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Yaoqiang Wang, Senior Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Aluminum Electrolytic Capacitor (Al-Cap) is widely
used in dc/dc converters to suppress voltage ripple and store
energy to stabilize the output voltage. However, Al-Cap is one of
the most vulnerable parts in power electronic converters, and its
capacitance (C) is an important parameter for indicating the
health status. For the purposes of condition monitoring,
small-signal voltage and current ripples are usually used to
estimate the capacitance of Al-Caps. Unfortunately, the ripples of
dc/dc converters have the features of small amplitude and high
frequency, which increases the complexity for data acquisition
and processing. Moreover, the amplitude of ripple changes as the
operation condition of converters changes (e.g., the load changes),
and it will increase the complexity of sampling circuits.
Considering this issue, this paper proposes a transient charging
profile-based capacitance estimation scheme for dc/dc boost
converters, which aims to reduce the sampling frequency. Taking
a 24-48-V boost converter as a case study, simulation and
experimental results demonstrate the feasibility of the proposed
scheme for converters with different operating conditions and
circuit parameters, and the estimation error is less than 3%.

Index Terms—Aluminum electrolytic capacitor (Al-Cap),
condition monitoring (CM), capacitance, transient charging
profile.

I. INTRODUCTION

C/DC boost converters are widely used in step-up

conversion applications, such as dimmable LED arrays,
navy and spacecraft power supplies [2], etc. In such
applications, the converter always operates in uncertain
conditions with dynamic loading and variable input. Taking a
boost converter for space applications as an example, Fig. 1
shows its typical loading profile [3], [4]. Usually,
large-capacity low-cost aluminum electrolytic capacitors
(Al-Caps) are employed to absorb the current ripple and store
energy to stabilize the output voltage during input or load
transients [5]. However, Al-Cap is one of the weakest
components in converter systems. For reliability reasons, it is
essential to monitor the health status of Al-Caps and schedule
maintenance before a serious breakdown occurs [6], [7].
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Note: The converter shall have the capability to provide a repetitive
instantaneous peak power of 1100 W during 10 min/orbit.

Fig. 1. An example of frequent load perturbation in dc/dc boost converters for
space applications, where 10 min is a typical value [3], [4].

Usually, capacitance (C) and equivalent series resistance
(ESR) are chosen as the health indicators of Al-Caps. Once C
has reduced to 80% and/or ESR increased to 2.8 times the
initial values, the Al-Cap is considered to be failed [8]. Based
on this, some efforts have been made to realize the condition
monitoring (CM) for Al-Caps in dc/dc converters. One
commonly used approach is to estimate C and/or ESR based on
the relationship between steady-state ripples and capacitor
parameters. In [9]—[13], capacitor current ripples were directly
sampled to estimate ESR and/or C, here, oscilloscopes’ current
probes [9], [10] and specially designed current sensors
[11]-[13] were employed to obtain the high-frequency current
ripples. To avoid using a capacitor current sensor, Amaral et al.
used the input current and output voltage ripples to estimate the
ESR of a buck converter based on the operation model [14].
Similarly, C and/or ESR could be derived from the output
voltage and inductor current of buck converters [15]—[17] and
boost converters [ 18]—[20].

The estimation models of the above-mentioned steady-state
ripple-based methods are simple. However, the steady-state
ripples of a dc/de converter have the characteristics of high
frequency and small amplitude. In order to accurately sample
the ripples, specially designed high-bandwidth current sensors
[11]-[13], ripple extraction circuits [20], and high-speed
sampling devices [9]-[20] were required (e.g., the sampling
frequency was more than 300 times of the switching frequency
of converters in [20]), which increases the complexity of data
acquisition. Besides, powerful data processing tools, such as
personal computers (PCs), were required to process a large
amount of ripple data. Although Yao et al. [21]-[23] sampled
the output voltage at several particular instants of one switching
cycle to reduce the sampling frequency, additional ripple
extraction circuits and pulse capture circuits were needed. To
avoid using a pulse capture circuit, Ahmad et al. [24] applied a
similar scheme in a digital-controlled boost converter, however,
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additional ripple extraction circuits were still required.
Moreover, considering the variation of the ripples amplitude
depending on the converter loading condition would further
increase the complexity of the sampling circuits.

Another approach is based on the circuit model or transfer
function model of converters. In [25], an adaptive model
observe-based method was proposed to estimate the circuit
parameters of a PV buck converter. Similarly, hybrid model
and modified hybrid model-based methods were presented in
[26]—-[28] to monitor the parameters degradation of dc/dc
converters. The above-mentioned methods could realize the
CM of all the passive components in converters. However,
high-rate sampling devices and powerful data processing tools
were also required to obtain the circuit model. In [29]-[31], a
pseudo-random binary sequence was injected into the duty
cycle to realize the full-parameters monitoring of converters
based on the transfer function model. Unfortunately, substantial
time was needed to run the complex identification algorithm,
which limits its application in high-frequency dc/dc converters
(the switching frequencies of the converter in [29]—[31] were
20 kHz).

To reduce the sampling frequency and computational
complexity of Al-Cap monitoring, some large-signal transient
trajectory-based methods were proposed for CM of capacitors
in dc/de converters. In [32], an output voltage transient

analysis-based scheme was proposed for a full-bridge converter.

However, an accurate estimation model for ESR and/or C has

not been provided. Considering this issue, Zhao et al. proposed

a large-signal load transient trajectory-based method to monitor

the Al-Caps in buck converters [33]. Unfortunately, there exists

some limitations to apply it in boost converters:

1) The parameters estimation method is based on the case that
the duty cycle of buck converters is approximately equal to
0 or 1 during load transients. However, different from the
buck converters, boost converters have one right half plane
zero, which limits the duty cycle from reaching 0 or 1
during transients. Therefore, the introduced calculation
model is not applicable for boost converters.

2) Only load transient is considered for capacitor monitoring,
which does not prove the feasibility of CM based on the
input perturbation.

3) Additional transient detection circuits are required, which
increases the hardware cost and introduces new reliability
risk.

To verify the applicability of transient-profile-based CM
schemes in converters with one right half plane zero and to
overcome the above-mentioned limitations, this paper presents
a low-sampling-rate  transient charging profile-based
capacitance monitoring scheme for dc/dc boost converters.
Considering a microcontroller unit (MCU) is widely used in
CM systems to realize the parameter estimation, which can also
be used for the control purpose. Hence, a digital controlled
dc/dc boost converter is built to verify the proposed CM
scheme. The main contributions are given as follows.
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Fig. 2. Main circuit of a dc/dc boost converter.
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Fig. 3. Unloading transient response waveforms of vy, ir, i, (fo and z.q are the
start and end instants of the transient, ¢ is the end instant of the voltage-rise
period, AV, and AV, are the peak-to-peak values of the voltage ripple at
different powers).

1) The relationship between capacitance and transient
charging profile of boost converters is analyzed and a
capacitance estimation model is built.

2) The single-rate sampled signal for control purposes is also
used for CM, which does not need additional ripple
amplification circuits and high-frequency sampling
devices.

3) The proposed scheme is feasible for both input and output
perturbations, and its feasibility is verified on converters
with different parameters and operating conditions.

The rest of this paper is organized as follows: Section II
describes the background of the proposed scheme. The
proposed capacitance monitoring scheme is introduced in
Section III. Simulation and experimental studies are presented
in Section IV and Section V. Section VI analyzes the robustness
and provides a comparison between the proposed scheme and
the existing schemes. Finally, conclusions are drawn in Section
VIIL.

