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ABSTRACT

Photovoltaics panel (PV) integration with the utility grid has been installed throughout the
globe. The fault-monitoring technology for photovoltaics (PV) panels is a method to save
energy production losses and become a key contributor to overall cost reduction in variable
operating costs for photovoltaics systems. PV researchers today explore factors such as
reducing utility energy bills and CO> emissions, grid voltage stability, peak demand
shaving, supply of electric power off-grid areas, and many more.

The technology discussed is easy to incorporate, requires no additional hardware,
doesn't alter the system’s stability, is implemented at a steady state point, and is helpful to
record changes in PV cell operation from forward bias to reverse bias state. PV panel AC
impedance can be used as an early-stage fault indicator. Also, comparing AC impedance
magnitude and phase at maximum power point (MPP) or near MPP can help identify the
nature of the fault in a PV system.

The focus of the thesis is proposing the fault detection of 300 W PV panels using
online AC impedance measurement, utilizing existing panel-level power optimizers and
microinverters in a PV system to actively perturb small signals into the PV panel and

compute its small signal impedance. The technology is incorporated in a power optimizer



with C2000 MCU and helps identify hot spot faults and short circuit faults in a 300 W
rooftop PV panel.

Multiple PV panel faults scenarios such as hot spot faults, short circuit faults,
junction box faults, and capacitor faults are investigated to deduct further the effectiveness
of the online impedance measurement using a small signal. This thesis’s focus areas are,
first, modeling the PV panel and power converter and incorporating fault scenarios to
identify the fault indicators. Secondly, measuring PV panel impedance under normal and
faulty conditions using an equipment-based offline technique. Lastly, measuring PV panel

impedance under normal and faulty conditions using a power optimizer.
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GENERAL AUDIENCE ABSTRACT

A Photovoltaics panel is a series and parallel combination of many photovoltaics cells to
generate electricity from sunlight via a photoelectric process. The fault-monitoring
technology for photovoltaics (PV) panels is a method to save energy production losses and
become a key contributor to overall cost reduction in variable operating costs for
photovoltaics systems. The PV panel, over a period of time, can degrade with fluctuations
in temperature and weather. Photovoltaics panel (PV) integration with the utility grid has
been installed throughout the globe. PV researchers today explore factors such as reducing
utility energy bills and CO2 emissions, grid voltage stability, peak demand shaving, supply
of electric power off-grid areas, and many more.

The technology discussed is easy to incorporate, requires no additional hardware,
doesn't alter the system’s stability, is implemented at a steady state point, and is helpful to
record changes in PV cell operation from forward bias to reverse bias state. A PV panel
operating at maximum power point (MPP) generates direct current (DC) and maintains a
stable voltage across the PV panel load. A small signal injection in PV panel current or
voltage is an addition of a sinusoidal signal with an amplitude of 10 % to the operating

point of PV panel voltage or current and frequency sweep between 10 Hz to 200 kHz. The



PV panel's AC impedance is measured under small signal injection and can be used as an
early-stage fault indicator. Also, comparing AC impedance magnitude and phase at
maximum power point (MPP) or near MPP can help identify the nature of the fault in a PV
system.

The focus of the thesis is proposing the fault detection of PV panels using online
AC impedance measurement and utilizing existing panel-level power optimizers and
microinverters in a PV system to actively perturb small signals into the PV panel and
compute its small signal impedance. The technology is incorporated in a power optimizer
with C2000 MCU and helps identify hot spot faults and short circuit faults in a 300 W
rooftop PV panel.

This thesis’s focus areas are, modeling the PV panel and power converter and
incorporating fault scenarios to identify the fault indicators. Multiple PV panel faults
scenarios such as hot spot fault, short circuit fault, junction box fault, and capacitor fault
are investigated to further deduct the effectiveness of the online impedance measurement
using a small signal. Secondly, measuring PV panel impedance under normal and faulty
conditions using an equipment-based offline technique. Lastly, measuring PV panel

impedance under normal and faulty conditions using a power optimizer.
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Chapter 1 Introduction

1.1 Photovoltaics Panel under Faults

Solar photovoltaics (PV) has seen rapid growth for many years and is expected to grow further
with a continuous decrease in the cost of technologies [1]. Photovoltaic energy is noise-less,
pollution-free, and easy to install system [8]. The United States alone has reached a total solar PV
capacity of 95 GWqc at the end of 2020 and is expected to reach 202 GWgc by 2025 [3]. Rapid
growth in the improvement of PV technologies has also helped provide cost-effective solutions for
the decarbonizing electric grid. Since 2016, the United States has shifted from a multicrystalline
PV modules system (6.3 kW) to a monocrystalline PV modules system (7 kW) for residential
rooftops owing to better efficiency. From 2010 to 2022, a cost reduction benchmark of 64% in the
residential rooftop to $2.71 per watt DC is attributed to hardware cost [3]

PV systems are susceptible to various faults, such as modules, cabling, protection, converters,
and inverters. PV system reliability, monitoring, and fault diagnosis is crucial in timely detecting
and solving faults [7]. Under extreme environmental conditions such as dust, snow, high
temperature, cloudy weather, and many more, panels may undergo defects. Faults in any
component of Photovoltaics systems can affect the efficiency and yield of energy as well as the
security and reliability of PV systems
1.2 Literature Review

A mathematical PV model can provide a detailed electrical characteristic under varying
environmental conditions. A Simulink-based PV model is introduced in [1]-[5] where the model
involves forward bias, reverse bias, and nonlinear dynamics of PV cell and compares I-V and the
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P-V characteristics from simulation and experimental results, which helps emulate a string
mismatch or partial shading conditions under PV cell reverse biased. Component-level faults
generally cause photovoltaic systems’ faults in modules, connection lines, converters, inverters,
etc. Fault detection and diagnosis methods are necessary to obtain the PV system's high efficiency,
energy yield, security, and reliability. Timely fault monitoring, analysis, detection, and diagnosis
can help increase the life of PV systems. The survey paper discusses various visual and thermal
methods to detect discoloration, browning, surface soiling, hot spot, breaking, and delamination
of PV panels.[6]-[10] Under harsh environmental conditions, PV modules may encounter
browning or delamination of EVA on the solar cells, which can lead to a decrease in current
production, cumulatively decreasing the adequate power of the PV panel. Faults such as junction
box faults are related to soldering points where the cable connects to the bypass diodes in the PV
modules. Due to improper soldering, fretting corrosion can occur in aged PV modules. Fretting
corrosion can lead to an increase in contact resistance of the solder point in a junction box; the rise
in resistance tends to DC arching and can lead to a fire in a junction box. Energy from the PV
module is extracted using power optimizers or microinverter to transfer it efficiently to the grid.
DC link capacitor in switching power converter is used to provide switching current, helping
suppress dc link voltage ripple and maintain energy balance in the system during transients and
abnormal operations. Thermal and electrical stress can be a reason for the degradation fault in a
capacitor. The paper discusses multiple methods of conditional monitoring for dc-link capacitors
to enhance the reliability of the power converter. Fault detection can be an effective way to

diagnose and extend the life of a PV system.



[11], [12] The DC model of the PV cell is not able to characterize the internal process of
the PV cell. Thus, electrochemical impedance spectroscopy (EIS) is utilized in some literature to
measure impedance fluctuation. A significant advantage of EIS over other modeling techniques is
that the extracted parameters can be used to quantitatively observe the changes in the internal
dynamic processes under various operational conditions. Thus, EIS has been beneficial for device
characterization and fault condition monitoring. The impedance spectroscopy is also helpful in
detecting cracks and interconnection ribbons disconnection in PV panels by observing the decrease
in parallel resistance and increase in parallel capacitance due to cracks in PV modules. AC
parameter characterization can help to detect faults such as partial shading or hot spot within a
series of PV cells. A PV comprises series, parallel resistances, and parallel capacitance, which are
affected by voltage bias, illumination, and temperature. Under maximum power point tracking
control, with the presence of a hot spot in a single cell of a series of PV cells, utilizing AC small
signal injection, the capacitance and dc impedance increase can be a fault indicator for hot spot
fault.

