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Abstract— Half bridges operating at high switching fre-
quencies allow power electronics to achieve higher energy
densities. However, they also suffer from proportionally
high switching losses. Soft-switching techniques can mit-
igate these losses, but achieving optimal switching dead
times is crucial, as shorter or longer dead times lead to
increased switching losses. This study proposes an online
dead-time controller that utilizes in-situ measurements.
To achieve this, the controller evaluates the steepness
of the switch node voltage, leveraging the fact that the
maximum steepness increases during hard switching. The
proposed algorithm utilizes this dependency independently
of system characteristics, thereby eliminating the need for
preliminary training.

Index Terms—Dead-Time Control, Switching Slope
Derivative, Switching Losses, Peak Detection

I. INTRODUCTION

Modern power electronic applications utilize higher switch-
ing frequencies, thus allowing for higher energy densities.
However, operating at high frequencies can lead to significant
switching losses. These losses can be mitigated through soft
switching, which typically necessitates longer dead times to
avoid hard switching. Conversely, excessively long dead times
can cause substantial reverse-conduction losses [1][2]. There-
fore, the dead time should be optimized to be as close as
possible to the threshold that ensures soft switching.

Recent studies have introduced dead-time controllers that
utilize look-up tables, demonstrating a significant impact on
switching efficiency [3]. However, these controllers are strictly
limited to a specific set of operational points and require
extensive training procedures. More advanced dead-time con-
trollers use analytical transistor models, which perform online
calculations of the switching dead time instead of relying
on look-up tables [4][5]. Despite these advancements, such
controllers lack adaptability to changes of system parameters.

This limitation poses practical challenges, as modifications
in system design necessitate retraining. Furthermore, these
studies rely on DC current and voltage measurements taken
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outside the converters. These measurements are influenced not
only by the transistors but also by passive system components,
which can change over time due to factors like aging and
temperature. As a result, they can significantly impact the
controller performance.

To address these issues, a gate driver based on the switching
slope is being developed in [6]. The design process reveals
that a circuit that consists of 18 transistors is required, which
necessitates a very sensitive calibration. Moreover, a tightly
constrained calibration could lead to critical detection errors
in practical applications.

In [7], a dead-time controller is introduced that also relies
on measuring the switching slope. The key difference is
that it utilizes the simple relationship between hard and soft
switching. This controller can operate without a preliminary
training process and has been tested in real-time on a running
synchronous converter. However, to evaluate the full switching
slope, the approach requires an expensive FPGA and a separate
ADC to implement the metric, making it less attractive for
industrial applications.

This study introduces a dead-time controller that automati-
cally adapts on the switch-node voltage steepness by using a
simple analog measurement. This approach eliminates the need
for static reference values by leveraging the strong correlation
between steepness and dead time during hard switching. This
dependency remains valid across various systems, allowing the
controller to function effectively without extensive calibration
or reliance on specific transistor models. The proposed method
does not have special requirements and works even with a cost-
effective microcontroller with an integrated ADC.

II. METHODOLOGY FOR DEAD-TIME CONTROL

The proposed method is used in a synchronous converter
utilizing a half bridge operating GaN Systems GS66516B at
Vin = 400 V. During a switching event, the output capacitances
Coss of the transistors have to be recharged. In a hard
switching case, this is done by the opposite transistor during its
turn on, resulting in an excessive switching loss. In a DC-to-
DC conversion, a half bridge is connected to an inductor. The

2772



inductor current iy can be assumed constant during a switching
event. For soft switching, Coss is recharged by iq. This asks
for a dead time 7p after a transistor gets turned off before the
opposite transistor will be turned on. A too short rp will result
in partial hard switching, while a too long fp results in reverse
conduction mode and increased losses. This study proposes a
dead-time controller which yields an optimal tp preventing
hard switching, but also large reverse conduction losses.

