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Abstract—This paper investigates the suitability of three step-
down dc-dc converter topologies as the final conversion stage in
a wide output voltage modular ac-dc power supply. Single-phase,
two-phase and three-level buck converters are evaluated over
a wide range of outputs using analytical models and physical
measurements. The converters’ performance is evaluated at
all operating points using statistical analysis of the converter
component losses produced to assess their suitability for wide
output voltage applications. The dynamic performance of the
converters is also evaluated to determine their stability for on-the-
fly variations in output voltage and load. The analysis finds that
the three-level converter is more efficient across the full output
range, with lower component loss variability compared to the
one-phase and two-phase buck converters. However, it suffers
from poor dynamic performance with high output deviations
and slow response times. The analysis was verified using three
prototype converters designed for 200 W, 15V to 28 V output.

Index Terms—buck, dc-dc, multi level, wide output voltage,
medical, modular, isolated, statistical analysis

I. INTRODUCTION

Advances in medical and industrial technologies have driven
the demand for power supplies with high standards of safety,
reliability, and flexibility [1], [2]. Many industrial and medical
products require flexible power sources, but cannot justify the
time and capital investment required for a custom power solution
due to low production volumes. A commercial off-the-shelf
power supply alleviates a lot of these problems, and a design
that can be used for a variety of applications increases the
potential market while simplifying supply chain requirements
[2]-[4]. This can be achieved using an ac-dc isolated modular
power supply which can be configured with multiple floating
output modules to provide various voltages that can be changed
on-the-fly, or connected in series or parallel to provide higher
voltages and currents.

Increasing the output voltage range of the modules signifi-
cantly enhances the flexibility of these power supplies; instead
of multiple modules designed to output a relatively small range
of voltages, a single module that can provide a wide range of
voltage allows for more complex use-cases. Wide output voltage
operation is critical for certain applications like capacitor/battery
charging, dc motor control and power amplification [5]—[7],
where on-the-fly adjustment of the output is critical. In contrast
to fixed output power supplies, the difficulty that comes with
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designing for wide output ranges is providing the rated power
efficiently at all voltages and load levels, and ensuring the
output remains stable under a variety of output conditions. This
makes it impracticable to implement voltage or load specific
optimisations that are generally considered in literature [8]—
[14].

In the modular power supply considered, there are three
main power conversion stages: a central ac-dc rectification
and PFC boost stage, a high efficiency isolated resonant dc-
dc converter that provides an intermediate bus voltage, and
a final regulated dc-dc converter module that may act in
parallel or series with other modules. Varying the output voltage
could be achieved by modifying the first two stages of power
conversion [5], [15]-[20]. However this is not suitable for
this particular application since the modules should be able to
operate completely independently of each other. Any changes
made in the first two power conversion stages would also
propagate to the other modules as they all use the same
intermediate bus. To maintain independent operation between
the modules, this leaves varying the output voltage range of
the final dc-dc converter.

This paper evaluates three dc-dc converter topologies as
the final conversion stage in a modular ac-dc power supply.
The losses generated by the converter and its components, and
the dynamic performance are modelled over a wide range of
operating conditions to assess their performance. The single-
phase (1P, Fig. 1a) buck, two-phase interleaved (2P, Fig. 1b)
buck and the three-level (TL, Fig. 1c) buck are assessed in this
paper. These and other topologies have not been fully evaluated
for wide output voltage applications as most previous research
has only looked at a single operating point, at significantly
different power range or with a narrow range of outputs [11],
[21]-[25]. The 1P buck was selected as a benchmark due
to its ubiquity, the TL for its reduced FET voltage stresses
and improved switching losses, and the 2P buck for its good
high current capabilities and as an intermediary topology. The
TL and 2P converters have a similar component count, both
have four MOSFETs with one additional passive component
compared to the 1P; and inductor for the 2P and a flying
capacitor for the TL. The components were selected for a 36 V
input, 15V to 28 V output which corresponds to a wide duty-
cycle range of 41.7 % to 77.8 %. The maximum output current
is 8.33 A with a peak power of 200 W under normal operation,
which follows the specifications of a module from the modular
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(a) 1P Buck Converter

(b) 2P Buck Converter

(c) TL Buck Converter

Figure 1: The One Phase (a), Two Phase (b) and Three Level (c) buck converters

power supply considered.

