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A Simple Switching-Event Dependent High-Frequency Sampling Method for
Power Conversion System

Liyang Du
Zahra Saadatizadeh

Abstract—Precise current and voltage sensing are challenging
for digital control in high-frequency power conversion systems.
Given that the power electronics circuitry is triggered repetitively
by power device switching events, a switching-time-dependent sam-
pling method is proposed to realize an equivalent high-frequency
signal sampling with a low-speed analog digital converter (ADC)
and digital controller. Two sampling modes are developed in the
proposed methods in terms of sampling rates lower and higher
than the digital controller clock frequency, respectively. A fast and
simple signal reconstruction method is designed to ensure the feasi-
bility of a low-cost processor. A series-resonant dual-active-bridge
is taken as an example for the theoretical analysis and experimental
verification. The resonant current and Miller plateau voltage in the
topology are sampled to verify the potential of the proposed method
for online parameter recognition of dc—dc converters and device
behavior monitoring of power devices.

Index Terms—Digital control, dual-active-bridge (DAB)
converter, high-frequency sampling, power device monitoring.

I. INTRODUCTION

IGITAL control is critical for power electronic systems.

To adaptively and intelligently realize those functions
in power electronics systems, it is usually necessary to have
various state feedback, such as current, voltage, or tempera-
ture [1]. An emerging challenge is to online digitize the high-
frequency component of the current or voltage to collect more
information, especially considering the increasing switching
frequency in wide-bandgap-device based converter applications.
Conventional signal digitization in power electronics is based
on the classic Nyquist-Shannon sampling theorem [2], i.e., the
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Fig. 1. CLLC converter of TI's reference design. (a) Current waveform. (b)

Converter prototype.

sampling frequency should be at least higher than two times the
highest signal frequency. In field power electronics applications,
to extract desired timing or frequency information fast and
simply, the sampling frequency is usually five or ten times
higher. Under this constraint, the sampling and digitization of
high-frequency signals become costly due to the expense of
high-speed analog digital converters (ADCs) and controllers.
Furthermore, as a typical design, an FPGA interface paired with
high-speed ADC also increases the complexity of the control
circuitry. These limitations significantly impede the application
of advanced online modeling and monitoring techniques on both
the device and converter levels.

On the device level, these techniques include device reliability
monitoring [3], intelligent active gate drivers [4], and power loss
estimations [5]. On the converter level, dc—dc converters are
involved in this topic. For example, Fig. 1 shows the CLLLC
converter of the Texas Instruments reference design [6]. Once
the current can be accurately acquired, the ZCS/ZVS condi-
tion, power loss, actual inductance value, and other modeling
information can be calculated and derived from the zero-cross
point, dead-time current, and the response curve. However, to
realize such functions, the requirement for high-speed ADC
cannot be fulfilled in a single DSP control system, rendering the
potential functions less feasible in field applications, regarding
the constraint of the Nyquist-Shannon sampling theorem.

One reality behind the classic understanding of the Nyquist-
Shannon sampling theorem is that the measured signal can be
reconstructed with a lower sampling rate via a derivative from
prior knowledge, which has recently received more and more
attention. In [7], the converter model is leveraged to gener-
ate more sampling points from the original limited sampling
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points. In [8], the compressed sensing method is applied to
gate-to-source voltage sampling. An interesting oscilloscope
technique is implemented to realize a higher accuracy for pe-
riodic signals [9], where sampling points collected from several
contiguous cycles in a periodic signal are combined to get high
time-resolution results. As for power electronics applications, a
repetitive feature can also be leveraged with much more flexibil-
ity. The switching event of power devices stimulates the power
circuitry response, which is the basis of the discrete switching
state analysis. Hence, in terms of power electronics circuitry, if
the initial conditions and switching states in two time sections
are the same, the circuitry responses should be no different,
even though the two time sections are discontinuous and in-
dependent. One supporting example is that the gate-to-source
voltage waveform is less different in several continuous cycles
despite constantly changing the PWM duty cycle. However,
considering the online sampling scenario for power electronics
applications, the realization of limited computing resources and
short execution time is the critical issue. Based on this feature,
this letter presents a switching-event-dependent high-frequency
current/voltage sampling and reconstruction method for a power
conversion system. It should be noted that the proposed method
is appropriate for signals with high-frequency components but
with minimal variation cycle by cycle, where the high-frequency
current or voltage in a dc—dc converter and the power device
behavior at a switching instant are used as examples to study in
this letter.