For this, the strong dependency of the switch-node voltage
steepness dvgy/dt on fp during hard switching is being used.
During the brief duration of hard switching, the current that
these transistors will handle is significantly higher than i,. This
results in a consistently higher dvg, /df during hard switching
compared to soft-switching operation. During soft switching
where ig fully discharges Coss, dvgy/df remains unaffected
by tp even when considering excessively long values of tp.
The dead-time controller utilizes the dependency that if #p
is increased during hard switching, dvgy /df will continuously
decrease until soft switching is achieved. To determine this, the
peak value of dvgy/df during a switching event is captured.

This study uses a a first-order high-pass filter to obtain
dvsw/dt. For a better understanding of the method, the circuit
diagram of an LTSpice simulation is shown in Fig. 1. Note
that the operation of the controller is exemplified for negative
switching transients resulting from the transition from the
high-side transistor (HS) to the low-side transistor (LS).
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Fig. 1. Overview of the simulation setup with a half bridge in a synchronous
converter.

Using this simulation, the impact of #p on the switch-
ing performance is investigated with an outflowing inductor
current of iy = 2A during a negative switching event, i.e.
transferring iq from the HS to the LS. The simulation results
in Fig. 2 show the switch node voltage and the high-pass
filter output voltage vqer for different values of rp. These
simulation results show how the output of the high-pass filter,
Vder, can clearly represent the derivative dvg,, /d¢. Furthermore,
it becomes evident that the dependency of the minimum vger
value, Vgermin, Strongly depends on fp during partial hard
switching, which is the basic requirement for the dead-time
controller algorithm.

Dependencies between Vger,min and fp are shown in Fig. 3
for output currents from iq = 2A to iq = 10 A. This shows a
decreasing behavior of ver min With respect to fp during partial

hard switching, as the portion of vy, where hard switching
occurs diminishes. Once soft switching is reached, Vdermin
remains constant.
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Fig. 2. Simulated switch node voltage vgy, and its derivative vge; with (a)
a too short dead time and (b) a too long dead time for a positive current
iqg=2A.
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The dead-time controller algorithm is shown in Fig. 4. It
adjusts p by monitoring and utilizing changes in vger min. If an
increase in fp results in a lower dvgy, /dt and therefore a lower
value of Vgermin, this indicates a hard-switching operation,
which suggests a further increase of fp. To avoid an excessive
tp, which leads to reverse conduction losses, it should be
decreased to identify the precise tp where vgermin stabilizes.
Similarly, when tp is decreased, a negative change in Vger,min
indicates a hard switching, while a steady or positive change
i Vder.min a soft-switching operation, cf. Fig. 3.

III. TEsT BENCH

To demonstrate the functionality of the dead-time controller,
it is run online in a test bench while its resulting dead
times are recorded as fpy. This test bench consists of a
synchronous converter utilizing GaN Systems GS66516B in
a half bridge configuration operating at a switching frequency
of f; = 500kHz. The converter is powered by a power source
(PS) that is set to a constant input voltage of Vi, = 400V.
Additionally, a computer runs an operating-point controller

2773



that manages an electrical load (EL) using measurements of
Vsw and iq. This allows for the benchmarking of the dead-time
controller with various inductor currents igq. On this computer,
the dead-time controller operates by using only the measure-
ment of the maximum switch-node voltage steepness Ver rects
which is a rectified version of vger and thus corresponds to

Vder,min-

1:q=8A
— iy= 10A
=5 r iq=6A B
_6 | | | | | | |
0 20 40 60 80 100 120 140
tp [ns]

Fig. 3. Dependency of Vger,min On fp with ig from 2A to 10A during a
switching event.
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Fig. 4. Dead-time controller using the dependency of Ver, min ON #p.

An overview of the test bench is provided by Fig. 5.
Additionally, Fig. 6 presents a photograph of the synchronous
converter. A more detailed description of the converter circuit
is shown in Fig. 7. It also includes the measurement function-
ality for gathering vger rect, Which is explained in the following
section.

