. Finally, recent work [77] targeting lower output
voltages (45V) and making use of state-of-the art 150V
GaN transistors’ capability of switching at up to a megahertz
to reach an effective switching frequency of 4MHz (four
interleaved bridge-legs) demonstrates extreme performance
in terms of bandwidth by reaching large-signal amplification
of reference signals with a bandwidth of up to 350 kHz.

Another recently proposed concept specifically targeting
motor emulation for testing three-phase two-level inverters
uses parallel bridge-legs with individual LC output filters
to generate four voltage levels, and four AC-switches to
alternately connect one voltage level to the emulator’s phase
terminal [78], [79]. Whereas the concept avoids introduc-
ing additional (very small) current ripple as compared to a
parallel-interleaved alternative, the hardware effort (number
of switches) as well as the control complexity are signifi-
cantly higher.

2) SERIES INTERLEAVING (CASCADING OF CONVERTER
CELLS)
Several full-bridge converter cells can be connected in series
at their AC terminals to form a cascaded H-bridge (CHB)
converter, which has been proposed in 1971 [80]. Again,
interleaved operation of these converter cells results in a
multilevel output voltage waveform with 2Ncell + 1 levels,
where Ncell is the number of cascaded converter cells. The
first group of switching-frequency harmonics occurs around
fs,eff = NHB · fs (see Fig. 4c, and [81] for a formal analysis),
whereNHB again denotes the number of bridge-legs and, con-
sidering full-bridge cells, NHB = 2 · Ncell holds. CHB-based
solutions require dedicated, i.e., isolated, power supplies for
each of the cascaded cells. The topology thus inherently
features galvanic isolation. It is furthermore fully modular,
which facilitates scaling of output voltage or power ratings
to higher levels by increasing the number of cells. In contrast
to parallel-interleaved topologies, the blocking voltage of the
cells’ power semiconductors is reduced to Vdc/(2Ncell) (note
that Vdc always refers to the total DC voltage of an equiv-
alent parallel-interleaved or non-interleaved amplifier, see
Fig. 4), which advantageously allows to employ devices with
lower blocking voltages and hence lower switching losses.
In case of MOSFETs, devices with lower blocking voltage
ratings advantageously also feature lower specific on-state
resistances (which scales roughly with V−2.5···−2B ) [82].
Even though known for a long time and successfully

applied especially in high-power and medium-voltage appli-
cations, the CHB structure has first been introduced to
switch-mode amplifiers only shortly after the turn of the
millenium [83]. Later, [84] described a systemwith grid-level
output voltage ranges and a 2 kW power rating, which could
achieve a closed-loop large-signal bandwidth of 5 kHz using
six cascaded cells switching at 25 kHz each (effective switch-
ing frequency of 300 kHz). Similar results have also been
reported in [50] or, for lower output voltages, in [85].

The scalability of the CHB concept renders it suitable
also for applications with higher voltages such as gradi-
ent amplifiers for MRI systems [23] and medium-voltage
grid simulation, as indicated by, e.g., a 6MVA, 50Hz sys-
tem that can provide 35 kV output voltage (with a step-up
transformer) [86]. Recently, [87] and [4] have introduced
a 1MVA system with five cascaded cells and a total DC
voltage of 6 kV, which achieves a small-signal bandwidth of
7 kHz. Series-interleaving has also been employed for special
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applications, e.g., with low power but high voltage as for
supplying plasma reactors with a 15 kV (peak) square wave
voltage at 5 kHz [88]. Fully utilizing the benefits of the CHB
concept, [89] describes an amplifier for medical applica-
tion (electroporation) that consists of 20 cascaded cells with
60V DC each. Making use of 80V GaN devices and a com-
bination of staircase modulation and PWM operation of one
cell with a switching frequency of 1MHz, the amplifier can
generate bursts of a 500 kHz sinusoidal output voltage with
an amplitude of up to a about 1 kV at 7A rms load current.
A similar system described in [90] employs asymmetric cell
voltages to optimize the trade-off between switching losses
and output voltage quality.

Series-interleaving of cascaded converter cells is an
extremely powerful concept for future UH-PBW systems.
Therefore, we will discuss this approach in more detail in
Section III-A and demonstrate the performance of a single-
phase 10 kW prototype with a large-signal bandwidth of
100 kHz in Section IV.

3) SERIES INTERLEAVING (MULTILEVEL BRIDGE-LEGS)
Multilevel bridge-legs such as neutral-point clamped (NPC)
structures (patent filed in 1979 [91], also described in
1981 [92]) or flying-capacitor converter topologies (proposed
in 1992 [93]) consist of power semiconductors that only
require a blocking voltage rating that is lower than the total
DC bus voltage, and advantageously generate an output volt-
age with multiple levels and a higher effective switching
frequency, i.e., they can be seen as a non-modular variant
of the series-interleaved multi-cell topology discussed above.
Therefore, the approach has been selected for certain digital
power amplifiers discussed in the literature.

For example, [94] employs a five-level diode-clamped
bridge-leg structure to realize a 7.5 kW (three-phase) ampli-
fier with a switching frequency of 10 kHz and a filter cut-
off frequency of 2 kHz. Similarly, but now making use
of SiC power semiconductors, [48], [95], [96] propose a
10 kW three-phase AC power source based on three-level
T-type bridge-legs [97] that operate with a switching fre-
quency of 48 kHz, achieving a small-signal bandwidth of
7.1 kHz. The effective large-signal bandwidth is limited to
about 300Hz by the capacitive current consumption of the
employed two-stage LC filter; paralleling of bridge-legs
would thus become necessary to increase the maximum out-
put frequency.

Recently, [98] demonstrated an arbitrary voltage wave-
form generator with an eight-level flying-capacitor bridge-leg
usingGaN transistors that switch at 200 kHz. The prototype is
rated at only 500W and operates with a relatively lowDC-bus
voltage of 200V, and it achieves a very high closed-loop
bandwidth of 50 kHz that facilitates large-signal output wave-
forms with fundamental frequencies of up to 40 kHz.

Modular multilevel converter (MMC) structures [99] are
a fully modular alternative for realizing bridge-legs with a
single DC-side interface: in contrast to CHB topologies, the
converter cells of an MMC bridge-leg do not need dedicated

FIGURE 6. Example for a combination of (flying-capacitor) multilevel
bridge-legs and parallel interleaving as proposed in [25].

power supplies, i.e., the local DC capacitor voltages are
maintained via appropriate control, and a single DC supply
for the digital amplifier stage is sufficient. MMC-based grid
emulators have been proposed in [100] and later, targeting
emulation of grid faults and unbalanced conditions, with a
delta-wye coupling transformer [101] or in a transformer-less
three-phase four-wire configuration [102]. Recently, a MMC
topology has been proposed as an arbitrary waveform gen-
erator for dielectric testing of high-voltage grid assets; the
full-scale system shall provide an output voltage of up to
100 kV and 10 kW of power with a large-signal bandwidth
of 500Hz [103]. Note, however, that MMC topologies are not
suitable for operation with DC or very low output frequencies
due to the increased energy exchange with the modules’
floating capacitors [104].

4) COMBINATION OF SERIES AND PARALLEL INTERLEAVING
Of course, it is possible to parallel-interleave several mul-
tilevel bridge-legs, thereby combining the advantages of
both concepts (current sharing, lower blocking voltage) in
a single converter stage. An early reference from the year
2000 combines several multilevel bridge-legs—realized with
gate-turn-off thyristors (GTOs) switching at the fundamen-
tal frequency—in a parallel-interleaved manner to realize
an arbitrary waveform generator [105]. More recently, [39]
proposed a motor emulator that consists of three parallel-
interleaved three-level NPC bridge-legs operating from an
800V DC bus, which allows to use 600V or 650V silicon
MOSFETs. The emulator realizes output currents of more
than 50A rms at a fundamental frequency of up to 2.5 kHz.
Instead of three-level NPC bridge-legs, alsomultilevel flying-
capacitor bridge-legs can be parallel-interleaved, as recently
proposed in [25], [53]. This design shown in Fig. 6 uses three
three-level flying-capacitor bridge-legs operating from an
800VDCbus, which are realizedwith 600VGaN transistors.
This facilitates a switching frequency of 800 kHz and hence
an effective switching frequency of 4.8MHz. The system
will achieve a large-signal bandwidth of 100 kHz at the rated
power of 10 kW (single-phase).

D. HYBRID ANALOG/DIGITAL AMPLIFIERS
Generally speaking, analog amplifiers tend to achieve
near-ideal behavior regarding the dynamic performance but
suffer from high losses, whereas the opposite is true for dig-
ital amplifiers. Therefore, already in the 1980s combinations
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FIGURE 7. Generic classification (introduced by Yundt in 1983 [107],
[108]) of hybrid amplifier concepts. For concepts (a) and (d), the main
amplifier (index main, i.e., the stage that provides the bulk power to the
load) approximates the desired output as closely as possible and the
correction amplifier (index corr) compensates any remaining deviation;
the output quantity (voltage or current) is the sum of both stages’
contributions. In contrast, in case of concepts (b) and (c) the correction
amplifier defines the output quantity directly and the main amplifier is
controlled to adjust the load impedance seen by the correction amplifier
(e.g., in case (b), the main amplifier is controlled such that the correction
amplifier’s output current is minimized and ideally zero).

of analog and digital amplifiers to form hybrid amplifiers
have been proposed [106] and classified into two main cat-
egories as shown in Fig. 7 [107], [108]. Note that typical AC
power source applications require a controlled voltage output.
Hence, in the following we focus only on these topologies
even though Fig. 7 shows the equivalent arrangements for
amplifiers with a current-source output characteristic, too.

Note that the correction amplifier stage, which for A/D
hybrid amplifiers is realized with an analog amplifier, could
also be realized with a low-power / low-voltage digital ampli-
fier with correspondingly higher bandwidth than the main
amplifier. Such D/D hybrid amplifiers will be discussed
below in Section II-E. First, however, we will give a brief
overview on the different A/D hybrid amplifier concepts,
including a third concept (envelope-tracking power supply)
not shown in the classification from [107], [108] and Fig. 7.
The interested reader finds a more detailed review of hybrid
amplifier concepts published before 2011 in [109].

1) SERIES CONFIGURATION
In a series configuration (see Fig. 7a) of a main digital
amplifier stage and an analog correction amplifier stage,
the output voltage is the sum of the two amplifier’s output
voltages. Consequently, the goal is for the main amplifier to
approximate the desired output voltage as closely as possible
such that the remaining deviation, i.e., a voltage ripple, to be
compensated by the correction amplifier is as low as possible.
The analog correction amplifier then operates with relatively
low voltage; even though it processes the full load current, the
processed power remains low. This partial power processing
of the (analog) stage with low efficiency does have only a
moderate impact on the system-level efficiency [110].

The concept can be implemented with a two-level digi-
tal amplifier with an output filter as shown in Fig. 8a and
proposed in [111]. Alternatively, the series voltage can be
coupled into the main power path via a transformer, which
advantageously avoids that the analog correction amplifier

FIGURE 8. D/A-hybrid amplifier concepts. (a) Series configuration (cf. 7a)
of a digital main amplifier and a series-connected analog correction
amplifier. A dv/dt filter can be employed to reduce the slew rate
requirement of the analog correction amplifier. (b) Parallel configuration
(cf. 7b), i.e., the analog amplifier directly defines the output voltage while
the digital main amplifier provides the bulk of the load current.
(c) Capacitive coupling of the analog amplifier reduces its required
voltage (and hence power) rating [113]. (d) Envelope-tracking
configuration, where the supply voltage of the analog amplifier is adapted
according to the output voltage set point in order to reduce losses.

must carry the full load current [106]; this is similar to older
concepts for active harmonic filtering [112].

However, to avoid the bandwidth limitation introduced by
an output filter suitable for two-level converters, most sys-
tems discussed in literature from as early as 1994 [114] (for
MRI gradient amplifiers) employ multi-cell digital ampli-
fier stages, which even without PWM can approximate a
sinusoidal voltage relatively well as a staircase waveform.
The magnitude of the voltage steps, i.e., the DC voltages
of the cells, directly defines the required voltage capability
of the analog stage. Furthermore, to achieve a clean output
waveform, the linear amplifier’s slew rate must be higher
than the dv/dt of the digital amplifier’s switching transitions.
Therefore, most systems described in the literature employ a
dv/dt filter at the output of the multi-cell digital amplifier.
For example, [50], [115], [116] describe a 130V rms, 1 kW
(single-phase) system consisting of nine cascaded converter
cells with equal DC voltages, which achieves a large-signal
bandwidth of 10 kHz and, thanks to the linear stage, a very
high small-signal bandwidth of 600 kHz. The 140V rms,
500W hybrid amplifier proposed in [47] achieves a similar
small-signal bandwidth of 400 kHz, but uses only four cas-
caded cells that, however, feature unequal DC voltages and
thus can realize 19 voltage levels (instead of nine voltage lev-
els achievable with four cells that have equal DC voltages, see
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Section II-C2). In contrast to most systems discussed in the
literature, it is also possible to operate the digital multi-cell
amplifier of a hybrid D/A amplifier system not with staircase
modulation but with (phase-shifted) PWM [117]. However,
the LC filter required to attenuate the switching-frequency
harmonics generated by the digital multi-cell amplifier then
again limits the achievable power bandwidth.

