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Online Monitoring of Aluminum Electrolytic
Capacitors in Photovoltaic Systems by
Magnetoresistive Sensors

Wenchao Miao™, K. H. Lam, and Philip W. T. Pong™, Senior Member, IEEE

Abstract—Due to the environmental concerns and new
energy policies, worldwide expectations for energy pro-
duction utilizing photovoltaic (PV) systems are increasing
significantly. The aluminum electrolytic capacitor (AEC) is
extensively used in filtering application for power electronic
converters in PV systems since they can achieve the highest
energy density with the lowest cost. However, the lifetime
of an AEC is limited due to the electrolyte vaporization. The
degradation of AECs challenges the efficiency and reliability
of a PV system. Therefore, the health-monitoring of AECs is
indispensable for the PV systems to operate reliably. In this
paper, an online AEC-monitoring scheme based on magnetic-
field sensing is proposed for PV systems under various
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working conditions. The AEC-monitoring technique using the equivalent series resistance (ESR) and capacitance (C) as
the health indicators were developed for the power electronic converters in PV systems. The proposed methodology
considering the voltage drops on C can improve the accuracy in ESR-estimation and achieve the estimation of C. The
simulation results with Simulink verified that the proposed method was capable of estimating the health indicators
accurately over various levels of solar irradiance and ambient temperature. The tunneling magnetoresistive (TMR) sensors
were pre-calibrated from -25 to 100° C for implementation in PV systems. The experimental results proved that TMR
sensors could measure the current of AECs effectively to achieve the precise estimations of the health indicators using
the proposed technique. This technique is non-invasive, compact, and cost-effective since it can be realized with the TMR

sensors or other MR sensors.

Index Terms— Aluminum electrolytic capacitor, condition monitoring, PV system, tunneling magnetoresistive sensor.

I. INTRODUCTION

HOTOVOLTAIC (PV) systems are one of the most
popular renewable energy systems, and the installation
of PV systems has been growing rapidly. According to
the International Renewable Energy Agency (IRENA),
the cumulative global PV installations reached 480 GW
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at the end of 2018 [1]. In the system level, there are
ground faults, line-line faults, overcurrent faults and arc faults
in a PV system [2]. The abnormal conditions of devices also
hinder the normal operation of a PV system. In PV systems,
the aluminum electrolytic capacitors (AECs) are widely used
for filtering applications in power electronic converters due
to their high energy density and low cost [3]-[S]. However,
the electrolyte vaporization, which leads to a decrease in
capacitance (C) and an increase in equivalent series resis-
tance (ESR), restricts the lifetime of an AEC [3]. It is claimed
that about 30 % of the failures in power electronic converters
are caused by AECs [5], [6]. The AEC is one of the most
vulnerable components in power electronic converters and
challenges the reliability and efficiency of PV systems [7]-[9].
Therefore, the condition monitoring of AECs is essential to
ensure the reliability and efficiency of PV systems.

It is a consensus that an AEC is worn out when its C
reduces by 20%, or the ESR doubles its original value.
Currently, the condition-monitoring techniques of AECs are
mainly based on the estimations of their ESRs and Cs. The
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condition-monitoring techniques can be classified as offline
when an interruption of the system is required to acquire the
health indicator or quasi-online when the health indicator is
attained during the routine pause of the system or online when
the health indicator can be obtained during the operation
of the system [4], [10]. Although the offline [11]-[13] and
quasi-online [14], [15] techniques adopting injected signals
can achieve the estimations of ESRs and Cs, the reliability and
efficiency of the systems are jeopardized by the interruptions.
The online techniques utilizing the electrical circuits are able
to monitor the AECs [16], [17], but the circuits need to
be specially designed for applications in different systems
and thus incurring extra costs. The specific equations to
calculate the ESRs and Cs of AECs in power converters are
derived in [18]-[21]. However, different methodologies are
required for each topology of power converters. They cannot
be applied in other power converters.

The online ripple method of using the voltage and current
ripples of AECs can estimate the ESRs and Cs [22]-[28].
The voltage across the C of an AEC is neglected in the
ripple method. However, there are cases that the voltage across
the C is not negligible [12], [29]. As a result, the accu-
racy of this ripple method is not guaranteed. Albeit con-
dition monitoring of AECs in PV systems also have been
researched [4], [5], [8], [9], [30], the working conditions of PV
systems vary with the levels of solar irradiance and ambient
temperature. The ESRs and Cs of AECs are affected by
the capacitor core temperature [24]. Hence, a comprehensive
online AEC-monitoring technique for PV systems working in
various conditions is desirable.