II. BACKGROUND

Fig. 2 shows the main circuit of a conventional dc/dc boost
converter consisting of a power switch S, a power diode D, an
inductor L, and an output filter capacitor C, (Al-Cap), where C,
is equivalent to a series connection of a pure resistance ESR and
a pure capacitance C. iy, ip, ic, io, Vo Tepresent the inductor
current, diode current, capacitor current, load current, and
output voltage, respectively. vesr and vc indicate the voltage
components across the ESR and C, respectively.

Taking an unloading transient as an example, Fig. 3 shows
the transient response waveforms of v,, ir, and i,. Before the
instant #, the converter works in steady state and v, equals to
the reference voltage Ver. At t, a negative current step occurs
and the converter starts to work in a transient. Assuming v,
recovers to Vir and the converter reaches a new steady state at
the instant 7.nq. One can see the transient voltage profile has the
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Fig. 4. Sampling waveforms of transient voltage profile and steady-state ripple
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switching cycle, switching frequency, sampling frequency, respectively). (a)
Transient voltage profile. (b) Steady-state ripple.
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Fig. 5. DC/DC boost converter with the proposed monitoring scheme (Vo(uy, i1(1)
io(n represent the sampling signals of v,, i, and i,, d, is the duty cycle).

characteristics of large amplitude and long time scale when
compared with the high-frequency small-amplitude
steady-state waveforms.

To compare the difference of the sampling of steady-state
ripples and transient profile, Fig. 4(a) shows the sampling
waveforms of transient voltage profile and steady-state ripples,
where Vo, Vo), Ts, few, fsa TEpresent the output voltage, sampled
voltage, switching cycle, switching frequency, sampling
frequency, respectively. Assuming the switching frequency fow
= 200 kHz, it is found that the sampling signals v can
represent the transient trajectory of v, when using a single-rate
sampling (usually for control). However, the sampling signal
cannot represent the steady-state ripple in this case.

Fig. 4(b) shows the enlarged sampling waveforms of
steady-state ripple. Here, three different sampling frequencies
fsa are employed, i.e., fu = 2fsw, fsa = Sfsw, and faa = 10f. It is
easily found that v, can accurately represent the steady-state
voltage ripple only in the case that f,, > 10fw. Moreover,
referring to Fig. 3, it is known that the peak-to-peak value of the
steady-state ripple AV, changes as the load current changes, i.¢.,
AV, # AV, 2, which increases the design difficulties of ripple
extraction circuits.

Therefore, it is relatively easy to sample the transient profile
rather than to sample the steady-state ripple. The main idea of
the proposed monitoring scheme is to use the large-signal
long-time-scale transient profile to online estimate the
capacitance of Al-Caps, which does not need a relatively high
sampling frequency.

III. PROPOSED ONLINE CAPACITANCE ESTIMATION SCHEME

The proposed capacitance monitoring scheme is shown in
Fig. 5. Usually, the microcontroller unit (MCU) is used for
digital control. Once a transient is detected, the MCU starts to
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Fig. 6. Flowchart of the online capacitance monitoring scheme (V;, is the
threshold voltage).

run the proposed CM algorithm. Here, the transient is detected
based on the comparison results of the output voltage and the
designed threshold voltage Vi, as shown in the monitoring
flowchart in Fig. 6. In order to sample data during the voltage
rise period, Vi should be larger than Vi, i.e., Vin > Vier. Actually,
a whole process of capacitance estimation is considerably short
compared with the transient occurrence period (e.g. 10 min, as
shown in Fig. 1) and capacitor aging [23]. Therefore, the
threshold voltage Vi can be stetted relatively large (e.g. Vin >
Vit + 4), and a transient with a relatively large amplitude is
selected for CM.

In the proposed scheme, the voltage-rise period during
transients (c.f., the period #—¢' in Fig. 3) is chosen to estimate C.
Referring to Fig. 6, when a transient occurs, the MCU starts to
record the transient data Vow), iLm), lomy from the
analog-to-digital conversion (ADC) module, and the duty cycle
d, from the controller, in order to estimate C. Here, Vo), iLn),
io(n) represent the sampling signals of v,, i1, and i,, respectively.
At the same time, the ambient temperature 7, is sampled for the
health status assessment, which is measured using the internal
temperature sensor of the MCU.

Notice that two times comparison are introduced to avoid an
error trigger of CM in the proposed scheme. And the transient
detection function is disabled when one transient is detected, in
order to ensure the sampling and calculation are not affected by
other processes, such as the next transient or the voltage
ringing.

A. Capacitance Estimation Model

Fig. 7 gives the detailed transient waveforms of two
switching cycles during the voltage rise period (i.e., the period
from 7, to ¢’ shown in Fig. 3). Before the instant #, the converter
works in steady state. At fy, a transient occurs, the controller
starts to recover the output voltage v,. Assuming at arbitrary
instant ¢, the converter operates in a new switching cycle
(defined as Transient Period I and the duty cycle is di). The
switch S turns ON and the diode D turns OFF. The inductor
current it rises with the slope of vi/L, here, the diode current ip =
0 and the capacitor starts to discharge. At %, S turns OFF, the
capacitor ends discharging. After the period of (1—di)Ts, the
switch S turns ON again at #3. The converter operates in a new
transient period (i.e., Transient Period II) and the duty cycle is
defined as d.
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Fig. 7. Detailed transient response waveforms of two transient switching cycles
(to is the start instant of a transient, #;, #; represent the start and end instants of
Transient Period I, #, is the turn-OFF instant of the switch).

In Fig. 7, AQuischarge and AQcharge are the discharge and charge
areas during Period 1. vo(1y, iL(1), and io(1) represent the sampling
signals of v,, ir, and i, during Period I, respectively. vo), i),
and i,z are the sampling signals during Period II. Notice that
the sampling frequency equals to the switching frequency. To
avoid a sampling error at the switching instant, the signals are
sampled at the middle instant of the switch S turns ON. In order
to analyze the voltage variation during transients, the following
symbols are defined. Avc i1.0], Aven.s), Aven,s) represent the
voltage variation of vc during the periods t1—#, t,—#3, and #1—t3.
AVese 11,31, Avopn,3) are the voltage variation of vesg and v,
during the period #,—t3,

From Fig. 7, the charge released from the capacitor during #
to 1, i.e., the area of striped shadow region is calculated as

L, by, . b,
AQdischargfL ic ()t = It. lip () =i, ()| dr = It. i()de. ()
Using the sampled load current iq(1y to represent the actually
load i, during Transient Period I, (1) can be expressed as

AQdischarge = (t2 _tl )ic(l) :dl Z—é : io(l)‘ (2)
Due to the discharge of the capacitor, the pure capacitor

voltage vc decreases. The voltage variation Avc [11,0) from ¢ to £
is calculated as

AVc,[r, 51 = Ve (tz ) —Ve (tl ) = AQdischarge /C:dl T 'io(l) /C' 3)
From t,, the switch S turns OFF, the diode D turns ON. The
inductor current i equals to the diode current ip, and it
decreases with the slope of (vo—vi)/L. Here, the capacitor starts
to charge and vc increases. At 3, S turns ON, the capacitor ends
charging. The charge absorbed by the capacitor is