Note that instead of providing an isolated power supply for
each of the cascaded cells, it would be possible to move the
isolation to the output, i.e., to sum the contributions of all
cells and of the linear stage via a transformer [118]. How-
ever, in this case, saturation of the transformer core prevents
operation with DC or low-frequency signals. Another option
has been proposed in [49], where instead of a CHBmulti-cell
structure, an MMC topology has been employed and hence a
single DC supply for the digital amplifier stage is sufficient.

The research in series A/D hybrid amplifiers using
multi-cell digital amplifier stages is still ongoing, with [54],
[119], [120] describing a 60 kVA, 400V three-phase system
consisting of a 12-cell CHB stage using nearest-level modula-
tion (a sorting algorithm ensuring equal stresses of the cells),
a dv/dt filter, and a linear correction amplifier. The CHB cells
operate with a DC voltage of 30V and hence the linear ampli-
fier can provide an output voltage of±30V to compensate the
voltage steps. With a bandwidth of the LPA stage of 105 kHz,
the system can realize full-scale sinusoidal test signals with
up to 60 kHz. A similar system has recently been described
in [121].

2) PARALLEL CONFIGURATION
Alternatively, the correction amplifier and the main (digital)
amplifier can be connected to a common output in parallel
as shown in Fig. 7b and Fig. 8b. Advantageously, the linear
amplifier thus fully defines the output voltage and hence
the transient behavior (bandwidth, slew rate). The digital
main amplifier is controlled such that it provides most of the
load current. The correction amplifier ideally compensates
only the ripple current, i.e., acts as an active filter. Thus,
the lower the ripple generated by the main amplifier is, the
lower the current rating (and hence power rating) of the
analog stage becomes. Therefore, multilevel (e.g., parallel-
interleaved) digital stages are often considered. However,
during transients that are faster than the main amplifier’s
bandwidth, the linear amplifier must (transiently) deliver
the necessary load current, which ultimately could lead to
thermal overload. These (and further) aspects of A/D hybrid
amplifier systems have been thoroughly discussed in [74].
The direct parallel configuration as shown in Fig. 8b is
most suitable for low-voltage, low-power applications such
as audio amplifiers (see, e.g., [122]–[124]), because the linear
amplifier stage must process the full voltage and feature a low
high-frequency output impedance.

Fig. 8c shows a slightly different configuration proposed
in [113], which couples the analog amplifier capacitively
to the common output. This coupling capacitor, which can
be seen as part of the digital stage’s LC output filter, takes

most of the output voltage and the linear amplifier’s voltage
capability is given by the remaining voltage ripple across the
filter capacitor (which would appear if the correction ampli-
fier was not present). According to [113], this implies that
the power rating of the linear amplifier can be reduced from
typically 10% . . . 20% to 1% . . . 4% of the output power rat-
ing, with corresponding benefits regarding the overall system
efficiency and a simplified cooling system. Note that similar
concepts are known from active EMI filters [125]–[127].
However, whereas the linear amplifier still ensures very
high output voltage quality, it can only improve the small-
signal dynamics, and the main amplifier stage with its LC
low-pass filter defines the large-signal response. The 400V,
4 kW prototype described in [113] nevertheless achieves a
large-signal bandwidth of 10 kHz with a three-level NPC
digital amplifier that switches at 100 kHz and features an LC
lowpass filter with a cutoff frequency of 20 kHz. In [128], the
same approach is used with a CHB main amplifier. Advan-
tageously, the active filter (analog correction amplifier) can
also compensate low-frequency switching distortions, i.e.,
subharmonics below 2Ncellfs, that may appear as a conse-
quence of, e.g., unequal DC voltages of the CHB converter
cells. Note that as an alternative to multilevel topologies,
two-level digital main amplifiers with two-stage (4th order)
LCLC output filters could be employed [129], [130] to
reduce the ripple current that the analog amplifier stage must
process.

3) ENVELOPE-TRACKING POWER SUPPLY
Fig. 8d shows a third hybrid configuration (not shown in
the classification from Fig. 7), where a digital stage adapts
the supply voltage of a linear amplifier according to the
desired output voltage, as proposed in 1985 for audio appli-
cations [131]. These so-called envelope-tracking approaches
improve the efficiency of the analog amplifier, especially
for operation with output voltages below the maximum (see
Section II-A). Thus, a high-power (115V rms, 1.5 kW) sys-
tem described in [116], [132] reaches a peak efficiency that
is only slightly higher than that of a linear amplifier with
constant supply voltages for operation with maximum output
voltage, but shows clear benefits at lower output voltages.
However, the large-signal bandwidth of 1 kHz is essentially
limited by the bandwidth of the tracking power supply. There-
fore, the approach is rarely used for power amplifiers as con-
sidered here, but mainly for low-power or special applications
such as driving piezoelectric transducers [133]. Note that
envelope-tracking power supplies in radio-frequency (RF)
applications are used to vary the supply voltage of the RF
linear amplifier according to the envelope of the RF signal
to be amplified, i.e., the bandwidth of the tracking power
supply must be higher than the envelope of the output signal
only [134] (interestingly, the envelope-tracking power sup-
ply proposed there is a parallel A/D hybrid configuration,
achieving a maximum output frequency of 300 kHz at 50W
and 26V).
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E. DIGITAL/DIGITAL HYBRID AMPLIFIERS
As discussed above, the correction amplifiers shown in Fig. 7
can also be realized with digital amplifiers, which due to
lower power requirements can operate with much higher
switching frequencies than the main amplifiers. Hence, these
digital correction amplifiers can achieve higher bandwidths
and approximate the behavior of a linear amplifier with
higher efficiency. The general goal remains to increase the
LC output filter’s cutoff frequency (for a given output voltage
quality), which allows an increase of the overall amplifier sys-
tems’ bandwidth. Essentially, the resulting systems are struc-
turally very similar to series or shunt active filters, which have
been investigated since the 1970s for grid applications [135].

1) SERIES CONFIGURATION
Again, a correction voltage source can be added in series
to a main amplifier stage (see Fig. 7a). A first option to do
so couples the compensation voltage via a transformer into
the main power flow path [106], [136], as done for decades
in power grid applications [112], [135]. This concept has
recently been applied to a grid simulation system in [137],
[138], where a standard 400V, 5 kVA IGBT inverter is com-
bined with a 100V MOSFET inverter that is responsible for
generating higher-order harmonics. Similarly, [139]–[141]
use a three-phase transformer to combine the outputs of a
800V, 12A three-phase inverter switching at 20 kHz with
a 100V small-signal inverter operating at 200 kHz. In these
examples, the low-frequency output transformer limits the
achievable bandwidth, e.g., to 2 kHz in [139]–[141]. The roles
of the main amplifier and the transformer-coupled small-
signal stage are clearly separated (generation of fundamental
and higher-order harmonics).

In contrast, a direct series connection of a slow-switching
high-power, high-voltage inverter with a fast-switching low-
voltage, low-power inverter directly aims at improving the
harmonic content of the overall switched output voltage,
which in turn allows an increase of the system’s output filter
cutoff frequency. Advantageously, the main amplifier stage
is a multilevel inverter, which, e.g., can operate at the fun-
damental frequency. The correction amplifier needs a DC
voltage that corresponds to the difference of two output volt-
age levels only, and can then operate with PWM to improve
the spectrum of the overall output voltage waveform. Such
systems have been proposed in the 1990s for MRI gradient
amplifiers [114] or MV drive applications [142], [143], the
latter combining a GTO inverter switching at the fundamental
frequency with a PWM-operated IGBT inverter.

The power amplifier concept described in [50], [116] uses
a similar concept by operating all except one cell of a CHB
converter at the fundamental frequency only, generating a
staircase waveform. The last cell operates with PWM such
that the overall output voltage waveform is a multilevel PWM
waveform. Compared to all cells operating with (interleaved)
PWM, the effective switching frequency is much lower,
however, requiring a lower output filter cutoff frequency.

FIGURE 9. D/D-hybrid amplifier concepts. (a) Series configuration (cf.
Fig. 7a) of a multilevel (parallel-interleaved; series-interleaved would be
possible, too) main amplifier stage and a series-connected digital
correction stage (processing only distortion reactive power at a
comparably low voltage level) [144]. (b) Parallel configuration (cf. Fig. 7b)
of a multicell (series-interleaved) correction stage that directly defines
the output voltage and a parallel-connected two-level main stage that
delivers the bulk of the load current [55], [145]. Note that the correction
stage processes only distortion reactive power and the cells thus do not
require power supplies.

Similarly, but targeting HVDC circuit breaker testing, [146]
proposes a 10 kV, 30 kA arbitrary voltage source that com-
bines a low-voltage PWM-inverter with a multilevel Marx-
type high-voltage staircase voltage generator.

The fast-switching cell can operate as an active filter only,
i.e., without processing active power. Therefore, it is not
necessary to provide an (isolated) power supply, as pro-
posed in [147]. There, a diode-clamped 5-level inverter is
combined with two series-connected H-bridges with fly-
ing DC capacitors controlled to two different DC volt-
ages. This active filter improves the output voltage quality
without significantly degrading the system’s efficiency. Tar-
geting MV applications, [148] similarly describes a CHB
system with asymmetric DC voltages of the (supplied)
cascaded cells, and two additional cells without a power
supply that hence act as active filters only. More recent
publications combine an active filter stage without external
power supply with a parallel-interleaved multilevel inverter
[144], as exemplarily shown in Fig. 9a, or instead with an
MMC converter as proposed in [149] for driving underwater
electroacoustic transducer systems. Both variants share the
advantage of needing only a single DC supply (in contrast to
CHB-based approaches). Whereas the MMC-based solution
can advantageously make use of low-voltage semiconduc-
tors, its complexity is clearly much higher than that of a
parallel-interleaved main power stage.

Recently, [19] proposed a D/D hybrid emulator for traction
batteries, where the battery’s resistance must be emulated
with a minimum bandwidth of 20 kHz, however, only with
relatively low power. Thus, a combination of an 80 kW stan-
dard converter delivering the bulk power (at up to 600V
and 500Hz) and a series-connected low-power full-bridge
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active filter (100V DC, ±300A) operating with an effective
switching frequency of 200 kHz is employed.

2) PARALLEL CONFIGURATION
Parallel configuration (see Fig. 9b) of two digital ampli-
fier stages of different characteristics is possible, too. Such
concepts have been proposed as active shunt filters for grid
applications early on, e.g., in [150] and [151]. In the context
of power amplifiers, the goal of parallel-connecting an active
filter stage is to shift the cutoff frequency of the required
output filter to higher frequencies and hence enable improved
dynamic performance of the amplifier system, as discussed
earlier. For example, already in 1999, [152] demonstrated a
25V rms, 40A rms high-current amplifier systemwith amain
stage switching at 100 kHz and a parallel-connected stage
operating at 1MHz, whereby the auxiliary stage compen-
sates (reduces) the current ripple of themain stage by−29 dB.

For three-phase systems, [153] proposed an active filter
approach that connects CHB converter stacks (without cell
power supplies) between the main inverter’s phases. These
active filters remove the ripple current created by the main
inverter and hence significantly improve the output voltage
quality. Recently, [55], [145], [154] employed a similar topol-
ogy using three 17-level CHB stacks (effective switching
frequency of 1MHz) in star-configuration to act as an active
filter for a three-phase two-level main amplifier (switching
frequency max. 14.5 kHz). Fig. 9b shows a schematic repre-
sentation of this concept. A 60 kVA prototype achieves high-
bandwidth (100 kHz) output voltages via the CHB system,
whereas the current bandwidth of the main amplifier (and
hence the power bandwidth of the overall system) is limited to
about 2 kHz. This limitation is similar to that of D/A parallel-
hybrid systems discussed above.

F. DISCUSSION
Considering the many different amplifier topologies
described in literature and described so far, analog amplifiers
achieve extreme bandwidth but suffer from high losses. D/A
hybrid topologies still employ analog amplifier stages with
relatively high losses, and D/D hybrid systems are relatively
complex as they combine different types of switch-mode
amplifiers. In both cases, the power bandwidth remains
limited by the stage processing the bulk power. Whereas this
may be sufficient for certain applications, the most suitable
approaches for high-power general-purpose UH-PBW ampli-
fiers are parallel- or series-interleaved switch-mode topolo-
gies, as they combine high efficiency and, due to interleaving,
high power bandwidth. Series-interleaved multicell systems
are particularly interesting, as they inherently feature galvanic
separation and low realization effort concerning inductive
components. This, in addition, enables relatively straightfor-
ward scaling to higher power and especially higher voltage
levels. Therefore, the following Section III explains technical
key considerations for the realization of parallel-interleaved
and series-interleaved (multicell) UH-PBW amplifiers.