Furthermore, parasitic impedance (Z) is induced by
the shunt resistor used for current measurement, which
stresses the normal operation of power electronic converters
[26]. The Hall-effect current transducers can attain the
current ripples of AECs [4], [5], [8], [27], [30]. However,
a magnetic concentrator concentrates the magnetic field of
the target current is required by the current transducer, which
largely increases the volume and expense of the device
[31]. Besides, the bandwidth of the Hall sensor is limited,
which is generally lower than 200 kHz [31]. Therefore,
the Hall-effect current transducer of relatively large size, high
cost, and narrow bandwidth is not applicable in measuring
the high-frequency current in power electronic converters.
Additionally, the performance of most current sensors is
temperature dependent [31]. Hence, it is necessary to acquire
the temperature effects on current sensors for implementations
under various conditions in PV systems. In this way,
the temperature effects on current sensors can be considered by
using a thermistor to measure the temperature simultaneously.

In this paper, the voltage drops on C is considered in the
proposed method to improve the accuracy of ESR-estimation
and the equation to estimate C is derived. The tunneling mag-
netoresistive (TMR) sensor, which is competent for measuring
the magnetic field [32]-[34], can be utilized to sense the cur-
rent of AECs up to 1 MHz non-invasively. The low-cost TMR
sensor is compact in size (typically less than 15 mm?) and
consume very little power (typically less than 0.4 mW), and it
can be integrated on the printed circuit boards (PCBs) of power
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Fig. 1. The characteristics of AECs, (a) the equivalent circuit, (b) the
phasor diagram of the voltage of an AEC, and (c) Zs of the AECs in 680,
820, and 1500 uF from 20 Hz to 300 kHz at 25 °C.

converters to measure the current effectively. The temperature
effects on the TMR sensor was determined for implementa-
tions in PV systems. Thermistors were used to measure the
temperatures of AECs for estimations of ESRs and Cs. A PV
system was developed on Simulink to verify the proposed
technique. The experimental results with the PV simulator
confirmed that the proposed method could realize the online
estimations of ESRs and Cs accurately under various work-
ing conditions. The proposed technique is also feasible for
AEC-monitoring in other power electronic systems.

This paper is organized as follows. In Section II, the charac-
teristics of AECs and principles of the AEC-monitoring tech-
nique are illustrated. The method to estimate the ESRs and Cs
based on magnetic-field sensing are proposed. In Section III,
the PV system is developed on Simulink to verify the proposed
methodology in various conditions. In Section IV, the tech-
nique is verified by the experimental results with the PV
simulator. The conclusion is drawn in Section V.

II. PRINCIPLES OF AEC AND ONLINE-MONITORING
METHODOLOGY BASED ON MAGNETIC-FIELD SENSING

A. Characteristics and Condition-Monitoring
Method of AEC
The simplified equivalent circuit of an AEC consists of C,

ESR, and equivalent series inductance (ESL) as Fig. 1 (a)
depicts. Therefore, the Z of an AEC can be expressed by

Eq. (1).

Z=1/jwC + ESR + joESL (1)

where  is the frequency of current, 1.
Hence, the voltage across the AEC can be calculated as

V = (1/jwC + ESR + jwESL) - I¢ ©)

Therefore, the Z of an AEC can be attained by using the
voltage and current ripples of the AEC. Since this ripple
method is affected by the transient values of voltage and
current ripples, the fundamental components of the voltage
and current ripples should be used as expressed by Eq. (3).

Z=AVy/Alc ¢ 3)
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Fig. 2. The ESR at 20 kHz and capacitance at 120 Hz of the AEC
in 680 uF from -25 to 100 °C.

The ESR is dominant in the Z and the voltage drops on ESL
is negligible when the frequency is in tens to hundreds of
kilohertz [26]. The operation frequency of a power electronic
system is usually in this frequency range. Therefore, the ESRs
of AECs in power electronic systems are calculated by using
Eq. (3) in [22], [24], [25], and [27].

