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Monitoring in Nonisolated Single-Switch
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Abstract—Power switches and electrolytic capacitors are the
most vulnerable components in the power electronic converters.
Any failure in these components may result in severe damages, if
no remedial action is employed. Prior to any remedy, the first step
is fault diagnosis. In this paper, a new type of Rogowski coil sensor
is proposed. The sensor captures the inductor current derivative,
which contains suitable signatures for switch fault diagnosis and
capacitor lifetime monitoring in nonisolated single-switch dc–dc
converters. Using the captured signal, detection of switch open-
circuit and short-circuit faults is realized by a simple logic circuit.
Furthermore, a new capacitor lifetime monitoring technique is pro-
posed, which employs this signal for calculating equivalent series
resistance of the capacitor. The proposed sensor has some remark-
able advantages. Due to its nonmagnetic core, the problem related
to nonlinear response of magnetic cores at high frequencies will not
be encountered. Furthermore, the proposed cost-efficient approach
can be easily implemented even for already fabricated converters.
The performance of the proposed sensor is evaluated using some
finite-element simulations and experiments for a buck converter.
The results confirm the capabilities of the sensor for switch fault
diagnosis and capacitor lifetime monitoring in nonisolated single-
switch dc–dc converters.

Index Terms—Capacitor lifetime monitoring, dc–dc converters,
magnetic sensors, Rogowski coil (RC), switch fault diagnosis.

I. INTRODUCTION

NOWADAYS, dc–dc switching converters are widely used
in different applications, such as portable electronic de-

vices, variable speed drives, flexible high-voltage direct-current
systems, electric or hybrid electric vehicles, transmission sys-
tems, and renewable energy systems.

Since a failure in these converters may result in the malfunc-
tion of the whole system, their reliability is a great concern [1].
Consequently, a suitable monitoring and fault diagnosis sys-
tem as well as an appropriate fault-tolerant strategy should be
employed [2].
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A stochastic analysis of the failures per component in com-
mercial switch-mode power supplies is presented in [3]. Ac-
cording to this research, the electrolytic capacitors and power
switches are the most vulnerable components, which are re-
sponsible for about 90% of the faults in these converters. Power
switch failures are broadly classified into open-circuit fault
(OCF) and short-circuit fault (SCF) [4]. On the other hand, ca-
pacitor faults are divided into structural and parametric failures
[5].

Upon fault occurrence in any fault-tolerant system, the first
step is fault diagnosis [6]. This step includes fault detection
and identification, by which type and location of the fault are
determined. In the next step, a suitable remedial strategy should
be employed to isolate the faulty component and realize a fault-
tolerant converter, which ensures safe and continuous operation
of the system [2]. However, fault diagnosis may not be sufficient
for some faults such as inverter leg cross conduction and SCF
of the freewheeling diode in dc–dc converters. Fault prognosis
is necessary to protect the converters against these faults.

Many investigations have been directed to detect switch SCF
and OCF for the converters, utilized in different applications
such as power-electronic interface-based distributed generations
and motor drives. The first step in any fault diagnosis technique
is selection of suitable diagnosis criteria. The methods based
on voltage or current signatures are attractive, since these sig-
nals are available using the already installed sensors. There-
fore, output voltage and/or current (control variables) of the
converter are utilized as the diagnosis criteria in many papers,
which results in simple and low-cost methods [4], [7]–[9]. How-
ever, the control variables change slowly due to the output filter
of the dc–dc converters, which leads to a considerable delay in
the fault detection. Furthermore, the control variables may not
contain enough signatures for accurate fault identification [10].
Some fault diagnosis techniques use a combination of the circuit
signals as the diagnosis criteria. The dc-link current, the trans-
former primary voltage, and the switch gate driver signal have
been combined for detection of the switch SCF in the phase-
shifted full-bridge converters [11]. Besides, a remedial strategy
has been presented to reconfigure these converters to an asym-
metrical half-bridge converter in the postfault condition. In [12],
some new methods have been proposed for fault detection and
localization in grid-connected power converters including fault
diagnosis for three-phase-uncontrolled rectifier, boost chopper,
and inverter. A tolerant control has been proposed for switch
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OCF in back-to-back and neutral-point-clamped (NPC) recti-
fiers for wind turbine generation systems in [13]. This approach
is based on injection of the exact d-axis current value, which
eliminates current distortion. An effective and robust algorithm
has been proposed in [14] to detect the switch OCF in three-
level NPC rectifiers, which employs the instantaneous voltage
error. The switch SCF and OCF in buck converters or three-
phase full-bridge inverters for brushless DC motor drivers are
detected based on analysis of the faulty operating state in [15].
This method extracts the residual signals of the voltage observers
and the measurements for fault detection. In [16], the cross cor-
relation between the estimated and real currents is employed
as a diagnosis criterion for switch OCF detection in a voltage-
source inverter. Single switch and double switches OCFs have
been detected for the voltage-source inverters by employing the
concept of allelic points for the functions defined for three-
phase currents [17]. In [18], some signal processing tools are
applied on the measured current to detect simultaneous OCFs
in an inverter-fed linear induction motor drive. To detect and
identify the switch faults in switched-reluctance motor drives,
an approach based on the difference between the amplitude of
the measured current in normal and faulty conditions is pre-
sented in [19], which includes a tolerant scheme for postfault
conditions. By inserting an auxiliary inverter leg, a fault-tolerant
topology is presented in [20] for three-phase adjustable speed
drives. In case of switch SCF and OCF, this auxiliary leg is
utilized as a redundant leg. In [21], the switch SCF and OCF
are discriminated from the healthy condition for a multilevel
inverter (MLI) using multiresolution analysis. Upon fault oc-
currence in the MLI, the fault is detected through an analysis on
the details of the wavelet transform (WT) levels. However, WT
has some dramatic restrictions, in practice, such as measure-
ment noise impact on its performance and requiring different
sampling frequencies in the levels.