FIGURE 10. Single-line overview diagram of an UH-PBW power amplifier
system, which, in addition to the actual switch-mode amplifier and
output filter (Section III-A) also features a mains interface, i.e.,
an isolated power supply (Section III-B), and a control system including
voltage and current sensors (Section III-C). The application-level software,
which is not in the scope of this paper, models, e.g., a specific grid
behavior, or emulates a motor behavior, etc. Note that a system with a
single-phase output is shown as a basic building block; three output
phases could, e.g., be achieved by employing three switch-mode amplifier
and three filter stages.

III. CONCEPTS FOR FUTURE UH-PBW AMPLIFIERS
As illustrated in Fig. 10, a general-purpose UH-PBW ampli-
fier system consists of three subsystems. The following sub-
sections discuss key aspects of these subsystems: the actual
switch-mode amplifier stage including a low-pass output fil-
ter in Section III-A, a typically isolated (to facilitate arbitrary
reference potentials of the amplifier’s output) mains interface
in Section III-B, and the control system including voltage
and current sensors, high-performance computing hardware
and the corresponding firmware in Section III-C.

A. SWITCH-MODE AMPLIFIER AND OUTPUT FILTER
The output filter required to remove switching-frequency
noise from a switch-mode amplifier’s output voltage ulti-
mately limits the feasible maximum full-power output fre-
quency (reactive power consumption of the filter elements)
as well as the small-signal bandwidth (quickly increasing fil-
ter attenuation above the cutoff frequency, e.g., −40 dB/dec
for a single-stage LC filter). Therefore, realizing ultra-high
power bandwidth necessitates a high filter cutoff frequency,
and thus simple two-level topologies would required extreme
switching frequencies. Even the availability of modern WBG
power semiconductors facilitates this only up to a point before
either the efficiency becomes too low or the design becomes
thermally unfeasible.

In contrast, as briefly discussed in the context of Fig. 4
and Fig. 5 above, multilevel topologies facilitate an increase
of the output filter cutoff frequency for otherwise fixed sys-
tem parameters (device switching frequency and/or power
conversion efficiency, maximum allowable output voltage
ripple, etc.). Considering a multicell (CHB) converter with
NCHB cells and a single-stage LC filter, it can be shown (see,
e.g., [83]) that the maximum cutoff frequency ensuring a
certain relative peak-to-peak output capacitor voltage ripple
v̂out,pp/V is given by

f0,max =

√
32
π2N

3
CHB f

2
s
1vout,pp

V
, (3)
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where fs is the switching frequency of each bridge-leg and V
is the sum of all the cells’ DC voltages, i.e., vout ∈ [−V ,V ].
With the number of half-bridges being NHB = 2NCHB,
we find a generic expression

f0,max =

√
4
π2N

3
HB f

2
s
1vout,pp

V
(4)

that equally holds also for parallel-interleaved operation of
NHB bridge-legs (note that in this case V = Vdc/2 such
that again vout ∈ [−V ,V ]). In the example of Fig. 4 with
fs = 200 kHz, Vdc = 800V, v̂out = 375V, and fout =
20 kHz, the required filter cutoff frequency is calculated to
limit the worst-case peak-to-peak output voltage ripple to
0.02 · Vdc/2. By changing from a single bridge-leg shown
in Fig. 4a to four parallel-interleaved bridge-legs in Fig. 4b
or two stacked cascaded cells (four bridge-legs in total, too)
in Fig. 4c, the cutoff frequency can be increased from about
18 kHz to 144 kHz, i.e., by a factor of 8 as indicated by (2)
and in Fig. 5.
With the cutoff frequency of a single-stage LC filter being

f0 = 1/2π
√
LC , the condition (4) describes a hyperbola in

the L-C-plane, i.e., in the so-called filter design space [95]
shown in Fig. 11. Filter designs with f0 ≤ f0,max satisfy
the voltage ripple criterion. For a fixed NHB, f0,max increases
with fs and hence the area where the combinations of L and
C satisfy f0 ≤ f0,max expands. However, the range of valid
filter designs is further constrained by limiting the maximum
allowable voltage drop across L at nominal output current,
Iout, and maximum output frequency, fout,max to

Iout · 2π fout,maxL ≤ p · Vout, (5)

i.e., to a fraction p of the nominal output voltage Vout. Sim-
ilarly, the maximum current through C at nominal output
voltage, Vout, and maximum output frequency, fout,max should
be limited to

Vout · 2π fout,maxC ≤ q · Iout, (6)

i.e., to a fraction q of the nominal output current Iout. Both
criteria result in straight-line boundaries in the filter design
space of Fig. 11. Combining both limits results in a lower
bound for the filter cutoff frequency as

f0,min = fout,max ·
1
√
pq
. (7)

This again represents a hyperbola in the design space, which
is pinned to the intersection point of the limits from (5)
and (6). Note that further criteria such as relating to the output
impedance, etc. could be implemented in the design space,
and a similar approach can also be considered for the design
of two-stage LCLCfilters. These aspects have been discussed
in detail in [95].

Finally, by equating f0,max(fs) from (4) to f0,min from (7),
a closed-form expression for the required device switching
frequency as a function of the number of bridge-legs, NHB,

FIGURE 11. Exemplary design space of a single-stage LC filter for a
multilevel topology with NHB = 12 half-bridges, fout,max = 100 kHz,
p = 0.15, q = 0.3, and 1vout,pp/V = 2%. Note that the design space
(green shading) collapses to a single point if fs = 126 kHz is selected
according to (8); see also fs in Fig. 12 for NHB = 12. The f0 ≥ 4fout,max
criteria could be introduced to spectrally separate the maximum output
frequency from the LC filter’s resonance. Note that further criteria such as
a maximum permissible output impedance, etc. can be mapped to
limiting curves in the design space [95].

FIGURE 12. Required device switching frequency in dependence of the
topology’s number of half-bridges (series- or parallel-interleaving) for
fout,max = 100 kHz, p = 0.15, q = 0.3, and 1vout,pp/V = 2%. Note the
sensitivity on p and q. For the series-interleaved topology
(NCHB = NHB/2), the red curve shows the required DC voltage per cell
normalized to the DC voltage of a corresponding parallel-interleaved
structure (right y-axis).

and for given p, q, fout,max, and 1vout,pp/V can be obtained
as

fs =
π

2

√
V

1vout,pp
·

1
√
pq
·

1

N 3/2
HB

· fout,max. (8)

Note that if fs is selected accordingly, the valid design space
in Fig. 11 collapses to a single point, where all criteria
are met with the minimum possible switching frequency.
The graph of (8) in Fig. 12 clearly shows the necessity of
employing either parallel-interleaving or cascading of con-
verter cells to realize UH-PBW amplifiers that achieve max-
imum output frequencies in the order of 100 kHz. Whereas
a non-interleaved class D amplifier would need a switching
frequency in the megahertz range, the same performance can
be achieved with a multilevel system with, e.g., NHB =

12 bridge-legs, where a clearly feasible device switching
frequency of about 126 kHz suffices (see Fig. 11).

So far, both concepts, parallel-interleaving of bridge-legs
(see Fig. 4b) or cascading of converter cells (see Fig. 4c),

VOLUME 10, 2022 54623



J. Böhler et al.: Ultra-High-Bandwidth Power Amplifiers: Technology Overview and Future Prospects

show equivalently advantageous characteristics, i.e., the same
total number of bridge-legs switching at the same frequency
results in equal harmonic performance and hence equal fil-
tering requirements. The complexity of a CHB system tends
to be higher, as each cell requires a dedicated isolated power
supply. In addition, countermeasures against common-mode
ground currents through parasitic capacitances between the
cells and ground must be considered [155]. However, as indi-
cated inFig. 12, the switched voltage in case of a CHB system
reduces ∝ 1/NHB. Thus, as mentioned earlier, MOSFETs
with lower blocking voltage ratings and hence lower switch-
ing losses and lower specific on-state resistances (scales
roughly with V−2.5···−2B [82]) can be employed. Furthermore,
whereas in a parallel-interleaved topology the output voltage
ripple occurs atNHB fs, each individual inductor still operates
with a current ripple at the single bridge-leg’s switching
frequency, fs. This is in contrast to the CHB system, where
the current ripple in the sole filter inductor already occurs at
NHB fs, facilitating more compact inductor designs. Similar
benefits can also be achieved with multilevel bridge-legs,
e.g., employing a flying-capacitor topology. However, a CHB
system ismodular, which simplifies development and testing,
benefits from economies of scale in production, and facili-
tates scalability to higher output voltages, which is mainly
limited by the isolation voltage rating of the cells’ power
supplies and communication interfaces.

B. MAINS INTERFACE
General-purpose UH-PBW amplifier systems require bidi-
rectional (to enable full four-quadrant operation) power
exchange with the feeding grid, e.g., a 400V three-phase
mains. Furthermore, the amplifier output terminals must be
galvanically isolated from the mains to ensure full flexi-
bility and (to some extent) arbitrary definition of the out-
put terminals’ reference potential. In general, the amplifier’s
output voltage and current can have arbitrary frequencies
between DC and fout,max, i.e., especially also fout < fgrid can
occur. This leads to low-frequency power pulsations that can
translate into low-frequency grid current distortions, violating
relevant standards such as IEC 61000-3-11 (harmonics) and
IEC 61000-3-12 (flicker). Thus, sufficient decoupling, i.e.,
sufficiently large DC bus capacitors must be provided [156]
regardless of the amplifier topology.

1) PARALLEL-INTERLEAVED TOPOLOGIES
Parallel-interleaved UH-PBW amplifiers require a single iso-
lated DC interface. Fig. 13a shows the most straightfor-
ward realization option, which consists of a low-frequency
transformer (LFT) and a standard bidirectional three-phase
PFC rectifier. Alternatively, to avoid the volume and weight
penalty of an LFT, the three-phase PFC can directly interface
the mains and a subsequent bidirectional isolated DC-DC
converter provides the galvanic separation with a high-
frequency (HF) transformer, see Fig. 13b. Thus, the DC volt-
age level can advantageously be selected independent from
the grid voltage. For example, [157] employs a dual-active

FIGURE 13. Concepts for providing isolated DC supply voltages to the
power amplifier stages. Parallel-interleaved amplifiers can be supplied
(a) via a grid-frequency transformer and a PFC rectifier or (b) via a
gird-side PFC rectifier and a downstream isolated DC-DC converter with a
high-frequency (HF) isolation transformer. For series-interleaved power
amplifier stages, multiple isolated DC ports are required: (c) shows a
low-frequency multi-winding transformer with several secondary-side
PFC rectifiers (one per cascaded cell). Alternatively, a shared PFC rectifier
stage can be employed in combination with (d) several isolated DC-DC
converters operating from a common DC bus, or (e) an integrated isolated
DC-DC converter featuring a high-frequency multi-winding
transformer [159].

bridge (DAB) DC-DC converter, and [158] describes an iso-
lation stage based on an unregulated series-resonant DC-DC
converter (‘‘DC transformer’’) and an integrated DC-busmid-
point balancing stage required by the amplifier’s three-level
bridge-legs.

2) CHB TOPOLOGIES
Whereas parallel-interleaved topologies thus require a power
supply with a single isolated DC interface, CHB systems
need one isolated DC interface per cell. A first, robust
approach shown in Fig. 13c employs a low-frequency multi-
winding transformer and individually-controlled three-phase
PFC rectifiers in each converter cell, see [86] and Section IV.
By employing a special phase-shifting multiwinding trans-
former, which achieves harmonic cancellation similar as
known from multipulse rectifier systems, the input filters of
the cells’ three-phase active rectifiers can be omitted [4],
resulting in more compact designs.

Alternatively, again high-frequency isolation concepts can
be employed. Fig. 13d shows a solution with a shared
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grid-connected three-phase PFC rectifier and dedicated iso-
lated DC-DC converters for each cell, which can be real-
ized, e.g., as LLC series resonant converters [84], [154].
The primary-side DC-AC stages can be (partially) inte-
grated, resulting in I3DAB [160] or I3SRC [161] structures.
Ultimately, an integrated multi-port series-resonant DC-DC
converter with a HF multi-winding transformer could be
employed [159].

A low-frequency transformer may be relatively bulky,
which however can be considered acceptable for stationary
applications. Thus, the approach combining a low-frequency
transformer and converter cells with individual PFC rectifier
stages (i.e., a fully modular system) advantageously features
high robustness against grid transients, straightforward scala-
bility to higher voltage levels, and comparably low complex-
ity (fewer switches as compared to a solution with individual
isolated DC-DC converters, and independent per-cell local
control of the PFC rectifier).

