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Abstract— Electrochemical Impedance Spectroscopy (5) techniques are useful tools for being
able to look at the characterisation of solar panslunder different conditions and/or with different
material components. However EIS analysis is mostlyndertaken offline with bespoke equipment.
This paper describes a method of undertaking EIS nasurement on-line without the use of
additional equipment by manipulating the control of the solar panel connected dc-dc power
electronic converter. The power electronic controlis used to inject an additional low-frequency
signal into the circuit and then sweep this frequecy across a range to replicate the functionality of
the EIS without the need for a separate excitatiorcircuit while maintaining full operational
functionality. This paper describes the methodologyand presents some experimental results
compared with EIS results under the same condition® illustrate the concept.

Keywords — Solar Panel, dc-dc converters, frequency analysislectrochemical impedance

spectroscopy (EIS)

. NOMENCLATURE
fs switching frequency Hz
T Switching frequency time period S
fo Low-frequency spectroscopy waveform Hz
T, Time period of low-frequency waveform s

d(t) DC-DC Converter duty cycle at time t



dgy Average duty cycle

n Duty cycle of nf' pulse

N, Number of high frequency pulses per low-frequengle

Tm The width of the M pulse s
tam  The time delay of the thpulse s
U m™" Sawtooth wave maximum value A
Up m™ Sawtooth wave minimum value A
Vioiar  Solar panel voltage Vv
Ve DC-DC converter output voltage \Y
P;y, Input Power W
Pyt Output Power W

Ay Offset amplitude

[I. I NTRODUCTION

Electrochemical impedance spectroscopy (EIS) isiagndstic method to describe and to
evaluate the behaviour of electrical element reasti Electrochemical impedance spectroscopy
measurements can be undertaken through a cougifedent methods; these include analogue
analysis and processing of systems in the timeoarfddquency domain using bespoke EIS
equipment or digital computation [1]. The main Basor the method is to measure the
frequency response of a test piece to understawdthompedance changes over the frequency
domain. An EIS test is usually performed by apmya small AC excitation signal (AC
potential or current signal) into the electrochahicell and measuring the correspondence
voltage (or current) response. The impedance valtleen calculated from the transfer function

of the input and output signals as:

Z(w) = % (1)



Typically EIS measurement is undertaken off line aising bespoke equipment. The transfer
function is then used to produce an equivalentutirof the panel which can be used to
understand how these parameters change with comditi

Publications on EIS measurement of solar panelg hawked into the impact of different
materials (eg different electrolyte alloys) on saiall impedance [2], the impact of different
connection mechanisms (eg series vs parallel) tf#, impact of temperature [4-5] and the
impact of outdoor use on degradation [5-8]. Themgeps typically produce EIS plots which are
used to determine equivalent circuit parameters smmv variation with time. By way of
illustration, Fig. 1 is a high level sketch of tB& Nyquist plot shapes previously obtained in
literature [4-8] showing how the EIS parameters dge-sensitized cells may be expected to

change with condition as indicated by the arrows.
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Fig. 1 Sketch of previously published change in EIS shajph temperature [4-5] (a) and degradation [§b3]

EIS is more common in the field of battery analykisn it is in the field of solar cell analysis.

However even with battery work, EIS tends to beantaken offline. Some attempts to replicate
an EIS method on-line have been undertaken [9R&ference [10] uses a half bridge circuit to
excite a battery, while Reference [9] measuredirtipedance of the battery by using a motor
inverter with the additional possibility of using axternal excitation circuit to generate the low

frequency excitation required to look at batterp@dance. However the key disadvantages of