II.

A. Converter Design

CONVERTER & CONTROLLER DESIGN

Traditionally when comparing topologies, the fundamental
switching frequency of the converters is maintained while the
area/volume is minimised. For this comparison, a different
approach is used where each topology was designed to have
the same maximum output voltage ripple in a similar form-
factor to enable a like-for-like comparison if the converters
were designed to be a drop-in replacement for currently on-
the-market technologies.

To maintain the same maximum output voltage ripple while
using the same output inductance and capacitance values,
the switching frequencies of the converters was modified to
exploit the advantages of the topologies; i.e., current ripple
cancellation for the 2P, and doubling of frequency and splitting
the input voltage for the TL. The 1P operates at 240 kHz, while
the 2P and TL operate at 120kHz and 60 kHz respectively.
The switching frequency of the TL was reduced significantly
because the switching cycle of the TL effectively doubles
the inductor current frequency while also halving the voltage
across the inductor. The same inductor is used in the 1P and
TL; while the 2P inductors are smaller since the two phases
share current, but have the same inductance as the 1P and TL.
The flying capacitor in the TL converter must be charged to
half the input voltage of the converter before switching begins,
and this is achieved by pre-charging the capacitor similar to

the implementation by Reusch et al. [26]. The selection of
components is detailed in Table I, with some key parameters
specified. The MOSFETs in the 1P and 2P converters are
the 60V Vpg rated ISCO702NLS, while the TL buck uses
the 25 V rated BSCOO9INE2LS to take advantage of the lower
Vps blocking voltage required, allowing the use of MOSFETSs
with better characteristics compared to their 60 V counterpart;
which is one of the main advantages of the TL converter.
The MOFETs are driven by the ADuM4121 with a high-side
boostrap circuit for the 1P and 2P converters, while the TL
converter uses a cascaded bootstrap setup. In order to allow the
TL buck to be a drop-in replacement of the 1P, it is imperative
that the overall size of the converter be similar to the 1P. Hence
the more efficient the TL buck is, the smaller it can be made,
increasing power density. Comparing the overall circuit sizes,
the 2P and TL have similar footprint areas, while the 1P is
20 % smaller due to fewer components.

B. Converter Controller Design

Stable control of the converters over a wide output voltage
range with a variety of load types necessitates a very robust
control scheme. Peak current mode control (PCMC) schemes
are frequently used [27] as they can limit the inductor current
on a cycle-by-cycle basis allowing for a constant-current output,
which can be beneficial for handling high capacitance loads
or short-circuit conditions compared to voltage mode control
(VMC) schemes.

Table I: Converter Component Selection

Component 1P Synchronous Buck \

2P Synchronous Buck \

TL Synchronous Buck

MOSFETs

Vbs =60V, Rps = 2.8mQ

| Vbs =25V, Rps =0.9mQ

MOSEFET Drivers

Vas = 12V, Rpy =109, Rpq =50

Output Capacitor

1 x 100 uF' (Alu-Elec)

3 x 10 uF (MLCC)

Flying Capacitor N/A

N/A 5 x 10 uF (MLCC)

L=108pH, Nyn =5
dy = 1.3mm, EQ25/LP

Inductor

L=108pH, Nyyn =7
dp = 0.9mm, 2 x EQ20

L=108pH, Nyyn =5
dy = 1.3mm, EQ25/LP

8.06 cmn?

Area Estimate

11.03 cm? 10.65 cm?

Switching Frequency 240 kHz

120kHz 60 kHz (120 kHz effective)




Table II: Converter Controller Characteristics

Controller | Gain Margin | Phase Margin | Bandwidth
1P PCMC 10.0dB 66.4° 22.6kHz
1P VMC 9.95dB 43.8° 15.2kHz
2P PCMC 9.97dB 65.8° 11.7kHz
2P VMC 9.96dB 45.8° 10.7 kHz
TL VMC 9.93dB 41.4° 6.1 kHz

For the TL converter though, the literature shows there is
great difficulty in designing a current mode control scheme
for multi-level converters that can operate at certain duty-
cycles, or transitioning above/below these duty-cycles [28]-[30].
This is primarily due to the inductor current ripple amplitude
approaching zero at certain duty-cycles depending on the
number of levels in use. For the TL converter, this occurs
at 50 % duty-cycle. Due to this operational limitation and the
wide output voltage range requirement of this analysis, only
the VMC scheme is implemented in the TL converter, while
both PCMC and VMC schemes were implemented for the 1P
and 2P converters.