The rest of this letter is organized as follows. In Section II,
the measurement circuitry for the proposed method is intro-
duced. Then, the two sampling modes, i.e., basic mode and
high-resolution (HR) mode, are presented and illustrated using
examples. A step-by-step design process is given to apply this
method from circuitry design to software implementation. A
feasible and fast reconstruction approach with limited comput-
ing resources is proposed. The potential interference and noise
issues are analyzed. Finally, experimental case studies are pre-
sented in Section I, i.e., the resonant current and driving voltage
miller plateau in a series-resonant dual-active-bridge (SR-DAB)
converter are online captured to validate the effectiveness of the
proposed sampling method. Finally, the conclusion is summa-
rized in Section I'V.

II. PROPOSED METHOD

To illustrate the proposed sampling method, an SR-DAB
converter is taken as an example where the resonant ac and
gate-to-source voltage are sampled and digitized.

A. Sensing Circuitry Operation

The circuitry diagram for the proposed sampling method is
shown in Fig. 2. First, the digital controller sends switching
PWDMs, i.e., PWM,,, to drive the SR-DAB converters. Two
sampling modes (i.e., basic mode and HR mode) are designed to
sample the resonant current /,, and gate-to-source voltage Vs,
respectively. The resonant current /4, is sampled by an internal
ADC of the digital controller. The PWM signal PWMy,¢ s
is delayed from the switching PWM signal PWMg,, in basic
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Fig. 2. Diagram of sampling circuitry of the proposed method.
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Fig.3. Illustration of sampling process in basic mode and HR mode. (a) Basic
mode for /. (b) HR mode for V.

mode. The delay time consists of a fixed delay time ), ;s and
a varied delay time 7,44_ps. And then, the PWM,,, 1 is sent to
trigger the sampling action of the internal ADC. In HR mode, the
PWDMy,, is delayed with a fixed delay time 7, 3, to generate the
signal PWM,g nro. The PWMy,e 1o goes through a retarder,
slowing down the slew rate to form Vo, and is then compared
with a threshold voltage Vy, from a PWM-based digital-analog
converter (PWM-DAC). The V,;, is determined by the duty cycle
of a PWM signal PWM,,,,;,. Hence the comparator output signal
PWM, bs is delayed from PWMy,g 1, with a varied delay time
Tadd_bs-

B. Sampling Process

1) Basic Mode: Fig. 3 illustrates the sampling process of the
proposed method, where the resonant current 7, is sampled in
basic mode, and the gate-to-source voltage signal V is sampled
in HR mode. The number of sampling points in one cycle is
denoted as W. The number of cycles taken as one group is H.
To simplify understanding, assume that a completed sampling
and reconstruction operation contains four contiguous sampling
periods, i.e., H = 4. First, the instant when PWMg,, flips from
low to high is set to + = 0 as a zero-time reference. In the
basic mode, at cycle 1, PWMy,, ps flips at #; = 1,5 35, Where
Ips bs 1S used to locate the start point of the sampling window.
When PWMy,, s flips, the ADC begins a continuous sampling
with the sampling time interval of internal ADC, denoted as
Tsp_ade_bs- Due to the limited sampling speed of the internal
ADC, assume only three sampling points can locate within the
sampling window (W = 3), which is not enough to reconstruct
the profile of the resonant current /,, accurately. At cycle 2, the
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Fig. 4. Diagram of delay time generation procedure in HR mode.