Different fault diagnosis criteria have been utilized in dc–dc
converters including variations of the circuit variables [22], [23],
the peak values of the dc-link current, the inductor current, and
magnetic near field waveforms. In [22], slope of the inductor
current is utilized as a criterion for switch fault diagnosis in
nonisolated dc–dc converters, in which no additional sensor is
required and the effects of disturbances are taken into account.
A fault-tolerant three-level boost converter is proposed in [23]
for photovoltaic applications. This scheme employs the control
variables utilized for maximum power point tracking and dc-link
capacitor voltage balance for switch OCF diagnosis. However,
some components should be added to the original three-level
boost converter to be reconfigured in postfault condition. For
fault diagnosis in zero-voltage switching dc–dc converters, the
peak values of the dc-link current pulse shapes have been ana-
lyzed in [24]. However, the required peak detector and integrator
circuitry are relatively complex. The inductor current could also
be utilized as a criterion for fault diagnosis. Using this signal
and a field-programmable gate array tool, real-time detection
of the switch OCF and SCF in single-switch dc–dc convert-
ers has been carried out [25]. Also, a redundant switch and a
bidirectional switch are employed to reconfigure the converter
after fault occurrence. In [26], shape of the inductor current is

analyzed to achieve a fast fault diagnosis method for detection
of switch OCF and SCF in dc–dc converters. Since the switching
mode dc–dc converters are generally utilized at high frequen-
cies, the Electromagnetic signals induced by the current and
voltage variations also contain useful signatures for the diag-
nosis purpose [27], [28]. In [1], a systematical monitoring and
diagnosis method is proposed for dc–dc converters using mag-
netic near-field waveforms. Although this method is applicable
to different dc–dc converters, its calculations are complicated
and the required magnetic probes are expensive. In [10], the
voltage of the magnetic component captured by an auxiliary
winding is utilized for switch fault diagnosis. Although this
technique is simple, cost effective, and applicable for various
dc–dc converters, adding an auxiliary winding for the measure-
ment purpose has some restrictions due to nonlinear response of
the core at high frequencies. Furthermore, this winding should
be considered in design process of the converter and could not
be utilized for already fabricated converters.

Electrolytic capacitors are widely used in power electronic
converters due to their low cost, high density of energy, consid-
erable value of capacitance, and voltage rating [29]. However,
they may experience structural or parametric failures. In case
of structural failures, the capacitor usually cannot be employed
at all. Parametric failures refer to gradual degradation of the
capacitor. These failures are more common and manifest them-
selves by increase in the capacitor equivalent series resistance
(ESR) and/or decrease in its capacitance [5]. As a result, con-
dition monitoring of these capacitors during operation is really
essential [30], [31]. These capacitors are usually modeled as
a capacitance in series with an ESR [30]–[32]. Due to ageing
mechanism, value of the capacitance decreases, while the ESR
increases. The increase in the ESR is more considerable and is
the main criterion for capacitor condition monitoring. Typically,
the capacitor end life is defined when the ESR value doubles
in comparison with the initial value [33]. Many research has
been published regarding the ESR calculation and estimation.
The ESR calculation and estimation techniques can be classi-
fied into offline and online categories. Since the offline schemes
require disconnection of the capacitor from the convertor, they
are not preferred. However, they are inexpensive and easy to
implement. In [31] and [32], high-precision LCR meters are uti-
lized for measurement of the ESR. The online techniques have
been interested since there is no need to disconnect the capaci-
tor from the circuit for ESR measurement [5], [29], [34]–[39].
A simple relationship between the input current and the out-
put voltage ripple has been used to estimate the ESR in [5]. In
[29], the ESR is calculated by a digital filter using an injected
ac current and the relevant output voltage ripple, considering
temperature effect on the resistance. In [34] and [35], a ratio
of the capacitor voltage to the supply voltage (square or sinu-
soidal) with a reference resistor is utilized to compute the ESR.
However, the precision of this technique is highly dependent on
the reference resistor error. The ESR could be estimated using
the capacitor voltage, current ripple, and the load current [36].
In [37], a noninvasive online technique has been proposed to
identify the capacitor equivalent circuit parameters for a buck
converter, which needs no current sensor. In this technique, the
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pulse-width-modulation signal and the output voltage are uti-
lized to calculate the capacitor ESR and capacitance. For the
induction machine drives, a novel approach has been proposed
in [38] to estimate the capacitance value based on injection of a
regulated ac component into the stator winding, while the motor
is working in the regenerative mode. The injected signal leads to
an ac component in the dc-link voltage and current, which could
be utilized for capacitance estimation through a recursive least-
square algorithm. In [39], the ratio between the measured ESR
for a degraded capacitor and the expected ESR for a new capac-
itor at the same operating temperature is employed as an index
to estimate the ESR of the aluminum electrolytic capacitors.
Since this index is independent of the measurement tempera-
ture, it is suitable for degradation prognosis in automotive drive
applications.

Rogowski coils (RCs) have outstanding specifications in com-
parison with other magnetic sensors such as linear response for
wide range of frequency, low cost, high accuracy, and reliability.
RCs are applied in various electrical systems for measurement
[40]–[45].

In this paper, a new type of RC sensor (RCS) is proposed to re-
alize switch fault diagnosis and capacitor lifetime monitoring in
nonisolated single-switch dc–dc converters. The proposed sen-
sor has some interesting advantages such as linear response for
wide range of frequency, low cost, and simple implementation
even for already fabricated converters. Using the RCS output,
the diagnosis technique presented in [10] has been developed
for detection of switch faults. The RCS output and the gate
driver signal are employed to generate the required signals for
switch OCF and SCF detection through a simple logic circuit.
Moreover, a new capacitor lifetime monitoring technique is pre-
sented which employs the RCS output voltage for calculation
of the capacitor ESR. The performance of the proposed method
is evaluated using some simulations and experiments for a buck
converter. The results confirm that switch fault diagnosis and
capacitor ESR monitoring could be realized by the proposed
sensor effectively.

The rest of this paper is organized as follows. Section II
presents the operational principle and equivalent circuit model
of a RC as well as the procedure for identification of the RC
parameters. In Section III, the structure of the proposed RCS
is introduced. Section IV deals with description of the switch
fault diagnosis technique. The superiority of the RCS over the
auxiliary winding proposed in [10] is discussed in Section V.
In Section VI, a new technique for capacitor ESR monitoring
is presented using the RCS output. The performance of the
proposed sensor is evaluated using some finite-element simu-
lations and experiments for a buck converter in Sections VII
and VIII, respectively. Finally, the main results are concluded in
Section IX.