& I3

AQcharge:L i (1) = L iy (1) =i, (1) de=[ [, (£) =4, ()] ..
“
As i1y is sampled at the middle instant during # to f,, it can
approximately represent the average value of ii. during # to #.
The trapezoidal region AQchage can be approximated as a
rectangle, whose length and width are T(1—di) and ir(y—io(1),

respectively. Then, AQcharge 18

B3
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Achwrge ~ (t3 -1 )(iL(l) - io(l) ):(1 - dl ) ’ 72 ’ (iL(l) - io(l) ) (5)
The voltage variation Avc ;n.3) of ve from £ to £ is calculated as
AVC,[tz,t3] =Vc (ts ) Ve (tz ) = AQcharge /C

~ (l_dl )Ts (iL(l) _io(l))/C'

According to (3) and (6), the difference value of Avc from ¢
to #31s

(6)

AVt ™AV 0 = AVepy - @)

Referring to Fig. 7, it is easily found that ic(¢3) = ic(f1) when
io is constant during Transient Period I. The variation of vgsr is

AVESR’[’I sl 7 ESR'[Z.C (t3)_iC (tl )] =0. 3
Because of v, = vctvesg, hence, during Transient Period I, the

variation of output voltage v, is derived as
Av, AVe 1 T AVesr 141 = BV g1 (€))

0~[’|J}]:
Similarly, the voltage variation of v, from two sampling

instants is approximately calculated as

0.5(1=d,)T. (i) =)

Vo = Vo = C
@0 | 054, T, ~0.5d,T;

s 0(2)

(10)
=T, (ivy ~ oy =i +0.5d,i) —0.5d,i,5, ) /C

It is found that C can be derived from the transient voltage
variation. Similarly, for » transient switching cycles (n>1), C
can be estimated from the total voltage variation, i.e.,

T T N
C=—>—3 N | (11)
Vo(n) _Vo(l) Jj=2 O‘Sd»z—llo(n—l) _O'Sdnlo(n)
where iL-1), lon-1) are the sampling signals of i and i, at
(n—1)th transient cycle. d,-1 denotes the duty cycle at (n—1)th
transient cycle.

B. Data Processing

Although v, i1, i, are sampled at the middle instant of S
turning ON, it cannot avoid the sampling error completely. Here,
a least mean square (LMS) based data reconstructed method is
used for signal processing. Assuming n points of v, i1, io, and d
are obtained during transients, they can be reconstructed using
a quadratic function, i.e.,

Vv, =a0+aln+a2n2 (12)
where y represents the reconstructed data of v, i1, i,, and d. The
coefficients ao, a1, a» can be derived from the LMS algorithm,
which is detailed discussed in [36], [37].

Considering the CM is taken during the voltage rise period,
the sampling data vo) should be larger than vy). Here, the
restrictive conditions for capacitance estimation are defined as
Vo)™ Vo(1) and Vo)™ Vo(u—1).

C. Reference Value Calibration

Generally, the health status of capacitors is assessed based on
the comparison of the estimated capacitance and the reference
value, i.e., the initial value Co. However, the capacitance is
easily affected by the ambient temperature 7,. Assuming the
capacitance is estimated at 7,, Co needs to be calibrated using
the following equation, in order to acquire a fair comparison,
ie.,
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TABLEI
ASSUMED CAPACITOR PARAMETERS IN THE SIMULATION

Reference values
(Assumed values)
C =220 4F, ESR =50 mQ
C =100 yxF, ESR =50 mQ
C =330 uxF, ESR =50 mQ
C =220 uF, ESR =10 mQ
C =220 4F, ESR =100 mQ

Capacitors

Simulated Cap. 1
Simulated Cap. 2
Simulated Cap. 3
Simulated Cap. 4
Simulated Cap. 5

ip — Iy

— Vo = Vo) —— IL IL(n)

54 T T
— Simulated Cap. 1, Ai,=1.5 A
2 5t ; ]
)
£ 50
S
> 48
~~ 6 9 T
< al +Usually, there isno DCM. ]
‘é i during the estimation period
2 load :
g0

0 . Lighltload

0.050 0.055 0.060
Time (s)

Fig. 8. Simulated response for the built dc/dc boost converter.

G (Ta ) =Xn Tt ﬂ*AleimvAI (13)

where, yai, Aa, and va are characteristics coefficients of
capacitors, which are determined experimentally [6].

IV. SIMULATION STUDY

To verify the proposed capacitance estimation scheme, a
dc/dc boost converter with different capacitor parameters is
built in PSIM simulation environment. The main circuit
parameters are given as follows: Vi=24 V, V;=48 V, L=100 uH,
f=200 kHz. A digital double closed-loop controller is chosen as
a case study, the crossover frequency of current loop is set to
10 kHz with a phase margin of 55° and the crossover frequency
of voltage loop is set to 100 Hz with a phase margin of 45° [34],
[35]. Based on the small-signal modeling, the proportional
coefficient Ay (interior loop), kpo(outer loop) and integral
coefficient ki (interior loop), ki, (outer loop) are 0.01, 0.02,
7.5%x1073 and 7.5%107°, respectively. Five different capacitors
are assumed in the simulation to verify the estimation model, as
shown in Table I.

A.  Sampling Windows Selection

Taking a 1.5-A load transient as a case study, Fig. 8 shows
the simulation waveforms of output voltage v,, sampling
voltage vom), inductor current ir, sampling current i), diode
current ip, and load current i,. Here, the sampling frequency
equals the switching frequency, and Cap. 1 is chosen as an
example. Because the proposed scheme samples the transient
profile during the voltage rise period, which is usually occurred
during the transient from a heavy-load mode to a light-load
mode. Therefore, there is no discontinuous current mode (DCM)
in the estimation process, which does not need to be considered.

Referring to Fig. 8, four sampling windows 4, B, C, and D
are chosen as examples to illustrate the appropriate sampling
region for parameter estimation. Using (11), the estimation
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Fig. 9. Estimated results for different sampling windows.

results are shown in Fig. 9, where n represents the number of
transient switching cycles used for parameter estimation. Here,
we define the starting cycle of sampling window A4 as n=1. It is
found that the estimation error reduces as » increases due to the
accumulated charge QOcharge On the output capacitor increases as
n increases. And, Qcharge 1S relatively small when n is small,
which results in a relatively large error.

For Window A, the estimation result tends to constant when
An > 30, however, it tends to constant for Window D when An
> 50. Because the voltage rise rate for Window A is larger than
that for Window D. According to the obtained results, it is
known that 50 sampling points are suitable for the capacitance
estimation and the estimation error is less than 2%. Moreover,
the simulation results illustrate that the sampling start time has
no effect on parameter estimation.

B.  The Effect of Transient Change Amplitude

Considering the availability of the proposed scheme for
converters with a relatively small transient amplitude. Fig. 10(a)
shows the sampling voltage profiles for converters with
different transient change amplitudes, i.c., Ai, = 0.5 A, Ai, =
1 A, and Ai, = 2 A. It illustrates that the maximum voltage
deviation increases as the transient amplitude decreases when
the capacitance is constant. Using (11), the estimated results are
given in Fig. 10(b). Here, 50 transient switching cycles are
chosen to estimate C. It is found that the proposed scheme is
feasible for converters with different transient amplitudes.
However, for a small-amplitude transient, the error at the
estimation point (i.e., n = 50) is slightly larger than that for a
large transient.