However, the voltage drops on C is contributing to the
voltage ripple across the AEC apparently when the frequency
is around several tens of kilohertz. The phasor diagram can
be drawn as depicted in Fig. 1 (b). The current is leading the
voltage by an angle of #. In this case, the 1/jwC is relatively
large and cannot be neglected. As shown in Fig. 1 (c),
the Zs of the AECs from Nichicon in 680 and 820 uF, and
Nippon Chemi-Con in 1500 uF decrease with the frequency as
measured by the LCR meter (BK 891, BK Precision) at 25 °C.
Although the Zs of the three AECs stay in almost constant
values at the frequency around tens of kilohertz, their Zs still
decrease slightly from 10 to 20 kHz to be 74.847, 66.904 and
38.294 mQ at 20 kHz. This is due to the decreasing of 1/jewC.
Therefore, the voltage drops on C is not negligible, and the
ESR-estimation methodology needs to be further developed.
To achieve a higher accuracy of the ESR-estimation [12], [29],
the ESR should be calculated by using Eq. (4).

ESR = AV ;Cos(8)/AIc s *

According to the phasor diagram, Eq. (5) can be deduced to
estimate the Cs of AECs.

C =Alc ;/(AV ;Sin(0)w) )

Thus, the condition-monitoring of AECs can be achieved by
estimating their ESRs and Cs by using Eq. (4) and (5).

However, the ESRs and Cs of AECs vary with the tem-
perature. The thermal chamber (SH-242, ESPEC) was used
to investigate the temperature effects on AECs. The ESR of
the AEC of 680 uF decreases with the temperature from -
25 to 100 °C as shown in Fig. 2. The ESR is 73.224 mQ
at 25 °C which is less than the Z of 74.847 mQ. Hence,
it verifies that it is essential to consider the voltage drops on
C in the estimation of ESR. It is found that the ESR of an
AEC decreases exponentially with the temperature [24], [35],
and it can be expressed by Eq. (6).

ESR=oa+p e Tcly (6)

where a, 8, and y depend on the type of an AEC, T is the
capacitor core temperature.

TABLE |
THE FITTING PARAMETERS OF EQ. (7)

C (uF) o Bi Yi B2 Y2
680 -3.62 115.67 11.70 68.79 151.65
820 15.48 81.33 11.50 47.80 94.40
1500 22.49 26.21 11.282 17.89 45.89
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Fig. 3. The online condition-monitoring scheme of AECs in a PV system.

However, the ESR curves cannot be well fitted by
Eq. (6) [24], [30]. The errors caused by Eq. (6) largely affect
the accuracy of ESR estimation. To improve accuracy, Eq. (7)
is derived.

ESR = oy + B e Tc/ri B, e Tc/va @)

where a1, f1, p2, 71, and y> depend on the type of AEC.

The fitting results of the three AECs by using Eq. (7)
are provided in Table I. Comparing to Eq. (6), the errors
of the fitted ESRs can be reduced from around 17 % to
be around 5 % by Eq. (7). The C of the AEC in 680 uF
increases with the temperature, as shown in Fig. 2. It increases
rapidly from -25 to 15 °C. Nevertheless, the growth rate
decreases after 15 °C. Two linear equations are used to fit the
capacitance at the temperature from -25 to 15 °C, and -15 to
100 °C separately as Fig. 2 depicts. The accuracy of using
two separate linear equations for fitting the Cs of the three
AECs is within 0.27%. Hence, the ESR and C of an AEC
can be accurately modeled by Eq. (7) and linear equations so
that the temperature effects on ESRs and Cs can be effectively
considered in the AEC-monitoring.

B. Online-Monitoring Scheme of AECs

The online-monitoring scheme of AECs in PV systems
can be developed as Fig. 3 depicts. The PV system consists
of PV panels, a DC-to-DC converter, an maximum power
point tracking (MPPT) controller, and the pulse width modula-
tion (PWM) unit. A boost converter is used for the DC-to-DC
conversion as an example in Fig. 3. The AECs are used in the
boost converter for filtering the input and output voltages. The
specifications of the boost converter at 25 °C are provided in
Table II. The ESRs and Cs of AECs and L of the inductor are
measured by the LCR meter. The AECs of 680 and 820 uF
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TABLE Il PV Array Boost Converter
SPECIFICATIONS OF THE BOOST CONVERTER AT 25 °C
T eg—ar ey
L D
Parameters Symbol Values
Input ESR at 20 kHz (mQ) ESR; 73.224, 65516 ESRi & ESRO% s
Input C at 120 Hz (uF) C; 597.719, 695.616 Tomperaiare ~iHs I Ro %
Output ESR at 20 kHz (mQ) ESR, 36.775 Dee- € 3-module string o, 1
Output C at 120 Hz (uF) C, 1331.414 2 paralle strings ci - Co —
Inductance (uH) L 232.4 Vol Vo 1
Switching Frequency (kHz) f 20 PWM
P & O MPPT