II. OPERATING PRINCIPLE AND EQUIVALENT

CIRCUIT MODEL OF A RC

A. Operating Principle

The operating principle of a RC is like a current transformer
except that its core is not magnetic. Its performance can be

Fig. 1. Equivalent circuit model of a RC.

described using the Ampere and Faraday laws
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In (2), A is the turn area. The parameter α denotes the angle
between

−→
B and

−→
dS vectors. Considering n as the number of

turns and l as the length of the flux path, the induced voltage in
the coil vRC is

vRC =
∫ l

0 vdlndl = −μ0An
∫ l

0
dH
dt cos α dl

⇒ vRC = −μ0An d
dt

∫ l

0 Hcosαdl = −μ0Andi
dt .

(3)

As expressed in (3), the output voltage of the coil is propor-
tional to the derivative of the current enclosed by the coil. The
mutual inductance is M

vRC = −M
di

dt
, M = μ0An. (4)

B. RC Equivalent Circuit Model and Parameters Identification

The equivalent circuit model of a RC is illustrated in Fig. 1.
RC ,LC , and CC are the coil resistance, inductance, and capac-
itance, respectively. The parameters Z and vo are the measure-
ment impedance and the measured output voltage, respectively.
As a result, the transfer function of the circuit can be expressed
as

vo

vRC
=

Z

LC ZCC s2 + (LC + RC ZCC ) s + RC + Z
. (5)

To identify the parameters of the RC equivalent circuit, a
simple technique presented in [46] is utilized. This technique is
based on the resonance frequency which reflects the magnetic
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Fig. 2. RC parameters identification: (a) Circuit employed for parameters
identification; and (b) detailed circuit diagram.

components of an induction sensor. The circuit employed for
determination of the RC parameters is illustrated in Fig. 2(a).
As shown in this figure, the partial-discharge calibrator (P. D.
calibrator) injects a pulse into the circuit and the RC is installed
on an air-core solenoid which is connected in series with a ter-
minating resistor Rt = 50 Ω. This resistor is utilized to achieve
a proper damping for the RC output [46]. The RC response
is monitored using a digital storage oscilloscope (DSO). The
detailed circuit diagram is shown in Fig. 2(b). The targeted pa-
rameters for identification are LC and CC . In Fig. 2(b), CT is
a test capacitor and CP is the capacitance of the measurement
probe.

Using the concept of resonance frequency, two sets of mea-
surement are carried out to determine LC and CC . The first test
is performed by connecting the test capacitor CT 1 and the sec-
ond test by connecting CT 2 . The two resonance frequencies f11
and f12 are calculated by applying fast Fourier transform (FFT)
on the coil output signals obtained from the mentioned tests.
The resonance frequency can be expressed as

f =
1

2π
√

LC (CC + CP + CT )
. (6)

The ratio of the two resonance frequencies results in

f11

f12
=

√
CC + CP + CT 2

CC + CP + CT 1

⇒ CC + CP + CT 2 = (CC + CP + CT 1)
(

f11

f12

)2

.

(7)

Finally, it can be concluded that

CC + CP =
CT 1

(
f11

f12

)2

− CT 2

1 −
(

f11

f12

)2 . (8)

Fig. 3. Proposed RCS: (a) RCS with integrated core; and (b) RCS with split
core.

Since CP is known for the differential probe, CC can be de-
termined using (8). As a result, LC is calculated by (6) through
substituting f11 or f12 . A negligible difference appears in calcu-
lation of LC by f11 and f12 . Hence, the average of the results
can be used as the inductance of the coil

LC 1 =
1

2π (CC + CP + CT 1) f 2
11

LC 2 =
1

2π (CC + CP + CT 2) f 2
12

LC =
LC 1 + LC 2

2
.

(9)

III. STRUCTURE OF THE PROPOSED RCS

The structure of the proposed RCS is represented in Fig. 3.
The RCS core is made up of nonmagnetic materials like Teflon.
As seen in Fig. 3(a), the core is an integrated cylindrical shell
because the RCS has been designed to be located on a cylin-
drical inductor, which is a finite solenoid. The RCS winding is
composed of some parallel vertical lines of winding. These lines
are uniformly distributed around the core. Each line includes a
certain number of turns according to geometrical and electrical
design considerations. The parallel vertical lines are connected
in series so that the total voltage at the RSC terminals would be
the summation of the induced voltages. The radius of the RCS
core rRCS should be selected as small as possible to minimize
the distance between the sensor and the inductor. This would in-
crease the amplitude of the induced voltage in the RCS winding
as will be confirmed in Section VII.

Due to vertical structure of the RCS winding, it can be fabri-
cated as a split core type instead of an integrated core straight-
forwardly. Fig. 3(b) shows the sensor with a split core in which
the core is composed of two half cylindrical shells. In Fig. 3(b),
the terminals 1 to 1′ and 2 to 2′ should be connected to sum the
induced voltages of the two parts. Using such split core sensor,
one can utilize the sensor for any already fabricated inductor
with different shapes. Several different split core RCS have
been presented by now. However, the proposed RCS is a novel
structure. In fact, the main novelty of this split core RCS is rele-
vant to design of a suitable structure by which the main portion
of the linkage flux of the converter inductor can be monitored.

As shown in Fig. 3, one can observe that both integrated and
split core structures have the same specifications.
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Fig. 4. Buck converter: (a) Circuit diagram with the RCS; and (b) gate signal,
inductor voltage, and the RCS output voltage for normal condition.

In fact, when the two parts of the RCS with split core are
installed around the converter inductor, their edges entitled
(M, N) and (X, Y) in Fig. 3(b) are stuck together. Therefore,
there is no difference in their equivalent circuits and the corre-
sponding parameters RC ,LC , and CC .

The sensors illustrated in Fig. 3 are compact and cheap.
They could be easily designed and implemented even for an
already fabricated inductor. Furthermore, due to their nonmag-
netic cores, they have linear response for a wide range of
frequency. Hence, accurate and reliable measurements at high
frequencies can be achieved by these sensors for switching-
mode dc–dc converters.

IV. DESCRIPTION OF THE SWITCH FAULT DIAGNOSIS

TECHNIQUE

In this paper, the output of the RCS and the gate driver signal
are utilized to diagnose the switch OCF and SCF in noniso-
lated single-switch dc–dc converters. The switch fault diagnosis
technique will be explained for a buck converter. However, ap-
plication of the technique for other nonisolated single-switch
dc–dc converters is similar.

Fig. 4(a) shows a buck converter with the proposed RCS lo-
cated on the inductor. In Fig. 4(a), s(t), VRCS , Vin , vout , VL , iL ,
and iC denote the gate driver signal, the RCS voltage, input
voltage, output voltage, inductor voltage, inductor current, and
capacitor current, respectively. Parameters L, C, and R represent
the buck converter inductor, capacitor, and load resistor, respec-
tively. It is assumed that the converter operates in the continuous
conduction mode.