C. The Effect of Capacitor Parameters

1) The Effect of Capacitance: To verify the proposed scheme
for converters with different capacitances, Fig. 11(a) shows the
sampling voltage profiles when Caps. 1, 2, and 3 are used. It is
found that the maximum voltage deviation increases as the
capacitance decreases when the load current step is constant.
The estimation results in Fig. 11(b) illustrates the feasible of the
proposed scheme, and the estimation error at n = 50 is less than
2%.

Moreover, assuming the capacitance of Cap. 1 has been
degraded to 98% and 96% of the reference value (i.e., 215.6 uF
and 211.2uF), Fig. 12 shows the sampling voltage profiles and
estimation results for a 1.5-A unloading transient. It is found
that the proposed scheme can identify a slight change of
capacitance, and the estimation error at n = 50 is less than 1%.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on Septenﬁ)ber 07,2021 at 07:38:55 UTC from IEEE Xplore. Restrictions apply.

ublications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3108420, IEEE Journal

of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS

=
;é/ =
0.050 Time(s) 0055

250 : @

o IReference. value 220 4E

3 200f

© 150} Ai, [ C(n=50)

B 0.5 A — | 218.59 uF

g 1001 LA — [ 218.64 uF

£ 5ol 2 A — | 218.68 uF

m

(=]

10 20 30 40 50
q\lumber of the tlans(iglt switching cycle n

Fig. 10. Simulation waveforms and estimated results for converters with
different transient change amplitudes. (a) Simulation waveforms. (b) Estimated
results.

=
5
0.050 Time (s) 0055
i (@ .
IReference value.330 uE.
300f - 7 326,03 1~
Simulated Cap, 3 -
.Rcf(‘lr"(zigl(g valn({Z 20 4F (”*561)

7
Simulated Cdp. 1 218.06 u
Reference value 100 yF. (2 =50)
Sl:mu/atedl Ca]f'Z . 9(?1165/(1)§
50

10 20 . 30 .
Number of the trans(lbe)nt switching cycle n

Estimated C (uF)
Y
S
S
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2) The Effect of ESR: In order to verify the effect of ESR on
capacitance estimation, Fig. 13 shows the transient response
waveforms and estimation results for two types of capacitors,
where the ESR of Cap. 4 and 5 are assumed as 10 mQ and 100
mQ), respectively. Referring to Fig. 13(a), the sampled
waveforms of transient voltage are similar for these two cases.
The estimated results of capacitance are given in Fig. 13(b), it is
found that the estimation error of the cases that ESR = 10 mQ
and ESR = 100 mQ) when n = 50 are 1.1% and 0.7%,
respectively.

3) The Effect of ESL: Furthermore, Fig. 14(a) shows the
simulation waveforms for converters with two different values
of ESL, i.e., ESL = 10 nH and ESL = 50 nH. Here, Cap. 4 is
used and Ai, = 1.5 A. Fig. 14(b) gives the sampling waveforms
of o, 1.€., Vo(n), it is found that the ESL has almost no effect on
the sampling signals. Because the signals are sampled at the
middle instant of the switch S turns ON, the switching noises
caused by ESL have not been recorded. Furthermore, Fig. 14(c)
shows the estimation results, it illustrates that there is little
difference between these two cases due to the sampling signals
are similar. Therefore, the effect of ESL on capacitance
estimation can be ignored.

D. The Effect of Transient Profile

In addition, Fig. 15(a) shows the simulation waveforms for
the converter with different control parameters, where kpi, kpo,
kii, kio are 0.02, 0.04, 7.5x1073 and 7.5x107%, respectively.
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It is found that there exists voltage ringing during transients
under these control parameters. Taking six sampling regions
(i.e., Regions I, II, III, IV, V, VI) as case studies, Fig. 15(b)
shows the capacitance estimation results when n = 50. It is
known that the capacitance estimation model is feasible by
using different transient profiles, e.g., voltage undershoot and
voltage ringing. However, the estimation error for Region VI is
larger than that for others due to the rate of change of voltage is
relatively small. For simplification, the voltage-rise period
during transients is chosen to estimate C in the proposed
scheme.

V. EXPERIMENTAL VERIFICATION

A. Experimental Platform and Reference Value Calibration
Taking a dual-loop digital controlled boost converter as a
case study, Fig. 16 shows the photo of the built experimental
platform. Table II lists the detailed circuit parameters and
controller parameters. Fig. 17 shows the circuit implementation
scheme, where v, iLs, ios represent the sampling signals of the
voltage sensor (type: LV25-P) and current sensor (type: LA
25-NP). Here, the signal conditioning circuits designed for vos,
iLs, los are the same, as shown in the right part of Fig. 17. In the
proposed scheme, a dual-core MCU TMS320F28377D is used
for digital control and CM. The on-chip and off-chip memories
are 204 KB and 256 KB, respectively [38]. In each switching
cycle, the PI control algorithm is executed in the ADC interrupt
subroutine. After the end of one unloading transient, the
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TABLE II
KEY PARAMETERS OF THE EXPERIMENTAL PLATFORM
Parameters Values
Input voltage V; 24V
Output voltage V, 48V
Inductor L 100 ¢H, 50 pH
Switching frequency f; 200 kHz

kpi:().ol ) kii:l Sx1 074

Controller parameters hy=0.024, ky=3.5%10"7

proposed capacitance estimation algorithm is being executed in
the main program. Moreover, a liquid crystal display (LCD)
based on serial communication is employed for display.

Table III lists the initial values of capacitors, where the
capacitor parameters are tested using an LCR meter at 20 °C
(i.e., room temperature). Here, three types of Nichicon UKZ

capacitors are selected for experimental verification, i.e., Cap. I,

Cap. 11, and Cap. III, where Caps. I and II are new capacitors.
Cap. III consists of Cap. I and a resistor in series, in order to
simulate the ESR change. It is noticed that the C is tested under
the frequency of 120 Hz, and the ESR is tested under 200 kHz.
The relationship between C and ambient temperature can be
derived using (13). Based on the tested data of Nichicon UKZ
series capacitors [39], Fig. 18 shows the relationship curve of
initial capacitance and temperature, where the coefficients yai,
Aat, vai for Caps. 1, II, and III are also shown in Fig. 18. Then,
the estimated capacitance can be compared with the reference
value obtained from Fig. 18 when the ambient temperature is

PWM
TMS320F28377D
ADC C2

GPIO28  GPIO29

LCD display

Note: the signal conditioning circuits for i , 7o
are the same as that for v, .

Fig. 17. Circuit implementation of the proposed CM scheme.

20— —T—T—T——— 7T
— Actual Cap. I1
f
3200 R 1
g fxel T

150 ) 1
‘§ Actual Cap. L III [ «
S100F ¥=107.3-23.8xe " ]
©]

50 e P —

-20-10 0 10 20 30 40 50 60 70 80
Ambient temperature (°C)

Fig. 18. Capacitance variation versus temperature of used capacitors.