[13]-[17],[19] The AC impedance method is utilized in research to evaluate electrochemical
device characteristics. An online impedance measurement is a helpful tool in the control system;
the power converter can measure the input or output impedance in real time to monitor the stability
and take corrective action if needed. A real-time power converter estimates the increase in output
capacitance under fault conditions using an online impedance-based technique. Digital control
with a modified correlation method can be a helpful tool for power converter system identification
to determine control-to-output response by cross-correlation of an input signal and sensed output

signal. Using multi-period pseudo-random binary signal injection to the control input, input and
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output impedance can be measured. The online AC impedance technique is utilized in the power
converter to measure PV panel ac impedance using a Pseudo random binary signal (PRBS). Fault
monitoring and detection can eventually decrease the operational and maintenance cost of a PV
system. [18] The report mentioned the mathematical derivation and the software-based model to
estimate the operational and maintenance cost related to photovoltaic systems. The cost model
takes a few assumptions on system size, type, environmental conditions, and age to provide a
detailed cost change over a very long performance period.

1.3 Motivation and Outline

1.3.1 Cost Reduction and Evaluation

Potential cost
reduction

Energy production Maintenance Insurance cost with
interruption inspection/ repair early fault reporting
= Due to false fault (Labor cost included) = PV module
report * PV module = P.O/M.I
= During = Hotspol fault = Administrative
maintenance-labor * Junction box faull cost
hour associate =  Short circuit fault
» P.O/M. fault |
SAM used_to estlm_ate cost = Capacitor fault Needs Assumption
of energy interruption {

Figure 1-1 Potential cost reduction details using online impedance algorithm technique

The online impedance measurement technique for PV panel fault detection and
identification is valuable to alert the operational and maintenance (O&M) personnel for corrective
action, thereby reducing energy production losses. The technique helps reduce potential costs such

as energy production interruption, maintenance inspection and repair, insurance costs with early



fault reporting, and many more. The Figure 1-1 shows the method to deduce the potential cost
reduction of the Levelized cost of energy (LCOE) for residential PV rooftop systems. The total
decrease in LCOE adds up to $6.3 / kW for a 10 kW residential PV rooftop system. Energy
production interruption, maintenance inspection, and repair reduction cost estimation are shown
below. Insurance cost with early fault reporting needs several assumptions regarding
administrative fees. The quotation from insurance companies varies under several scenarios and
thus is not covered in this project.

1.3.1.1 Energy Production Interruption:

Metric Value

Annual AC energy in Year 1 18,601 KWh
. DC capacity factor in Year 1 21.3%
Parameter Value Units Energy yield in Year 1 1,864 KWh/ KW
Performance ratio in Year 1 0.73
Total Capacity 9.98 DC kW LCCE Levelized cost of energy nominal 7.08 ¢/kWh
LCOE Levelized cost of energy real 566 ¢/kWh
Module power 300 W Electricity bill without system (year 1) 51,514
Mot
ql?ant]t‘_( 34 Met present value 83,300
Project life 25 years Simple payback period 15.8 years
DC loss 3 % Discounted payback period Inf
Met capital cost 527,156
Equity 50
Figure 1-2 Photovoltaics System electrical Debt $27,136

parameter for determining the cost of energy

o _ Figure 1-3 SAM report result for the system
production interruption

specified
Energy interruption during hot spot faults, short circuit faults, and junction box faults is
calculated using the System advisor model (SAM). SAM is a techno-economic model designed to
facilitate decision-making for people involved in the renewable energy industry. SAM’s user
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interface organizes and displays the performance, and financial model inputs help display tables
and graphs of the results. The model utilizes irradiance and weather data, sun position, and surface
angle based on the latitude and longitudes of the PV system location. The effective plane of array
irradiance is calculated with the system's self-shading, external shading, and soiling losses input.
The PV farm specifications are mentioned in Figure 1-2. The SAM model generates an extensive
report based on the location of the PV farm, the number of PV modules, the orientation of PV
panels, shading and soiling losses, and many more, and computes effective annual AC energy
generation. The energy yield is further utilized for calculating the Levelized cost of energy and the
net present value of the PV system. The SAM-based report for the PV system mentioned in the

above-mentioned figure is shown in Figure 1-3.



Table 1-1 Energy interruption cost saving for 10 KW PV farm with downtime

Total

Identification | Delivery time | Service time | downtime
PV Fault time (days) (days) (hours) (day)
Junction Box 1 1 3 2.125
Short circuit 1 2 5 3.208
Hot Spot 2 2 5 4.208

Table 1-2 Energy interruption cost saving for 10 KW PV farm with downtime

No. of times
No. of times Nominal fault Decrease in
fault (per LCOE Net preesent | Energy yield | thorughout | energy yield | Cost Saving

year) (C/kWh) value ($) (KWh/KW) project life (kWh/KW) (8/kW)
0 7.08 3800 1864 - - -
1 7.09 3794 1863 20 1 1.416
2 7.1 3787 1861 20 3 4.248
5 7.12 3767 1857 20 7 9.912
10 7.15 3734 1850 20 14 19.824

To incorporate energy production interruption in SAM, DC losses are considered, and with a
time stamp, the PV panel under fault will be turned off. As the PV panel is turned off, the
difference in the energy yield will correspond to the cost due to energy production interruption.
Table 1-2 is an assumption for PV panel downtime per fault. For a PV panel under fault, out of
34 PV panels, the effective DC loss is 3% from the equation, as shown below.

DC loss (%) PV panel under fault 100
= *
055 170 Total PV panel modules

Considering the DC loss for the PV system as discussed above for the PV panel fault and
corresponding time stamp, the SAM generates the report with a decrease in energy yield and an
increase in the Levelized cost of energy (LCOE). Table 1-2 shows the number of times fault can
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appear per year with nominal LCOE, net present value, and energy yield as given by SAM.
Considering each year, once a junction box fault, hot spot fault, and short circuit fault appears in
the PV system, the energy yield decreases by 1 kwWh/ kW. As shown in the equation below, the

cost savings due to energy production interruption if the fault doesn’t arise is $ 1.416 per KW.

Cost saving = AEnergy yield * Nominal LCOE (no fault) * fault throught life (1-1)

1.3.1.2 Operational & Maintenance Cost:

Maintenance and repair cost saving was calculated using Sunspec Alliance's operational
and maintenance spreadsheet tool. The spreadsheet is a proforma cost modeling tool for PV
industry operation and finance practitioners designing and budgeting PV O&M plans.

Table 1-3 lists adequate cost savings for maintenance and repair. The list provides a cost
for detecting and identifying hot spot faults, short circuit faults, and junction box faults, as given
by the spreadsheet tool. Utilizing the table above for effective cost saving under maintenance and
repair, the O&M spreadsheet was used to compare the annualized O&M cost for a 10 KW PV
farm, as shown in the table above. Table 1-4 shows the comparison of O&M costs before the
implementation of the online algorithm and after the implementation of the online algorithm. As
shown in the figure mentioned above, the online algorithm is effective in reducing $ 4.8 from the

total annualized O&M cost per KW per year.



Table 1-3 Net present value cost saving in Table 1-4 Operational and maintenance cost-

operation and maintenance per fault saving comparison using an online impedance

measurement technique

NPV
Cost
saving —
total Online Impedance Before After
4. Useinfrared camera to inspect for hot spots; ¢ o0 Algorithm implementation | jmplementation
*  bypass diode failure Plant Size (kwWp DC) 10.0 10.0
2 _Test modules showing corrosion of ribbons to $53 Energy Yield Year 1 1,400.0 1,400.0
junction box (kWh/kWp/year)
Test output of modules that exhibit cracked Module Power (W 305 305
glass, bubble formation oxidation of busbars, STC)
3. discoloration of busbars, or PV module hot $15 Annualized O&M
spots (bypass diode failure) Costs ($/year) $350 $301
e Annualized Unit O&M
4 Replace modules failing performance $ 455 Costs ($/kW/year) $34.95 $30.14
test or IR scan NPV Annual O&M
5. Monitoring annual service package $ 122 Cost per kWh $0.032 $0.027

1.3.2 Thesis Outline

In Chapter 1, the PV panel faults are introduced with the current trends in PV panel fault
identification are discussed. The literature review discusses a costly and complex algorithm for
identifying PV panel faults. The motivation for online AC impedance measurement is also
concerned with cost reduction evaluated using the SAM tool and operational and maintenance
spreadsheet tool, totaling $ 6.3 per KW cost reduction in operating and maintenance cost and
energy production interruption cost.