both these methods is that the excitation currenati the fundamental frequency of the
converter. So, the frequency cannot be swept a@ossnge of values without a separate
excitation circuit. Reference [11] introduces a moek of low frequency harmonics injection to
estimate the impedance and State of Charge (SO@g dfatteries as a proof of concept with no
analysis or insight. State of Charge (SOC) of th#doy, in this instance, is defined as the
percentage energy available in a battery systerdioharge with reference to the total useable
capacity of the battery. Reference [12] continugid tvork and looked at EIS measurement
using this technique on a battery system.
This paper looks at the method used by [11-12] anenanalytical detail against more traditional
operation and investigates how this can be traggffatr use in conjunction with a solar panel.
This method uses the dc-dc power electronic coarenthich connects the solar panel to
an inverter to the electrical grid system or tacdahd to inject a low-frequency signal and then
sweep this frequency across a range to replicatéutictionality of the EIS without a need for a
separate excitation circuit. The solar voltage emtent are measured and used to determine the
harmonic impedance. The technique is conductednenwith the solar system under normal
operation. This paper includes a description of baekground derivation of the necessary
equations needed to define the operation of thearter in boost mode while giving insight
into new design parameters such as inductor rigyieent calculation in section Ill. Section IV
looks at both modelled and experimental resultsvaig real time operational characteristics
and EIS generated results validated against daéf4imeasurements. Section VI concludes the
paper with a discussion of the methodology anduntaer research needed before this method

can be adopted.

lll. L OW-FREQUENCY IMPEDANCE ESTIMATION METHOD

The key requirement of this method is that it lmgenerate a low-frequency waveform

of variable frequency while at the same time prasya high-frequency pulse train to boost or



buck a voltage using the hardware already in-Jitis work is based on using the hardware

available in a standard dc-dc converter topologstesvn in Fig. 2.
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Fig. 2. DC-DC Converter Topology for Solar panel édance measurement

One method of injecting a low-frequency wavefornoisise the power electronic converter to
inject low-frequency pulses in conjunction with thermal higher frequency pulses associated
with boost operation. This can be performed by wayyhe duty cycle of the PWM signal of the
switching component of the converter. To do thesdkerage duty cycle needs to be maintained,

but a small component representing a low-frequaesmyponent has been added to the duty

cycle as shown in (2):

d(t) = dgy + Agcos(w,t) (2)
where d,, is average duty cycled, is the offset amplitude and, is the low-frequency
component.

The higher pulse signal is switched with a switghfrequency off; and switching time
period of Ty and the low-frequency component is varied wittow-frequencyf, with a time
period ofT,. Therefore, the number of pulses in one low-fremyecycle can be defined as:

Np =32 3)



To assist with analysis at this time, it is assutieed N, is an integer, that the pulse is switched
on at time t=0 and that each pulse is switchedtdheastart of every switching periof, and
stays on for a period defined by, = d,,,T, where m is the fhpulse in N as shown in Fig. 3
and dy, is the duty cycle from (2) and equaldp=d_  + A,cos(2rm/N,). The current
harmonics can be considered by application of leowgries analysis of the waveform similar
to that in reference [12-13] by considering as the width of the thpulse, and 4., as the

relative time shift of the fhfunction from t=0 as shown in Fig 3.
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Fig. 3. Definition of variables used in the gativel pulse and sawtooth waveform for Fourier analys

This analysis can be extended to the current sath twaveform seen by the solar panel. The

first function is a periodic sawtooth function wighperiod of T and duratiorty from w, to V.



The second function is a periodic sawtooth wavé wie opposite slope with a period qQf but
shifted with respect to the first waveform hyTd from v, to w. The on and off current slopes of

the saw tooth waveform can be calculated from tfierdntial equations for the circuit as:

1
Um —Un = Tm_LVbatmes (4)

i1 = V= gy Vo = Vae) (T = dT5) (5)
These theoretical values of circuit harmonics canubed to numerically cross check and
validate the measured harmonics from the experihegdtup including the measured low
frequency component. The low frequency range, whigks most information about the solar
behaviour in this paper is from 500 Hz to 90 kHee Bwitching frequency was therefore set to
100 kHz.
Using an average duty cycle means that the botstisadentical to a fixed duty cycle wave

of the same average duty cycle. However, the pealetk ripple compared to a fixed boost

ratio varies as shown fig. 4

lmax

Fig. 4. Converter current waveform in continuousimo

This can be approximated to [12]:

AgNp
day(1-dgy)TT (6)

Umax — Umin = 1+



The ripple current increases withy As expected. A trade off therefore exists betwaen
magnitude of the ripple on the duty cycle and tffectiveness of the instrumentation to
measure the maximum and minimum current and voltiggde on the solar panel. In addition it
is necessary to ensure that the inductor can dehl this extra ripple. The analysis above
assumes negligible resistance and future workregjLire the ripple to be modified downwards

to take account of the resistance in the circuit.

IV. L OW-FREQUENCY |MPEDANCE ESTIMATION M ODELLING

To help validate the methodology, it is useful imudate the circuit and compare the output

waveforms with those generated theoretically arpearmentally.

A. Solar panel Representation

To undertake circuit simulation the impedance & #$lolar panel for use in the model was
found by EIS measurement and represented in a MATk#nulation as an equivalent circuit.
This was done at two operational conditions as showFig 5. Point A was chosen as an
alternative operating point by way of comparisohisTpoint also lies on a more linear part of
the I-V curve, such that a small perturbation ofrent will result in a linear perturbation of
voltage about this operating point [14].

An off-the shelf multicomp polycrystalline 800mW [8o Panel was used in these
experiments. The solar equivalent circuit paranseteere obtained using an EIS impedance
analyser (solatron 1260 and 1287) as shown in &igTlhe impedance of the batteries was
excited by 73mA Ac current and a dc discharge otrog 140mA in the frequency interval of
(500Hz to 100 kHz). The dc discharge current valas chosen to match the inductor current of

the converter under later experimental conditions.
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Fig. 5. Solar Panel current (blue) and power gafied) characteristic

The Nyquist diagram of the solar panel comprisesemicircle (represented as parallel
connection of resistor and capacitor shown as allparesistor and constant phase element,
CPE, due to impurity in capacitor behaviour [14jyla series resistor [3, 15]. Table | shows the

EIS derived values of these components.
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Fig. 6. Solar panel EIS impedance plot at the ¢werational conditions and the equivalent circuotie

Table |

Solar panel Equivalent Circuit Model component sfietions

Components Photovoltaic solar panel
MPPT operation
R{(Q) 1.372
R,(Q) 2.26
CPE,(F) 8.67e-5
Point A operation
R,(Q) 1.163
R,(Q) 1.077
CPE,(F) 6.404E-5

B. Circuit representation

In this paper, the panel is considered as an igdelar cell. In order to generate a set of
comparable simulation results the PV panel from &ignd the boost converter from Fig. 1 are
modelled using Matlab Simulink software as showrFig. 7. The component values in the

simulation model are based on the experimentalwene components. The component values
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of the converter were selected to ensure thahfptrposes of this paper the converter operates
in continuous mode at a duty cycle of 0.5 at 10@ kidquency.

The 0.8W photovoltaic solar panel was operated waittoutput voltage of 3.4V. The dc-dc
converter was used to boost this to 6.8V with aesponding load output current 618 mA.
The hardware setup was set to always operate theeder in continuous mode with a boost
ratio of 2. Converter components were calculatedomting to this assumption. An
HER204G Rectifier Diode with maximum 2A forward wased. The specifications of the

components are summarised in Table II.