TABLE 111
INITIAL VALUES OF ACTUAL CAPACITORS I, II, AND IIT AT 20 °C
Capacitors Tested initial values
Actual Cap. I: Nichicon 100F/100V 85.4uF, 40.2 mQ
Actual Cap. II: Nichicon 2204F/100V 196.34F, 13.7 mQ
Actual Cap. III: Nichicon 100F/100V 85.44F, 90.2 mQ)

TABLE IV
SiX CASES FOR LOAD TRANSIENT EXPERIMENTS

Cases Experimental condition
A Actual Cap. I, L =100 pH, Ai, = 1.5 A (step)
B Actual Cap. I, L =100 pH, Ai, =2 A (step)
C Actual Cap. 11, L =100 pH, Ai, =2 A (step)
D Actual Cap. IIL, L = 100 zH, Ai, =2 A (step)
E Actual Cap. [, L= 100 gH, Ai, =2 A (gradual)
F Actual Cap. I, L =100 pH, AP, = 100 W (step)

changed, in order to assess the health status of capacitors.
Simplistically, all the experimental researches in this section
are taken at 20 °C, in order to verify the capacitance estimation
scheme.

B. Experimental Results of Load Transients

To verify the proposed scheme is suitable for converters with
different transient amplitudes and circuit parameters, six
different cases are chosen as case studies, as shown in Table IV.
Here, resistive loads are considered in Cases A—D, and the load
current i, is suddenly changed. A gradual load change and a
constant power load are considered in Case E and Case F,
respectively.
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1) Case of Converters with Different Transient Amplitudes.
Figs. 19(a) and (b) show the experimental waveforms for Cases
A and B, respectively. It is found that the steady-state ripples
changes when the operating conditions of converters are
changed, and the transient charging profile is changed as Ai,
changes. Moreover, the maximum transient voltage derivation
Vmax increases as the step amplitude increases.

Taking Case A as an example, Fig. 20 shows the sampled
data of v, i1, io, and d. It illustrates that the single-rate sampled
voltage data (i.e., vom) can indicate the transient profile,
however, there exist noise signals on the sampled data. To
reduce the effect of noise and improve the capacitance
estimation accuracy, a LMS based data reconstructed method is
used for signal processing, as discussed in Section III. Besides,
Fig. 20 also gives the reconstructed data (indicated in red),
which illustrates that the data processing method can filter the
high-frequency noise. Moreover, the execution time of running
the LMS algorithm in TMS320F28377D is about 50 us. The
CM algorithm can be executed after the end of transients.

Based on the proposed estimation model, Fig. 21 shows the
estimated results of C. Here, the sampling threshold voltage Vi
is set as 52 V, n is set as 50. To make sure the data are sampled
during the voltage rise period, the following conditions need to
be satisfied, i.e., Vo)™ Vou-1) and vo(so) —Vo(1y >1. The estimation
results demonstrate that the proposed scheme is suitable for
converters with different load changes, and the estimation
errors are less than 1% when n = 50. Moreover, the estimation
error when Ai, = 1.5 A is slightly larger than that when Ai, =
2 A

2) Case of Converters with Different Capacitor Parameters:
Fig. 22 shows the experimental waveforms for converters with
Caps. II and I11. Comparing with the experimental waveform in
Fig. 19(b), it is known that Vmax decreases as the capacitance
increases, and it is increases as the ESR increases. The
estimation results for these two cases are also given in Fig. 21,
it is found that the scheme is feasible for converters with
different capacitance and ESR. Considering the capacitors with
different ESR, the accuracy of Case D is slightly larger than
that in Case B due to the transient voltage has a relatively large
rise slew rate. Moreover, Caps. II and III have different ESL,
the experimental results also illustrate that the ESL has no
effect on capacitance estimation.

3)Case of Converters with Gradual Load Transients:
Considering the converter would endure a gradual load
transient, Fig. 23(a) shows the experimental waveform of Case
E, where the load current is not suddenly changed and its slew
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TABLEV
CASES FOR INPUT PERTURBATION
Cases Experimental condition
G Actual Cap. I, L=100 pH, i, =2 A, Avi=4V
H Actual Cap. I, L=100 yH, i,=2 A, Av,=8 V

rate is 2 A/ms. According to the estimation results in Fig. 21, it
illustrates that the scheme is feasible for converters with a
gradual load transient, and the estimation error is less than 1%.

4)Case of Converters with Constant Power Loads:
Considering converters with different load types [e.g. constant
power loads (CPLs)], Fig. 23(b) shows the waveform of Case F.
Here, the step power AP, is 100 W. The estimation results in
Fig. 21 demonstrate that the proposed scheme is suitable for a
converter with CPLs, and the estimation error is less than 3%.
C. Experimental Results of Input Perturbation

The proposed estimation scheme is also suitable for the
converter with an input voltage perturbation. Taking 4-V and
8-V input-voltage change as case studies (c.f. Table V), Fig. 24
gives the experimental waveforms, where the slew rate of the
input voltage is 3 V/ms. The estimation results in Fig. 25
illustrate that the proposed capacitance estimations scheme is
suitable for the input perturbation of converters, and the
estimation error is less than 1%. Notice that Case G requires a
relatively large n to enable the estimate result tends to constant,
because of the voltage rise rate during the estimation period is
relative small, as discussed in Part A of Section IV.

VI. DISCUSSION
The effect of transient amplitude, load types, capacitor
parameters on CM has been discussed in Section V. In order to
further evaluate the proposed scheme, the effects of converter
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parameters (e.g., inductance, input and output voltage),
capacitance variation, and change of sensor are discussed in
this section.

A. Robustness Analysis

1) The Case of Different Inductances: In order to investigate
the effect of converter parameters on the proposed scheme,
Fig. 26(a) shows the experimental waveform of the built
converter with a 50-4H inductance (i.e., Case J). Comparing
with the waveform in Fig. 19 (b), it is known that the maximum
voltage derivation and transient setting time reduce when a
small inductance is used. According to the estimation results in
Fig. 27(a), it is found the proposed scheme is suitable for
converters with a small-amplitude transient profile when a
small inductance is used, and the estimation error is less than
2%.

2) The Case of Different Loads: In Cases A—E and J, the load
current is 1 A during the light load period. Considering
different loads, Fig. 26(b) shows the experimental waveform of
the built converter with a 1.5-A unloading transient (i.e., Case
K). Here, the load current is 0.4 A during the light load period.
Fig. 27(a) gives the estimation results, which illustrate that the
proposed scheme is suitable for converters with different loads.

3) The Case of Capacitance Variation: The experimental
results in Section V illustrate that the proposed scheme is
feasible to identify different capacitances. In order to simulate
the small-range capacitance variation, a small-capacity Al-Cap
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Fig. 25. Estimated capacitance for Cases G and H.
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Fig. 27. Experimental results for Cases J-M. (a) Cases J and K. (b) Cases J, L
and M.

(type: Nichicon 10 xF/100 V) is connected in parallel with
Cap. I, whose actual capacitance is 9.8 uF (tested at 120 Hz).
Referring to Fig. 27(b), one small-capacity Al-Cap is connected
with Cap. I in Case L, and two are connected with Cap. I in
Case M. The reference values are 95.2 uF and 105 uF,
respectively. Under the same experimental condition with
Case K, Fig. 27(b) gives the experimental results. It can be seen
that the proposed scheme has the ability to identify the
small-range capacitance variation. Notice that the experimental
waveforms of Cases L and M are similar to that in Case K,
which are not given in this part.

4) The Case of Different Input and Output Voltages:
Considering different input and output voltages, Fig. 28(a)
shows the experimental waveform for an 18—42-V converter
(i.e., Case M). Here, the sampling threshold voltage Vg is
defined as 46 V. The estimation results are shown in Fig. 28(b),
which illustrates that the prosed scheme is not affected by the
input and output voltage changes.