In Chapter 2, the PV cell was modeled using an analytical equation in Simulink. The non—
linear Simulink-based PV cell model AC impedance was measured using a small signal injection
in PV panel current. The PV cell impedance was compared between the Simulink-based model
and traditional analytical equation, obtaining a less than 5% error between both. The PV cell
Simulink model AC impedance was measured and compared under temperature and illumination

fluctuations. A PV string with 18 PV cells in series was modeled, and a hot spot fault scenario was
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discussed. Also, in this chapter, DC /DC power converter for a PV panel was modeled, fault
scenarios under hot spot, short circuit, junction box, and capacitor fault are discussed, and fault
indicators are identified.

Chapter 3 discusses the hardware setup for PV panel 1-V characteristics measurement.
Also, hardware setup and equipment for measuring PV panel offline AC impedance are discussed.
A 300 W solar panel simulator was designed to illuminate PV panels using LED sheets. With the
solar simulator, illuminated PV panel I-V characteristics was compared under normal condition
and faulty scenarios. Small signal injection equipment was used to measure PV panel offline AC
impedance under normal conditions and compared with faulty procedures. In addition, multiple
PV panel fault cases are also discussed, and the fault indicators were obtained.

Chapter 4 discusses the importance and updating DC /DC converters for power optimizer
applications. LM5170EVM was operated as a boost converter; the inductance and switching
frequency of the converter were updated to run the converter in continuous conduction mode.
Boost converter inductor current was controlled using average current control. Converter close
loop simulation was compared with hardware performance under 24 W and 75 W power.

In Chapter 5, single-tone small signal injection was implemented in DC/DC converter
using a software-based frequency response analyzer (SFRA). The input impedance of the DC/DC
converter with the PV panel was measured using a small signal injection. Indoor PV panel
impedance was measured using a small signal injection via SFRA. PV panel impedance was
computed and compared under normal and fault conditions. Outdoor PV panel impedance was

measured using small signal measurement, and PV panel impedance was compared under normal
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and fault conditions. The relative standard deviation of online impedance was calculated, and less
than 5% deviation was recorded.

Chapter 6 summarizes the work done in this thesis and explores options for future work.

Chapter 2 Modeling of Photovoltaics Cell and Power
Optimizer

2.1 Introduction

The photovoltaic panel generates electrical power from the sun and sources the electrical
energy for the utility grid. The photodiode present in the PV panel sinks the energy from the sun’s
irradiance and generates an electrical current. In literature, many authors have provided a single
diode-based PV model, but it fails to compute the dynamic characteristics of PV panels. The
dynamic characteristics of the PV model considers the transient and steady-state response of PV
panels under varying environmental conditions. The dynamic characteristics of PV panels consist
of forward and reverse biased effects on PV cells which helps to model PV panels under different
fault conditions. The PV dynamic model circuit consists of Photocurrent (Iph), Forward diode
(Df), Parallel capacitance (Cp), Reverse diode (Dr), Reverse voltage breakdown (Vbd), Shunt
resistance (Rsh), Series resistance (Rs), and Series inductance (Ls). As shown in Figure 2-1, the
PV cell dynamic model generates PV panel current from photocurrent. The panel current gets
affected by forward diode current, reverse diode current, parallel capacitance, shunt resistance, and

other parasitic due to leads and tabbing wire for positive and negative cable.
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Figure 2-1 Dynamic PV cell equivalent circuit

Photovoltaics panel at a specific illumination (G) and temperature (T) produces current and
voltage. With the change in temperature and irradiance, the PV panels’ operating point shifts with
the change in current and voltage delivered by the PV panel. Either illumination following the PV
panel is directly proportional to the amount of current generated by the PV panel. Thus, a power
converter is essential to sink maximum power from PV panels under varying environmental
conditions. The power converter, like a power optimizer or microinverter, operates the PV panel
under maximum power point (MPP) using the maximum power point tracking (MPPT) algorithm.
2.2 Modelling Photovoltaics Cell
2.2.1 Analytical Equations Governing Photovoltaics Cell

Diode voltage and PV panel current are used to calculate the voltage across the PV panel.
The effect of photocurrent, forward diode, parallel capacitance, shunt resistance, reverse diode,
and breakdown voltage forms PV panel current. Also, the equations governing the effects of the
forward diode, reverse diode, parallel capacitance, and shunt resistance use diode voltage, and thus
nonlinear solving techniques are used. The sets of analytical equations used in the Simulink-based

PV model to compute PV panel voltage are shown below.
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Table 2-1 Multicrystalline PV cell parameters

[ Parameter  [Abbreviation| value | Units |
G, 1000 J/K
T, 29815 C
[ shortcircuitcurrent [N 761 A
Voen 0624 V
[ MmPPcurrent  [RENNMS 703 A
Vi 045 Vv
K 0.00495  A/K
K, -0.0022 /K
R, 0046  Q
Reh 91.8  Q
L 5e-8  H
a 1.31
Vo 235V
lyr 00997 A
coefficient
Cio 117e5  F
o, 082 Vv
T 576e6 s
lifetime

Photocurrent: The photoelectric effect caused by light falling on the PV panel ejects
electrons forming photocurrent Ipn. The photocurrent is directly proportional to illumination and
change in temperature. The photocurrent is limited by the short circuit current Iscn, series resistance
Rs, and shunt resistance Rsh. Kiis the current temperature coefficient, G is the nominal illumination
in W/m?, and T, is the nominal temperature in K. Iscn and Ki are usually mentioned by the
manufacturer’s datasheet or taken from the literature. Table 2-1 says the internal parameters of the

monocrystalline PV cell.

—+

Lon(G,T) = [Iscn (RS—SfSh) +Ki(T — Tn)]GEn (2-1)

o)

Forward diode current: For a diode considering a P-N junction diode, with an increase in
temperature, thermal voltage increases, as shown below. K is the Boltzmann constant, Ns is the

number of series PV cells, and q is the electron charge.
3
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Vi = (2-2)

Under the reverse bias condition of a PN junction diode, a small number of current flows
independent of the bias voltage is termed saturation current Is. Vocn is the open circuit voltage, Ky
is the voltage temperature coefficient, a is the ideality factor, and K is the current temperature
coefficient.

Igen + Ki(T—T,)

I5(T) = (2-3)

The forward bias diode current has a dependency on temperature via thermal voltage. With the
increase in temperature, the thermal voltage increase, also the potential barrier decreases; thus, the

change in forwarding bias diode current increases.

LT, V) = 1D [exp (05 )| (24

Reverse diode current: I is the reverse saturation current, K is the reverse breakdown coefficient,

and Vg is the breakdown voltage.

B T | =

Parallel capacitance: Photovoltaics (PV) cells operate under forward and reverse bias conditions.
The PV cell capacitance is influenced by the panel voltage (Vpv), illumination (G), and
temperature (T) of the PV cell. The parallel capacitance Cp of a PV cell is a summation of
capacitance under three different regions of operation, such as junction, diffusion, and breakdown

capacitance. As the name suggests, the junction or depletion capacitance Cj of a PV cell comes
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from a charge stored in the depletion region of the PN junction diode. Cjo is the zero-voltage

capacitance, and ¢o is the zero-voltage potential.