PWM signal generator

Continuous

e —»D P [A] J

PWM Generator Goto
(DC-DC)

powergui

Inductor

Variable duty cycle
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Solar Panel model
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Fig. 7. MATLAB simulation model of solar panel wittariable duty cycle

Table Il

Boost converter component specifications

Components Specifications

Inductance 360H, 20 A, Toroidal

Capacitance 410, 16V Electrolytic

Load 1K Resistor

Switch MOSFET FDPFO45N10A, 100 V, 67 A, 4.%am
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The switching frequency and the average duty cgtlihe switching signal are set to 100kHz
and 0.5 respectively while the low-frequency sigfiais varied from 500Hz to 90kHz. The
system was kept within continuous mode of operafidre duty cycle was set to include a low
frequency component by adjusting the duty cyclevbenh 0.488 and 0.512:

dpy = 0.5+ 0.012cos(w,t) (7)

V. EXPERIMENTAL RESULTS AND DISCUSSION

In order to measure the impedance of the solarlpéme panel voltage and current are
measured every time that the low frequency is ceédn§ig. 8 shows the experimental setup
used to look at on-line low-frequency impedance sueament as described above. The voltage
and current were measured using a Lecroy 100MHeepoumprobe and a Tektronix P2220
200MHz voltage probe but ACPL- 870 voltage sems@ACS712current sensor measurement
devices linked to the controller have also beerduseget the same results. The gate drive

signals were derived from an Opal-RT controller.
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Light source
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Solar panel

e — — —
- = ’;ﬂ’"
" Controller. System™
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Boost converte ; —

Fig. 8. Experimental Set Up
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A. Single low frequency

Fig. 9 and Fig. 10 show the experimentally cagrurrand V waveform with a variable duty

cycle including a low-frequency ripple of 10 kHzdaa fixed duty cycle.
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Fig. 9. Solar Current (Green) and Voltage (yellewveforms, the panel is excited with variable duygle with a

low frequency component of 10 kHz
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Fig. 10. Solar Current (Green) and Voltage (ye)lmaveforms, the panel is excited with constany dytle (no

low frequency ripple is included)

The experimental results show a component of laguency ripple has been added to
the solar panel increasing the peak to peak rigpfell comparison of the key parameters using

a fixed duty cycle and variable duty cycle undepeasimental and simulated conditions at
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10kHz low frequency ripple at operation point A atewn in Table IIl. Table Ill shows the

values of the input and output current, voltage powter of the boost converter measured from
simulation model and experiments. Comparison ofddta shows that the simulation model of
the converter is performing in a manner similarthe experimental data indicating a good
understanding of circuit behaviour and the validifythe EIS impedance in the simulation at a

single fixed frequency condition.

Table Il

Comparison of fixed duty cycle with variable dutycleyat 10 kHz effects on Current and Voltage ripple

Experimental
Fixed Duty Cycle Variable Duty Cycle
Average Value Peak —Peak| Average Value Peak —Peak value
value

P;, 486 mwW 490 mwW
Lsotar 135 mA 61 mA 140 mA 74 mA
Vsotar 3.6V 35V

Lioad 6.7 mA 6.9 mA

Ve 7.19V 7V

Pyt 48.17 mW 48.3 mW

Simulation
Fixed Duty Cycle Variable Duty Cycle
Average Value Peak —Peak| Average Value Peak —Peak value
value

P, 459 mW 476 mW
Lsotar 135.2 mA 57.1 mA 140.2 mA 68.4 mA
Vsotar 3.4V 34V

lioaa 6.8 mA 6.75 mA

Vae 6.8V 6.75V

Pout 46.24 mW 45.88 mW

The peak to peak current is increased due to theflequency ripple. The increase in
ripple between variable and fixed duty cycle is 2@%#ch is slightly higher than the calculated
increase from equation (6) of 15%. However the @@ are not exactly equal between the
two different duty cycles experimentally which mayplain some of the difference. The low-

frequency ripple clearly shows that the low frequeharmonic has been introduced to the

14



system. Fig. 11 shows the FFT analysis of the xeatal current waveform from Fig 8 with

the 10 kHz ripple. Compared to that obtained thiszaky.