5) The Case of Different Sensors: In order to analyze the
effect of voltage and current sensors, the sensors LV25-P and
LA25-NP are replaced by two similar ones, i.e., HNV025A and
HNCO025A. Taking the inductor current sensor as an example,
Fig 29(a) shows the sampling calibration results, where the
horizontal axis represents the results of 12-bit ADC. Here, the
operation condition of the converter is the same as that in Case
K, and the experimental waveform is similar to Fig. 26(b).
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Fig. 29. Sampling calibration and estimation results when the sensor HNC025A
is used. (a) Sampling calibration. (b) Estimation results.

For comparison, the calibration results of LA25-NP are also
shown in Fig. 29(a). It is found that the sensor HNC025A has
poor linearity. Although the calibration can improve the
estimation accuracy, the estimation error is relatively large
when 50 points are sampled, as shown in Fig. 29(b).
Fortunately, the accuracy can be improved by increasing the
sampling number for LMS, as shown in Fig. 29(b). Because the
degree of similarity between an original signal and
reconstructed data has been increased in this case, which can
reduce the error.

Similarly, the estimation accuracy for other cases can be
further improved by increasing the sampling number for LMS.

B.  Comparison with the Existing Schemes

To compare the proposed scheme with the existing schemes,
Table VI summarizes the additional hardware and software
demands for CM in dc/dc boost converters, where f is the
switching frequency and N represents the number of sampling
points during one switching cycle. Here, the oscilloscope and
PC are used for signal sampling and processing of
high-frequency small-signal ripples. The remarks are given in
the following.

1)To acquire the high-frequency small-amplitude ripples,
the steady-state ripple-based methods [9], [10], [12], [13],
[18]-[20], [24] and circuit model-based methods [27], [28]
require high-frequency sampling devices, such as oscilloscopes,
data acquired cards, and/or ripple extradition -circuits.
Moreover, a powerful data processing device, such as a PC, is
needed to process an amount of sampling data. Comparing with
them, the hardware and software demand in the proposed
scheme is relatively low.

2) The scheme in [24] can reduce the sampling frequency of
steady-state ripple, however, the magnification of ripple
extraction circuits cannot adapt to the change of ripples.
Especially, the amplitude of steady-state ripple in boost
converters is changed when the operation condition changes
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(e.g., the load changes), which leads a limitation to apply them
in boost converters. Comparing with them, the proposed
scheme does not have this limitation.

3)From the perspective of applicability, the proposed
capacitance estimation model is specifically designed for a
dc/dc boost topology, which is similar to that in [18]—[20], [24],
[27], [28]. For other topologies, the same transient charging
profile-based concept can be applied but need to be altered
depending on the selected topology. In [33], a transient
trajectory-based method is presented to monitor the Al-Cap of
buck converters, however, additional transient detection
circuits are required. Comparing with that in [33], the proposed
scheme for boost converters does not need additional transient
detection circuits, and the estimation accuracy is relatively
high.

In a summary, comparing with the existing schemes, the
proposed scheme does not need high-frequency sapling devices
and ripple extraction circuits. The volume of sampled data is
small, and the estimation algorithm is relatively simple.
However, the transient period is too long when compared with
the steady-state ripples. Fortunately, the transient is not always
occurred. In order to avoid a continuous triggering, the transient
detection module is disabled before one CM algorithm has
finished. Moreover, the transient period is considerably short
when compared with capacitor aging. Therefore, there is no
need to execute CM all the time. It is reasonable to enable the
CM when a relatively large transient has occurred.

VIL

In this paper, a transient charging profile based capacitance
estimation scheme is proposed for output capacitors of dc/dc
boost converters. Taking a 24—48-V boost converter as a case
study, experimental results demonstrate the feasibility of the
proposed scheme, and the estimation error is less than 3%. The
main features of the proposed scheme are given in the
following.

1)The proposed scheme uses the large-amplitude
long-time-scale transient charging profile to estimate the output
capacitance of boost converters, which can reduce the sampling
frequency and the volume of data. Moreover, the proposed
scheme does not need ripple extraction circuits, which is not
affected by operating conditions.

2)1t is proved that the transient characteristics-based CM
schemes are suitable for converters with one right half plane
zero, such as dc/dc boost converters. Moreover, for other
topologies, the same transient charging profile-based concept
can be applied but need to be altered depending on the selected
topology.

3) Although the transient period is too long when compared
with the steady-state ripples, the transient is not always
occurred. Moreover, the transient time is considerably short
when compared with capacitor aging. Therefore, the estimation
can be enabled when a relatively large transient has occurred,
which does not affect the purpose of CM.

CONCLUSION
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TABLE VI
COMPARISON WITH THE EXISTING CM SCHEMES FOR DC/DC BOOST CONVERTERS
" . Data processing tool; . Applicability
Methods Ref. fsw (N) Ad(‘imo'n al san}plmg algorithm (calculation Experimental in other
circuits/ devices . error X
complexity) topologies
- Oscilloscope, PC with Matlab; . o
Capacitor %] 15 kHz (N=100) current probe N/A (+) ESR: <2.8%
current : Oscilloscope, PC with Matlab; 0
Stead directly [10] 20 kHz (N=26) current probe CS-DWT (++++) ESR: <3% A
teady- measured [121, 20 kHz (N=50) Oscill. PC with Matlab; ESR: <4.1% (121
S.tatf [13] 100 kHz (N=10) scifloscope N/A () C: <5.4% 12
rippie [18] 20 kHz (N/A) Oscilloscope Not mentioned; LMS (+ +) ESR: <15%
-based MCU (controller); ESR: <10.5%
: = 5 : D70
methods Operation [19] 20 kHz (N=25) N/A LMS (+ ) C: <15.8%
mode of Ripple extraction circuit PC with Matlab; *
- s ; . o
converters [20] 30 kHz (N=333) PCI card WTD (+ + +) ESR: <3.1%
[24] 10 kHz (N=4) Ripple extraction circuit MCU (controller); N/A (+) ESR: <6.2%
- ) ] ESR: <13.3%
Cireuit mode-based [27] 20 kHz (N=200) PCI card PC with Matlab; N/A (+) C- <7.5% .
methods _ . PC with Matlab; ESR: <11.7%
28] 100 kHz (N=100) Oscilloscope WTD(+ + 1) C: <9.2%
Unloading transient X . o
Discharging/ [33] 200 kHz (N=1) detection circuit, MCUN(/CXn(tJi;)ller)’ E2R<;76;A)
charging profiles load current sensor F e +
based-methods - MCU (controller); 0
Proposed 200 kHz (N=1) Load current sensor LMS (+ +) C:<3%

Note: The topology in [33] is a buck converter, others are dc/dc boost converters.

REFERENCES

[1] Z. Zhao, W. Lu, P. Davari, and F. Blaabjerg, “An online monitoring
method for output capacitors of dc/dc boost converters,” in Proc. IEEE
COMPEL, 2020, pp. 1-7.

[2] S. Kolluri and N. L. Narasamma, “A new isolated auxiliary current pump
module for load transient mitigation of isolated/nonisolated
step-up/step-down DC-DC converter,” I[EEE Trans. Power Electron., vol.
30, no. 10, pp. 5991-6000, Oct. 2015.

[3] A. Fernandez, F. Tonicello, J. Aroca, and O. Mourra, “Battery discharge
regulator for space applications based on the boost converter,” in Proc.
IEEE 25th Annu. Appl. Power Electron. Conf. Expo., pp. 1792-1799, Feb.
21-25, 2010,

[4] R. Magalhdes and H. Moreira, “Space power topology selection and its
system level modeling and control,” J. Aerosp. Technol. and Manage., 12:
€2720. Epub July 15, 2020. https://doi.org/10.5028/jatm.v12.1158.