For the TL buck, the modulation scheme described by Da et
al. [31] was used for the PWM generation and flying capacitor
balancing. The flying capacitor balancing was achieved using
an independent low bandwidth PI controller that monitors the
flying capacitor voltage V. and modifies the switching cycle
of the converter to charge or discharge the flying capacitor as
needed. The converter controllers were designed for the highest
bandwidth (to a maximum of 10 % of the fundamental switching
frequency) with a phase margin between 40° to 65° and
maintaining a minimum gain margin of approximately 10dB to
ensure stability over the full range of outputs. The controllers
were implemented digitally with a sampling frequency matching
the fundamental switching frequency of the converters. The
characteristics of the controllers can be seen in Table II. Since
the sampling speed of the controllers is tied to the switching
frequency of the converters, for the 2P and TL the bandwidth
drops significantly due to the digital transformation causing
the phase to drop quickly when approaching half the sampling
frequency, which can be seen in Fig. 2. This can significantly
limit the maximum gain margin the controller can attain when
pushing the bandwidth near the sampling frequency of the
controller. Due to these limitations, the VMC schemes have
lower phase margin and bandwidth compared to their PCMC
counterparts.

ITI. ANALYSIS
A. Power Losses & Efficiency

To analyse the converters in detail over a wide output
range, analytical models and prototype circuits of each of
the converters were built using the components specified in
Table I, and an example of the prototype converter daughtercard
can be seen in Fig. 3. The analytical models calculated the
MOSFET losses using [32], and the core and winding losses
using [33]. The losses generated by the current shunts, MOSFET
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Figure 2: Bode plot of the compensated TL VMC open loop
system response
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Figure 3: Prototype three-level converter daughtercard
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Figure 4: Calculated & measured converter efficiency at 28 V
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(a) 1P Converter Heatmap
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Figure 5: Heatmap of converter losses. Black line marks 200 W. Red line marks CCM boundary
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(c) TL Converter Loss Distribution

Figure 6: Boxplot of converter losses over all operating points

drivers and capacitances are also included. These models
assume Forced PWM operation, where the inductor current is
allowed to go negative, as the prototypes do not have diode
emulation implemented. The design of these models allows
the converters to be analysed over a wide range of operating
conditions compared to simulating individual operation points
in simulation software like LTSpice or PSpice. The measured
and calculated efficiency of the converters at 28 V are compared
in Fig. 4, and shows good agreement between the calculated
and measured efficiency. Due to power supply limitations the
input voltage is set to 33.3'V, which is accounted for in the
calculations and analysis completed. Figure 4 shows that the
TL buck is more efficient than the other two converters at
every output current level at a 28 V output. This can be mostly
credited to the lower switching losses, from the halved MOSFET
Vbs and lower switching frequency. Figure 4 only compares the
efficiency of the converters at one particular output voltage, so

multiple graphs would be required for different output voltages.

This can quickly become unintelligible, or inadvertently exclude

a certain operating point where efficiency significantly changes.

Comparing the converters over a wide range of operating points
using efficiency can also become problematic, as the output
power levels will significantly skew the efficiency even if the
power losses remain constant. Considering that the limiting

factor of many designs is the maximum power that can be
dissipated by the power supply, this can be avoided by analysing
the power loss instead of efficiency over a wide range of outputs.

By computing the losses generated at every operating point,
this can be represented on a “heatmap” where all the operating
points can be evaluated at once, as shown in Fig. 5. This allows
quick determination of the worst operating condition of the
converter, and directs where optimisations are required. From
the heatmaps, it can be seen that the converters produce higher
losses at particular output voltages, which correspond to when
the inductor current ripple is at its maximum (50 % duty-cycle
for the 1P and 2P converters, 25 % & 75 % for the TL converter).
The TL buck has its lowest losses at approximately 16.7V
because it is operating at 50 % duty cycle, where the converter
acts more like a switched capacitor converter. The worst case
power loss for the TL buck is low at 2.13 W, compared to the
3.61 W and 3.20 W for the 1P and 2P respectively. This near
doubling in power dissipated would necessitate a significant
increase in heatsink size, which diminishes the benefits of the
initially smaller 1P converter design.