Fig.
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11. Low-frequency harmonics of the solar panerent signal experimentally (left) and theazetiy (right)

From equation (6), the variation df; changes the amount of adding a ripple to the

it waveforms, as it decreases the ripple \&hmcomes smaller as shown in Fig. 12. The

ripple increase above a fixed duty cycle for eamhdition in Fig. 12 from equation (6) is 63%

and 16% compared to experimental values of 70%daA6l
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. 12. Comparison of the low frequency ripple(latft) A; = 0.04, and (Right)A; = 0.01. With d,, = 0.5

=8 kHz.

B. Range of low frequencies

The methodology was applied to a photovoltaic pamehvestigate the impedance across a

range of low frequencies. The low frequencies vadi@sen in the frequency range of 500Hz to

90 kHz to tie up with the EIS results. The testsenmnducted under constant luminance with a
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fixed light source, of 12 individual 100W tungstbulbs in a dark room. The solar cell was
operated at point A and MPPT on its operationalagd and current curve as shown in Fig. 5.
The maximum measured power of the solar panel scatipoint MPPT on the operating
chart. This occurs with a load resistance aRkhd an equivalent power of 0.798W under the
same illumination as the experiments above. Thiddse to the published manufacturers data.

The short circuit current was measured at 0.270amé\the open circuit voltage was 3.6V.

To verify the proposed method the calculated smgredance data from experimental and
simulation was compared with the measured EIS datpedance data is presented in three
typical impedance formats; amplitude, phase, amdpbtex plots in Fig. 13 to Fig. 15. These
show the measured complex impedance of the PV fieorel EIS measurement equipment (in

blue), experimental test (in red dots), and sinnoiefin black).

The key result is that the on-line method of pradgdmpedance spectroscopy through the
power electronics switching can give comparablelteso off-line measurements under similar
conditions and that circuit simulations using amieglent circuit derived from these values
performs in a similar manner. This means that theévalent circuit parameters can be derived
on-line and by tracking these it allows the impafctlegradation to be observed in real time in a

visual manner.

The experimental and simulation results appearyndig to the non-linearity in the circuit
and the accuracy with which the parameters candasured and calculated. This level of noise
is of comparable order of magnitude to the off-IES equipment. Further work is needed to

quantify the accuracy based on all the measurearehtalculation errors.
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VI. CONCLUSION

This paper presented an analysis of a method taatthe harmonic impedance of a solar

panel under boost operation by varying the dutyecgcound an average value designed to meet
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normal operation while at the same time adding allsharmonic component to allow on-line
impedance estimation. The impact of the magnitudidatt variation on the inductor and solar
panel ripple current has been determined as anicéxpkpression. The methodology and
variation of ripple current have been experimenptadilidated and a Nyquist and bode plots of a
solar panel characteristic compared to EIS measnmeimave been produced while the solar
panel was operating in boost mode. There is sticmwork to be done in this area including
looking at the impact of the operating point of gwar panel on the low frequency harmonic
and impedance measurement, determining the impatiscontinuous boost operation and the
closed loop control for such a system including NIPRowever, this paper provides valuable

insights into the trade-off in ripple current withnvenient impedance measurement.

VIl. A CKNOWLEDGMENT

The authors would like to thank the EPSRC and ®Jalfor their contribution to this

project

VIll. REFERENCES

[1] E. Barsoukov and J. R. Macdonald, Impedan@etspscopy: theory, experiment, and
applications: John Wiley & Sons'Edition, 2005.

[2] E. Parvazian, F. Karimzadeh, and M. EnayatiptB¥oltaic Characterization and
Electrochemical Impedance Spectroscopy AnalysiBy&-Sensitized Solar Cells Based
on Composite TIO2-MWCNT Photoelectrodes, Journale€tronic materials, vol. 43,
2014, pp. 1450-1459.

[3] M. Shanmugam and M. F. Baroughi, Charactermatf interfacial charge transport
and recombination by impedance spectroscopy on Si@é#ted TiO2 based dye
sensitized solar cells, in Photovoltaic Special@tsference (PVSC), 2011 37th IEEE,

2011, pp. 002656-002660.