[5] Z.Zhao, D. Zhou, P. Davari, J. Fang and F. Blaabjerg, “Reliability analysis
of capacitors in voltage regulator modules with consecutive load
transients, ”” IEEE Trans. Power Electron., vol. 36, no. 3, pp. 2481-2487,
March 2021.

[6] Z. Zhao, P. Davari, W. Lu, H. Wang and F. Blaabjerg, “An overview of
condition monitoring techniques for capacitors in dc-link applications,”
IEEFE Trans. Power Electron., vol. 36, no. 4, pp. 3692-3716, Apr. 2021.

[7] Y. M. Chen, H. C. Wu, M. W. Chou, K. Y. Lee, “Online failure prediction
of the electrolytic capacitor for LC filter of switching-mode power
converters,” IEEE Trans. Ind. Electron., vol. 55, no. 1, pp. 400—406, Jan.
2011.

[8] A. Amaral and A. Cardoso, “A simple offline technique for evaluating the

condition of aluminum electrolytic capacitors,” IEEE Trans. Ind. Electron.,

vol. 56, no. 8, pp. 3230-3237, Aug. 2009.

[91 A. M. R. Amaral and A. J. M. Cardoso, “Use of ESR to predict failure of
output filtering capacitors in boost converters,” in Proc. IEEE Int. Symp
Ind. Electron., May 2004, pp. 1309-1314.

[10]C. Li, Y. Yu, Z. Yang, Q. Liu and X. Peng, “ESR estimation for aluminum
electrolytic capacitor of power electronic converter based on compressed
sensing and wavelet transform,” [EEE Trans. Ind. Electron., accepted,
2021.

[11]1H. Givi, E. Farjah, and T. Ghanbari, “Switch fault diagnosis and capacitor

lifetime monitoring technique for DC-DC converters using a single sensor,”

IET Sci., Meas. Technol., vol. 10, no. 5, pp. 513-527, Aug. 2016.

[12]W. Miao, K. H. Lam and P. W. T. Pong, “Online monitoring of aluminum
electrolytic capacitors in photovoltaic systems by magnetoresistive
sensors,” IEEE Sensors J., vol. 20, no. 2, pp. 767-777, Jan.15, 2020.

[13]W. Miao, X. Liu, K. H. Lam and P. W. T. Pong, “Condition monitoring of
electrolytic capacitors in boost converters by magnetic sensors,” IEEE
Sensors J., vol. 19, no. 22, pp. 10393-10402, Nov.15, 2019.

[14]A. M. R. Amaral and A. J. M. Cardoso, “On-line fault detection of

aluminum electrolytic capacitors, in step-down dc-dc converters, using
input current and output voltage ripple,” IET Power Electron., vol. 5, no. 3,
pp. 315-322, 2012.

[15]L. Ren and C. Gong, “Online estimation scheme of output capacitor's ESR
and tand for buck converter,” IET Power Electron., vol. 12, no. 11, pp.
2978-2986, 18 9 2019.

[16] E. Farjah, H. Givi, and T. Ghanbari, “Application of an efficient rogowski
coil sensor for switch fault diagnosis and capacitor ESR monitoring in
nonisolated single switch DC-DC converters,” [EEE Trans. Power
Electron., vol. 32, no. 2, pp. 1442—-1456, Feb. 2017.

[17]1H. Givi, E. Farjah and T. Ghanbari, “A comprehensive monitoring system
for online fault diagnosis and aging detection of non-isolated dc-dc
converters’ components,” I[EEE Trans. Power Electron., vol. 34, no. 7, pp.
6858-6875, July 2019.

[18]A. Amaral and A. Cardoso, “Using input current and output voltage ripple
to estimate the output filter condition of switch mode dc/dc converters,” in
Proc. IEEE Int. Symp. Diagn. Elect. Mach., Power Electron. Drives, Aug.
2009, pp. 1-6.

[19]G. M. Buiatti, J. A. Mart'in-Ramos, C. H. R. Garcia, and A. M. R. Amaral,
“An online and noninvasive technique for the condition monitoring of
capacitors in boost converters,” IEEE Trans. Instrum. Meas., vol. 59, no. 8,
pp. 2134-2143, Aug. 2011.

[20]L. Ren, C. Gong and Y. Zhao, “An online ESR estimation method for
output capacitor of boost converter,” IEEE Trans. Power Electron., vol. 34,
no. 10, pp. 10153-10165, Oct. 2019.

[21]1K. Yao, W. Tang, W. Hu, and J. Lyu, “A current-sensorless online ESR
and C identification method for output capacitor of buck converter,” IEEE
Trans. Power Electron., vol. 30, no. 12, pp. 6993-7005, Dec. 2015.

[22]K. Yao, C. Cao, and S. Yang, “Noninvasive online condition monitoring of
output capacitor’s ESR and C for a flyback converter,” IEEE Trans.
Instrum. Meas., vol. 66, no. 12, pp. 3190-3199, Dec. 2017.

[23]K. Yao et al., “A noninvasive online monitoring method of output
capacitor’s C and ESR for DCM flyback converter,” IEEE Trans. Power
Electron., vol. 34, no. 6, pp. 5748-5763, Jun. 2019.

[24]M. W. Ahmad, N. Agarwal, and S. Anand, “Online monitoring technique
for aluminum electrolytic capacitor in solar PV-based DC system,” IEEE
Trans. Ind. Electron., vol. 63, no. 11, pp. 7059-7066, Nov. 2016.

[25]Z. Cen and P. Stewart, “Condition parameter estimation for photovoltaic
buck converters based on adaptive model observers,” IEEE Trans. Rel., vol.
66, no. 1, pp. 148-160, Mar. 2017.

[26]H. Ma, X. Mao, N. Zhang, and D. Xu, “Parameter identification of power
electronic circuits based on hybrid model,” in Proc. IEEE Power Electron.
Spec. Conf., Jun. 12-16, 2005, pp. 2855-2860.

[27]G. M. Buiatti, A. M. R. Amaral, and A. J. M. Cardoso, “An online
technique for estimating the parameters of passive components in
nonisolated dc/dc converters,” in Proc. IEEE Int. Symp. Ind. Electron.,
2007, pp. 606-610.

2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_: standards/]iubhcatlons/rlghts/mdex .html for more information.
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on September 07,2021 at 07:38:55 UTC from

EEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3108420, IEEE Journal

of Emerging and Selected Topics in Power Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS

[28]L. Ren and C. Gong, “Modified hybrid model of boost converters for

parameter identification of passive components,” [ET Power Electron., vol.

11, no. 4, pp. 764-771, 10 4 2018.

[29]M. Algreer, M. Armstrong, and D. Giaouris, “Active online system
identification of switch mode DC-DC power converter based on efficient
recursive DCD-IIR adaptive filter,” IEEE Trans. Power Electron., vol. 27,
no.11, pp. 4425-4435, Nov. 2012.

[30]M. Ahmeid, M. Armstrong, S. Gadoue, M. Algreer, and P. Missailidis,
“Real-time parameter estimation of DC-DC converters using a self-tuned
Kalman filter,” IEEE Trans. Power Electron., vol. 32, no. 7, pp. 5666~
5674, Jul. 2017.