CG(Vp) = (2-6)

Diffusion capacitance Cq comes from the rate of change of injected charge with voltage; also, the
injected charge lies in the junction outside the transition region. Referring to the charge control
description of a diode, the diode current is proportional to the charge stored of the excess minority
carrier and inversely proportional to the mean life of the minority carrier (1).

tlqa¢(T, Vg)

Cd (T, Vd) = O(Vt (T)

(2-7)

The breakdown capacitance Cypq dominates when the PV cell reverse biasing voltage is higher than
the PV cell breakdown voltage. The analytical equation considered for Cnq Was modeled like Cq to
avoid a complicated model where 1t is the mean lifetime of the carrier under the breakdown

region.

Tpalar(T, Vg)

Cpq(T,Vy) = 2-8
bd (T, V) V(D) (2-8)

Therefore, overall parallel capacitance C,
Cp (T, Ve) = C(Va) + C4(T, Vg) + Cpa (T, Vy) (2-9)

The parallel capacitance computed Cj, Cq, and Cpg shouldn’t be negative; thus, if added negative,

the respective capacitance can be termed 0. The parallel capacitance current I.p:

15



Iep(Va) = Cp(T,Vg) dVy/dt (2-10)

Shunt resistance current: The shunt resistance Rsn in a PV cell is caused due to the leakage current
of the P-N junction, and the value is dependent on the fabrication process of the PV cell

Isn(Va) = Va/Rgn (2-11)

Diode voltage: By modeling all the above currents, adding the current at the nodal point, and using
Kirchhoff’s current law, Vg4 can be computed. The expression was a nonlinear equation and thus

modeled in Simulink using algebraic constraint or using Newton -Raphson technique.

Ipn (G, T) = Ig¢(T, Vg) — Iep (V) + 1gqr (T, V) — Isn(Vg) — Iy =0 (2-12)

PV panel voltage: With the knowledge of diode voltage, PV panel voltage can be computed as the

additional voltage drop will be across the series resistance (Rs) and series inductance (Ls).

dl
Vou(VarTpv) = Va = IpvRs = Ls—= (2-13)

The series resistance of a PV cell is the summation of structural resistance either contact of the
metal base with p doped semiconductor layer, the resistance of the base and emitter layers, the
contact resistance of the n-doped layer with the top metal grid, the resistance of the grid and other
contact resistances. The series inductance present was due to the low parasitic inductance of
electrical wires, the tabbing wire connecting the cell to the electrical terminals. The effect of Rs
can be seen when the operating point is to the right of MPP (constant voltage region). Also, with

an increase in Rs, the short circuit current will decrease, and it does not affect open circuit voltage.

16



Panel voltage

Irradiance
600 B G (W/m2) Vpv(Vv) [-{out.Vpv
G (W/m2)
Temperature | 50 | T(C) Ppv(W)
T(C)
0 » Ipv Cp(F) P
/ PV dynamic model_MC cell

out.lpv

Panel current

Figure 2-2 Simulink- based PV cell model

2.2.2 Simulink-based Photovoltaics Model

A monocrystalline PV cell was modeled in Simulink using the equations mentioned above,
which is shown in Figure 2-2. The inputs to the model are illumination G, temperature T, and PV
panel current Ipv, and the output of the model was PV panel voltage and parallel capacitance of
the PV cell. To design the model, the internal parameters of the monocrystalline PV cell are to be
considered for computing the diode and PV panel voltage. The list of parameters and their values
are mentioned in Table 2-1. These monocrystalline PV cell parameters are taken from the
literature. PV datasheet generally provides nominal operating characteristics of PV cells such as
open circuit voltage, short circuit current, MPP voltage, MPP current, voltage temperature

coefficient Ky, and current temperature coefficient K.
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Monocrystalline PV cell model IV curve comparison
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Figure 2-3 PV cell I-V characteristics comparison using Simulink model

The Simulink model was utilized to plot the Current-Voltage characteristics of
monocrystalline PV cells under the dark condition with 0 W/m? and 600 W/m? illuminated
conditions. The temperature was kept constant at 50 °C, and the current was swept from 10 A to —
10 A. The I-V characteristics are compared between dark and illuminated conditions and are shown
in Figure 2-3. The curve can be divided into three regions: the Breakdown region, where the PV
cell breakdown characteristics are noticed under -23.5 V; the reverse bias region, where the current
was constant between Vg and 0 V and the forward bias region, above 0 V. With illumination, the

photocurrent magnitude increases and thus the I-V curve can be observed to be shifted upwards.
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Figure 2-4 PV cell capacitance Vs. Voltage characteristics using the Simulink model

The Simulink-based PV cell model provides parallel capacitance information for the
operating point. The PV cell current was a sweep in model from 10 A to -10 A under three different
conditions: under dark conditions, G = 0 W/m? and T = 50 °C; under increased illumination
conditions, G = 600 W/m? and T = 50 °C and under increase temperature condition G = 600 W/m?
and T = 150 °C to compare capacitance-voltage characteristics of the monocrystalline PV cell.
From the image, as shown in Figure 2-4, the diffusion capacitance was lower under dark
conditions, and the diffusion capacitance increased with an increase in temperature and

illumination. Also, in all three states, the junction capacitance was minimal, with lower in dark

conditions.
2.2.3 PV cell AC Small Signal Model

A PV cell dynamic model includes the effect of diodes, voltage source, capacitance,
resistance, and inductance. Under AC small signal injections, the effects of the current source,

diodes, voltage source, and shunt resistance can be cumulatively considered parallel resistance of
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PV cells. With the change in operating point, temperature, and illumination, the parallel resistance

and parallel capacitance vary. Figure 2-5 shows the effective ac small signal model of PV cells.

Rs Ls

Figure 2-5 AC small signal PV cell circuit

The small signal mathematical equation of the figure mentioned above is,

7= (Rp I 1/scp) + Ry + sLg (2-14)

Solving the equation, we get,
7= [Ro+—2] 4l Ry Gy 2-15
_[S+a+1]+] SO 1 (2-15)

where w = 2nfand a = w?R§C}

As shown above, the analytical equation for PV cell impedance can be plotted using a bode
plot. The impedance response over frequencies can be compared with parallel resistance and
capacitance variations. Under low frequency, the impedance was resistive with the constant
magnitude of Rs + R, and impedance phase being 0 °; also, with an increase in Rp, the impedance
magnitude increases. Under mid-frequency, the parallel capacitance was dominant, with phase
decreasing towards -90 ° and impedance magnitude decreasing. With the increase in parallel
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capacitance, the impedance magnitude and phase shift towards the left as the effect of capacitance
can be seen at frequencies lower than mid-frequency. Also, the lowest impedance in the magnitude
plot will be approximately Rs at a resonating frequency between Cp and Ls. The resonating
frequency also sifts towards the left with the increased parallel capacitance. At high frequencies,
the Ls effect dominates with phase increasing and reaching 90 ° and impedance magnitude
increasing after resonating frequency.

2.2.4 Simulink-based PV Cell Model Impedance Measurement

Panel Voltage
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Figure 2-6 PV cell AC impedance measurement using Simulink model

Simulations are conducted using a Simulink-based PV cell model to measure the
impedance under different operating conditions. The Simulink-based PV model, as shown in
Figure 2-2, was injected with AC small signal with illumination and temperature, as shown in
Figure 2-6. The AC small signal current was added to an operating point, and the output in terms
of PV panel voltage has a DC and AC component. To measure the AC impedance of the PV cell,
a set of frequencies from 10 Hz to 100 kHz on a logarithmic scale was injected into the PV panel
current, and the voltage response was measured. FFT analysis was performed using a Simulink-

based FFT block to compute the magnitude and phase of the PV panel voltage and current at the
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injected AC signal fundamental frequency. Using the division operator, the magnitude of the PV
panel voltage from the FFT block was divided by the magnitude of the PV panel current to compute
the impedance magnitude of the PV cell under the mentioned operating point. Similarly, the phase
of the PV panel voltage was subtracted from the phase of the PV panel current to compute the PV

cell impedance phase. With the conditions mentioned above, the impedance plot was plotted in

MATLAB.
Monocrystalline PV cell model illuminated IV curve
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Figure 2-7 I-V characteristics of PV cell under 600 W/m? illuminations using Simulink model

A monocrystalline PV cell was modeled under 600 W/m? illumination, and 50 °C
temperature in Simulink; PV cell current was swept to measure current — voltage and power-
voltage characteristics as shown in Figure 2-7. The PV cell impedance was plotted in MATLAB
using a bode plot, shown in Figure 2-8. Three operating points marked in the figure as mentioned
above are considered to measure PV panel AC impedance.