are used as the input capacitor, and the AEC of 1500 uF
is used as the output capacitor. According to the proposed
approach, the voltage ripple of PV panels (AVyy), the current
ripple of input AEC (Algj), the temperature of input AEC,
the output voltage ripple (AV,), the current ripple of output
AEC (Alco), and the temperature of output AEC are required
for the estimations of ESRs and Cs. In a boost converter,
the Alc, equals the peak of inductor current (Ir) [25], [28],
therefore, the inductor current can be measured for the
estimations of ESR and C of output AEC. In this way,
the two sensors can be placed close to achieve the integration
of the current-measurement circuit on the PCB as shown
in Fig. 3.

The Vpy and V, can be obtained from the PV system
by voltage sensors, and they are also needed in MPPT and
control purposes. Therefore, this method does not incur an
extra cost. The temperatures of the AECs can be measured
instantaneously by the thermistors [5], [17], [24], [26], [27].
The low-cost and non-invasive TMR sensors can be integrated
on the PCB of the converter to measure the magnetic field of
the Icj and Ip.. The current is sensed by a TMR sensor based
on the tunneling magnetoresistance effect of a magnetic tunnel
junction (MTJ). The target current can be determined by the
electrical resistance of the MTJ which changes as a function of
the magnetic field emanated from the current [32]. Since the
typical current consumption of a TMR2001 is 16 pA [34],
which generates extremely low heat, the temperature of the
TMR?2001 during operation is almost the same as the ambient
temperature. Therefore, the ambient temperature required in
forecasting the performance of PV panels can be used to
predict the temperature effects on TMR sensors [36]. Thus,
a non-invasive, low-cost, and compact online AEC-monitoring
system based on magnetic-field sensing can be developed for
PV systems.

I1l. SIMULATIONS OF THE PV SYSTEM ON SIMULINK

The PV system was simulated on Simulink to investigate
the proposed methodologies for estimations of ESRs and Cs of
AECs. The proposed methodologies were verified with the PV
system in different irradiance and temperature levels. It was
also studied in transient conditions with the load varied from
100 to 50 Q.

A. PV System on Simulink

The PV system was modeled on Simulink, as shown in
Fig. 4. The PV array contains two parallel-connected strings

Fig. 4. The PV system on Simulink with the boost converter and the
MPPT controller.
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Fig. 5.  The scaled irradiance and temperature levels in Urumgqi
of 12 hours.

with three series-connected PV panels (STH-215-P, Soltech)
in each string. The levels of irradiance and temperature
were imported to the PV array to simulate the generation
of electrical energy. The specifications of the boost converter
are provided in Table II. The AEC of 680 uF, which was
597.719 uF at 120 Hz with ESR of 73.224 mQ at 20 kHz, was
used as the input capacitor. The output capacitor was the AEC
of 1500 uF, which was 1331.414 uF with ESR of 36.775 mQ
as provided in Table. II. The switching frequency of the boost
converter was 20 kHz. The perturb and observe (P&QO) method
was used to develop the MPPT controller [37].

The irradiance and temperature levels of Urumqi (43.8°,
87.6°) vary widely in a year. Therefore, the irradiance and
temperature data of Urumqi was used in the simulations to
investigate the applicability of the proposed methodologies.
The annual irradiance and temperature data of Urumqi were
scaled to be in 12 hours, as shown in Fig. 5. The five cases of
the irradiance and temperature levels were selected in Table III.
The proposed methodologies were studied with the five cases
of irradiance and temperature levels.

B. Simulation Results

The simulation results of case 1, when the irradiance and
temperature levels were constant, are shown in Fig. 6. The
voltage and current of the input AEC are Vpy and Ig; as
Fig. 6 (a) depicts. The digital bandpass filter on MATLAB,
allowing frequencies between 19 and 21 kHz to pass, was used
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TABLE IlI
THE IRRADIANCE AND TEMPERATURE LEVELS

TABLE IV
THE SIMULATION RESULTS OF THE INPUT
CAPACITOR IN STEADY STATE

0 Error of Eq. (3)  Error of Eq. (4)  Error of Eq. (5)
Case o
() (%) (%) (%)
1 10.15 1.19 -0.39 -0.63
2 10.61 1.72 -0.02 0.49
3 10.55 0.91 -0.79 0.80
4 10.55 2.69 0.95 0.69
5 10.13 1.67 0.09 -0.70