PWM,,, flipping instant is still set to # = 0 as a time reference.
A delay time f,44_ps 1S added to the original delay time 1,,;_ps.
The value of 7,44 _ps Varies cycle by cycle. At cycle 2, t444 b5 =
Tspfadcfbs/"’s and PWMtrgfbs ﬂlps atfo = tpsfbs + Tspfadcfbs/4a
hence there is an incremental delay time Tgp, a4c bs/4. Then,
the ADC executes the same sampling process, but three sample
points are located at different positions in terms of a changed
flipping time of PWMy,¢ 1. At cycle 3, PWMy,, 1 flips at 3
= Ips bs + 2-Tsp ade bs/4, and another three sampling points
are obtained. At cycle 4, a similar process is conducted with
a delay time t3 = )5 ps + 3-Tsp_adc_bs/4. Given the circuitry
feature, the resonant current in the sampling window has the
same curve in several contiguous cycles. Therefore, the 12
sampling points from 4 cycles can be equivalently taken as
sampling points obtained from one cycle with a sampling time
interval Ts,_aqc_bs/4. They canreconstruct /g, by rearranging the
sequence of the sampling points. It should be noted that in this
case of basic mode, the flipping instant of PWM;,, 1,4 has an
added delay time of Tsp_aqc_nbs/4 cycle by cycle, the minimum
of which determines the equivalent sampling rate capability and
is constrained by the clock frequency of the digital processor
applied.

2) HR Mode: For applications that need higher sampling
rates, the basic mode cannot support a very small time delay
due to the limitation of digital clock frequency. Thus, an HR
mode is designed to realize an ultra-high equivalent sampling
rate. Fig. 3(b) illustrates the usage of HR mode where the Miller
plateau of V4 is measured. Since the signal duration of the
Miller plateau is quite short, only one sampling point can be
located in the sampling window at each cycle. A very short delay
time should be added cycle by cycle to realize an interleaved
sampling. Fig. 4(a) illustrates the short delay time generation
process in HR mode. First, the rising edge of PWM;,, 1., goes
through the retarder in Fig. 2. The retarder can generate an RC
step response Viope, Which can be expressed as follows:
() =VDD- 1= 20

T = R101

where VDD is the power supply voltage value of the digital
circuitry, and 7 is the RC time constant. R and C; are the resistor
and capacitor of the retarder circuit, respectively. £, is the instant
when PWMy,¢ 1; flips. Vi (k) is the voltage value of Vy, at the
cycle k generated from PWM DAC, which determines the delay
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time between PWM,¢ 1o and PWMy,g 1,1 as

t, =1n (1 — Wh(k)) R.1Cq + 1. 2)

VDD

The threshold voltages should be within 10% of
VDD(Vsiope(7/10)) to 63% of VDD(Vgiope(T)) to avoid
false triggering. Assume the required equivalent sample time
is Tsp_oq realized by signal reconstruction from a 10-cycle
sampling. Because of the nonlinearity of Vyjope, @ nonuniform
Vin(k) is given as

V}h(k') = VDD - [1 — e_%(tPS""(k_l)Tspﬁq_tU)} ,

where k= 1,2,...,10. 3)

Fig. 4(b) illustrates the specific operation process in HR mode.
Atcycle 1, PWM,,,,, generates PWM with a designed duty cycle
duty 1, filtered to V(1) by the low-pass filter formed by R; and
C;. After sampling action is triggered, the PWM duty cycle
should update immediately to ensure the next threshold voltage
Vin(2) is stable before the next rising edge of PWM,s 1o
arrives. To pursue a lower voltage ripple and shorter stable
time on Vy,(k), a higher-order filter circuit like an LC filter or a
HR DAC can replace the PWM DAC to provide the adjustable
voltage Vp,(k).

C. Design Process

In this section, the design process of the proposed sampling
method is described. First, the applicability of the desired
sampling signal should be evaluated by checking whether the
following conditions can be fulfilled.

1) The desired signal section should have a known time
relationship with the switching time instant, but the time
relationship has not to be a constant. For example, the
gate-to-source voltage has a specific relationship with
switching time, although the duty cycle and switching
frequency may change. Generally, this condition is easily
fulfilled in a power electronics circuit where the response
is triggered by switching events.

2) The desired signal section should vary less in several
contiguous cycles. Due to the high switching frequency
from ten to hundreds of kilohertz in power converters, a
steady process in a time scale of milliseconds can fulfill
the requirement.

3) The real-time requirement for this signal acquisition can
be compromised. The control, optimization, or monitoring
is not necessarily updated cycle by cycle. For example,
Vs captured for power device lifetime online monitor is a
suitable case to implement because taking tens of cycles
to get one completed sampling result can be acceptable.
Nevertheless, fault diagnosis applications may not be rea-
sonable regarding the fast response time requirement.