Operational point (O.P.) 1 was the point at the left of the maximum power point (MPP);

the O.P was under a constant current region, and with a change in current, the voltage difference
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will be high, and thus the impedance magnitude will be increased as compared to point at MPP or

on the right side of the MPP using the equation as shown below.

AV

—%7 (2-16)

Zgc =

The AC impedance phase of O.P. 1 shows phase drops earlier than other O.P. as the R, was higher

using the equation as shown below than compared to other O.P., and so the phase drop was also at

a lower frequency.

1
Wp = (2-17)
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Figure 2-8 Simulink-based AC impedance measurement of PV cell under 600 W/m?

illumination

The AC impedance magnitude of O.P 3 was lowered than other O.P. as the O.P. 3 was on
the right side of the MPP and under a constant voltage region; with a slight change in PV current,
the PV panel voltage change will be smaller, and thus the AC impedance magnitude will be less

than the point at MPP and point on the left side of the MPP. The PV cell capacitance decreases
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with voltage decreasing as shown in the figure above, comparing O.P 3 capacitance with other
O.P., with larger capacitance, the phase drop in mid frequency will be less than other O.P. With
higher capacitance, the resonating point was also at lower frequencies compared to other O.P using

the equation as shown below.

(2-18)

The AC impedance magnitude and phase of O.P 2 stay in the middle of the other two O.P. as the
O.P was at MPP of the PV cell. To conclude, the AC impedance magnitude of PV cell decreases
from left to right of MPP, and the AC impedance phase at mid-frequency shows a higher phase

drop from left to right of MPP.

2.2.5 Comparing Analytical AC Impedance Results with Simulation:

Table 2-2 Electrical parameter comparison of PV cell at the different operating points

Parallel Parallel
Operating point | Voltage (V) | Current (A)
Capacitance (uF) | Resistance (€2)

1 0.2 4.53 32 0.336
2 0.33 3.6 185 0.0352
3 0.46 1.54 500 0.0118

The PV cell Simulink model computes PV panel voltage under different operating
conditions, as shown in Table 2-2. The PV cell model also calculates parallel capacitance based
on PV panel voltage and current. The parallel resistance of the PV cell under different operating

conditions was determined using a Simulation-based AC small signal model. The series resistance
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and series inductance of PV cells are assumed constant with changes in operating conditions. Using
parallel resistance and parallel capacitance of the PV cell, as shown in the table above, an analytical
solution was compared with a simulation-based PV cell impedance solution.

The PV cell AC small signal impedance computed via the Simulink-based model matches
well with the analytical solution under all three operating conditions. Further, to understand the
average percentage error under all the frequency points of AC impedance % deviation was
computed and compared of all the three operating points using the equations as shown below.

Simulation — Analytical

%deviation = ( ) * 100 (2-19)

Simulation

The average % error between PV cell AC impedance between Simulink — the based model and

analytical solution was less than 5 % under all the frequencies computed, as shown in Figure 2-9.
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Figure 2-9 Relative standard deviations between analytical Vs. Simulation of PV cell AC

impedance

2.2.6 PV cell Impedance Comparison:
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2.2.6.1 Under Dark Conditions with G = 0 W/m? and T = 50°C:

The Simulink-based PV cell model was simulated under the dark condition with the
illumination of 0 W/m? and a temperature of 30°C. The I-V characteristics are measured with a
PV cell current sweep to obtain the forward and reverse characteristics of the PV cell. The
measured |-V curve is shown in Figure 2-10, under dark conditions with G being 0 W/m? thus,
the PV cell's photocurrent using the equation in Chapter 2.1.1, will be 0 A. Four operating points
mentioned in the image below are used to compare PV cell AC impedance using Simulink- the
based small signal AC model. The PV cell AC impedance plot is shown in Figure 2-10 with a
comparison of all four operating points. Under -2.1 V, the O.P. was at a reverse voltage biased
region, and thus the parallel resistance and parallel capacitance will be higher in magnitude
compared to the rest of the O.P. For O.P. at 0 V due to no illumination, the current will also be
nearly 0 A, and the AC impedance magnitude will be lower than reverse biased condition; also

AC impedance phase will be higher than reverse bias condition.

PV cell Impedance plot under dark condition
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Figure 2-10 Left: PV cell 1-V characteristics, right: PV cell AC impedance, condition: under

OW/m? illumination and 50 °C temperature
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Figure 2-11 Left: PV cell 1-V characteristics, right: PV cell AC impedance, condition: under

600W/m2 illumination and 50 °C temperature

PV cell Impedance plot under varying temperature
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Figure 2-12 Left: PV cell 1-V characteristics, right: PV cell AC impedance, condition: under

OW/mz2 illumination and varying temperature
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Figure 2-13 Left: PV cell 1-V characteristics, Right: PV cell AC impedance, condition: under

varying illumination and 50 °C temperature

The PV cell impedance plot shows impedance magnitude increasing with parallel
resistance increasing and impedance phase increasing with parallel capacitance decreasing as the
O.P. moves from the left to right side of MPP under dark conditions.
2.2.6.2 Under Normal Conditions with G = 600 W/m? and T = 50°C:

The illumination of the PV cell was increased from 0 W/m? to 600 W/m? keeping the
temperature at 30°C; the current was swept to plot the 1-V characteristics of the PV cell. The I-V
characteristics are shown in Figure 2-11, comparing the I-V characteristics of the dark and
illuminated conditions; due to photocurrent, the current magnitude has increased, and the PV cell
can source current. Four operating points with the same PV cell biased voltage as dark condition
are considered to measure and compare PV cell impedance using the Simulink-based AC small
signal model, and shown in Figure 2-11. Comparing PV cell AC impedance under dark and
illuminated conditions, the impedance magnitude under reversed voltage biased region was
similar. The operating point under forward-biased conditions with illumination shows a decrease
in the AC impedance magnitude and a decrease in the phase. The MPP operating point can be
easily distinguished with highly decrease in impedance magnitude under illumination, thus change
in parallel resistance between dark conditions and illumination was effectively more at MPP.
2.2.6.3 Under Normal Conditions with G = 600 W/m? and T vary:

Figure 2-12 shows the simulation result of I-V characteristics of the PV cell under
temperature variation keeping G at 600 W/m? constants. With a PV cell's temperature increase, the

PV panel voltage and current decrease at MPP. Four test conditions were simulated with varying
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temperatures, and AC impedance was plotted at MPP, as shown in Figure 2-12. The effective
change noticed was under the low-frequency region where due to higher temperature, the parallel
resistance decreases, and thus impedance magnitude decreases. With temperature, the diffusion
capacitance increases, as stated above; therefore, the parallel capacitance change was small and
unnoticed. Under the mid-frequency region, due to effective change in parallel resistance and
parallel capacitance, the phase decreases with temperature increases.

2.2.6.4 Under Normal Conditions with T =50°C and G varies:

Figure 2-13 shows the simulation result of 1-V characteristics of the PV cell under
illumination variation keeping T at 50°C constants. With the increase in the illumination of a PV
cell, the PV panel current increases due to the rise in photocurrent. Also, the PV panel voltage
decreases due to an increase in current as the voltage drop due to series resistance increases. Four
test conditions were simulated with varying illumination, and AC impedance was plotted at MPP,
as shown in Figure 2-13. The effective change noticed was under the low-frequency region where
due to higher illumination, the parallel resistance decreases, and thus the impedance magnitude
decreases. With illumination, the diffusion capacitance increases, as shown above; hence the
parallel capacitance increases. Under the mid-frequency region, due to the rise in parallel
capacitance and a decrease in parallel resistance, the phase decreases with an increase in
illumination.