Fig. 5. Gate signal and the RCS output voltage in case of switch fault occur-
rence: (a) OCF; and (b) SCF.

Fig. 4(b) illustrates the signals s(t), VL , and VRCS for the
converter during normal operation. In Fig. 4(b), TS and D are
the period and duty cycle of s(t), respectively. The parameter k
represents the ratio between the inductor and the RCS voltages,
k = VL

VR C S
= L

M in which M is the RCS mutual inductance.
The voltage across the inductor and the RCS output voltage

for normal operation of a buck converter could be expressed as

switch : off ⇒ s(t) = 0 ⇒ VL = −vout

⇒ VL < 0 ⇒ VRCS =
VL

k
< 0

switch : on ⇒ s(t) = 1 ⇒ VL = Vin − vout

⇒ VL > 0 ⇒ VRCS =
VL

k
> 0.

(10)

As Vin is higher than vout , during normal operation of a buck
converter, the RCS output voltage is positive and negative in
case of switch-on and switch-off states, respectively, as shown
in Fig. 4(b). This is true for other nonisolated single-switch
dc–dc converters such as boost and buck–boost converters.

Unlike the normal condition, once a switch OCF occurs, VRCS
would be negative regardless of the gate signal status. On the
other hand, in case of a switch SCF occurrence, VRCS would
be positive whether the gate signal is on or off. This concept
is illustrated in Fig. 5 and is the basis of the fault diagnosis
technique utilized in this paper. In Fig. 5, it is assumed that the
switch is ideal and the output voltage does not change after fault
occurrence.

According to Figs. 4(b) and 5, switch OCF can be detected
when the gate signal is at the high level, while the occurrence
of switch SCF could be identified when the gate signal is off.
To realize fault diagnosis, the logic circuit proposed in [10] has
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Fig. 6. Modified version of the fault diagnosis circuit proposed in [10].

TABLE I
VALUES OF THE LOGIC SIGNALS IN THE FAULT DIAGNOSIS CIRCUIT FOR

DIFFERENT OPERATING CONDITIONS

Signal name Operating condition

Normal Switch OCF Switch SCF

s(t) = 1 s(t) = 0 s(t) = 1 s(t) = 0 s(t) = 1 s(t) = 0

SR C S 1 1 0 0 0 1 1
SR C S 2 1 0 0 0 1 1
Sr 1 0 1 0 1 0
F1 1 1 0 1 1 1
F2 1 1 1 1 1 0
F1 r 0 0 1 0 0 0
F2 r 0 0 0 0 0 1
FS1 1 1 0 1 1 1
FS2 1 1 1 1 1 0

been modified in this paper as shown in Fig. 6. In Fig. 6, Vth is a
threshold voltage which is a little higher than zero in the order of
some millivolts. The output of the RCS is compared with −Vth
and +Vth for generating SRCS1 and SRCS2 . As a result, when
VRCS is positive, the signals SRCS1 and SRCS2 are at the high
level. Furthermore, for negative values of VRCS , they become
low. Detailed information about the signal values in the fault
diagnosis circuit for different operating conditions is presented
in Table I.

The initial values for the inputs of both reset-set flip flops are
S = 1, R = 0. Hence, the Q outputs of the flip flops are at the
high level in the initial state. Then, the S inputs of the flip flops
are set to zero as depicted in Fig. 6 and the R ports are connected
to F1r and F2r , respectively.

The signals FS1 and FS2 are both at the high level under
normal condition because F1r = F2r = 0. Once a switch OCF
occurs, FS1 becomes low while FS2 remains at the high level.
In case of a switch SCF, FS2 becomes low and FS1 remains at
the high level. As a result, switch fault diagnosis of nonisolated
single-switch dc–dc converters could be realized by monitoring
FS1 and FS2 signals as bolded in the last two rows of Table I.

One important feature of this diagnosis technique is that
its maximum delay for switch fault detection is less than
one switching cycle (The propagation delay in logic gates is
negligible in comparison to switching cycle). For the switch
OCF condition, FS1 becomes low for s(t) = 1. Hence, the max-

imum OCF diagnosis delay is related to the occurrence of a
switch OCF while s(t) is in the beginning of its low-level inter-
val. In this situation, the switch OCF would be diagnosed after
(1−D) TS because it could not be detected until s(t) becomes
high. In case of switch SCF occurrence, FS2 becomes low for
s(t) = 0. The maximum SCF detection delay is related to the
switch SCF occurrence when s(t) is in the beginning of its high-
level interval. In this case, the switch SCF would be detected
after DTS , when s(t) becomes low.

For large values of D, DTS which is the maximum delay of
SCF detection tends to TS . On the other hand, (1−D)TS which is
the maximum OCF detection delay tends to TS for small values
of D. As a result, the maximum delay for switch fault detection
is less than one switching cycle.

In comparison to the logic circuit proposed in [10], two com-
parators are employed in Fig. 6. Furthermore, the negative out-
puts of the top and bottom comparators are set to −Vth and
+Vth , respectively. Using these modifications, the algorithm
performance would be accurate for even large or small values
of duty cycle as well as the converters with closed-loop control.
The output of the RCS for a buck converter could be expressed
as follows:

VRCS = M diL

dt

switch : on ⇒ VRCS = M × Vin − vout

L

⇒ VRCS =
MVin

L
(1 − D)

switch : off ⇒ VRCS = M × (−vout)
L

⇒ VRCS =
−MVin

L
D

⇒ VRCS =

⎧
⎪⎨

⎪⎩

MVin

L
(1 − D) , switch : on

−MVin

L
D, switch : off

.

(11)

As a result, for large values of D, the amplitude of VRCS is
small for switch “on” intervals. On the other hand, the amplitude
of the RCS voltage during switch “off” intervals would be small
for small values of D. Both cases may lead to diagnosis mistake
when comparing VRCS with the threshold voltage, Vth = 0 in the
logic circuit presented in [10]. As seen in Fig. 6, for generating
FS1 which is utilized for switch OCF detection, the RCS output
is compared with −Vth . Hence, for large values of D, although
VRCS is small during the switch “on” interval, it is compared
with a small negative threshold which results in SRCS1 = 1.
Since s(t) = 1, in this interval, it results in FS1 = 1 which informs
normal condition. Similarly, for the converters with closed-loop
control, the switch may be kept “on” for some switching periods
(D � 1) to compensate step-load variations. In such condition,
although the RCS output becomes zero, it is compared with
a small negative value, and, hence, SRCS1 = 1. According to
Table I, both FS1 and FS2 signals would be high indicating
normal operation. In case of switch OCF, the RCS output is
negative and as VRCS< − Vth , SRCS1 = 0 which results in FS1
= 0 for s(t) = 1 as presented in Table I.
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On the other hand, to generate FS2 for switch SCF detection,
VRCS is compared with +Vth . For small values of D, although
VRCS has a small negative amplitude during the switch “off”
interval, it is compared with a small positive threshold which
results in SRCS2 = 0. Since s(t) = 0 in this interval, it leads to
FS2 = 1 based on Table I which indicates normal condition. In
case of switch SCF occurrence, VRCS remains positive and since
it is compared with a small positive threshold, SRCS2 = 1. As a
result, FS2 becomes low for s(t) = 0 and the SCF is diagnosed.