Centerpiece of the proposed method is the measurement of
the maximum switch node voltage steepness: This involves a
derivative measurement circuit utilizing first-order high-pass
filter, which outputs vger. This high-pass filter consists of a
capacitor Cyp = 1pF, which is loaded by a resistor Rgyp =
50 Q. The capacitor Cyp is implemented directly on the PCB
using two copper planes with an area of 4 mm?, positioned
in the first two PCB layers with a separation of 140 um. To
compensate for the high impedance of the high-pass filter, it is
followed by an operational amplifier, which is configured as a
non-inverting amplifier circuit with a gain of G = 3 to achieve
maximum output swing during hard switching events.

USB

> PS
] Y
D.c
PC [ Do »| Syn. Conv. P EL
Ctrl Meas
A A
Vder,rect
Vsw
Scope | -
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Fig. 5. Overview of the test bench, in which the dead-time controller was
tested. All signals used by the dead-time controller are marked red, other
signals are used for setting the operational points.

Fig. 6. Photograph of the synchronous converter.

In this example where negative switching transients are
considered, hard switching is defined by the negative peak
values of vger, seen in vgermin. To facilitate continuous mea-
surement of Vgermin, a peak detection of vger is implemented
by a rectifier. That rectifier is composed of a diode Dy, and
a capacitor Creer = 1 WF, cf. Fig. 7, and outputs vger rect. Given
that changes of vgerrect are expected within a few switching
cycles while the controller adjusts fp, the capacitor Creg
must be continuously discharged. Here, a discharge resistor
Rrect = 100kQ is connected to the positive supply voltage of
the operational amplifier, Vcc = 12V. A photograph of the
half-bridge along with the associated measurement setup is
shown in Fig. 8.

This configuration ensures proper rectification of all nega-
tive peak values of v4er below 0V, accounting for the forward
voltage drop across the diode. Due to this voltage drop, Ver, rect
will not accurately represent the peak value of vger. However,
this voltage shift does not impact the functionality of the dead-
time controller, as it primarily responds to relative changes of
Vder,rect-

To evaluate the performance of the proposed dead-time
controller on the test bench, it is essential that iy can be set
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to a specific level precisely at the moment of a switching
event. This cannot be guaranteed by directly setting Iy, on
the EL, as iq is also influenced by the output filter ripple
current. Therefore, iy is measured using a current probe
directly before a switching event, denoted as i in Fig. 9.
This allows the operating-point controller to regulate ig sy to
a desired value by successively adjusting the electrical load.
Any measurements of iq and vy are only used for testing the
dead-time controller and are not required for the operation of
the dead-time controller itself.

Measurement
+12V

+12V
PS I

Vder,rect

Cin -

Vout

LS | Ve

vV

Fig. 7. Circuit of the test bench consisting of a synchronous converter and
the derivative measurement circuit. Ver rect 1S the negative rectification vger
and therefore represents Ver min for the dead-time controller.

IV. ONLINE DEAD-TIME CONTROL ON THE TEST BENCH

Before the dead-time controller can be operated, it is es-
sential to verify that the derivative measurement v, yields
the expected results. This specifically means that vger sShows a
distinct negative swing during a hard switching event and that
Vder,rect Shows a significant reaction to that swing. Tests were
conducted for an outflowing current of iy sw = 2 A, using both
a too-short and a too-long dead time. The results are presented
in Fig. 10.

These measurements demonstrate the expected dependence
of Vderrect ON the hard switching of vg,. However, they also
reveal that vgerrect does not completely reach the minimum
of vger due to the forward voltage drop of the rectification
diode Dyeet. Therefore, it is necessary to further investigate
whether the dependency of vgerrect On fp is sufficient for the
algorithm to operate effectively. For this, the dependency of
Vderrect Tequires a constant increase during the hard-switching
range until the optimal level of 7p is reached, where they
remain independent of tp. Consequently, Vger, rect Was measured
with ig s ranging from 2 A to 10 A, each with #p varying from
Ons to 150ns, cf. Fig. 11. The measurements confirm that this
requirement is fulfilled.