2.2.7 18PV Cells in Series Forming PV String:

29



PV String Impedance Plot under Normal Condition
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Figure 2-14 Left: 18 PV cell I-V characteristics, Right: 18 PV cell AC impedance, condition:

under 600 W/m? illuminations and 50 °C temperature

The Simulink-based monocrystalline PV cell was series together with 18 PV cells forming
a PV string. The PV string was simulated with G = 600 W/m? and T = 50 °C, and the PV string
current was swept to plot the I-V characteristics of the PV string. Figure 2-14 is the |-V
characteristics of monocrystalline PV string in the forward and reverse bias region. The I-V curve
marks three operating points to measure the PV string AC impedance using PV string small signal
model. The figure shown above shows PV string AC strings under different operating points. All
three operating points are under the forward region, with O.P.1 having a high AC impedance
magnitude under low frequency and O.P 3 having a low AC impedance magnitude under low
frequency. O.P.2 being the MPP has AC impedance magnitude being both the O.Ps. The AC
impedance phase of O.P. 2 was between the O.Ps, and as stated above, the parallel resistance
increases and the parallel capacitance increases with O.P. shift from left to right.

2.2.7.1 PV String under Hot Spot Conditions:
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Figure 2-15 Left: 18 PV cell I-V characteristics, right: 18 PV cell AC impedance, condition:
under 1 PV cell hot spot condition with 17 PV cell at 600 W/m2 illuminations and 50 °C

temperature

The hot spot condition prevails when a particular PV cell or some of the PV cells in the PV
string are shaded (illumination less than nearby PV cells in the PV string) so that the PV cell will
sink power produced by PV cells or PV strings rather than the source. Due to sinking power, the
temperature of the PV cell increases, and the PV cell gets damaged, damaging the entire PV string.
The PV string is 18 monocrystalline PV cells series and was simulated under hot spot conditions.
Under hot spot conditions, one of the PV cells of the PV string was shaded with G = 0 W/m? and
T =150 °C. the PV string current was swept, and the I-V characteristics are shown in Figure 2-15.
Here, due to the shading of one PV cell in the entire PV string, the PV string current dropped
compared to the normal condition. The PV panel voltage increased for MPP; the 17 illuminated
PV cells have higher forward biased voltage due to low PV string current compared with fully
illuminated PV string (18 illuminated PV cells), and the shaded PV cell in the hot spot conditions
was reverse biased with positive PV string current and sinking power rather than sourcing power

thus creating hot spot condition. Comparing the AC impedance of the PV string under a hot spot
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and normal conditions at MPP, the AC impedance magnitude at low frequency was higher in hot
spot conditions than normal conditions; thus, the parallel resistance was higher in hot spot
conditions than normal conditions. In the mid-frequency region, the AC impedance phase dropping
of the hot spot region was at a slightly low frequency than normal conditions showing the effect
of an increase in parallel capacitance. At a resonating point, the resonating frequency of the hot
spot condition was slightly lower than normal; thus, with increased parallel capacitance, the
resonating frequency decreased. Thus, from above, due to the hot spot condition when one PV cell
was shaded in PV string and considering the O.P.at MPP, the PV string current changes, PV string
voltage changes, under low-frequency AC impedance magnitude increase, the AC impedance
phase at mid-frequency decreases, the resonating frequency decreases the parallel resistance
increases and parallel capacitance increases cumulatively.

2.3 A Power Converter for PV Panel:

Renewable energy in the form of solar energy feeds the power to the electrical grid. Power
from the PV panel is DC in nature, and so is converter to AC using inverter topology and supplied
to the electrical grid. To obtain maximum power from the PV panel, the maximum power point
tracking (MPPT) algorithm is used in the power converter; with changes in environmental
conditions like illumination and temperature, the power produced by the PV panel varies and
utilizing the MPPT algorithm power extraction will be maximized. In a residential rooftop PV
system, 30-40 PV panels produce kilowatts of power, and the generated power is supplied to the
electrical grid. In this PV system, each PV panel has a power optimizer where power from each
power optimizer gets into the DC bus. From the DC bus, the central inverter converts DC power

to AC power to supply the electrical grid, as shown in Figure 2-16. The power optimizer has
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features such as voltage step up or steps down, MPPT algorithm, maintaining the DC voltage,
monitoring PV panel performance, etc. Figure 2-17 is a power optimizer with boost topology; also,

using voltage and current sensors, the MPPT block diagram is shown.
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Figure 2-16 PV system with DC to AC Figure 2-17 PV panel with a boost converter and

power conversion using power optimizer MPPT control circuit diagram

and central inverter

2.3.1 Modeling Boost Converter:

PV panel with a boost converter will step up the output voltage depending upon the duty
given to the power converter. Figure 2-18 is a boost converter with PV panel sourcing power to
the output, input dc link capacitor C, inductor L resistance of inductor R, two MOSFETs Q1 and
Q2, output capacitor Cqc, and DC bus voltage Vpc. The current from the inductor is termed i, and
the output current to the DC bus is ipc. The MPPT algorithm sets the reference voltage as the input
voltage to operate the PV panel under MPP, the reference voltage then gets subtracted from the

PV panel voltage, and the error signal is given to the PI controller. Based on its gain and pole, the
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PI controller sets the reference duty, and the output is given to the MOSFETSs drivers. The drivers

provide switching signals to MOSFETS based on the duty assigned by the P1 controller.
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Figure 2-18 PV panel with a boost converter
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Figure 2-19 Boost converter with three port Figure 2-20 Timing diagram for three-port

switch network switch network

Initially, the PV panel was modeled as a negative impedance to model the boost converter
as it sources power based on the voltage across it, as shown in Figure 2-19. Single-throw switches
replace the MOSFETSs. If s is connected to node point a, the voltage from the input and inductor
will be provided to the output capacitor and DC bus, and if s is connected to node point b, the
inductor will gets charged. The output capacitor will source power to the DC bus. The switching

state is shown in Figure 2-20, and based on the duty cycle, the ton and tosr will vary.
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_ (V4 whens =1 _ i
vs_{O whens =0 Vs = SVdc (2-20)
. _ (ip whens=1 .. )

ig = {O when.s = 0 ig = sig (2-21)
t+Tow
d= f sdt  U; =dvg. 1y =di (2-22)
t

From the equations, as shown above, the voltage at node s is termed as vs, and the current to the
nodal point is termed as is. The average model of the boost converter with a PV panel is where the
controlled voltage source is present due to duty and output voltage Vqc, and the controlled current
source is present due to duty and inductor current i.. The average model helps convert the time-

discontinuous system to a time-continuous one.

dip
Vpy = L+ Rig + dVee (2-23)

The above equation is computed using Kirchhoff’s voltage law (KVL) and considering voltage

across the PV panel as Vpy.

_ @V

pv dt

i +ip (2-24)

Applying Kirchhoff’s current law (KCL) at the node of the PV panel and dc link capacitor, we get

the equation as shown above.

—V dV
pv pv .
Rmppt dt L ( )

The PV panel current is equivalent to the voltage drop across Rmeet ; the equation (2-24) can be

rewritten as equation (2-25).
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Equation (2-23) can be divided with inductor L and rewritten as equation (2-26)

dVpy  —Vou iy
dt  CRpppt C

Equation (2-25) can be divided by capacitor C and rewritten as equation (2-27)

1/L

il = v [l al]

mppt

(2-26)

(2-27)

(2-28)

Taking inductor current i and PV panel voltage Vpv as the state variables, the state space equation

is given by equation (2-28)

The above equations are computed using the average model; the average model still holds

non-linearity in the system. Multiplication of time-varying signals generates harmonics and is a

non-linear process. To further compute the model, linearization was performed;

K/
Alel- ot [l Jar

(2-29)

The system considers perturbation in duty and PV panel voltage to compute control to PV panel

voltage response, as shown above.

Equating state variable #; as shown in the above equation
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— _vpv fl:
= —— 2-31
SV CRmppt C ( )

Equating state variable 7, as shown in the above equation

R Uy dVge
f— 7~ = —_— 2' 2
(s + L)lL I I (2-3 )

Solving the above equations and collecting the inductor current component together obtains the

equation as shown above.