V. SUPERIORITY OF THE PROPOSED RCS OVER THE

AUXILIARY WINDING IN [10]

The proposed sensor has some superiority over the auxiliary
winding proposed in [10], which are as follows.

1) The RCS can be utilized for already fabricated inductors
straightforwardly, while implementation of the method
presented in [10] may encounter some limitations in this
case. Generally, the size of the inductor core is designed
to be completely filled by the winding and adding an aux-
iliary winding to an already fabricated inductor, requires
resizing of the inductor core. Furthermore, since the in-
ductor winding is firmed by a special fluid, reusing the
winding on a resized core has some limitations and even
may be impossible.
Based on the abovementioned discussion, using the pro-
posed RCS instead of the auxiliary winding has evident
economic justification in case of already fabricated induc-
tors.

2) Ferrite cores are typically utilized for high-frequency
magnetic devices. Due to low conductivity of the ferrites,
it is possible to use large blocks of ferrite while maintain-
ing low eddy-current losses. On the other hand, ferrites
have a low-saturation flux density. Hence, relatively large
ferrites should be used for power conversion purposes.
This requirement for large-size core is in contrast with
some of the assumptions considered in the design of high-
frequency devices. In particular, the assumption of uni-
form distribution of the magnetic flux throughout the core
cross section, and, therefore, uniform losses in the core.
Furthermore, in order to have low eddy-current losses, the
core should be small relative to the material skin depth.
Both assumptions including uniform flux distribution and
low eddy-current losses are challenged by the large ferrite
cores required for high power conversion.
Based on the aforementioned design considerations, re-
sizing the inductor core to install the auxiliary winding
leads to increase in the converter losses, especially in
high-power and high-frequency applications. Therefore,
the use of auxiliary winding results in the reduction of
the converter efficiency, while adding the proposed sensor
has not any negative impact on the converter efficiency.

3) Since the ferrite cores have different performances in var-
ious frequency bands, suitable selection of the inductor
core for power conversion is an important key point. Such
ferrite core may have unsuitable response for the mea-

Fig. 7. Buck converter output considering the capacitor ESR.

surement purpose. Consequently, a compromise should
be carried out to find a suitable ferrite core for both power
conversion and measurement purposes. Therefore, substi-
tuting the inductor core may be unavoidable. Thus, using
a ferrite core with the mentioned specifications is not eco-
nomic in comparison with employing the RCS.

4) The response of ferrite cores is linear in limited frequency
ranges, while the RCS achieves linear response for an
extensive frequency band due to its nonmagnetic core.
Hence, the RCS is more accurate in comparison with the
auxiliary winding for switch fault diagnosis.

5) In case of SCF in the converter, the magnetic core may be
saturated. Consequently, the performance of the fault di-
agnosis techniques which are sensitive to core saturation
may degrade, while the saturation problem will not be en-
countered for the RCS. As a result, application of the RCS
improves the reliability of different diagnosis techniques,
which use magnetic flux criteria for fault detection and
identification.

VI. APPLICATION OF THE RCS FOR CAPACITOR LIFETIME

MONITORING

In this section, the output of the RCS is employed for ca-
pacitor lifetime monitoring in nonisolated single-switch dc–dc
converters. One efficient criterion for inspecting the capacitor
lifetime is ESR. According to [5], a real electrolytic capacitor
could be modeled by an ideal capacitor connected in series with
ESR and the equivalent series inductance (ESL). On the other
hand, the effect of ESL is not significant for typical switching
frequencies [48]. As a result, the buck converter output consid-
ering the capacitor ESR is represented in Fig. 7.

As seen, the capacitor is modeled by an ideal capacitor in
series with ESR. In Fig. 7, IL , ΔiL , io , and Rs denote the dc
component of the inductor current, the inductor current ripple,
the load current, and the capacitor ESR, respectively. The dc
component of the inductor current flows in the load, io = IL .
Since the amplitude of the load resistance is much larger than
the impedance of the capacitor branch, the major portion of the
inductor current ripple flows in the capacitor branch. In other
words

R �

√
(

1
ωC

)2

+ R2
s ⇒ iC ≈ ΔiL . (12)
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On the other hand, the output voltage ripple can be expressed
as

vout = Vout + Δvout = VC + ΔvC︸ ︷︷ ︸
vC

+ΔvESR

⇒ Δvout = ΔvC + ΔvESR . (13)

In (13), Vout and Δvout represent the dc component of the
output voltage and the output voltage ripple, respectively. The
parameters vC , VC ,ΔvC , and ΔvESR denote the capacitor volt-
age, the dc component of the capacitor voltage, the capacitor
voltage ripple, and the ESR voltage ripple, respectively. Using
(12) and (13), the capacitor ESR as a function of the output
voltage ripple and the inductor current ripple is given as
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Δvout = ΔvC + ΔvE S R

ΔvC = 1
C

∫
(iC )dt

ΔvE S R = RsiC

iC ≈ ΔiL

⇒ Δvout ≈ 1
C

∫
(ΔiL )dt + RsΔiL

⇒ Rs ≈
Δ v o u t − 1

C

∫
(Δ iL )dt

Δ iL
.

(14)
The signals ΔiL and

∫
(ΔiL )dt can be derived using the RCS

output voltage

VRCS = M
diL
dt

⇒

⎧
⎪⎪⎨

⎪⎪⎩

ΔiL =
1
M

∫

VRCSdt

∫
ΔiLdt =

∫
(

1
M

∫

VRCSdt

)

dt

.

(15)
Accordingly, the capacitor ESR can be calculated using

the output voltage ripple and the RCS output based on (14)
and (15):

Rs ≈
Δvout − 1

M C

∫ (∫
(VRCS) dt

)
dt

1
M

∫
(VRCS) dt

. (16)

Generally, there is an already installed voltage sensor in the
output of the converters by which one can extract Δvout . There-
fore, only the proposed sensor is sufficient for calculation of the
ESR by (16).