C. AMPLIFIER OUTPUT CONTROL
As indicated in Fig. 10, an amplifier’s control system receives
an output voltage (or output current) reference from a
higher-level application (e.g., a power grid or a motor model;
a discussion is beyond the scope of this paper) and must
ensure that the amplifier’s output closely tracks that refer-
ence. To do so, the control system processes the reference
andmeasured voltages and currents to ultimately generate the
gate signals for the amplifier’s power transistors. In a wider
sense, the control system also must ensure a constant DC
input voltage of the amplifier, i.e., control the mains interface.
As standardmethods can be employed here, we do not discuss
this further but focus on key aspects of the actual amplifier’s
output voltage control.

1) SENSORS, SAMPLING, SIGNAL PROCESSING, AND
MODULATION
Multilevel systems essentially require several modulators
that operate with phase-shifted carriers, whereby accurate
phase-shifts are needed to ensure the beneficial cancellation
of harmonics discussed above. As discussed, e.g., in [163],
analog PWM modulation (‘‘naturally sampled PWM’’) can
achieve better performance in terms of bandwidth than reg-
ularly sampled PWM (i.e., single- or double-update mode,
which introduces relatively long delays in the control loop;
note that this can be improved by advanced multirate modu-
lator techniques for parallel- or series-interleaved converters
such as described in [164], [165]). However, in case of ana-
log implementations, component tolerances and temperature
dependencies of their characteristics lead to difficulties in
maintaining accurate carrier phase-shifts.

Therefore, fully-digital implementations are preferable.
As shown in [166], oversampling can be used to approx-
imate analog modulation. Oversampling ratios (i.e., num-
ber of PWM reference updates per PWM period) of about
8. . . 16 already result in quasi-analog behavior. However,
considering UH-PBW amplifiers with effective switching

FIGURE 14. Exemplary multi-loop control structures for switch-mode
amplifiers with two-stage LCLC output filters. (a) Two-loop cascaded
output voltage and inductor current control. (b) Control schematic of
(a) extended by a feed-forward of the inductor voltage to increase the
current loop bandwidth, see [53]. (c) Alternative approach using capacitor
current feedback to actively damp the filter’s resonant pole, and direct PI
control of the output voltage [96], [162]. The structures are simplified; i.e.,
delays, measurement and reference filters, etc. are not explicitly shown.

frequencies that can reach, e.g., the 5MHz range, this first
implies the need for current sensors with sufficiently high
bandwidth to capture the corresponding current ripple, i.e.,
advanced hybrid sensors such as [167], featuring bandwidths
of 20MHz to 50MHz, are needed. Second, the signal pro-
cessing systemmust be capable of acquiring measurements at
a sampling rate in the order of 80MS/s (for an oversampling
ratio of 16 and fs,eff = 5MHz), and updating at least the
current control loop at the same rate. Modern FPGAs can
offer the corresponding computing power, but large parts of
the controller must be programmed using a hardware descrip-
tion language such as VHDL. Finally, at these very high
effective switching frequencies, which are much closer to
typical FPGA clock frequencies (e.g., 100MHz to 200MHz)
than in normal PWM converter topologies, care has to be
taken regarding quantization effects, i.e., limited resolution
of digitally generated PWM signals. This may become an
issue especially for applications that require high resolution
of the output voltage, e.g., to generate very low output volt-
ages for controlling a current in a low-impedance load [53].
It may then become necessary to resort to advanced modula-
tor implementations such as described in [168].

2) CONTROL STRUCTURES
Even though so far only single-stage output filters have been
discussed for the sake of clarity, practical power amplifier
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FIGURE 15. Overview diagram of the realized UH-PBW amplifier system with specifications and key characteristics given in Table 1.
Fig. 16 shows a photograph of the hardware realization.

systems typically require a two-stage LCLC filter to achieve
the desired output voltage quality [95]. Therefore, the fol-
lowing brief discussion of control structures considers such
a two-stage filter, see Fig. 14.

Literature documents manifold methods for controlling
the output voltage (or current) of an inverter with a
two-stage LCLC filter. Whereas also advanced approaches
such as (model) predictive control [39], [65], [145], [149]
have been proposed, the most straightforward option is a
cascaded control structure with an inner, fast current control
loop and an outer, slower voltage control loop, see Fig. 14a.
The bandwidth of the current control loop can be improved
by adding a feed forward of the inductor voltage [53], see
Fig. 14b. An alternative multi-loop control scheme directly
controls the output voltage with a PI controller, and employs
capacitor current feedback to actively damp the filter’s res-
onant pole [96], [162], see Fig. 14c. This structure has
been found to achieve highest output voltage control band-
width [53]. A detailed discussion and comparison of these
and similar multi-loop control schemes is beyond the scope
of this paper; interested readers are referred to [53], [96],
[162] instead, and to [169] for a detailed stability analysis and
extensions for output impedance emulation (instead of direct
output voltage or current control).

IV. UH-PBW AMPLIFIER SYSTEM PROTOTYPE
The last part of this paper discusses an industrial UH-PBW
prototype system that employs some of the key concepts dis-
cussed in the previous Section III to realize the specifications
summarized in Table 1.

A. SYSTEM DESCRIPTION
Based on the conclusions drawn in Section III-A, the ampli-
fier is realized as a series-interleaved CHB topology with

FIGURE 16. Hardware realization of a single phase-stack (consisting of six
converter cells, see topology in Fig. 15) of the UH-PBW amplifier system.
The width is compatible with 19’’ racks; the low-frequency transformers
and the overall mechanical assembly structure are not shown.

NCHB = 6 cells (see Fig. 15), each operating with a local DC
bus voltage of 100V. The cells’ power supplies are realized
with two robust low-frequency multi-winding transformers
and individually controlled three-phase PFC rectifiers for
each cell (i.e., as discussed in the context of Fig. 13c).
As the series-interlaved approach reduces the blocking volt-
age requirements for the transistors (see Fig. 12), cost-
effective 150V silicon superjunction MOSFETs facilitate a
device switching frequency of 300 kHz for the cells’ output
full-bridges and hence an effective switching frequency of
3.6MHz. Common-mode chokes placed at the cells’ AC
terminals mitigate common-mode ground currents [155]. The
photo of the protoype shown inFig. 16 highlights the system’s
modular architecture. For example, three phase stacks could
be arranged to form a three-phase grid or motor emulator.
Leveraging the modularity of the selected series-interleaved
CHB topology, the output voltage capability could easily be
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TABLE 1. Specifications and key characteristics of the UH-PBW amplifier
prototype shown in Fig. 15 and Fig. 16.

FIGURE 17. Measured output voltage, output current, and filter inductor
current for a sinusoidal reference signal of 230 V rms and 50 Hz. Left:
unloaded, right: loaded with Z = 9.4�+ jω · 1 µH, i.e., mostly resistive
load of P = 5.6 kW.

increased, e.g., to emulate a 690V grid, by adding more
cascaded converter cells.

Taking into account the two-stage LCLC output filter,
the output voltage control uses a straightforward cascaded
approach as shown in Fig. 15 (see also the discussion in
the context of Fig. 14). The high-bandwidth current sensor
described in [167] together with a 125MS/s ADC converter
enables a quasi-analog control and modulation implemen-
tation running at 125MHz on a Xilinx Zynq SoC module.
The gate signals for all inverter switches of all cells are
thus generated centrally, whereas each cell features a local
control module for its PFC rectifier. Ultimately, the UH-PBW
amplifier achieves a maximum output frequency of 100 kHz
at nominal voltage and current of 230V rms and 44A rms,
respectively.

B. PERFORMANCE EVALUATION
Fig. 17 and Fig. 18 showmeasured output voltage and current
waveforms for fout = 50Hz and fout = 20 kHz, respec-
tively, for nominal Vout = 230V rms and either unloaded
or with an (almost purely) resistive load corresponding to
P = 5.6 kW. A series of such measurements with sinusoidal

FIGURE 18. Measured output voltage, output current, and filter inductor
current for a sinusoidal reference signal of 230 V rms and 20 kHz. Left:
unloaded, right: loaded with Z = 9.4�+ jω · 1 µH, i.e., mostly resistive
load of P = 5.6 kW.

FIGURE 19. Reference-to-output-voltage transfer function of the
unloaded (blue) and loaded (red, with Z = 9.4�+ jω · 1 µH) amplifier.
The curves correspond to the dynamic model calculations and the
markers indicate measured values. The measurements have been carried
out with nominal Vout = 230 V rms for fout < 200 kHz (and hence with
mostly resistive load of P = 5.6 kW in the loaded case); for higher
frequencies, Vout = 23 V rms has been used.

reference signals of varying frequencies has been carried
out to characterize the reference-to-output-voltage transfer
function for unloaded and loaded (about 5.6 kW, mostly
resistive) conditions, see Fig. 19. The measurements confirm
the model calculations and the targeted ultra-high bandwidth.
Fig. 20 demonstrates measurements of a full-power (10 kW)
operating point at 305V rms and 100 kHz.

The ultra-high bandwidth and maximum output frequency
facilitate the generation of large-signal arbitrary waveforms
such as shown in Fig. 21 and Fig. 22, the latter being a
60 kHz, ±300V peak triangular signal. The output quality
barely changes when the system is loaded with Z = 9.4�+
jω · 1µH, i.e., about P = 3.2 kW.

Finally, Fig. 23 shows measured load step responses of the
amplifier, confirming very quick return to the output voltage
set point. Fig. 24 shows measured reference step responses of
the unloaded and loaded amplifier, demonstrating a rise time
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FIGURE 20. Measured output voltage, output current, and filter inductor
current for a sinusoidal reference signal of 305 V rms and 100 kHz; the
amplifier is loaded with Z = 9.4�+ jω · 1 µH, i.e., a mostly resistive load
of P = 10 kW.

FIGURE 21. Measured output voltage, output current, and filter inductor
current for a reference signal that is a superposition of a 230 V rms, 8 kHz
sine and a 75 V (amplitude), 24 kHz sinusoidal third harmonic. Left:
unloaded, right: loaded with Z = 9.4�+ jω · 1 µH.

FIGURE 22. Measured output voltage, output current, and filter inductor
current for a 60 kHz triangular reference signal with 300 V amplitude. Left:
unloaded, right: loaded with Z = 9.4�+ jω · 1 µH, i.e., about P = 3.2 kW.

from 0V to 100V in about 2 µs and a moderate overshoot of
less than 20%. In all cases, the measurements closely match
the calculations.

FIGURE 23. Measured (blue) and simulated (brown) output voltage
responses to load steps. The measured output current and the filter
inductor current are also shown. Left: no-load to 15.7�, right: 23.5� to
9.4�.

FIGURE 24. Measured (blue) and calculated (brown) output voltage
responses to a reference step from 0 V to 100 V. The measured output
current and the filter inductor current are also shown. Left: unloaded,
right: loaded with Z = 9.4�+ jω · 1 µH. Note that a slightly different set
of control parameters has been used to achieve faster settling time at the
expense of a slightly slower rise time.

We estimate the full-load efficiency of the amplifier stage
itself (based on measured semiconductor losses) to be about
95%. Allowing another 0.5% of losses for the filter elements
and assuming typical efficiencies of 98.5% for the PFC
rectifier stages and the LFTs, the typical overall full-load
system efficiency becomes about 92%. Therefore, forced-
air cooling is easily possible. This efficiency estimate is in
the same range as values reported for commercially available
switch-mode amplifier systems (see, e.g., [27], [34], [35],
[42], [45]), and clearly much higher than even the best-case
efficiency of linear amplifiers (less than 80%, see (1),
for the amplifier itself, i.e., without considering the mains
interface).

The above clearly demonstrates how combining the
key concepts cascading of multiple converter cells,
multi-loop control structures, and quasi-analog sam-
pling and modulation enable the realization of a 10 kW
amplifier (per phase) with an unprecedented UH-PBW
of 100 kHz.
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V. CONCLUSION
Ever higher switching frequency of today’s and future power
electronic converter systems, enabled by wide-bandgap
power semiconductors, drive a need for power amplifiers
with ultra-high power bandwidth (UH-PBW) for P-HIL test
environments. This paper focuses on identifying key con-
cepts for the realization of such next-generation UH-PBW
amplifiers by first providing a thorough review of the dif-
ferent amplifier concepts described in the literature so far.
Analog (linear) amplifiers achieve high bandwidth but suffer
from high losses, whereas the bandwidths of more efficient
two-level switch-mode amplifiers are ultimately limited by
the achievable switching frequency and the need for an output
low-pass filter with a cutoff frequency sufficiently lower than
that switching frequency.

The two topological key concepts that enable switch-
mode UH-PBW amplifiers to overcome this limit are
parallel-interleaving of multiple two-level bridge-legs or
series-interleaving (i.e., cascading) of converter cells. Both
approaches facilitate effective switching frequencies that are
far higher than the switching frequency of the individual
devices. Furthermore, series-interleaving has the advantage
of reducing the blocking voltage requirements of the transis-
tors, which enables higher device switching frequencies, and
employs a lower number of inductive components. Moreover,
series-interleaved multicell topologies are scalable to higher
voltage and power levels by adding additional series converter
cells, but require a more complicated power supply system
(one isolated DC supply per converter cell).