1 i
(s+—)v~v:——L (233)
CRppt C

Solving the above equations and collecting the PV panel voltage component together obtains the

equation as shown above.

Tov _ —Vac :
ZRN P S ) B o
ST Ryt C TT) L

Solving the above equations, the control to PV panel voltage transfer function is shown above.

=~ =

C(s+7)Va

c
- 1 R\ 1
L [C (S + —CRmppt> (S + I) + Z]

(2-35)

Q|

Solving the above equations, the control to inductor current transfer function is shown above.
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Figure 2-21 Simulink-based boost converter average model with PV panel as input

Simulink-based power converter model was built, as shown in Figure 2-21. A 30
monocrystalline PV cells-based PV panel was used in Simulink with G = 1000 W/m? and T = 25

°C to produce 13.5 V PV panel voltage and 7 A PV panel current at MPP.

Table 2-3 Boost converter along with PV panel parameters used in Simulation

Parameter Value Units
Number of PV cells 30 -
Output voltage 60 \/
PV panel MPP voltage 135 \/
Input Capacitance 470 uF
Series resistance 1 mQ
Inductor 4.7 uH
Output Capacitance 100 uF
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The boost converter average model parameters are shown in Table 2-3. An open loop boost
converter model was simulated with a duty of 77.5% to obtain PV panel voltage and current at
MPP. The analytical equation (36) provides the control for the PV panel voltage frequency
response. To compute RMPPT, the impedance data was extracted from the analytical equation
(18). The series resistance, parallel resistance, parallel capacitance, and series inductance
parameters were calculated from the Simulink-based monocrystalline PV cell model.

The model linearization toolbox in Simulink was used to obtain linearization of control to
PV panel voltage of the Simulink-based boost converter average model. The solution obtained was
compared with the analytical solution from equation (2-26) and shown in Figure 2-22. The
analytical solution of control to PV panel voltage frequency response well matches the Simulink-
based linearization model; thus, the analytical solution was utilized to design the closed loop

operation of control to PV panel voltage.

Linearization of PV panel with duty
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Figure 2-22 Comparison between analytical equation and simulation solution for PV panel with

duty
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. Closed loop boost converter loop response
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Figure 2-24 Boost converter closed loop response

Figure 2-23 Boost converter voltage  comparison with compensation and plant frequency

loop gain block diagram response

Figure 2-23 shows the block diagram of the loop gain for control to PV panel voltage with
input as PV panel MPP voltage. The control to PV panel voltage response is called syspv. Ky is the
antialiasing filter with value 1, and the compensator Gev was utilized to decrease the error between
the measured and MPP voltage of the PV panel. As shown in equation (2-36), the system considers

delay in encountering one delay of one switching cycle in the system.

1-— O.STdeIS

Gi=—o 2-36
del 1+ O-5Tdels ( )

The P1tuner was used in MATLAB to design the compensator Gey; the closed loop boost converter
loop responses are shown in Figure 2-24. The loop gain has a crossover frequency of 19.7 Hz and
a phase margin of 51.7 °. The designed compensator, as discussed above, was utilized to close the
loop and obtain a closed-loop solution under desired PV panel voltage. With the closed loop, the

system's transients and settling time have decreased.
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PV panel voltage under closed loop condition with MPPT alorithm
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Figure 2-25 PV panel output voltage and current under input voltage closed loop with MPPT

algorithm

Perturb and observe (P&O) MPPT algorithm was implemented in a boost converter with
PV panel voltage control. P&O utilized PV panel voltage and current; the algorithm evaluates the

change in PV panel voltage and power by injecting a small perturbation in PV panel voltage. The
algorithm further computes the change in power by the change in voltage (AP/AV), if the value is

negative, the reference voltage present value is smaller than the past value, and if the value is
positive, then the present value is higher than the past value. In this manner, the O.P. will reach
MPP and then toggle between the MPP's left and right sides. Using a C-based code, P&O was
implemented with a boost converter and PV panel. Initially, the illumination given to the PV panel
was 100 W/m?; after 0.3 seconds, the illumination was increased to 500 W/m2. With the increase
in illumination, the PV panel voltage, and current increase, as shown in Figure 2-25.

2.4 PV Panel Fault Detection using Power Converter:
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The Simulink-based monocrystalline PV cell model was simulated with the boost converter
model to operate the PV panel under MPP. The AC small signal model of the PV panel was further
evaluated under MPP to obtain the AC impedance of the PV panel at MPP and compare the AC
impedance under normal and fault conditions.

2.4.1 PV Panel Details:

The PV panel was modeled using 60 monocrystalline PV cells in series; the maximum
power of the PV panel was 307 W, the MPP voltage was 33.7 V, and the MPP current was 9.1 A.
The model was designed with series resistance 0.046 Q, shunt resistance 91.8 Q, and PV panel

model parameters are listed as shown in Table 2-4.

Table 2-4 Commercial 300 W PV panel parameters

Cells Type Monocrystalline
Number of Cells 60 cells
Maximum power at STC 307 Watts
Voltage at MPP 33.7 v
Current at MPP 9.1 A
Open circuit Voltage 40.45 v
Short Circuit Current 9.91 A
Temperature Coefficient of
Voc -0.22% VIK
Temperature Coefficient of
Isc 0.40% K
Series Resistance 0.046 Q
Shunt Resistance 91.8 Q

The boost converter was designed to provide 60 V output voltage with input power from a
PV panel. The PV panel was a model with 50 PV cells in series with 10 PV series in a total of 60

PV cells, as shown in Figure 2-26.
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Figure 2-26 Simulink-based PV panel mode with a boost converter
2.4.2 Hot Spot Fault:
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Figure 2-27 PV panel AC impedance comparison under hot spot fault and normal condition

The hot spot fault was simulated with 10 PV cells at the illumination of 100 W/m?,
temperature of 150 °C, and the rest of 50 PV cells under normal conditions. The PV panel (60 PV

cells) was initially modeled for normal conditions with G = 1000 W/m? and T = 50 °C. The boost
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converter operates the system at MPP, and the O.P. under normal conditions was determined. AC
small signal model was simulated with a PV panel under the normal condition O.P, and the PV
panel AC impedance magnitude and phase are plotted as shown above. The normal condition result
is the benchmark result compared to the fault conditions. Later, the hot spot fault was simulated
with a boost converter with 50 PV cells under normal conditions with G = 1000 W/m? and T = 50
°C and 10 PV cells under hot spot conditions. The O.P. at MPP was determined, and AC small
signal model was simulated to obtain AC impedance under hot spot conditions. Further, the
illumination of 50 PV cells was decreased from 1000 W/m? to 800 W/m? and later to 600 W/m?
and the results are compared as shown in Figure 2-27.

Comparing O.Ps under normal conditions and hot spot fault, the change in all three
scenarios is shown in the image above. The voltage increased, and the current decreased w.r.t
normal conditions due to hot spot conditions; the change is also observed with different
illumination conditions. Comparing AC impedance under normal and hot spot conditions, with an
increase in parallel resistance due to hot spot, the impedance magnitude under low frequencies is
higher in hot spot conditions than in normal conditions. Also, due to an increase in parallel
capacitance under hot spot conditions, the phase decreases in mid-frequencies with comparing the
results under normal conditions. Thus, hot spot faults can be modeled with a boost converter and
PV panel. Also, AC impedance measurement tests using low and mid-frequency small signals can
identify hot spot faults.

2.4.3 The Line-Line Fault:
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Figure 2-28 PV panel AC impedance comparison under line-to-line fault and normal condition

The line-to-line fault was simulated with 10 PV cells' short circuits and the rest of the 50
PV cells under normal conditions. As the benchmark result discussed above, the normal condition
result was compared to the fault conditions. The line-to-line fault was simulated with a boost
converter with 50 PV cells under normal conditions with G = 1000 W/m?2 and T = 50 °C and 10
PV cells under short circuit conditions. The O.P. at MPP was determined, and AC small signal
model was simulated to obtain AC impedance under line-to-line conditions. Further, the
illumination of the PV panel was decreased from 1000 W/m? to 800 W/m? and later to 600 W/m?
and the results are compared as shown in Figure 2-28.