After those measurements have shown the sufficient behav-
ior of Vger rect, the dead-time controller was operated online.
To evaluate its performance, it was enabled on the running
converter for 200 switching cycles. For improved visibility of
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Fig. 8. Detailed photograph of the half bridge and the measurement. Note
that Cyp is implemented in PCB instead of using a discrete component.
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Fig. 9. During operation the measurement of iq shows a large current ripple.
Therefore iq will be captured directly before the switching event as basis for
dead-time control.

the dead-time controller behavior, a distribution of the last 100
cycles, after the dead-time controller had settled, is presented
in Fig. 12. The values for tp 1 over the 200 switching cycles
are shown in Fig. 13.

To evaluate the performance of the dead-time controller, it
is necessary to measure the switching losses of the low-side
transistor (LS) separately. An investigation of the efficiency
of the test bench would encompass the entire synchronous
converter, including the output filters and the high-side (HS)
transistor. Since only the switching losses of LS are relevant
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for assessing the dead-time controller, temperature differences
between LS and the heat sink, denoted as ATys, are measured
as a metric for its losses, see Fig. 14. The minimum of each
temperature curve is referenced as fp op.
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Fig. 10. Measurement results showing Vsw, Vger, and the rectified vyer, rect for
an outflowing current of iqsw = 2 A during a switching event. (a) regards a
switching dead time of #p = 50ns (too short), (b) of #p = 200ns (too long).
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Fig. 11. Measured Vvger rect While running the converter in static conditions
with ig sw from 2A to 10A and p from Ons to 250 ns.
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Fig. 12. Distribution of p ¢ during a 200 switch cycle testrun regarding
the last 100 switching cycles, where fp ¢ has settled.
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Fig. 13. Values of tp ¢y during an online run of the dead-time controller for
200 switching cycles.

A comparison of the resulting controller dead times p ¢
to the empirically determined ?p op is presented in Fig. 15
for currents ranging from iqsy = 2A to igsw = 10A in
increments of 2 A. To enhance the visibility of the controller
results, only the values between the first and third quartiles of
the distributions for tp ¢y are displayed.

These values show that the dead-time controller, on average,
matches the 7p op values, but maintains a small variation in
tp, fluctuating around them. It is important to investigate how
significant these fluctuations are. The losses of LS, represented
by ATis, are therefore tested for three examples of static
tp values and compared to the operation of the dead-time
controller in Fig. 16. It can be observed that a short static
tp causes ATigs to rise to a high level due to hard switching
behavior. Conversely, a high tp results in significant reverse
conduction losses, particularly at larger currents. Additionally,
a comparison of the losses between tp op and fp ey is illus-
trated in Fig. 17. An operation with the dead time controller
results in a ATy, which is only 2 °C higher than with 7p op.
These tests demonstrate that the effects of the small varying
deviation of fp ¢ against p op On the losses remain within a
reasonable range.
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Fig. 14. Losses of LS, represented by ATg for igsw from 2A to 10 A and
tp from Ons to 250 ns.
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Fig. 15. Resulting tp ¢y of the dead-time controller compared to #p, opt- The
dead-time controller, on average, matches the ideal dead times, but remains
within a varying deviation.
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Fig. 16. Losses represented by ATy g when operating with three static values
for tp and fp . The dead-time controller shows reasonably low losses
compared to the static dead times.

V. CONCLUSION

This study proposes an active dead-time controller designed
to significantly reduce switching losses by dynamically adjust-
ing the dead times to an optimal level during the operation

20 T T T

B tD,Ctrl

AT, 4 [°C]

[A]

lg.sw

Fig. 17. Losses represented by ATys when operating with the dead-time
controller agains operating with 7p op(.

of power electronic applications. The controller leverages the
relationship between switching transient steepness and hard
switching behavior.

It can be implemented on a cost-effective microcontroller
with an integrated ADC, eliminating the need for high sample
rates. The advantages of this approach include simplicity, cost
efficiency, and adaptability. Unlike other methods that rely on
pre-trained system models, this approach leverages the intrinsic
relationship between switch-node voltage steepness and hard
switching behavior, which is common for many systems.
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