TABLE V
THE SIMULATION RESULTS OF THE INPUT CAPACITOR IN TRANSIENT

Case Irradiance (W/m?) Temperature (°C)
1. Constant irradiance and
359 -14.92
temperature
2. Trradiance and
R 359 to 431 -14.92 to -3.06
temperature increase
3. Irradiance and
680 to 485 2491 011.46
temperature decrease
4. Irradiance increases and
729 to 788 26.67 0 18.11
temperature decreases
5. Irradiance decreases and
. 642 to 471 1.46 t0 6.08
temperature increases
(€)) '
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5.498x10" 5.499x10™ 5.500x10™ 5.501x10" 5.502x10™

0 Error of Eq. (3)  Error of Eq. (4)  Error of Eq. (5)
Case o
() (%) (%) (%)
1 10.27 1.41 -0.21 0.46
2 10.13 1.90 0.31 -0.91
3 10.55 1.18 -0.53 -1.14
4 10.35 0.84 -0.80 -0.58
5 10.73 2.10 0.32 -0.53
TABLE VI
THE SIMULATION RESULTS OF THE OUTPUT
CAPACITOR IN STEADY STATE
0 Error of Eq. (3)  Error of Eq. (4)  Error of Eq. (5)
Case o
) (%) (%) (%)
1 9.05 0.84 -0.41 -0.06
2 9.53 2.89 1.47 -0.85
3 9.05 0.88 -0.37 -0.10
4 9.05 0.87 0.38 -0.09
5 9.71 2.59 1.12 -0.68

TABLE VI
THE SIMULATION RESULTS OF THE OUTPUT CAPACITOR IN TRANSIENT

Time (s)

Fig. 6. Simulation results with the constant irradiance and temperature,
(a) the voltage (Vpv) and current (Ig;) of the input capacitor, and (b) their
fundamental components, Vy,, ;andlg; 1, (c) the voltage (Vo) and current
(Ico) of output capacitor, andP d) their fundamental components, V,, ¢ and

Ico_t-

to attain the fundamental components of the voltage and
current. The fundamental components of V,y and I¢; are
shown in Fig. 6 (b). Similarly, the voltage and current of the
output AEC, and their fundamental components are shown in
Fig. 6 (c) and (d), respectively. It can be seen that the current
was leading the voltage by an angle of 8. The load varied from
100 to 50 Q at 0.55 s leading to the transient of voltage and
current, as shown in Fig 6.

. 0 Error of Eq. (3)  Error of Eq. (4)  Error of Eq. (5)
) (%) (%) (%)

1 9.30 1.35 0.02 -0.22

2 8.99 2.42 1.16 -0.39

3 9.19 1.43 0.13 0.24

4 8.82 2.67 1.46 1.22

5 9.05 0.70 -0.55 0.09

The simulation results of the AECs in the five cases

at steady-state and transient conditions are presented in
Table IV to VII. They verified that the errors of the estimated
ESRs can be significantly reduced by the proposed method of
using Eq. (4) to be within 1.48 %. The errors from Eq. (4)
were less than half of the errors caused by Eq. (3) in both
steady-state and transient conditions. It was also confirmed
that Eq. (5) was capable of estimating the Cs of input and
output AECs with an error of less than 1.23 %. In summary,
the proposed approach can effectively improve the accuracy
of ESR-estimation, and it can estimate the Cs of AECs accu-
rately in PV systems over various irradiance and temperature
levels.
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Fig. 7. The experimental setup of the online AEC-monitoring system.

TABLE VIII
THE SPECIFICATIONS OF POTENTIAL SENSORS IN AEC MONITORING

Sensor Manufacturer B?ﬁggth Size (cm) (S g]s;)
Hall-effect

current HY 5-P [38] 0.05 3.6%2.3x1 ~21.79
transducer

GMR AA002-02 [39] 1 0.62x0.5%0.4 ~9.60

TMR TMR2001 [34] 1 0.145x0.305x0.3  ~1.09

TMR TMR2901 [40] 1 0.155%0.6x0.49  ~44.87

V. EXPERIMENTAL VALIDATION AND DISCUSSION

The proposed methodologies were validated by the exper-
imental results with the PV simulator. The boost converter
with the TMR sensors was integrated on the PCB. The TMR
sensors were pre-calibrated. The proposed method was verified
in different irradiance and temperature levels. The thermal
chamber was used to study the performance of the proposed
technique in AEC-monitoring at different temperatures.