To more accurately determine where the optimisation effort
should go, a statistical analysis on the contribution of losses
over all the operating ranges was completed. Figure 6 shows
boxplots detailing the distribution of losses from the converters
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Figure 7: Comparison of measured and simulated load step response.

operating at every output voltage and current shown in Fig. 5.
These boxplots show the median losses produced by the compo-
nents, and the variability over the output range of the converter.
This makes it clear to identify which components produce
the most losses, and also to determine if any components are
approaching their operational limits. The median losses of the
TL converter are low at 0.98 W compared to 2.0 W and 2.27 W
for the 1P and 2P converters respectively. The distribution
of losses is significantly different across the topologies. The
variability of the losses is also significantly lower in the TL
converter, where the difference between the highest and lowest
losses are only 1.69 AW compared to 2.72 AW and 1.91 AW
for the 1P and 2P converters respectively. The high side
MOSFET is the dominating loss in the 1P, while in the 2P
converter the inductor losses are the largest contributor with
high variability as well. The TL converter on the other hand
has a very even distribution of losses across the components,
with very little variability.

From these box plots, it is evident that the inductor losses
for the TL converter are much lower allowing for a reduction
in inductor size, potentially reducing the overall footprint.
Combined with the even distribution and smaller deviation of
losses also means the TL converter is much easier to manage
thermally compared to the worst case high side MOSFET loss
with the 1P, which would require significant effort to cool due
to the high concentration of heat.

B. Output Regulation

While the efficiency of a converter usually determines the
maximum output power, the output regulation influences what

kind of loads can be connected to the output. If the output
regulation is unreliable, it cannot be used to power sensitive
loads or used in high reliability applications. To determine
which converter provides the most robust output regulation, the
converters were simulated in Simulink using the controllers
specified in Table II. To establish which converter topology
and control scheme provides the best dynamic performance
over a wide range of outputs, the converters were evaluated by
measuring the load transient and voltage step characteristics.
To verify the performance of the controllers, the load step
response of the VMC converters were measured and compared
against the simulated response. A comparison of measured
and simulated responses can be seen in Fig. 7. The voltage
at the connection between the MOSFETSs and the inductor is
shown in yellow (Ch.1, 5.0 V/div), the ac component of the
output voltage is shown in blue (Ch.2, 500 mV/div), the output
current in green (Ch.4, 1.0 A/div), and the ac component of the
flying capacitor voltage is shown in purple (Ch.3, 250 mV/div)
for the TL converter. The oscilloscope time base is 40 ps/div

Table III: Converter load transient performance,
Tout 25% to 75 % at 24V Vi,

Controller | Overshoot | Undershoot | Ts +0.5 %
1P PCMC 0.10% -1.29% 106 us
1P VMC 0.85 % -1.35% 62.5 us
2P PCMC 0.07 % 241 % 167 s
2P VMC 1.63 % -2.07% 178 ps
TL VMC 3.22% -3.70 % 633 us




Table IV: Converter voltage step performance,
Vout 15V to 28V at 7.14 A I,

Controller | Overshoot | T, 10 %—90 % | Ts 90 % —+0.5 %

IP PCMC | 0.14% 356 us 421 ps
IP VMC | 27.17% 31.4ps 510 us
2P PCMC | 0.10% 194 ps 274 us
2P VMC 17.0 % 23.4 ps 645 us
TL VMC 1.0% 227 us 828 us

for the 1P and 2P, but 80pus/div for the TL converter. The
measured results show similar performance to the simulated
response, although the overshoot and undershoot amplitudes

are typically 20 % to 45 % higher than the simulated response.

This can be attributed to unaccounted delays in the converter
microcontrollers, and other mismatches between the physical
components and the idealised simulated components.