We finally demonstrate a series-interleaved multicell
UH-PBW amplifier prototype that employs quasi-analog dig-
ital modulation and control enabled by high-performance
FPGAs and advanced current sensors. The amplifier provides
an output power of 10 kW (per phase), a nominal output
voltage of 230V rms, and a maximum output frequency
of 100 kHz at nominal voltage and power and features a
small-signal bandwidth of more than 300 kHz.

REFERENCES
[1] G. Lauss and K. Strunz, ‘‘Accurate and stable hardware-in-the-loop (HIL)

real-time simulation of integrated power electronics and power systems,’’
IEEE Trans. Power Electron., vol. 36, no. 9, pp. 10920–10932, Sep. 2021.

[2] R. Lohde and F. W. Fuchs, ‘‘Laboratory type PWM grid emulator for
generating disturbed voltages for testing grid connected devices,’’ inProc.
13th Eur. Power Electron Appl. Conf. (EPE), Barcelona, Spain, Sep. 2009,
pp. 1–9.

[3] J. Eloy-Garcia, J. C. Vasquez, and J. M. Guerrero, ‘‘Grid simulator for
power quality assessment of micro-grids,’’ IET Power Electron., vol. 6,
no. 4, pp. 700–709, Apr. 2013.

[4] N. Hildebrandt, M. Luo, and D. Dujic, ‘‘Robust and cost-effective syn-
chronization scheme for a multicell grid emulator,’’ IEEE Trans. Ind.
Electron., vol. 68, no. 3, pp. 1851–1859, Mar. 2021.

[5] P. Jonke, J. Stockl, and H. Ertly, ‘‘Concept of a three phase AC power
source with virtual output impedance for tests of grid connected compo-
nents,’’ in Proc. Int. Symp. Smart Electr. Distrib. Syst. Technol. (EDST),
Sep. 2015, pp. 399–404.

[6] R. Uhl and A. Monti, ‘‘Validation of the concept for a wideband-
frequency grid impedance based grid emulator,’’ in Proc. IEEE 29th Int.
Symp. Ind. Electron. (ISIE), Jun. 2020, pp. 1296–1303.

[7] K. Ma, J. Wang, X. Cai, and F. Blaabjerg, ‘‘AC grid emulations for
advanced testing of grid-connected converters—An overview,’’ IEEE
Trans. Power Electron., vol. 36, no. 2, pp. 1626–1645, Feb. 2021.

[8] M. Kesler, E. Ozdemir, M. C. Kisacikoglu, and L. M. Tolbert,
‘‘Power converter-based three-phase nonlinear load emulator for a hard-
ware testbed system,’’ IEEE Trans. Power Electron., vol. 29, no. 11,
pp. 5806–5812, Nov. 2014.

[9] J. Wang, L. Yang, Y. Ma, J. Wang, L. M. Tolbert, F. Wang, and
K. Tomsovic, ‘‘Static and dynamic power system load emulation in
a converter-based reconfigurable power grid emulator,’’ IEEE Trans.
Power. Electron., vol. 31, no. 4, pp. 3239–3251, Apr. 2016.

[10] S. Wang, Y. Ma, J. Wang, L. M. Tolbert, and F. Wang, ‘‘Variable speed
drive connected motor load emulator for a multi-converter-based hard-
ware testbed system,’’ IEEEOpen J. Ind. Appl., vol. 2, pp. 337–346, 2021.

[11] H. Song, J. Noon, I. Cvetkovic, B. Wen, S. Srdic, G. Pammer,
D. Boroyevich, and R. Burgos, ‘‘Development and evaluation of a power
hardware-in-the-loop (PHIL) emulator testbench for aerospace applica-
tions,’’ in Proc. IEEE Energy Convers. Congr. Expo. (ECCE), Oct. 2021,
pp. 4505–4512.

[12] W. Ren, M. Steurer, and L. Qi, ‘‘Evaluating dynamic performance of
modern electric drives via power-hardware-in-the-loop simulation,’’ in
Proc. IEEE Int. Symp. Ind. Electron., Jun. 2008, pp. 2201–2206.

[13] M. Oettmeier, R. Bartelt, C. Heising, V. Staudt, A. Steimel, S. Tietmeyer,
B. Bock, and C. Doerlemann, ‘‘Machine emulator: Power-electronics
based test equipment for testing high-power drive converters,’’ in Proc.
12th Int. Conf. Optim. Electr. Electron. Equip., May 2010, pp. 582–588.

[14] O. Vodyakho, M. Steurer, C. S. Edrington, and F. Fleming, ‘‘An induction
machine emulator for high-power applications utilizing advanced simula-
tion tools with graphical user interfaces,’’ IEEE Trans. Energy Convers.,
vol. 27, no. 1, pp. 160–172, Mar. 2012.

[15] K. S. Amitkumar, R. S. Kaarthik, and P. Pillay, ‘‘A versatile power-
hardware-in-the-loop-based emulator for rapid testing of transporta-
tion electric drives,’’ IEEE Trans. Transport. Electrific., vol. 4, no. 4,
pp. 901–911, Dec. 2018.

[16] M. Ashourianjozdani, L. A. C. Lopes, and P. Pillay, ‘‘Power electronic
converter based PMSG emulator: A testbed for renewable energy experi-
ments,’’ IEEE Trans. Ind. Appl., vol. 54, no. 4, pp. 3626–3636, Jul. 2018.

[17] R. S. Kaarthik, K. S. Amitkumar, and P. Pillay, ‘‘Emulation of a
permanent-magnet synchronous generator in real-time using power
hardware-in-the-loop,’’ IEEE Trans. Transport. Electrific., vol. 4, no. 2,
pp. 474–482, Jun. 2018.

[18] L. Bigarelli, M. di Benedetto, A. Lidozzi, L. Solero, and P. J. Grbovi,
‘‘FPGA-based permanent magnet synchronous machine emulator with
SiC power amplifier,’’ IEEE Trans. Ind. Appl., vol. 57, no. 6,
pp. 6117–6130, Nov. 2021.

[19] J. von Klitzing and U. Schäfer, ‘‘A highly dynamic 600 V/300 a battery
emulator for testing of automotive electric drive trains,’’ inProc. 23rd Eur.
Power Electron. Appl. Conf. (EPE), Ghent, Belgium, Sep. 2021, pp. 1–10.

[20] R. Koch and A. Jossen, ‘‘Impedance spectroscopy for battery monitoring
with switched mode amplifiers,’’ in Proc. 16th Int. Power Electron.
Motion Control Conf. Expo. (PEMC), Sep. 2014, pp. 496–501.

[21] J. Sun, ‘‘Impedance-based stability criterion for grid-connected invert-
ers,’’ IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075–3078,
Nov. 2011.

[22] S. Watanabe, H. Takano, P. Boyagoda, and M. Nakaoka, ‘‘Advanced
digital control scheme of two-paralleled bridge type current tracking
power conversion amplifier for magnetic resonance imaging,’’ in Proc.
2nd Int. Conf. Power Electron. Drive Syst., May 1997, pp. 513–518.

[23] R. Wang, J. Sabate, E. Delgado, F. Tao, X. Liu, and B. Rowden, ‘‘High
performance two H-bridge in cascaded gradient driver design with SiC
power MOSFET,’’ in Proc. 17th Eur. Conf. Power Electron. Appl.
(EPE ECCE-Eur.), Sep. 2015, pp. 1–9.

[24] Y. Luo, M. A. Awal, W. Yu, and I. Husain, ‘‘FPGA-based high-bandwidth
motor emulator for interior permanent magnet machine utilizing SiC
power converter,’’ IEEE J. Emerg. Sel. Topics Power Electron., vol. 9,
no. 4, pp. 4340–4353, Aug. 2021.

[25] P. S. Niklaus, J. A. Anderson, D. Bortis, and J. W. Kolar, ‘‘Ultra-high
bandwidth GaN-based class-D power amplifier for testing of three-phase
mains interfaces of renewable energy systems,’’ in Proc. 8th Int. Conf.
Renew. Energy Res. Appl. (ICRERA), Nov. 2019, pp. 615–622.

[26] 7820 Series Datasheet, AE Techron, Inc., Elkhart, IN, USA, 2021.
[27] 8500 Series Datasheet, AE Techron, Inc., Elkhart, IN, USA, 2020.
[28] Asterion AC Series, California Instruments, San Diego, CA, USA, 2021.
[29] MX Series II Datasheet, California Instruments, San Diego, CA, USA,

2021.
[30] Model 61509Datasheet, Chroma Ate Inc., Taipei City, Taiwan, 2021.
[31] Model 61512 Datasheet, Chroma Ate Inc., Taipei City, Taiwan, 2021.

VOLUME 10, 2022 54629



J. Böhler et al.: Ultra-High-Bandwidth Power Amplifiers: Technology Overview and Future Prospects

[32] Model 61700 Datasheet, Chroma Ate Inc., Taipei City, Taiwan, 2021.
[33] Model 61800 Series, Chroma Ate Inc., Taipei City, Taiwan, 2021.
[34] GE + vAC Datasheet, CINERGIA, Control Intelligent de l’Energia,

Coop, Tarzana, CA, USA, 2020.
[35] COMPISO CSU 200 Datasheet, EGSTON Power Electronics,

Klosterneuburg, Austria, 2019.
[36] Netwave Series Datasheet, Em Test, Reinach, Switzerland, 2021.
[37] S. Liebig, A. Schmitt, and H. Hammerer, ‘‘High-dynamic high-power

E-motor emulator for power electronic testing,’’ in Proc. Power Elec-
tron. Intell. Motion Conf. (PCIM Eur.), Nuremberg, Germany, Jun. 2018,
pp. 1–5.

[38] A. Schmitt, M. Gommeringer, C. Rollbuhler, P. Pomnitz, and M. Braun,
‘‘A novel modulation scheme for a modular multiphase multilevel
converter in a power hardware-in-the-loop emulation system,’’ in
Proc. IECON 41st Annu. Conf. IEEE Ind. Electron. Soc., Nov. 2015,
pp. 1276–1281.

[39] G. Meyer, ‘‘Enhanced power electronics system for high-performance
testing of motor control units in a power HIL environment,’’ in Proc.
Power Electron. Intell. Motion Conf. (PCIM Asia), Shanghai, China,
Jun. 2017, pp. 1–8.

[40] Model 9410 Datasheet, NH Research, Inc., Irvine, CA, USA, 2020.
[41] 360LMX Datasheet, Pacific Power Source, Inc., Irvine, CA, USA, 2021.
[42] AFX Series Datasheet, Pacific Power Source, Inc., Irvine, CA, USA,

2021.
[43] AZX Series Datasheet, Pacific Power Source, Inc., Irvine, CA, USA,

2021.
[44] AFV-P Series Datasheet, Preen AC Power Corp., Taipei City, Taiwan,

2020.
[45] TC.ACS.50 Datasheet, Regatron AG, Rorschach, Switzerland, 2021.
[46] APS Series Datasheet, Spitzenberger & Spies GmbH & Co. KG,

Viechtach, Germany, 2021.
[47] R. C. Beltrame, M. I. Desconzi, C. Rech, H. L. Hey, and

M. L. D. S. Martins, ‘‘Proposal of a series configuration hybrid AC
power source,’’ in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2011,
pp. 2058–2064.

[48] D. O. Boillat, ‘‘Modular high bandwidth switch-mode three-phase AC
voltage source,’’ Ph.D. dissertation, Dept. Dept. Inf. Technol. Elect. Eng.,
ETH Zurich, Zürich, Switzerland, 2016.

[49] G. S. da Silva, R. C. Beltrame, L. Schuch, and C. Rech, ‘‘Hybrid AC
power source based on modular multilevel converter and linear ampli-
fier,’’ IEEE Trans. Power Electron., vol. 30, no. 1, pp. 216–226, Jan. 2015.

[50] G. Gong, D. Hassler, and J. W. Kolar, ‘‘A comparative study of multicell
amplifiers for AC-power-source applications,’’ IEEE Trans. Power Elec-
tron., vol. 26, no. 1, pp. 149–164, Jan. 2011.

[51] P. Jonke, J. Stoeckl, and H. Ertl, ‘‘Design and performance evaluation
of a three phase AC power source with virtual impedance for validation
of grid connected components,’’ in Proc. Power Electron. Intell. Motion
Conf. (PCIM Eur.), Nuremberg, Germany, May 2016, pp. 1–7.

[52] C. Mao, F. Leng, J. Li, S. Zhang, L. Zhang, R. Mo, D. Wang, J. Zeng,
X. Chen, R. An, and Y. Zhao, ‘‘A 400-V/50-kVA digital–physical hybrid
real-time simulation platform for power systems,’’ IEEE Trans. Ind.
Electron., vol. 65, no. 5, pp. 3666–3676, May 2018.