Next, the target sample window with a duration Tgjgpal, the
delay time to the switching instant 7, for locating the sam-
pling window, and the target sample interval T, o, should be
identified according to a specific application. The Ty, ¢ is also
the delay time added to the PWMy,¢ 1,0 cycle to cycle and
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determines the adoption of basic mode or HR mode as

1
— = HR Mode,
MPUCLK

Tspfeq <

Tsp_eq > = Basic Mode 4)

JmpucLk
where fypucLk 1S the micro processor unit (MPU) clock fre-
quency.

In basic mode, there is a tradeoff between the number of cycles
used for reconstruction and the sampling speed of the ADC, as
described in the following equation:

Tsi gnal
W

where W is the number of sampling points in one cycle, and H
is the number of cycles for one reconstruction. An extra expense
on an ADC with a higher sampling speed (Ilower T}, _adc_bs) can
bring a better real-time performance resulting from fewer cycles
for reconstruction and vice versa.

In HR mode, since there is only one sampling point per cycle,
the sampling window Tgigna1 equals W-Tg}, 1, ¢, there is no
special requirement for ADC sampling speed, but the main
challenge in this mode is to add a delay time to PWM;¢ nhro
precisely cycle by cycle. To differentiate the threshold voltage
Vun(k) among cycles, only part of the Vope can be leveraged,
and a practical time range in the slope can be set from 7/10 to
7. Therefore, the RC constant value selection should meet the
following equation:

o Tsp_adc_bs
sp_eq — Ta

T ®)

T sp_adc_bs —

% > (W —1)Tp oq- (6)

Finally, the signal sampling process is executed, and signal

reconstruction is conducted subsequently. Fig. 5 shows the gen-

eral signal sampling and reconstruction process of the proposed

sampling method, where HR mode can be regarded as a partic-

ular case of W = 1. The sampling points can be described as
follows:

{A(k7.7> = S[tps + (k - 1)TSP)q + (.7 - 1) 'TSPL (7)
k=1...H, j=1...W
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where S(t) is the function of the signal section. A(k,j) is the j,
sample point at the ky, cycle. Considering the digital storage
structure and software realization, a simple and fast reconstruc-
tion approach is devised as shown in Fig. 6. First, a HxW
size of memory is assigned for sampling result storage. In the
sampling process, the sampling results are written to memory
units horizontally with the original sampling sequence. For
the reconstructing process, sampling points are read vertically
from memory. Therefore, the reading sequence naturally follows
the equivalent sampling sequence of the reconstructed signal
with a sampling interval T, 4. The memory can be refreshed
every H-switching cycles to update the desired signal section
continuously. Therefore, the reconstruction process does not add
any extra calculation burden to the microprocessor. Furthermore,
the reconstruction process matches well with the functionality
of direct memory access in a microprocessor [10].

D. Noise and Interference Issue Discussion

Note that the main advantage of the proposed method is to
realize a high-frequency waveform online sampling and digital-
ization with engineering applicable low-speed ADC. However,
it has to acknowledge that there should be more considerations
of measurement errors for the proposed sampling method. The
white noise and interference are discussed in this part to clarify
their influence on reconstruction.

For additive white noise in the time domain, the proposed
method has the same performance as the conventional sampling
method because the white noise is random, and hence there is
no impact on noise level when sampling points from different
cycles are reconstructed.

For the interference issue, taking DAB as an example, it is
possible that an input or output dc voltage ripple coupled into a
resonant current breaks the consistency among cycles as shown
in Fig. 7. The resonant current has a periodic oscillation and may
invalidate the proposed method.