Three important factors that affect the ESR value consid-
erably are temperature, frequency, and ageing. The ESR of
an aluminum electrolytic capacitor increases as a result of tem-
perature or frequency decrease [39]. Moreover, the capacitor
ESR increases due to ageing mechanism. In fact, the effect of
the mentioned factors on the ESR should be considered to mon-
itor the capacitor lifetime accurately. The impact of temperature
and frequency variations as well as ageing on the proposed ESR
calculation technique is evaluated in Section VIII-C.

VII. FINITE-ELEMENT SIMULATION RESULTS

The operating principle of the proposed RCS is based on
magnetic induction. On the other hand, extracting the magnetic
flux expressions for outside of a finite solenoid is so complex
and requires several approximations [47]. Hence, application of
numeric methods like finite-element method (FEM) is suitable
in this case. The inductor of the dc–dc converter which is a

Fig. 8. Finite-element 3-D model of the inductor and RCS.

TABLE II
SPECIFICATIONS OF THE FEM SIMULATION

Parameter Value/specification

Inductor core radius 12 mm
Inductor core height 30 mm
RCS core inner radius 14.5 mm
RCS core outer radius 15.5 mm
RCS core height 30 mm
Number of RCS winding turns 70
Inductor core material M19_24G
RCS core material Teflon

TABLE III
SPECIFICATIONS OF THE BUCK CONVERTER

Parameter Value/Part Number

V in 10
Duty cycle (D) 0.5
Power switch IRF740
L 83 μH
C 470 μF, 63 V
R 5 Ω
Switching frequency (f) 50 kHz

finite solenoid and the proposed RCS are simulated using three-
dimensional (3-D) FEM. Maxwell software is utilized for FEM
analysis.

Fig. 8 illustrates the 3-D model of the converter inductor and
the RCS in Maxwell software. The simulation specifications are
presented in Table II. As seen in Fig. 8, the RCS winding is
composed of seven segments, each containing ten turns. These
segments are connected in series to achieve 70 turns for the RCS.
The segments are connected in series in a way that the RCS
terminal voltage would be summation of the segment voltages.

The buck converter is considered for simulations in this sec-
tion. However, the operating principles are the same for other
nonisolated single-switch dc–dc converters.

A buck converter with the parameters presented in Table III
has been simulated in ORCAD software. Then, the inductor
current waveforms for normal condition, switch OCF, and SCF
occurrences are derived using ORCAD simulations. These cur-
rents are injected into the inductor of the finite-element 3-D
model in Fig. 8. The RCS in Fig. 8 is open-circuited to evaluate
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Fig. 9. Normal operation of the buck converter: (a) Inductor current; and (b)
RCS induced voltage.

Fig. 10. Magnetic flux density distribution on a surface tangent to the RCS
upper surface at t = 5 μs for the normal condition.

its induced voltage. Using FEM simulations, the voltage induced
in the RCS would be analyzed for three conditions: normal con-
dition, switch OCF occurrence, and switch SCF condition.

A. Normal Condition

Fig. 9(a) shows the steady-state current of the inductor of the
buck converter during normal condition. This current is injected
into the inductor in Fig. 8. The voltage induced in the RCS is
illustrated in Fig. 9(b). The RCS voltage is proportional to the
inductor current derivative. Hence, when the inductor current in
Fig. 9(a) is rising, the RCS voltage is positive in Fig. 9(b) and
for the intervals that the inductor current is decreasing, the RCS
voltage is negative.

Fig. 10 represents the magnetic flux density distribution at
t = 5 μs on a circular surface which is tangent to the RCS upper
surface. It can be observed that at the vicinity of the inductor
winding, the flux density is more than other regions and the flux
density decreases as the distance from the inductor increases.
Therefore, the RCS inner radius should be as small as possible

Fig. 11. Switch OCF occurrence in the buck converter: (a) Inductor current;
and (b) RCS induced voltage.

to minimize its distance from the inductor and to increase the
magnetic coupling between them.

B. Switch OCF Occurrence

In Fig. 11, it is assumed that the buck converter operates in the
normal condition. Then, at t = 45.4292 μs, switch OCF occurs
as denoted by m1 in Fig. 11(a). Before m1 , the inductor current
was increasing. After m1 , it starts to decrease due to switch OCF
occurrence. The RCS voltage in Fig. 11(b) is positive between
t = 40 μs and m1 . However, it becomes negative after m1 as a
result of the switch OCF, which can be utilized as the diagnosis
criterion.

C. Switch SCF Occurrence

In Fig. 12(a), the buck converter operates in the normal con-
dition till t = 55.6365 μs as specified by m1 . At m1 , the switch
SCF occurs and the inductor current that was decreasing before
m1 starts to increase. The RCS voltage in Fig. 12(b) is negative
before m1 , but becomes positive after m1 due to switch SCF
occurrence. This signature can be utilized as the criterion for
switch SCF detection.

VIII. EXPERIMENTAL RESULTS

In this section, the equivalent circuit parameters of the pro-
posed sensor are extracted. Then, application of the sensor for
switch fault diagnosis and capacitor lifetime monitoring in a
typical dc–dc converter is discussed in detail.

A. Determination of the RCS Parameters and Frequency
Response

Fig. 13(a) illustrates the experimental test bench employed for
RCS parameters identification. The pulse generated by the P. D.
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Fig. 12. Switch SCF occurrence in the buck converter: (a) Inductor current;
and (b) RCS induced voltage.

Fig. 13. Determination of the RCS parameters: (a) Employed test bench; and
(b) experimental results, C1: P. D. calibrator pulse, C2: RCS output voltage.

calibrator and the RCS output voltage are shown in Fig. 13(b).
In this section, the DSO is Tektronix TDS 2024C and the dif-
ferential probe capacitance is CP = 20 pF.

According to the method described in Section II-B, two tests
should be carried out by connecting two different test capacitors
across the RCS terminals. In this paper, the test capacitors are
CT 1 = 220 pF and CT 2 = 3.3 nF. Using MATLAB software,

Fig. 14. FFT of the RCS response in experimental tests: (a) For CT 1 = 220
pF; and (b) for CT 2 = 3.3 nF.

the FFT of the RCS responses for these two tests are repre-
sented in Fig. 14(a) and (b), respectively. As seen in Fig. 14,
the resonance frequencies for the mentioned tests are f11 = 3.6
MHz and f12 = 1.121 MHz, respectively. As expected, increase
of the test capacitor results in the reduction of the resonance
frequency.