A. Experimental Setup

The experimental setup of the online AEC-monitoring
system is shown in Fig. 7. It consists of a PV simula-
tor, power supplies, a function generator, a boost converter,
voltage probes, a resistive load, a preamplifier, an oscillo-
scope, a thermal chamber, and a computer. The PV simulator
(62020H-1508, Chroma) emulated the PV system in different
irradiance and temperature levels. The voltages of AECs were
measured by voltage probes. Two TMR2001 were used to
measure the magnetic field of the current of input and output
AECs for estimations of their ESRs and Cs. The preamplifier
(SR560, Stanford Research Systems) was utilized to amplify
the output voltages of TMR sensors. The thermal chamber
assisted the investigations of AECs at different temperatures.
The current and voltage of AECs were obtained from the
oscilloscope to the computer through the LabVIEW. The
MATLAB was used to analyze the voltage and current to
achieve the estimations of ESRs and Cs.

B. Pre-Calibration of TMR sensors

The specifications of the TMR2001 and other potential
sensors are summarized in Table VIII. Although the Hall-effect

TMR2001 ‘ ‘
I gseC s C s T 2
2 | —s°c 15°C ——25°C |
&y 4l ———30°C ——40°C ——50°C A=
> ~——60°C ——70°C ‘
= 80°C ——90°C !
L ' ' '
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Fig. 8. The output of TMR2001 in the measurement of current up to
15 A from -25 to 100 °C.

current transducer or giant magnetoresistance (GMR) sen-
sors may be able to be implemented in AEC monitoring,
the size of the Hall-effect current transducer is relatively large
with higher expense as shown in Table VIII. Furthermore,
the Hall-effect current transducer is limited in bandwidth
which constrains its application in measuring high-frequency
current in power electronic circuits. Generally, the sensitivity
of GMR is lower than TMR2001. For example, the GMR
AA002-02 with the sensitivity of 4.2 mV/V/Oe is lower
than the TMR2001 of 8 mV/V/Oe. Besides, the cost of
AA002-02 is higher. Though the TMR2901 has even higher
sensitivity of 25 mV/V/Qe, the price is highest as presented in
Table VIII. Therefore, the compact and low-cost TMR2001 is
chosen and it can be widely implemented in measuring
high-frequency current up to 1 MHz in power electronic
circuits.

The TMR2001 was soldered on top of the PCB (1.6 mm) of
the boost converter and the current wires of AECs were on the
bottom of the PCB and right below the TMR2001. Since the
TMR2001 was high in sensitivity, it was capable of measuring
the current at a distance of 1.6 mm. The bipolar power supply
(Kikusui, PBZ 40-10) was used to supply the peak-to-peak
current up to 15 A in 20 kHz for the calibration of TMR
sensors. The TMR2001 used for input AEC (TMR_IN) and
output AEC (TMR_OUT) were pre-calibrated with the current
probe (TCPA300, Tektronix). The gain of the preamplifier was
fixed at 10 for the TMR sensors. Since the temperature affects
the output of TMR sensors, the thermal chamber was utilized
to pre-calibrate the TMR2001 at different temperatures. The
outputs of TMR2001 in sensing the peak-to-peak current up to
15 A of 20 kHz at the temperature from -25 to 100 °C is shown
in Fig. 8. It can be seen that the output peak-to-peak voltage
of TMR2001 was in high linearity and decreased with the
temperature because the sensitivity of a TMR sensor decreases
with temperature [41]. The current for pre-calibration of
TMR2001 was increased from O to 15 A and then decreased
to 0 A. The output of TMR2001 was almost the same for
the increasing and decreasing current as Fig. 9 depicts at
25 °C. The polynomial equation can be used to obtain the
magnitude of the current sensed by TMR2001 as expressed
in Eq. (8).

Icar=a1- (Tavg—To)+b1- (T —Tavg) +c1-T>+dy (8)
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Fig. 10. The fitting results of coefficients a; and by from -25 to 100 °C.

where Icy is the calibrated current, aj, by, c1, and d; depend
on the features of TMR2001, T,y is the averaged output, T,
is the offset, and T is the output of TMR2001.

It was proved that the current measured by TMR2001 can be
obtained accurately from Eq. (8). The error was within 1.5 %
when the current was lower than 0.57 A and within 0.9 %
when the current was between 0.57 to 15 A at the temper-
ature from -25 to 100 °C. It is similar to the error (1 %)
of commercial Hall-effect current transducer [38]. However,
the bandwidth of the Hall-effect transducer is 50 kHz which is
much lower than that (1 MHz) of the TMR2001. Furthermore,
the compact TMR2001 is even smaller in size (1.45 x 3.05 x
3.0 mm) than the Hall-effect transducer is 12 x 23 x 36 mm.
Therefore, the TMR2001 can be integrated on the PCBs of
power electronic systems for current measurement.