Nevertheless, the impact of interference can be alleviated or
neutralized. In the case of DAB resonant current, a well-designed
dc voltage capacitor array can decouple each power stage on
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TABLE I

LTC6752
Comparator IC

(b)

Experimental prototype to test proposed sampling method. (a) SR-DAB

EXPERIMENTAL PROTOTYPE CONFIGURATION

Circuitry Component(s) Part number/ Parameters
Resonant capacitance C,;, C,» 1 uF
SR-DAB Resonant inductance L,;, L, 37pH
circuitry Resonant frequency f;, 26 kHz
Switching frequency fi. 26 kHz
. TMS320F28379 DSP
Sampling ADC internal 12bit ADC
Sampling rate of ADC 600 kSPS
Resonant - -
Equivalent sampling rate 6 MSPS
current - .
. Number of sampling points in
sampling 16
one cycle
Number of cycles for 10
reconstruction
Sampling ADC LTC2236CUH 10bit ADC
v Retarder circuitry R, C, R,=500Q, C; =100 pF
& PWM DAC circuitry R, C, R,=100Q, C;=0.1pF
sampling - - :
Real sampling rate One sampling point per cycle
Equivalent sampling rate 200 MSPS

a higher frequency band. Another method shown in Fig. 6 is
adding one extra sampling point at the same cycle position to
reflect the interference and calibrate sampling results via a digital
approach.

III. EXPERIMENTAL VERIFICATION

Both the basic mode and HR mode of the proposed sampling
method have been experimentally verified in a 120 V SR-DAB
prototype as shown in Fig. 8(a). And the circuitry of the small
delay time generator for HR mode is shown in Fig. 8(b). The
critical circuitry and control parameters are summarized in
Table I. To compare with conventional sampling and digitization
solutions, the oscilloscope sampled data and adopted ADC
sampled data in a single cycle are provided to represent the
continuous sampling performance of ultra-high-speed ADC and
general-purpose ADC, respectively.

First, the basic mode of the proposed sampling method is
adopted to online sample the resonant current continuously and
reconstruct one cycle current from sampling points in 10 cycles,
as shown in Fig. 9. There are 16 sampling points in each cycle.
Since some sampling points are outside the sampling window
as a margin, there are 120 sampling points within the window.
A TMS320F28379 DSP samples the resonant current with a
sampling frequency of 600 kSPS. An equivalent sampling rate of
6 MSPS is realized by ten-cycle reconstruction. To compare the
sampling performance straightforwardly, the resonant current is
also recorded by an oscilloscope with a sampling frequency of

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

Fig. 9.  Waveform and FFT of resonant current. (a) Oscilloscope sampling
result. (b) Comparison of sampling results in time domain. (c) Comparison of
sampling results in frequency domain.
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1 GSPS, and the FFT analysis is conducted on the oscilloscope
results, reconstructed sampling results, and single-cycle sam-
pling points. Note that a periodic continuation for the sampling
result is applied to Fourier-series analysis. The resonant current
within the sampling window is reconstructed from continuous
sampling points in ten cycles. It can be seen that the sampling
points in a single cycle are limited to reflect higher frequency
components, especially the current distortion caused by the
dead-time effect. While the current waveform reconstructed
from ten cycle sampling points can well match oscilloscope data
in time and frequency domains. The HR mode is also verified by
reconstructing the Miller plateau from 25-cycle sampling points.
Fig. 10(a) shows an overlapped waveform of 25 triggering signal
waveforms from the circuitry in Fig. 11 of HR delay. It can be
seen that the PWMy,¢ rising edge has a 5 ns step incremental
phase-shifting cycle to cycle with a threshold voltage Vi, (k)
increased slower and slower to keep the triggering interval
constant at 5 ns to realize an equivalent sampling rate up to 200
MSPS. Fig. 10(c) shows the Miller plateau from oscilloscope and
HR mode samplings. It can be seen that reconstructed signals
match well with oscilloscope sampling results.

IV. CONCLUSION

In this letter, a switching-event-dependent sampling method
is proposed to reach a higher sampling frequency with lower-
speed ADCs. For general applications, a digital controller in
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basic mode can generate the trigging signal with incremental
delay time. For applications demanding a sampling frequency
higher than the digital controller clock, an HR mode is designed
to generate a tiny delay time with a sampling circuitry. The
design procedure is described in detail, and a fast reconstruction
approach is covered to ensure feasibility. The potential noise
issues are analyzed, and the corresponding depression solution is
given. Finally, two experimental application examples on basic
mode and HR mode are designed to present the potential of
the proposed method on dc—dc converter online modeling and
switching behavior monitoring. Future work could be expanded
around these regions.
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