Using (8), the RCS capacitance is calculated as

CC + CP =
220×10−1 2 ×( 3 . 6

1 . 1 2 1 )2 −3.3×10−9

1−( 3 . 6
1 . 1 2 1 )2 = 110.71pF

Cp =20 pF
−−−−−−−−−−−→ CC = 90.71pF.

(17)

The RCS inductance could be determined by (9).
Consequently

{
LC 1 = 37.134μH

LC 2 = 37.133μH
⇒ LC = 37.13μH. (18)

The RCS resistance RC could be calculated by RC = ρlW
AW

,
in which ρ, lW , and AW are the resistivity, length, and cross
section of the RCS winding, respectively. In case of employing
the RCS for high-frequency applications, skin effect should be
considered for determination of RC .

Accordingly, the equivalent circuit parameters of the pro-
posed RCS are listed in Table IV.

The oscilloscope input impedance (Z) is 1 MΩ. Consequently,
using the RC transfer function expressed in (5) and the RCS
parameters in Table IV, the Bode diagram of the proposed RCS
is presented in Fig. 15.

According to Fig. 15, the response of the RCS is linear in
a wide frequency range up to about 2.74 MHz. For any other
design specifications of the RCS, the mentioned experimental
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TABLE IV
RCS EQUIVALENT CIRCUIT PARAMETERS

Parameter value

RC 1.1 Ω
M 1.992 μH
CC 90.71 pF
LC 37.13 μH

Fig. 15. Bode diagram of the proposed RCS.

Fig. 16. (a) Inductor and the RCS; and (b) employed test bench for evaluating
the capability of the RCS.

tests could be carried out to determine the relevant equivalent
circuit parameters. Using the RCS transfer function in (5), its
frequency response in the form of Bode diagram can be obtained.

B. Switch Fault Diagnosis Using RCS

In this section, the capability of the proposed RCS for switch
fault diagnosis is verified. The RCS is implemented for a
solenoid type inductor of a buck converter. The RCS and the
employed test bench are depicted in Fig. 16. The specifications
of the RCS and the buck converter are the same in Tables II and
III, respectively.

Three cases are considered including normal operation,
switch OCF, and switch SCF conditions. The gate driver signal,
RSC output, output voltage, FS1 , and FS2 are captured using
digital oscilloscopes (Tektronix MSO5054). The logic circuit in
Fig. 6 is implemented using DS1104 board.

1) Normal Condition: Fig. 17(a) shows the gate driver sig-
nal, RCS voltage, and the output voltage for normal opera-
tion of the buck converter. As discussed in Section IV, it is

Fig. 17. Buck converter during normal operation: (a) C1: gate signal, C3:
RCS voltage, C4: output voltage; and (b) outputs of the fault diagnosis circuit,
C1: FS1 , C3: FS2 .

observed that VRCS is positive for s(t) = 1, while it is negative for
s(t) = 0. The outputs of the logic circuit are depicted in
Fig. 17(b), where both FS1 and FS2 are at the high level for
the normal condition.

According to Fig. 17(a), the absolute value of the RCS out-
put voltage is |VRCS | ≈ 120mV, which is in good agreement
with the simulation results in Fig. 9(b) and validates the simu-
lations. Using the buck converter circuit equations, the mutual
inductance of the RCS could be determined as
⎧
⎨

⎩

Vout = DVin = 0.5 × 10 = 5V
s(t) = 1 ⇒ VL = Vin − Vout = L diL

dt

|VRCS | =
∣
∣M diL

dt

∣
∣ ≈ 0.12V.

⇒ M =
|VRCS |∣
∣ diL

dt

∣
∣

≈ 1.992μH

(19)

2) Switch OCF Occurrence: In this section, switch OCF oc-
currence is emulated using an auxiliary switch called “fault
simulator switch,” which is connected in series with the main
switch of the buck converter. The gate signal of the fault sim-
ulator switch is denoted by foc(t). During normal condition of
the buck converter, fOC (t) = 1 and the fault simulator switch is
on. To emulate the switch OCF occurrence, the fault simulator
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Fig. 18. Buck converter in case of switch OCF occurrence: (a) C1: gate signal
of the main switch, C3: gate signal of the fault simulator switch, C4: RCS
voltage; and (b) outputs of the fault diagnosis circuit, C1: FS1 , C3: FS2 .

switch is turned-off by setting fOC (t) = 0. Therefore, the main
switch current becomes zero. As a result, power flow from the
input source to the output is interrupted.

Fig. 18(a) shows the gate signal of the main switch s(t), the
gate signal of the fault simulator switch fOC (t), and VRCS
in case of switch OCF occurrence. During normal operation,
fOC (t) = 1 and the RCS voltage is positive for s(t) = 1 and
negative for s(t) = 0. At instant t0 , the main switch OCF is em-
ulated by setting fOC (t) = 0. Hence, the RCS voltage remains
negative after this instant as explained in Section IV. However,
since s(t) is low at t0 , the switch OCF could not be detected
until instant t1 at which s(t) becomes high. As a result, the fault
detection delay td would be t1–t0 . Since td < (1 − D)TS , the
proposed algorithm is able to detect the switch OCF in less than
one switching cycle. The output signals of the fault diagnosis
circuit are depicted in Fig. 18(b). It is observed that FS1 be-
comes low at t1 , while FS2 remains at the high level. Hence, the
switch OCF is detected by FS1 at t1.

3) Switch SCF Occurrence: To realize the main switch SCF,
an auxiliary switch called “fault simulator switch” is connected
in parallel with the main switch of the buck converter. The gate of
the fault simulator switch is excited by the signal fsc(t). During
normal condition, fsc(t) = 0 and the main switch is controlled
by s(t). The main switch SCF is emulated by setting fsc(t) = 1
and turning on the fault simulator switch.