20



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

H. Chin-Hui, C. Jung-Chuan, L. Yi-Hung, L. Y&d, C. Chia-Ming, and N. Yu-Hsun,
"Analysis of different dye-sensitized solar cell dets by electrochemical impedance
spectroscopy,” in Electron Devices and Solid-Statecuits (EDSSC), 2015 IEEE
International Conference on, 2015, pp. 29-32.

S. Sarker, H. W. Seo, and D. M. Kim, Electroctieal impedance spectroscopy of dye-
sensitized solar cells with thermally degraded Niifled TiO 2, Chemical Physics
Letters, vol. 585, 2013, pp. 193-197.

A. Cester, N. Wrachien, M. Bon, G. MeneghesRo,Bertani, R. Tagliaferro, et al.,
Degradation mechanisms of dye-sensitized solas:celght, bias and temperature
effects, in Reliability Physics Symposium (IRPS)13 IEEE International, 2015, pp.
3E.2.1-3E.2.8.

N. Kato, Y. Takeda, K. Higuchi, A. Takeichi, Budo, H. Tanaka, et al., Degradation
analysis of dye-sensitized solar cell module dfiag-term stability test under outdoor
working condition, Solar Energy Materials and Sdeatls, vol. 93, 2009, pp. 893-897.
M. Lohrasbi, P. Pattanapanishsawat, M. Isenbargl S. S. C. Chuang, Degradation
study of dye-sensitized solar cells by electrocleaimiimpedance and FTIR
spectroscopy, in Energytech, 2013 IEEE, 2013, gp. 1

D. A. Howey, P. D. Mitcheson, V. Yufit, G. J.fler, and N. P. Brandon, Online
Measurement of Impedance Using Motor Controllecittion, Vehicular Technology,
IEEE Transactions on, vol. 63, 2014, pp. 2557-2566.

R. Koch, R. Kuhn, 1. Zilberman, and A. Jossehlectrochemical impedance
spectroscopy for online battery monitoring - powadectronics control, in Power
Electronics and Applications (EPE'14-ECCE Eurogé),4 16th European Conference
on,2014,pp.1-10.

H. Wangxin and J. A. Qahouq, An Online Battémpedance Measurement Method
Using DC-DC Power Converter Control, Industrial ¢itenics, IEEE Transactions on,

vol. 61, 2014, pp. 5987-5995.

21



[12]

[13]

[14]

[15]

[16]

M. A. Varnosfaderani; D. Strickland, Onlimmpedance spectroscopy estimation of a
battery, in Power Electronics and Applications (ABEECCE Europe), 2016 18th
European Conference on,2016,pp.1-10

F.R. Corner, Introductory Topics in Bienics and Telecommunications Modulation,
Edward Arnold, 2 Edition, 1982, pp. 52-53.
S. Armstrong, C. K. Lee and W. G. Hurl&yvestigation of the harmonic response of a
photovoltaic system with a solar emulat@05 European Conference on Power
Electronics and Applications, Dresden, 2005, pp. 8 pp.-P.8.
A. Lasia, Electrochemical impedance spectrpgcand its applications, in Modern
aspects of electrochemistry, ed: Springer, 20021p48-248.
B. Romero, G. d. Pozo, B. Arredondo, J. PnRardt, M. Sessler, W. U, et al., Circuital
Model Validation for S-Shaped Organic Solar Cellg Means of Impedance

Spectroscopy, IEEE Journal of Photovoltaics, vpR@EL5, pp. 234-237.

22



Solar panel paper highlights:
»  Online Electrochemical Impedance Spectroscopy measurement of the solar panel

e The solar panel connected power electronic converter can be used to perform this task
e Theswitching pattern of the converter is manipulated to generate the spectroscopy low frequency
excitation signalsin addition to its normal operation