[53] F. Krismer, V. N. Behrunani, P. S. Niklaus, and J. W. Kolar, ‘‘Optimized
cascaded controller design for a 10 kW/100 kHz large signal bandwidth
AC power source,’’ in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Oct. 2020, pp. 5669–5676.

[54] R. Schwendemann, M. Lorcher, F. Sommer, L. Stefanski, and M. Hiller,
‘‘A new, universal series hybrid cascaded H-bridge converter for power-
hardware in the loop emulation,’’ in Proc. 21st Eur. Conf. Power Electron.
Appl. (EPE ECCE Eur.), Sep. 2019, p. 1.

[55] L. Stefanski, R. Schwendemann, D. Bernet, M. Widenmeyer, A. Liske,
and M. Hiller, ‘‘Cascaded H-bridge based parallel hybrid converter—A
new voltage source for power-hardware-in-the-loop emulation systems,’’
in Proc. IEEE 21st Workshop Control Modeling Power Electron. (COM-
PEL), Nov. 2020, pp. 1–8.

[56] J. Ertl, Schaltverstärker Mit Hoher Ausgangsspannungsqualität:
Konzepte—Eigenschaften—Anwendungen. Vienna, Austria: Habilitation
Treatise, Technische Universität Wien, 2003.

[57] A. S. Sedra and K. C. Smith,Microelectronic Circuits, 7th ed. New York,
NY, USA: Oxford Univ. Press, 2015.

[58] H. Fujita and N. Yamashita, ‘‘Performance of a diode-clamped linear
amplifier,’’ IEEE Trans. Power Electron., vol. 23, no. 2, pp. 824–831,
Mar. 2008.

[59] J. Haruna, Y.Matano, and H. Funato, ‘‘Efficiency improvement for diode-
clamped linear amplifier using unequally divided voltage power supply,’’
IEEE Trans. Ind. Appl., vol. 57, no. 3, pp. 2666–2672, May 2021.

[60] H. Obara, T. Ohno, M. Katayama, and A. Kawamura, ‘‘Flying-capacitor
linear amplifier with capacitor voltage balancing for high-efficiency and
low distortion,’’ IEEE Trans. Ind. Appl., vol. 57, no. 1, pp. 614–627,
Jan. 2021.

[61] A. G.Milnes, ‘‘Transistor power amplifiers with switched mode of opera-
tion,’’ Trans. Amer. Inst. Electr. Eng., I, Commun. Electron., vol. 75, no. 3,
pp. 368–372, Jul. 1956.

[62] G. M. Ettinger and B. J. Cooper, ‘‘The design of high-power switched
transistor amplifiers,’’ Proc. IEE B, Electron. Commun. Eng., vol. 106,
no. 18S, pp. 1285–1288, May 1959.

[63] M. L. Stephens and J. P. Wittman, ‘‘Switched-mode transistor ampli-
fiers,’’ Trans. Amer. Inst. Electr. Eng., I, Commun. Electron., vol. 82, no. 4,
pp. 470–472, Sep. 1963.

[64] D. G. Holmes and T. A. Lipo, Pulse Width Modulation for Power Con-
verters. Hoboken, NJ, USA: Wiley, 2003.

[65] K. S. Low, ‘‘A DSP-based single-phase AC power source,’’ IEEE Trans.
Ind. Electron., vol. 46, no. 5, pp. 936–941, Oct. 1999.

[66] T. Liu, D. Wang, and K. Zhou, ‘‘High-performance grid simulator using
parallel structure fractional repetitive control,’’ IEEE Trans. Power Elec-
tron., vol. 31, no. 3, pp. 2669–2679, Mar. 2016.

[67] P. Jonke, M. Makoschitz, B. Sumanta, J. Stoeckl, and H. Ertl,
‘‘AC-sweep analysis and verification of an AC power source with virtual
output impedance for validation of grid connected components,’’ in Proc.
Power Electron. Intell. Motion Conf. (PCIM Eur.), Nuremberg, Germany,
May 2017, pp. 1–7.

[68] M. C. W. Hoyerby and M. A. E. Andersen, ‘‘Envelope tracking power
supply with fully controlled 4th order output filter,’’ in Proc. 21st Annu.
IEEE Appl. Power Electron. Conf. Expo. (APEC), Mar. 2006, p. 8.

[69] H. Piquet, T. Meynard, H. Foch, and Y. Cheron, ‘‘Design tools and
methods for power electronics,’’ in Proc. IEEEWorkshop Comput. Power
Electron., May 2019, pp. 238–243.

[70] M. von Dolivo-Dobrowolsky, ‘‘Electrical induction apparatus or trans-
former,’’ U.S. Patent 422 746, May 4, 1890.

[71] J. Kübler, ‘‘Einrichtung zumBetrieb vonmehrphasen-gleichrichtern,’’ (in
German), German Patent 309 593, Jun. 14, 1916.

[72] W. E. Rippel, ‘‘Dual SCR chopper as a motor controller for an electric
car,’’ IEEE Trans. Veh. Technol., vol. VT-20, no. 2, pp. 23–26, May 1971.

[73] J. Wagner, ‘‘Schaltungsanordnung für vorzugsweise der Lichtbogen-
schweissung dienende Gleichstromsteller,’’ (in German), Austrian Patent
343 226, Sep. 15, 1977.

[74] H. Ertl, J. W. Kolar, and F. C. Zach, ‘‘Basic considerations and topologies
of switched-mode assisted linear power amplifiers,’’ IEEE Trans. Ind.
Electron., vol. 44, no. 1, pp. 116–123, Feb. 1997.

[75] S. Grubic, B. Amlang, W. Schumacher, and A. Wenzel, ‘‘A high-
performance electronic hardware-in-the-loop drive–load simulation using
a linear inverter (LinVerter),’’ IEEE Trans. Ind. Electron., vol. 57, no. 4,
pp. 1208–1216, Apr. 2010.

[76] J. Noon, H. Song, B. Wen, I. Cvetkovic, S. Srdic, G. Pammer, and
R. Burgos, ‘‘Design and evaluation of a power Hardware-in-the-Loop
machine emulator,’’ in Proc. IEEE Energy Convers. Congr. Expo.
(ECCE), Oct. 2020, pp. 2013–2019.

[77] C. Wang, K. Wang, Z. Zheng, K. Sun, and Y. Li, ‘‘Modulation induced
current imbalance and its sensorless control of a GaN-based four-phase
DC–DC power amplifier,’’ IEEE Trans. Ind. Electron., vol. 67, no. 2,
pp. 1520–1531, Feb. 2020.

[78] M. Fischer, J. Ruthardt, V. Ketchedjian, P. Ziegler, M. Nitzsche, and
J. Roth-Stielow, ‘‘Four-level inverter with variable voltage levels for
hardware-in-the-loop emulation of three-phase machines,’’ in Proc. 22nd
Eur. Conf. Power Electron. Appl. (EPE ECCE Eur.), Sep. 2020, p. 1.

[79] M. Fischer, Y. Hu, J. Ruthardt, P. Ziegler, J. Haarer, and J. Roth-Stielow,
‘‘Comparison of an interleaved multi-branch inverter and a four-level
inverter with variable voltage levels for emulation of three-phase
machines,’’ in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Oct. 2021, pp. 2570–2575.

[80] W. McMurray, ‘‘Fast response stepped-wave switching power converter
circuit,’’ U.S. Patent 3 581 212, May 25, 1971.

[81] D. G. Holmes and B. P. McGrath, ‘‘Opportunities for harmonic can-
cellation with carrier-based PWM for a two-level and multilevel cas-
caded inverters,’’ IEEE Trans. Ind. Appl., vol. 37, no. 2, pp. 574–582,
Mar./Apr. 2001.

54630 VOLUME 10, 2022



J. Böhler et al.: Ultra-High-Bandwidth Power Amplifiers: Technology Overview and Future Prospects

[82] J. A. Anderson, G. Zulauf, J. W. Kolar, and G. Deboy, ‘‘New figure-
of-merit combining semiconductor and multi-level converter properties,’’
IEEE Open J. Power Electron., vol. 1, pp. 322–338, 2020.

[83] H. Ertl, J. W. Kolar, and F. C. Zach, ‘‘Analysis of a multilevel multicell
switch-mode power amplifier employing the ‘flying-battery’ concept,’’
IEEE Trans. Ind. Electron., vol. 49, no. 4, pp. 816–823, Aug. 2002.

[84] M. Hartmann and H. Ertl, ‘‘Design and realization of a multi-cell-
switch-mode power amplifier employing a digital poly-phase-pulse-
width-modulator,’’ in Proc. Power Electron. Intell. Motion Conf.
(PCIM Eur.), Nuremberg, Germany, 2007.

[85] Y. Zhang, M. Dong, L. Cai, and Q. Meng, ‘‘The analyzing of a cascaded
multilevel class-D power amplifier with the carrier-based phase-shifted
modulation,’’ in Proc. Int. Conf. Electron. Mech. Eng. Inf. Technol.,
Aug. 2011, pp. 1283–1286.

[86] Y. Li, Y. Wang, R. Wang, J. Wu, H. Zhang, Y. Feng, S. Li, W. Yao,
and B. Q. Li, ‘‘Distributed generation grid-connected converter testing
device based on cascaded H-bridge topology,’’ IEEE Trans. Ind. Elec-
tron., vol. 63, no. 4, pp. 2143–2154, Apr. 2016.

[87] M. Petkovic, S. Milovanovic, and D. Dujic, ‘‘Flexible medium-voltage
perturbation injection converter for AC and DC system identification,’’
in Proc. IECON 46th Annu. Conf. IEEE Ind. Electron. Soc., Oct. 2020,
pp. 1329–1334.

[88] F. A. Dragonas, G. Grandi, and G. Neretti, ‘‘High-voltage high-frequency
arbitrary waveform multilevel generator for dielectric barrier discharge,’’
in Proc. Int. Symp. Power Electron., Electr. Drives, Autom. Motion,
Jun. 2014, pp. 57–61.

[89] H. Sarnago, J. M. Burdio, T. Garcia-Sanchez, L. M. Mir,
I. Alvarez-Gariburo, and O. Lucia, ‘‘GaN-based versatile waveform
generator for biomedical applications of electroporation,’’ IEEE Access,
vol. 8, pp. 97196–97203, 2020.

[90] I. Alvarez-Gariburo, H. Sarnago, J. M. Burdio, and O. Lucia, ‘‘Design
and optimization of a GaN-based high-voltage waveform generator for
industrial and biomedical applications,’’ in Proc. Power Electron. Intell.
Motion Conf. (PCIM Eur.), Nuremberg, Germany, Jul. 2020, pp. 1–6.

[91] R. H. Baker, ‘‘Bridge converter circuit,’’ U.S. Patent US4 270 163A,
May 26, 1981.

[92] A. Nabae, I. Takahashi, and H. Akagi, ‘‘A new neutral-point-clamped
PWM inverter,’’ IEEE Trans. Ind. Appl., vol. IA-17, no. 5, pp. 518–523,
Sep. 1981.

[93] T. A. Meynard and H. Foch, ‘‘Multi-level conversion: High voltage
choppers and voltage-source inverters,’’ in Proc. PESC Rec., 23rd Annu.
IEEE Power Electron. Spec. Conf., Jun. 1992, pp. 397–403.

[94] S. Turner, D. J. Atkinson, A. G. Jack, and M. Armstrong, ‘‘Development
of a high bandwidth multi-phase multilevel power supply for electricity
supply network emulation,’’ in Proc. Eur. Conf. Power Electron. Appl.,
Sep. 2005, p. 7.

[95] D. O. Boillat, F. Krismer, and J. W. Kolar, ‘‘Design space analysis and
ρ–η Pareto optimization of LC output filters for switch-mode AC power
sources,’’ IEEE Trans. Power Electron., vol. 30, no. 12, pp. 6906–6923,
Dec. 2015.

[96] D. O. Boillat, F. Krismer, and J.W. Kolar, ‘‘Optimization and comparative
evaluation of multiloop control schemes for controllable AC sources
with two-stage LC output filters,’’ IEEE Trans. Power Electron., vol. 31,
no. 10, pp. 7353–7368, Oct. 2016.

[97] J. Holtz, ‘‘Selbstgeführter Wechselrichter,’’ (in German), German Patent
2 339 034 C2, Jan. 5, 1983.

[98] C. Suthar, V. I. Kumar, F. Alskran, and D. Maksimovic, ‘‘An arbitrary
waveform generator based on an eight-level flying-capacitor multilevel
converter,’’ in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC),
Jun. 2021, pp. 1008–1014.

[99] A. Lesnicar and R. Marquardt, ‘‘A new modular voltage source inverter
topology,’’ in Proc. 10th Eur. Power Electron. Appl. Conf. (EPE),
Toulouse, France, Sep. 2003, pp. 1–10.

[100] M. R. Sreejith and M. C. Chandorkar, ‘‘Electrical source emulation using
modular multilevel converter,’’ in Proc. IEEE Int. Conf. Power Electron.,
Drives Energy Syst. (PEDES), Dec. 2014, pp. 1–6.