For the load transient analysis, the converters were stepped
from 25 % to 75 % of their maximum designed output current
(8.33 A). The voltage deviation from nominal (24 V) and time to
settle (0.5 % of nominal) was measured when the output load
was stepped. From Table III it can be seen that while PCMC
usually has a longer settling time compared to an equivalent
VMC scheme, it has practically no overshoot and a smaller
peak to peak deviation. This is often more desirable than a
fast response in high reliability applications where consistency
and predictability is critical. In this particular comparison, the
settling time of the 2P VMC converter is slightly longer than the
2P PCMC because the oscillations are not as well damped, and
so slightly goes over the 0.5 % threshold technically extending
the settling time.

Of the three topologies, the 1P buck converters have the
best transient performance followed by the 2P converters
with roughly double the voltage deviation. The TL converter
increases the voltage deviation again to 6.92 %, with a long
settling time of 633 s due to large oscillations from the lower
phase margin. The slow dynamic performance of the TL can be
attributed to the low bandwidth of the controller, as well as the
output filter resonance occurring near the desired bandwidth
which was not ideal for converter compensation. If the output
filter was modified and the switching frequency increased for
similar output voltage ripple, the dynamic performance could
be improved.

For the voltage step analysis, the converters were commanded
to step from their minimum to maximum output voltage. The
Vour 10% to 90 % rise time was measured, as well as the
overshoot and settling time from V,,; 90% to +0.5% of
the final voltage. Table IV shows similar results to the load
transient testing, where the 1P converter has the fastest settling
time with no overshoot when using the PCMC scheme. The
VMC converters have an undershoot of —31.0 %, —48.0 % and
—9.24 % for the 1P, 2P and TL converters respectively, while
the other PCMC schemes have an undershoot of approximately
—2.1 %. The rise time of the PCMC converters is slower than
theoretically possible (particularly the 1P converter) due to the

anti-windup implementation, which limits the maximum current
through the inductors. Since the current was shared across
two inductors for the 2P converter, the anti-windup measures
didn’t affect the rise time as significantly as the 1P converter.
Generally, the VMC schemes have very fast rise times at the
cost of overshoot and high peak currents, while the PCMC is
slower but has a monotonic rise to the final voltage. The TL
converter has the worst performance again, with a very slow
rise time and long settling time. While the TL converter has
relatively low overshoot, its rise was not monotonic with some
oscillations while rising due to the controller operating near the
resonance of the output filter. The slow performance of the TL
converter could be improved with a peak/valley current mode
control scheme, but currently many of these implementations
only allow operation within narrow duty-cycle ranges.

IV. CONCLUSION

This paper presents an evaluation of three dc-dc converter
topologies for wide output voltage applications.

Analysis of the losses shows that over a wide range of
conditions in a like-for-like configuration, with similar peak
efficiency of the converters at 99 %, 98.5 % and 98.9 % for
the TL, 1P and 2P converters respectively. From the statistical
analysis of the losses at every operating point, the median losses
produced were significantly lower in the TL converter at 0.98 W
compared to 2W and 2.27W for the 1P and 2P converters
respectively. The variability of the losses is also significantly
lower in the TL converter, where the difference between
the highest and lowest losses were only 1.69 AW compared
to 2.72 AW and 1.91 AW for the 1P and 2P converters
respectively.

When comparing the dynamic performance of the converters,
the opposite trend appears where the 1P converter and 2P
converters outperform the TL converter. The 2P converter has
faster rise times compared to the 1P converter when changing
output voltage. The TL converter suffers from much worse
dynamic performance due to the difficulty in implementing
current mode control over the full duty-cycle range, limiting
it to only voltage mode control with additional circuitry to
monitor the flying capacitor voltage. Overall, if efficiency is
critical the three-level converter is the best option thanks to its
lower switching frequency while still maintaining similar output
voltage ripple. If dynamic performance is more important,
it would be worthwhile decreasing the system efficiency by
using the 1P or 2P for a much higher bandwidth system.
Increasing the switching frequency of the TL converter could
improve the dynamic performance, but might eliminate the
efficiency benefits of the topology. A similar comparison of the
converters with the same fundamental switching frequency but
with optimised components will be investigated in the future.
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