The signals s(t), fsc(t), and VRCS in case of the main switch
SCF are shown in Fig. 19(a). During normal condition, the buck

Fig. 19. Buck converter in case of switch SCF occurrence: (a) C1: gate signal
of the main switch, C3: gate signal of the fault simulator switch, C4: RCS
voltage; and (b) outputs of the fault diagnosis circuit, C1: FS1 , C3: FS2 .

converter operates by switching the main switch and the fault
simulator switch is off. At instant t0 , the fault simulator switch
is turned on by setting fsc(t) = 1. Therefore, VRCS remains
positive after t0 . As explained in Section IV, the proposed al-
gorithm can detect the switch SCF when s(t) = 0. Since s(t)
is high at t0 , the switch SCF would be detected at t1 at which
s(t) becomes low. The fault detection delay in this case is t1–
t0 , which is less than DTS . Therefore, the switch SCF is also
detected in less than one switching cycle using the proposed
technique. The fault diagnosis signals for this case are repre-
sented in Fig. 19(b). As seen, FS2 becomes low at t1 indicating
switch SCF occurrence, while FS1 remains at the high level.

C. Capacitor ESR Monitoring Using RCS

In this section, the output of the RCS is utilized to calculate
the ESR of an electrolytic capacitor in a buck converter.

The specifications of the buck converter are the same as pre-
sented in Table III except the switching frequency. Application
of the proposed ESR monitoring technique for other nonisolated
dc–dc converters is similar.

The ESR of the capacitor is calculated using the RCS output
based on (16). DS1104 board is utilized to calculate the ESR.
On the other hand, the ESR determined by this technique is
compared with the ESR offline measurement carried out by
MASTECH MS5308 LCR TESTER.
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1) Evaluation of the Proposed Capacitor ESR Monitoring
Technique: Fig. 20(a) illustrates the RCS voltage, scaled wave-
form of Δvout , and the calculated ESR for the buck converter
at f = 100 kHz and the ambient temperature T = 25 °C. It
should be noted that since the peak value of Δvout is small, its
waveform has been scaled using Tektronix MSO5054 math
function and the waveform of 10 × Δvout is illustrated in
Fig. 20.

As seen in Fig. 20(a), the capacitor ESR value calculated by
the proposed technique is RS = 0.031Ω. On the other hand,
using the offline measurement for this capacitor at f = 100 kHz,
RS = 0.033 Ω. The negligible difference between these two
values of ESR is mainly due to the approximation in (12)
and the difference between the capacitor temperatures in the
measurements. When the capacitor is operating in the circuit,
its temperature is higher in comparison with the offline mea-
surement. Higher measurement temperature results in lower
ESR [41].

2) Effect of the Operating Frequency on the ESR: In order to
analyze the effect of operating frequency on the proposed ESR
monitoring technique, the ESR of the buck converter capacitor
is measured at f = 50 kHz and T = 25 °C. The RCS voltage, the
scaled waveform of Δvout , and the calculated ESR for this op-
erating condition are illustrated in Fig. 20(b). It can be observed
that the ESR is RS = 0.035 Ω under the mentioned operating
condition, while the ESR value is RS = 0.031 Ω at f = 100 kHz
and for the same ambient temperature according to Fig. 20(a).
As expected, increase in the operating frequency results in the
ESR decrease [41]. Furthermore, since the ESR value for f =
50 kHz is higher; it can be observed that the peak value of Δvout
scaled waveform in Fig. 20(b) is higher than the corresponding
value in Fig. 20(a). In other words, the ESR increase leads to
higher peak value for the output voltage ripple.

3) Effect of the Temperature on the ESR: As mentioned in
Section VI, due to increase/decrease in the temperature, the
ESR of an aluminum electrolytic capacitor decreases/increases.
In this section, the converter is located in a temperature chamber
in which the ambient temperature is T = 40 °C. The ESR of the
capacitor at f = 100 kHz is calculated by the proposed tech-
nique and the related waveforms are represented in Fig. 20(c).
According to Fig. 20(c), the calculated ESR is RS = 0.020 Ω. In
comparison to Fig. 20(a) in which RS = 0.031 Ω, the switch-
ing frequency in this test is the same but the temperature is
higher. This indicates that the measurement temperature affects
the value of the calculated ESR, considerably. Furthermore,
since the ESR value in Fig. 20(c) is less than Fig. 20(a), the
peak value of the output voltage ripple is lower, which re-
sults in lower peak value for the scaled waveform of Δvout
in Fig. 20(c).

4) ESR Measurement for a Degraded Capacitor: The uti-
lized capacitor for the buck converter has been submitted to
very high temperature (about 200°C) for 3 h. As a result, the
capacitor has been degraded. After cooling down to T = 25 °C,
its ESR is calculated at f = 100 kHz and the related waveforms
are presented in Fig. 20(d). According to Fig. 20(d), the ESR
of the degraded capacitor is RS = 0.058 Ω. It indicates that the
ESR increases considerably due to degradation. Furthermore,

Fig. 20. Capacitor ESR monitoring using RCS; C1: RCS output voltage, M1:
scaled waveform of the output voltage ripple (10 × Δvout ), C3: calculated
ESR: (a) healthy capacitor at f = 100 kHz and T = 25 °C; (b) healthy capacitor
at f = 50 kHz and T = 25 °C; (c) healthy capacitor at f = 100 kHz and T =
40 °C; and (d) degraded capacitor at f = 100 kHz and T = 25 °C.
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in comparison with Fig. 20(a), the peak value of Δvout scaled
waveform in Fig. 20(d) is considerably higher. In fact, degrada-
tion of the capacitor leads to a noticeable increase in the ESR,
which in turn results in higher peak value for the output voltage
ripple.

IX. CONCLUSION

In this paper, application of a new type RCS is proposed for
detection of switch OCF and SCF as well as capacitor ESR
monitoring in nonisolated single-switch dc–dc converters. In
comparison with the method, in which an auxiliary winding is
employed to monitor the inductor flux, application of the RCS
achieves several interesting advantages, such as low cost, com-
pactness, linear response for a wide frequency range, higher
accuracy, and reliability. The results obtained from the param-
eters identification test for the RCS confirm that the sensor has
linear response in a wide frequency range up to about 2.74 MHz.
Furthermore, it can be utilized even for already fabricated con-
verters. Based on some finite-element simulations and experi-
ments for a buck converter, it is confirmed that the RCS voltage
could be utilized as an effective signature for switch fault diag-
nosis in nonisolated single-switch dc–dc converters. Using the
RCS output and the gate driver signal, the switch OCF and SCF
could be detected in less than one switching cycle. Furthermore,
a new technique for capacitor lifetime monitoring is proposed,
in which the RCS voltage is employed for calculating the ca-
pacitor ESR. The experimental results confirm the effectiveness
of the proposed method for ESR monitoring in different op-
erating conditions including variations of the temperature and
frequency. As a result, the output of the proposed RCS can
be utilized for both switch fault diagnosis and capacitor ESR
monitoring.
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