Since the variations of fitting results of c¢; and d; were
small from -25 to 100 °C, the averaged c; and d; can
be adopted. The averaged c; and d; were -0.04885 and -
0.02348 respectively for the TMR_IN. For the TMR_OUT,
the averaged ¢ and d; were -0.05305 and -0.00731. The fitting
results of a; and by of the TMR_IN and TMR_OUT increased
with the temperature from -25 to 100 °C as shown in Fig. 10.
This is consistent with the fact that the sensitivity of a TMR
sensor decreases with temperature. The errors of the current
calculated by Eq. (8) using the averaged c; at -25, 25, and
100 °C are shown in Fig. 11 (a), (b), and (c) respectively.
The errors were within 2 % for the current less than 0.57 A
and within 1.2 % for the current from 0.57 to 15 A. There
were phase delays of the current sensed by the TMR sensors
which were 58.28° (TMR_IN) and 56.92° (TMR_OUT) from
-25 to 100 °C. The phase delays can be compensated digitally
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Fig. 11. The accuracy of TMR2001 at (a) -25, (b) 25, and (c) 100 °C.
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Fig. 12. Theirradiance and temperature levels of 12 hours in Hong Kong.

by MATLAB. In summary, the current can be sensed by
the TMR2001 accurately and the temperature effects on the
TMR2001 can be modeled by Eq. (8).

C. Experiments in Different Irradiance and Temperature
Levels and a Variable Load

The irradiance and temperature levels of 12 hours of
Hong Kong (22.4°, 114.2°) is shown in Fig. 12. They were
imported to the PV simulator to emulate the energy gen-
erations of PV systems. The AECs were in the thermal
chamber with a constant temperature of 25 °C since the
variations of temperature in the 12 hours were insignificant
as shown in Fig. 12. The simulation results with the input
capacitor of 680 uF and the output capacitor of 1500 uF
in the irradiance and temperature levels at 2 h are shown
in Fig. 13. The switching noises of the voltage and current
were filtered by a digital filter on MATLAB. The current
measured by TMR2001 were calibrated by using Eq. (8).
The Ic, was obtained from the I, for estimations of ESRs
and Cs since the Alc, equals the peak of Iy as explained in
Section II. B.

The fundamental components of the voltage and current
ripples of input and output AECs were acquired from the
bandpass filter on MATLAB as Fig. 14 depicts. In this case,
the Ici ¢ was leading the Vpy ¢ by an angle of 9.13° and the
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Fig. 14. The fundamental components of the input and output voltage
and current.

Ico r was leading the V, ¢ by 10.32°. The estimated ESRs
at 2 h are presented in Fig. 15. It can be seen that the
proposed method of using Eq. (4) can improve the accuracy
from about 6 % to be around 4 %. The experiments with the
input capacitor of 820 uF were also conducted. The estimated
ESRs and Cs in the irradiance and temperature levels from
2 to 10 h are summarized in Fig. 15 and 16. It was evidenced
that the proposed technique could significantly improve the
accuracy of ESR-estimations with the error to be within 4.9 %.
The proposed method was capable of estimating the C by
considering the voltage drops on the C of an AEC. The
error was within 4.7 %. Furthermore, it was applicable to PV
systems in different irradiance and temperature levels.

o6l  ESR____ " Error of Eq.(3)_ S S 12
—o—680 uF | - -=- 680 uF»-—-SZO p.F----lSOOuF
—o— 820 uF Error of Eq. (4)
80 : 820 pF- -+ - 1500 ‘pF 19
F o3 -~
G S
£ <~
~ =
& 64} 6 s
70} =
= =
13
48+ -
7] SRR SR ; ; I b
2 4 6 8 10
Time (h)

Fig. 15. The estimated ESRs and their errors of the capacitors of 680,
820, and 1500 uF.
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Fig. 16. The estimated Cs and their errors of the capacitors of 680, 820,
and 1500 uF.
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Fig. 17. The estimated ESRs and Cs of the output capacitor from -25 to
100 °C.