[101] M. Jia, S. Cui, P. Joebges, and R. W. D. Doncker, ‘‘A modular multilevel
converter as a grid emulator in balanced and unbalanced scenarios using
a delta-wye transformer,’’ in Proc. IEEE Energy Convers. Congr. Expo.
(ECCE), Oct. 2021, pp. 2950–2957.

[102] M. Jia, S. Cui, K. Hetzenecker, J. Hu, and R. W. De Doncker, ‘‘Control of
a three-phase four-wire modular multilevel converter as a grid emulator
in fault scenarios,’’ in Proc. IEEE Energy Convers. Congr. Expo. (ECCE),
Oct. 2021, pp. 624–631.

[103] D. Ganeshpure, T. Batista Soeiro, M. G. Niasar, P. Vaessen, and P. Bauer,
‘‘Design trade-offs of modular multilevel converter-based arbitrary wave
shape generator for conventional and unconventional high voltage test-
ing,’’ IEEE Open J. Ind. Electron. Soc., vol. 2, pp. 584–605, 2021.

[104] A. J. Korn, M. Winkelnkemper, and P. Steimer, ‘‘Low output frequency
operation of the modular multi-level converter,’’ in Proc. IEEE-ECCE,
Atlanta, GA, USA, Sep. 2010, pp. 3993–3997.

[105] C. Yumping and F. Lijun, ‘‘Studies on GTO-based arbitrary waveform
generator—The principle and its application,’’ in Proc. PowerCon Int.
Conf. Power Syst. Technol., 2000, pp. 333–338.

[106] G. Cragfors and J. Bosson, ‘‘Power amplifier connection,’’ U.S. Patent
4 390 846 A, Jun. 28, 1983.

[107] G. B. Yundt, ‘‘Series parallel connected composite amplifiers,’’ M.S. the-
sis, Dept. Elect. Eng. Comput. Sci., Massachusetts Inst. Technol.,
Cambridge, MA, USA, 1983.

[108] G. B. Yundt, ‘‘Series- or parallel-connected composite amplifiers,’’ IEEE
Trans. Power Electron., vols. PE-1, no. 1, pp. 48–54, Jan. 1986.

[109] R. C. Beltrame, M. L. da Silva Martins, C. Rech, and H. L. Hey, ‘‘Hybrid
power amplifiers—A review,’’ in Proc. 11th Brazilian Power Electron.
Conf., Sep. 2011, pp. 189–195.

[110] J. W. Kolar, F. Krismer, Y. Lobsiger, J. Mühlethaler, T. Nussbaumer, and
J. Miniböck, ‘‘Extreme efficiency power electronics,’’ in Proc. 7th Int.
Integrated Power Electron. Syst. Conf. (CIPS), Nuremberg, Germany,
Mar. 2012, pp. 1–22.

[111] J. H. Jeong, G. H. Kim, B. R. Min, C. H. Ahn, and G. H. Cho, ‘‘A high
efficiency class a amplifier accompanied by class d switching amplifier,’’
in Proc. Rec. 28th Annu. IEEE Power Electron. Spec. Conf. Formerly
Power Conditioning Spec. Conf. Power Process. Electron. Spec. Conf.
(PESC), Jun. 1997, pp. 1210–1216.

[112] H. Sasaki and T. Machida, ‘‘A new method to eliminate AC harmonic
currents by magnetic flux compensation-considerations on basic design,’’
IEEE Trans. Power App. Syst., vols. PAS-90, no. 5, pp. 2009–2019,
Sep. 1971.

[113] H. Ertl, F. C. Zach, and J. W. Kolar, ‘‘Dimensioning and control of
a switch-mode power amplifier employing a capacitive coupled linear-
mode ripple suppression stage,’’ in Proc. Power Electron. Intell. Motion
Conf. (PCIM Eur.), Nuremberg, Germany, Jun. 2005, pp. 1–7.

[114] O. M. Mueller and J. N. Park, ‘‘Quasi-linear IGBT inverter topologies,’’
in Proc. IEEE Appl. Power Electron. Conf. Expo. (ASPEC), Feb. 1994,
pp. 253–259.

[115] G. Gong, H. Ertl, and J. W. Kolar, ‘‘A multi-cell cascaded power ampli-
fier,’’ in Proc. 21st Annu. IEEE Appl. Power Electron. Conf. Expo.
(APEC), Mar. 2006, pp. 1550–1556.

[116] G. Gong, ‘‘Hybrid amplifiers for AC power source applications,’’ Doc-
toral thesis, Dept. Inf. Technol. Elect. Eng., ETH Zurich, Zürich,
Switzerland, 2009.

[117] G. S. da Silva, R. C. Beltrame,M. L. S.Martins, L. Schuch, H. L. Hey, and
C. Rech, ‘‘AC power source based on series-connection between modular
multilevel converter and linear power amplifier,’’ in Proc. IECON 39th
Annu. Conf. IEEE Ind. Electron. Soc., Nov. 2013, pp. 362–367.

[118] R. E. Hammond and L. J. Johnson, ‘‘Hybrid high power amplifier,’’ U.S.
Patent 5 329 245 A, Jun. 12, 1994.

[119] R. Schwendemann, F. Sommer, and M. Hiller, ‘‘A resonant supplied
cascaded H-bridge cell for a series hybrid cascaded H-bridge converter
used as a power hardware in the loop emulator,’’ in Proc. IEEE 21st
Workshop Control Modeling Power Electron. (COMPEL), Nov. 2020,
pp. 1–8.

[120] R. Schwendemann, D. Schulz, L. Stefanski, and M. Hiller, ‘‘A 60 kW
power hardware-in-the-loop test bench for grid emulation based on a
series hybrid cascaded H-bridge converter,’’ in Proc. 23rd Eur. Power
Electron. Appl. Conf. (EPE), Ghent, Belgium, Sep. 2021, pp. 1–10.

[121] J. Steffen, R. Brandl, F. Wang, F. Schnabel, A. Gorodnichev, J. Kirchhof,
M. Klee, A. Seibel, M. Jung, and M. Schmidhuber, ‘‘How a hybrid power
amplifier using power hardware-in-the-loop technologies can perform
studies on highly resonant grid phenomena,’’ in Proc. Power Electron.
Intell. Motion Conf. (PCIM Eur.), Nuremberg, Germany, May 2021,
pp. 1–7.

[122] R. A. R. V. D. Zee and E. A. J. M. V. Tuijl, ‘‘A power-efficient audio
amplifier combining switching and linear techniques,’’ IEEE J. Solid-
State Circuits, vol. 34, no. 7, pp. 985–991, Jul. 1999.

[123] G. R. Walker, ‘‘A Class B switch-mode assisted linear amplifier,’’ IEEE
Trans. Power Electron., vol. 18, no. 6, pp. 1278–1285, Nov. 2003.

VOLUME 10, 2022 54631



J. Böhler et al.: Ultra-High-Bandwidth Power Amplifiers: Technology Overview and Future Prospects

[124] A. E. Ginart, R. M. Bass, W. M. Leach, and T. G. Habetler, ‘‘Analysis of
the class AD audio amplifier including hysteresis effects,’’ IEEE Trans.
Power Electron., vol. 18, no. 2, pp. 679–685, Mar. 2003.

[125] P. Midya and P. T. Krein, ‘‘Feed-forward active filter for output ripple
cancellation,’’ Int. J. Electron., vol. 77, no. 5, pp. 805–818, Nov. 1994.

[126] A. C. Chow and D. J. Perreault, ‘‘Active EMI filters for automotive motor
drives,’’ in Proc. Power Electron. Transp., Oct. 2002, pp. 127–134.

[127] M. L. Heldwein, H. Ertl, J. Biela, and J. W. Kolar, ‘‘Implementation
of a transformer-less common mode active filter for off-line converter
systems,’’ in Proc. 21st Annu. IEEE Appl. Power Electron. Conf. Expo.
(APEC), Mar. 2006, pp. 1230–1236.

[128] H. L. Votzi and H. Ertl, ‘‘Multi-cell switch-mode power amplifier with
closed-loop hybrid output voltage filter,’’ in Proc. Power Electron. Intell.
Motion Conf. (PCIM Eur.), Nuremberg, Germany, May 2015, pp. 1–8.

[129] V. Yousefzadeh, E. Alarcon, and D. Maksimović, ‘‘Efficiency optimiza-
tion in linear-assisted switching power converters for envelope tracking in
RF power amplifiers,’’ in Proc. IEEE Int. Symp. Circuits Syst., May 2005,
pp. 1302–1305.

[130] M. Hartmann and H. Ertl, ‘‘Optimized system design of hybrid power
amplifiers,’’ in Proc. Power Electron. Intell. Motion Conf. (PCIM Eur.),
Nuremberg, Germany, Jul. 2020, pp. 1–7.

[131] S. Kashiwagi, ‘‘A high-efficiency audio power amplifier using a self-
oscillating switching regulator,’’ IEEE Trans. Ind. Appl., vol. IA-21, no. 4,
pp. 906–911, Jul. 1985.

[132] G. Gong, H. Ertl, and J. W. Kolar, ‘‘Novel tracking power supply for
linear power amplifiers,’’ IEEE Trans. Ind. Electron., vol. 55, no. 2,
pp. 684–698, Feb. 2008.

[133] V. Z. Lazarevic, M. Vasic, E. Boere, J. Eltze, and J. A. Cobos, ‘‘Design
considerations for hybrid, energy-efficient, and fast industrial power
amplifiers with supply modulation,’’ IEEE J. Emerg. Sel. Topics Power
Electron., vol. 8, no. 3, pp. 2206–2216, Sep. 2020.

[134] Q. Jin, X. Ruan, X. Ren, andH. Xi, ‘‘High-efficiency switch-linear-hybrid
envelope-tracking power supply with step-wave approach,’’ IEEE Trans.
Ind. Electron., vol. 62, no. 9, pp. 5411–5421, Sep. 2015.

[135] F. Z. Peng, H. Akagi, and A. Nabae, ‘‘A new approach to harmonic com-
pensation in power systems—A combined system of shunt passive and
series active filters,’’ IEEE Trans. Ind. Appl., vol. 26, no. 6, pp. 983–990,
Nov. 1990.

[136] F. A. Himmelstoss and K. H. Edelmoser, ‘‘High dynamic class-D
power amplifier,’’ IEEE Trans. Consum. Electron., vol. 44, no. 4,
pp. 1329–1333, Nov. 1998.

[137] G. Si, J. Cordier, and R. Kennel, ‘‘Development of a power-hardware-
in-the-loop application—Power grid emulator by using ‘voltage source
inverter cumulation,’’’ in Proc. IEEE Appl. Power Electron. Conf. Expo.
(APEC), Mar. 2015, pp. 2181–2188.

[138] G. Si and R. Kennel, ‘‘Switch mode converter based high performance
power-hardware-in-the-loop grid emulator,’’ in Proc. IEEE 2nd Annu.
Southern Power Electron. Conf. (SPEC), Dec. 2016, pp. 1–6.

[139] P. Jonke, M. Makoschitz, S. Biswas, J. Stoeckl, and H. Ertl, ‘‘Design
and verification of a cascaded advanced AC-simulator with virtual output
impedance,’’ in Proc. Power Electron. Intell. Motion Conf. (PCIM Eur.),
Nuremberg, Germany, May 2019, pp. 1–8.

[140] P. Jonke, M. Makoschitz, S. Biswas, J. Stockl, and H. Ertl, ‘‘Analysis
and verification of a cascaded advanced AC-simulator with non-linear
loads,’’ in Proc. IEEE 21st Workshop Control Modeling Power Electron.
(COMPEL), Nov. 2020, pp. 1–7.

[141] P. Jonke, M. Makoschitz, S. Biswas, J. Stockl, and H. Ertl, ‘‘Output
impedance compensation of a cascaded advancedAC-simulator,’’ inProc.
IEEE 29th Int. Symp. Ind. Electron. (ISIE), Jun. 2020, pp. 761–766.

[142] M. D. Manjrekar and T. A. Lipo, ‘‘A hybrid multilevel inverter topology
for drive applications,’’ in Proc. APEC, Anaheim, CA, USA, Feb. 1998,
pp. 523–529.

[143] M. D.Manjrekar, P. K. Steimer, and T. A. Lipo, ‘‘Hybrid multilevel power
conversion system: A competitive solution for high-power applications,’’
IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 834–841, May 2000.

[144] J. E. Huber, J. W. Kolar, and G. Pammer, ‘‘Hybrid inverter concept
for extreme bandwidth high-power AC source,’’ Electron. Lett., vol. 53,
no. 14, pp. 947–949, 2017.

[145] L. Stefanski, D. Bernet, M. Schnarrenberger, C. Rollbuhler, A. Liske,
and M. Hiller, ‘‘Cascaded H-bridge based parallel hybrid converter—
A novel topology for perfectly sinusoidal high power voltage sources,’’
in Proc. IECON 45th Annu. Conf. IEEE Ind. Electron. Soc., Oct. 2019,
pp. 1639–1646.