[31]B. X. Li and K. S. Low, “Low sampling rate online parameters monitoring
of DC-DC converters for predictive maintenance using
biogeography-based optimization,” [EEE Trans. Power Electron., vol. 31,
no. 4, pp. 2870-2879, Apr. 2016.

[32]H. Nakao, Y. Yonezawa, T. Sugawara, Y. Nakashima, and F. Kurokawa,
“Online evaluation method of electrolytic capacitor degradation for
digitally controlled SMPS failure prediction,” [EEE Trans. Power
Electron., vol. 33, no. 3, pp. 2552-2558, Mar. 2018.

[33]Z. Zhao, W. Lu, P. Davari, X. Du, H. H. Iu, and F. Blaabjerg, “An online
parameters monitoring method for output capacitor of buck converter

Zhaoyang Zhao (Member, IEEE) received the B.S.
and M.S. degrees in electrical engineering from
Northeast Agricultural University, Harbin, China, in
2014 and 2017, respectively, and the Ph.D. degree in
electrical engineering from Chongqing University,
China, 2020.

From 2019 to 2020, he was a Visiting Ph.D.
Student with the Department of Energy Technology,
Aalborg University, Aalborg, Denmark. He is
currently an Assistant Professor of Zhengzhou
University, Zhengzhou, China. His research interests include condition
monitoring, reliability assessment, and control of power electronic converters.
He is an Associate Editor of Circuit World.

Pooya Davari (Senior Member, IEEE) received the
B.Sc. and M.Sc. degrees in electronic engineering
from University of Mazandaran (Noushirvani), Iran,
in 2004 and 2008, respectively, and the Ph.D. degree
in power electronics from QUT, Australia, in 2013.

From 2005 to 2010, he was involved in several
electronics and power electronics projects as a
development engineer. From 2013 to 2014, he was a
Lecturer with QUT. He joined Aalborg University,
Aalborg, Denmark, in 2014, as a Postdoctoral
Researcher, where he is currently an Associate
Professor. He has been focusing on electromagnetic interference (EMI), power
quality, and harmonic mitigation analysis and control in power electronic
systems. He has published more than 140 technical articles.

Dr. Davari is a member of the International Scientific Committee (ISC) of
EPE (ECCE Europe) and the Joint Working Group Six and Working Group
Eight at the IEC Standardization TC77A. He was a recipient of a research grant
from the Danish Council of Independent Research (DFF-FTP) in 2016 and the
2020 IEEE EMC Society Young Professional Award for his contribution to
EMI and Harmonic Mitigation and Modeling in Power Electronic Applications.
He has served as a Guest Associate Editor for IET Power Electronics, IEEE
ACCESS, International Journal of Electronics, and Journal of Applied Sciences.
He is also an Associate Editor of Journal of Power Electronics, an Associate
Editor of Electronics Letters (IET), and an Editorial Board Member of EPE
Journal and Journal of Applied Sciences. He is also the Editor-in-Chief of
Circuit World.

Yaoqiang Wang (Senior Member, IEEE) received
his B.S. degree from Hangzhou Dianzi University,
Hangzhou, China, in 2006; and his M.S. and Ph.D.
degrees from the Harbin Institute of Technology,
Harbin, China, in 2008 and 2013, respectively.

He is presently working in the School of
Electrical Engineering, Zhengzhou University,
Zhengzhou, China. He is also serving as the Director
of the Institute of Power Electronics and Energy

—— 5
v Systems of Zhengzhou University, the Zhengzhou

Municipal Engineering Research Center of Power Control and Systems, and the

based on large-signal load transient trajectory analysis,”
Sel. Topics Power Electron., accepted, 2020.

[34]0O. Ellabban, J. Van Mierlo, and P. Lataire, “A DSP based dual loop digital
controller design and implementation of a high power boost converter for
hybrid electric vehicles applications,” J. Power Electron., vol. 11, no. 2, pp.
113-119, Mar. 2011.

[35]L. Corradini, D. Maksimovic, P. Mattavelli, and R. Zane, Digital Control
of High-Frequency Switched-Mode Power Converters. Hoboken, NJ, USA:
Wiley, 2015.

[36]J. H. Mathews and K. D. Fink, Numerical Methods Using MATLAB, 4th ed.
NJ, USA: Prentice-Hall, 2004.

[37]N. Agarwal, M. W. Ahmad, and S. Anand, “Quasi-online technique for
health monitoring of capacitor in single-phase solar inverter,” IEEE Trans.
Power Electron., vol. 33, no. 6, pp. 5283-5291, Jun. 2018.

[38] Texas Instruments, Texas, US, “TMS320F2837xD dual-core microcontrol
lers technical reference manual (Rev. I),” Sep. 2019, [Online]. Available:
https://www.ti.com/product/ TMS320F28377D

[39] Nichicon, Corp., Kyoto, Japan, “Test data for aluminum electrolytic capac
itors,” Nov. 19, 2019, [Online]. Available: https://drive.google.com/file/d/
1pYfOG7W8m3QzG60dKDjcMkzcKILSD7cw/view?usp=sharing

IEEE J. Emerg.

Henan Provincial Engineering Research Center of Power Electronics and
Energy Systems. He has published more than 50 peer-reviewed papers
including over 40 journal papers, and is the holder of more than 10 patents. His
current research interests include power electronics, renewable energy

generation, flexible power distribution, MVDC, electric motor drives, and
electrified transport.

Frede Blaabjerg (Fellow, IEEE) received the Ph.D.
degree in electrical engineering from Aalborg
University, Aalborg, Denmark, in 1995.

He was with ABB-Scandia, Randers, Denmark,
from 1987 to 1988. He became an Assistant Professor
in 1992, an Associate Professor in 1996, and a Full
Professor of power electronics and drives in 1998 at
Aalborg University, where he became a Villum
Investigator in 2017. He is also honoris causa at
Universitatea ~ Politehnica  Timisoara  (UPT),
Romania, and the Tallinna University of Technology
(TTU), Tallinn, Estonia. He has published more than 600 journal articles in the
fields of power electronics and its applications. He is a coauthor of four
monographs and editor of ten books in power electronics and its applications.
His current research interests include power electronics and its applications,
such as in wind turbines, PV systems, reliability, harmonics, and adjustable
speed drives.

Dr. Blaabjerg received 32 IEEE Prize Paper Awards, the IEEE Power
Electronics Society (PELS) Distinguished Service Award in 2009, the
EPE-PEMC Council Award in 2010, the IEEE William E. Newell Power
Electronics Award in 2014, the Villum Kann Rasmussen Research Award in
2014, the Global Energy Prize in 2019, and the 2020 IEEE Edison Medal. He
was nominated in 2014-2019 by Thomson Reuters to be between the most 250
cited researchers in engineering in the world. He was the Editor-in-Chief of
TIEEE TRANSACTIONS ON POWER ELECTRONICS from 2006 to 2012. He
was a Distinguished Lecturer of the IEEE Power Electronics Society from 2005
to 2007 and the IEEE Industry Applications Society from 2010 to 2011 and
2017 to 2018. From 2019 to 2020, he has served as the President of the IEEE
Power Electronics Society. He is also the Vice-President of the Danish
Academy of Technical Sciences.

2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_: standards/]iubhcatlons/rlghts/mdex .html for more information.
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on September 07,2021 at 07:38:55 UTC from

EEE Xplore. Restrictions apply.