The temperature in different places varies greatly. Therefore,
it is necessary to evaluate the competence of the proposed
technique at different temperatures. A constant irradiance
of 500 W/m? and temperature of 25 °C was applied to the PV
simulator. The temperature of the thermal chamber was varied
from -25 to 100 °C and the output AEC was examined. The
TMR sensors were calibrated by Eq. (8) with the coefficients
at each temperature accordingly. The experimental results of
the capacitor of 1500 uF are shown in Fig. 17. The proposed
method of Eq. (4) could achieve ESR-estimations with the
error of less than 4.8 % from -25 to 100 °C. The proposed
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Fig. 18. The fundamental components of the output voltage and current
in the transient period when the load varied from 30 to 15 (2.

method of Eq. (5) could achieve the estimation of Cs with
the error within 5.2 % from -25 to 100 °C. Hence, it can be
concluded that the proposed technique of using magnetoresis-
tive sensors (TMR2001) was competent for the estimations of
ESR and C of an AEC in PV systems from -25 to 100 °C.

Although the proposed method of considering the voltage
drops on C can estimate the Cs of AECs in high accuracy,
the estimated values of Cs are lower than the actual values
as shown in Fig. 17 because there is also voltage drops on
ESL and it is in the opposite direction of the voltage drops
on C in the phasor diagram. According to Eq. (1) and Fig. 1,
the voltage drops on ESL are negligible when the frequency
is low. Nevertheless, the voltage drops on ESL increase with
the operating frequency. Therefore, the estimated values of
Cs are lower than the actual values. The errors of estimated
Cs will be large when it reaches the resonant frequency of an
AEC. However, the accuracy of the estimated ESR will not be
affected by the frequency. Hence, a precise health monitoring
of AECs can still be achieved.

The performance of the proposed method in the load
transient conditions was investigated with a variable load.
Similarly, the constant irradiance of 500 W/m? and tem-
perature of 25 °C was applied to the PV simulator. The
output AEC was tested in the thermal chamber at 25 °C.
The load was varied from 30 to 15 Q. The fundamental
components of the output voltage and current are shown in
Fig. 18. Since the load resistance decreased, the fundamental
components of the output voltage and current ripples increased
as shown in Fig. 18. The current was leading the voltage by
an angle of 9.72°. The error of the estimated ESR by using
Eq. (4) was 4.1 %. The proposed method of Eq. (5) could
achieve the estimation of C with an error of 5.4%. Therefore,
it can be summarized that the proposed technique was able
to estimate the ESR and C accurately in the load transient
conditions.

D. Implementation in Commerical Applications

The AECs are widely deployed in energy storage and filter-
ing applications in power electronic systems. The techniques
for health monitoring of AEC in commercial applications
have been extensively researched since the lifetime of an
AEC is limited [42]-[47]. In this paper, the technique using
the fundamental components of voltage and current ripples
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Fig. 19. The AEC monitoring scheme in commercial application with a
buck converter.

acquired by the TMR sensors are proposed for PV systems.
The proposed technique enables predictive maintenance of
AECs and contributes to the efficient and reliable operations
of PV systems.

The proposed method is also feasible for implementations
in other commercial applications. For instance, it can achieve
the health monitoring of AECs in a power electronic sys-
tem with a buck converter as Fig. 19 depicts. Similarly,
the MR sensors can be placed nearby the AECs to attain
the current. A voltage probe can be used to measure the
voltage which is also required for control purposes in power
electronic systems. Thus, it does not incur an extra cost.
The voltage and current can be analyzed by analog circuits
or a software (e.g. MATLAB) to estimate the ESRs and Cs
simultaneously. The thermistors can be applied to acquire
the temperatures of AECs. Therefore, an online monitoring
system based on the proposed technique can be developed
by using low-cost and compact MR sensors for commercial
applications.

V. CONCLUSION

The online-monitoring scheme for AECs in PV systems
were developed with TMR sensors non-invasively. The tem-
perature effects on AECs and sensors were investigated and
modeled effectively from -25 to 100 °C. The simulation and
experimental results verified that the proposed methodologies
were able to estimate the ESRs with improved accuracy, and
the precise estimations of Cs can be achieved by considering
the voltage drops on C. It was proved that the cost-effective
and compact TMR2001 can be implemented to monitor
AECs by estimating ESRs and Cs from -25 to 100 °C. The
online-monitoring scheme could realize the AEC-monitoring
in PV systems despite the variation of irradiance and tempera-
ture levels and load conditions. A promising online-monitoring
system of AECs can be developed for a power electronic
converter in PV systems and other power systems by the
proposed technique.
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