[146] C. Carstensen and J. Biela, ‘‘10kV/30kA unipolar arbitrary voltage source
for hardware-in-the-loop simulation systems for HVDC circuit breakers,’’
in Proc. 14th Eur. Power Electron. Appl. Conf. (EPE), Birmingham, U.K.,
Aug. 2011, pp. 1–10.

[147] K. Iwaya and T. Noguchi, ‘‘High-frequency switched mode power ampli-
fier with small capacity filter inverters,’’ in Proc. 30th Annu. Conf. IEEE
Ind. Electron. Soc. (IECON), Nov. 2004, pp. 35–40.

[148] M. Rashed, C. Klumpner, and G. Asher, ‘‘Hybrid cascaded multilevel
converter with integrated series active power filter for interfacing energy
storage system to medium voltage grid,’’ in Proc. Int. Power Electron.
Conf. (ECCE ASIA), Jun. 2010, pp. 1236–1243.

[149] P. Guo, Q. Xu, Y. Yue, Z. He, M. Xiao, H. Ouyang, and J. M. Guerrero,
‘‘Hybrid model predictive control for modified modular multilevel
switch-mode power amplifier,’’ IEEE Trans. Power Electron., vol. 36,
no. 5, pp. 5302–5322, May 2021.

[150] H. Fujita and H. Akagi, ‘‘A practical approach to harmonic compensation
in power systems-series connection of passive and active filters,’’ IEEE
Trans. Ind. Appl., vol. 27, no. 6, pp. 1020–1025, Nov. 1991.

[151] A. M. Trzynadlowski, N. Patriciu, F. Blaabjerg, and J. K. Pedersen,
‘‘A hybrid, current-source/voltage-source power inverter circuit,’’ IEEE
Trans. Power Electron., vol. 16, no. 6, pp. 866–871, Nov. 2001.

[152] J. Pforr, ‘‘Switch-mode current amplifier with high output current quality
employing an active output filter,’’ inProc. Power Electron. Intell. Motion
Conf. (PCIM Eur.), Nuremberg, Germany, 1999, pp. 22–24.

[153] H. Ertl, J. W. Kolar, G. Morauf, and F. C. Zach, ‘‘Analysis of active
ripple current compensators employing multi-cell switch-mode amplifier
topologies,’’ in Proc. Power Electron. Intell. Motion Conf. (PCIM Eur.),
Nuremberg, Germany, May 2002.

[154] L. Stefanski, R. Schwendemann, D. Bernet, D. Braeckle, B. Schmitz-
Rode, A. Liske, and M. Hiller, ‘‘A novel high dynamic six phase 120 kW
power hardware in the loop emulation test bench for emulating AC/DC
grids and electrical machines,’’ in Proc. 23rd Eur. Power Electron. Appl.
Conf. (EPE), Ghent, Belgium, Sep. 2021, p. 1.

[155] J. E. Huber and J. W. Kolar, ‘‘Common-mode currents in multi-cell solid-
state transformers,’’ in Proc. Int. Power Electron. Conf. (IPEC-Hiroshima
ECCE ASIA), May 2014, pp. 766–773.

[156] J. Bohler, F. Krismer, and J. W. Kolar, ‘‘Analysis of low frequency grid
current harmonics caused by load power pulsation in a 3-phase PFC
rectifier,’’ in Proc. 2nd Int. Conf. Smart Grid Renew. Energy (SGRE),
Nov. 2019, pp. 1–6.

[157] H. Y. Kanaan,M. Caron, andK. Al-Haddad, ‘‘Design and implementation
of a two-stage grid-connected high efficiency power load emulator,’’
IEEE Trans. Power Electron., vol. 29, no. 8, pp. 3997–4006, Aug. 2014.

[158] D. O. Boillat and J. W. Kolar, ‘‘Integrated isolation and voltage balancing
link of 3-phase 3-level PWM rectifier and inverter systems,’’ in Proc.
Int. Power Electron. Conf. (IPEC-Hiroshima ECCE ASIA), May 2014,
pp. 1073–1080.

[159] B. Engel, M. Victor, G. Bachmann, and A. Falk, ‘‘15 kV/16.7 Hz energy
supply system with medium frequency transformer and 6.5 kV IGBTs
in resonant operation,’’ in Proc. 10th Eur. Power Electron. Appl. Conf.
(EPE), Toulouse, Frankreich, Sep. 2003, pp. 2–4.

[160] J. Bohler, F. Krismer, T. Sen, and J. W. Kolar, ‘‘Optimized modulation of
a four-port isolated DC–DC converter formed by integration of three dual
active bridge converter stages,’’ in Proc. IEEE Int. Telecommun. Energy
Conf. (INTELEC), Oct. 2018, pp. 1–8.

[161] F. Krismer, J. Bohler, J. W. Kolar, and G. Pammer, ‘‘New series-
resonant solid-state DC transformer providing three self-stabilized iso-
lated medium-voltage input ports,’’ in Proc. 10th Int. Conf. Power
Electron. ECCE Asia (ICPE–ECCE Asia), May 2019, pp. 1–9.

[162] P. Cortes, D. O. Boillat, H. Ertl, and J. W. Kolar, ‘‘Comparative evaluation
of multi-loop control schemes for a high-bandwidth AC power source
with a two-stage LC output filter,’’ in Proc. Int. Conf. Renew. Energy Res.
Appl. (ICRERA), Nov. 2012, pp. 1–10.

[163] G. Walker and G. Ledwich, ‘‘Bandwidth considerations for multilevel
converters,’’ IEEE Trans. Power Electron., vol. 14, no. 1, pp. 74–81,
Jan. 1999.

[164] T. de Sa Ferreira, G. M. de Rezende, L. M. F. Morais, V. F. Mendes,
D. Flumian, J. Regnier, and T. A. Meynard, ‘‘Novel multirate modulator
for high-bandwidth multicell converters,’’ IEEE Trans. Power Electron.,
vol. 36, no. 4, pp. 4887–4900, Apr. 2021.

[165] V. Mendes, G. Rezende, T. Ferreira, J. L. da Silva, J. Regnier, and
T. Meynard, ‘‘Design aspects for achieving high bandwidth series and
parallel multicell converters,’’ IEEETrans. Power Electron., vol. 37, no. 6,
pp. 6437–6449, Jun. 2022.

54632 VOLUME 10, 2022



J. Böhler et al.: Ultra-High-Bandwidth Power Amplifiers: Technology Overview and Future Prospects

[166] J. Bocker and O. Buchholz, ‘‘Can oversampling improve the dynamics of
PWMcontrols?’’ inProc. IEEE Int. Conf. Ind. Technol. (ICIT), Feb. 2013,
pp. 1818–1824.

[167] P. S. Niklaus, D. Bortis, and J. W. Kolar, ‘‘High-bandwidth high-CMRR
current measurement for a 4.8 MHz multi-level GaN inverter AC power
source,’’ in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC),
Jun. 2021, pp. 200–207.

[168] D. Costinett, M. Rodriguez, and D. Maksimovic, ‘‘Simple digital pulse
width modulator under 100 ps resolution using general-purpose FPGAs,’’
IEEE Trans. Power Electron., vol. 28, no. 10, pp. 4466–4472, Oct. 2013.

[169] F. Krismer and J. W. Kolar, ‘‘Compensation and emulation of output
impedance in ultra-high bandwidth class-D power amplifiers,’’ in Proc.
IEEE 22nd Workshop Control Modeling Power Electron. (COMPEL),
Nov. 2021, pp. 1–8.

JULIAN BÖHLER (Member, IEEE) received
the M.Sc. degree in electrical engineering and
information technology from the Swiss Federal
Institute of Technology (ETH) Zürich, Zürich,
Switzerland, in 2016, where he is currently pur-
suing the Ph.D. degree with the Power Elec-
tronic Systems Laboratory. He is working on a
high-bandwidth AC power source intended for
P-HIL applications in collaboration with an indus-
try partner. During his studies he focused on high

power electronic systems and solid-state transformers. His research interests
include high-bandwidth converter control and cascaded H-bridge converters.

JONAS HUBER (Senior Member, IEEE) received
the M.Sc. and Ph.D. degrees from the Swiss
Federal Institute of Technology (ETH) Zürich,
Switzerland, in 2012 and 2016, respectively. Since
2012, he has with the Power Electronic Systems
Laboratory, ETH Zürich, where he has been a
Postdoctoral Researcher, since 2016. Since 2017,
he has been gained industry experience as a Power
Electronics Research and Development Engineer
at ABB Switzerland, working on high-power DC-

DC converter systems for traction applications, and as a Business Develop-
ment Manager with a Swiss utility company. Then, he returned to the Power
Electronic Systems Laboratory as a Senior Researcher, in 2020. His research
interests include solid-state transformers, motor drives, and all types of
WBG-semiconductor-based ultra-compact, ultra-efficient or highly dynamic
converter systems.

JOHANN WURZ received the Dipl.Ing. degree
in electrical engineering from the Vienna
University of Technology, Austria, in 1989.
From 1990 to 2000, he was with VA TECH Elin
EGB Elektronik, where he was developing fre-
quency converters for electric drives upto 1.5 MW
power. From 2001 to 2008, he was with Siemens
AG Österreich, where he was working on DSP
software for line echo canceler and control soft-
ware for various power converters. From 2009 to

2013 he was with RUAGSpace, where he was working onDC-DC converters
and stepper motor controllers for satellites. Since 2014, he has been with
EGSTON Power Electronics GmbH, where he serves as a Senior Hard-
ware Developer. His research interests include power hardware-in-the-loop
systems, power electronics control systems, renewable energy, and energy
storage systems.

MARTIN STRANSKY received the Dipl.Ing.
degree in mechatronics-technical cybernetics
from SVŠT (now Slovak Technical University),
Bratislava, Slovakia, in 1984. Since 2013, he has
been with EGSTON Power Electronics GmbH,
where he serves as a Senior Hardware Devel-
oper. Before joining EGSTON Power Electronics
GmbH, he worked for Emerson Slovakia and
Emerson Italy, where he was developing UPS
systems. His research interests include power

hardware-in-the-loop systems, signal electronics, and power electronics.

NISSIM UVAIDOV received the M.Sc. degree
in electrical and electronic engineering from the
Holon Institute of Technologies, Israel, in 2014.
From November 2018 to November 2021, he was
with EGSTON Power Electronics GmbH, where
he served as a Lead Hardware Developer. Since
November 2021, he has been with Eaton Indus-
tries, where he serves as aManager of research and
development power electronic switching, PDC,
and ES EMEA PMCC. His research interests

include power electronics and system design.

SRDJAN SRDIC (Senior Member, IEEE) received
the B.S., M.S., and Ph.D. degrees in electri-
cal engineering from the University of Belgrade,
Serbia, in 2004, 2010, and 2013, respectively.
From 2005 to 2015, he was with the Department
of Power Engineering, School of Electrical Engi-
neering, University of Belgrade, where he served
as a Teaching Assistant and an Assistant Pro-
fessor. From 2015 to 2019, he was with North
Carolina State University, Raleigh, NC, USA, as a

Research Assistant Professor. He is currently with EGSTON Power Elec-
tronics GmbH, where he serves as the Head of research and develop-
ment. His research interests include power hardware-in-the-loop systems and
SiC-based medium-voltage and low-voltage power converters.

JOHANN W. KOLAR (Fellow, IEEE) received
the M.Sc. and Ph.D. degrees (summa cum laude)
from the Vienna University of Technology,
Vienna, Austria. He is currently a Full Professor
and the Head of the Power Electronic Systems
Laboratory, Swiss Federal Institute of Technol-
ogy (ETH) Zürich, Zürich, Switzerland. He has
proposed numerous novel converter concepts,
including the Vienna Rectifier, the Sparse Matrix
Converter, and the Swiss Rectifier. He has spear-

headed the development of x-million rpm motors. He has also pioneered
fully automated multi-objective power electronics design procedures. He has
graduatedmore than 80 Ph.D. students, has publishedmore than 900 journals
and conference papers and four book chapters. He has filed more than
200 patents. His current research interests include ultra-compact/efficient
WBG converter systems, ANN-based design procedures, solid-state trans-
formers, ultra-high speed drives, and bearingless motors. He has presented
more than 30 educational seminars at leading international conferences.
He has served as an IEEE PELS Distinguished Lecturer, from 2012 to 2016.
He received more than 40 IEEE TRANSACTIONS and Conference Prize Paper
Awards, the 2014 IEEE Power Electronics Society R. David Middlebrook
Achievement Award, the 2016 IEEE PEMC Council Award, the 2016 IEEE
William E. Newell Power Electronics Award, the 2021 EPE Outstand-
ing Achievement Award, and two ETH Zurich Golden Owl Awards for
excellence in teaching. He was elected to the U.S. National Academy of
Engineering as an International Member, in 2021.

VOLUME 10, 2022 54633