Comparing O. Ps under normal conditions and line-to-line fault, the change in all three
scenarios is shown in the image above. The voltage decreases w.r.t normal conditions due to short
circuit conditions; the difference is also observed with different illumination conditions, as 10 PV

cells are not contributing to the PV panel voltage. Comparing AC impedance under normal and
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line-to-line conditions, with a decrease in resistance due to short circuit conditions, the impedance
magnitude under low frequencies is lower in line-to-line conditions than in normal conditions.
Also, the phase increases due to a decrease in parallel capacitance under line-to-line conditions.
Still, due to a decrease in operating voltage, the effective change in parallel capacitance is a
decrease in phase under mid-frequencies with comparing the results under normal conditions.
Thus, line-to-line fault can be modeled with a boost converter and PV panel, and also AC
impedance measurement test using low and mid, and small high-frequency signals can identify the
line-to-line fault.

2.4.4  Junction Box Fault:

The junction box fault was simulated by adding a small resistance of 0.5 Q between 10 PV
cells and the rest of the 50 PV cells. As the benchmark result discussed above, the normal condition
result was compared to the fault conditions. The junction box fault was simulated with a boost
converter with 60 PV cells under G = 1000 W/m? and T = 50 °C and 0.5 Q resistance in series.
The O.P. at MPP was determined, and AC small signal model was simulated to obtain AC
impedance under junction box fault conditions. Further, the illumination of the PV panel was
decreased from 1000 W/m? to 800 W/m? and later to 600 W/m? and the results are compared as
shown in Figure 2-29.

Comparing O.Ps under normal conditions and junction box fault, the change in all three scenarios
is shown in the image above. The voltage decreases w.r.t normal condition due to adding a series
resistance in junction box fault conditions; the change is also observed with different illumination
conditions. Comparing AC impedance under normal conditions and junction box fault conditions,

the impedance magnitude under high frequencies is higher in junction box fault conditions than in
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normal conditions as under higher frequencies, the effect of series resistance at the resonating point
is noticed, and due to adding of series resistance, the cumulative resistance will be higher. Also,
due to the increase in series resistance under junction box fault conditions, the phase increases at
high frequency as the effective resistance has increased. Thus, junction box faults can be modeled
with a boost converter and PV panel. Also, an AC impedance measurement test using a small high-

frequency signal can identify junction box faults.

PV panel impedance under Junction box fault
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Figure 2-29 PV panel AC impedance comparison under junction fault and normal condition

2.4.5 DC Link Capacitor Fault:

The boost converter has a DC link capacitor parallel to the PV panel; the capacitor helps
provide a switching current to the converter. Under normal operation, the impedance of the PV
panel will always be calculated with an impedance of the PV panel and dc-link capacitor in
parallel. Later with the knowledge of capacitors, the PV panel impedance can be computed. With

the age of the power converter, the life of the capacitor decreases, causing the capacitance to reduce
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and increase in the ESR of the capacitor. These effects can cause an increase in ripple voltage and
current from the PV panel. The manufacturer claims capacitor end-of-life (EOF) as a decrease in
capacitance by 20% and an increase in ESR by twice. The normal condition was simulated by
adding a capacitance of 180 uF and 18 mQ in parallel to the PV panel model under G = 1000 W/m?
and T =50 °C. The capacitor fault scenario was simulated with the capacitance of 144 uF and 36
mQ parallel to the PV panel model under G = 1000 W/m? and T = 50 °C. The O.P. at MPP was
determined, and AC small signal model was simulated to obtain AC impedance under normal and

capacitor fault conditions.

PV panel impedance under Capacitor fault
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Figure 2-30 Boost converter input AC impedance comparison under capacitor fault and normal
condition
The change in comparing O.Ps under normal conditions and capacitor fault is shown in
Figure 2-30. Under mid and high-frequency regions, the AC impedance magnitude of capacitor
fault is higher than in normal conditions. Due to an increase in ESR and a decrease in capacitance

under the EOF of the capacitor, the effective change has caused to increase in impedance
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magnitude, as shown in the image above. A reduction in capacitance and an increase in ESR also
cause an increase in the impedance phase, as seen in the impedance phase in the image above.

25 Conclusion:

Table 2-5 PV panel fault indicator comparison using AC impedance measurement

% change

Normal with End of life -

Irradiance | Fault-Hot Spot Fault-Line to Line [ Fault-Open Circuit | Fault-Junction Box CAPACITANCE
Voltage <5% | >10% T >10% | >30% | <10% | >90% T (P2P)
Current >10% | >50% | < 3% change < 1% change < 1% change >80% T (P2P)

>25% 1 @ 1 kHz
>80% 1 @ 10 kHz
Magnitud >20% T >100% T @50 Hz | >30% | @50 kHz | >30% | @ 50 Hz | > 100% T @ 50 kHz

Phase < 3% change >20% | @1kHz < 1% change < 1% change >20% T @ 50 kHz < 3% change

The boost converter with a PV panel model can detect hot spot faults, line-to-line faults,
open circuit faults, junction box faults, and EOF of a capacitor using effective change in the
operating points and with change in AC impedance magnitude and phase under at the MPP. The
PV panel’s illumination during the day changes due to a change in the sun’s irradiance falling on
the PV panel. The difference in illumination also changes the MPP, and with the shift in O.P., the
AC impedance also changes. Table 2-5 shows the effects of change in illumination on PV panels
with a decrease in illumination. To identify a PV panel fault, the fault detection nature should be
distinctive for all the faults and different from the change in illumination under normal conditions.
The fault indicators, as mentioned above, can be helpful to identify faults using AC impedance

small signal PV cell model with O.P. at MPP of PV panel.
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Chapter 3 Photovoltaics Panel Impedance

Measurement using Offline Technique

3.1 Introduction

Analyzing I-V characteristics of a PV cell in simulation under different operational points,
the nature of current and voltage varies. PV panel impedance fluctuates with changes in operating
point, temperature, and illumination. The offline technique discussed in this chapter utilizes
equipment to measure PV panel impedance and gather a benchmark to compare PV panel
impedance measured using Simulink- based model and can be further compared with the online
technique discussed in the next chapter. The procedure followed in the offline impedance
technique to illuminate the PV panel, measure the operating point, and inject a small signal into
the PV panel to measure impedance is also repeated in the online impedance measurement
technique to evaluate the effectiveness of online impedance measurement. The conditions for
creating a PV panel fault mentioned in the offline impedance measurement technique are repeated
in the online impedance measurement technique.
3.2  Photovoltaics Cell I-V Characteristics
3.2.1 Forward Bias Condition

PV cell forward I-V characteristics are determined by experimental tests, as shown in
Figure 3-1. A monocrystalline PV cell with the parameters given in Table 3-1 was illuminated
using an LED sheet to illuminate the PV cell. The LED sheet can provide 3400 lumens and
consumes 36 W power under 24 V DC voltage. With illumination, the photocurrent current of the

PV cell sources power to the electronic load, as shown above. With the change of illumination, the
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PV cell current will increase; thus, to maintain an MPP, the resistance of the electronic load was

decreased.

Forward I — V characteristics

Current
| Measuremenj
LED —> PV panel Voltage Electronic
Measuremen load

Illumination l

Figure 3-1 Forward-biased PV cell I-V characteristics measurement block diagram

Table 3-1 Commercial monocrystalline PV cell parameters

Detail Value Unit
Maximum power 5 wW
Maximum power point voltage 0.558 \%
Maximum power point current 9.09 A
Open circuit voltage 0.665 \Y/
Short circuit current 9.65 A
Dimension 156.75*%156.75 | mm?
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Figure 3-2 Hardware setup for PV cell I-V
Figure 3-3 PV cell with LED sheet
characteristics
The experimental setup is shown in Figure 3-2; the PV cell's positive and negative
terminals are connected to the voltage sensor to measure the voltage across the PV cell. The
positive terminal is further connected to the current sensor positive terminal to measure the current
sourced by the PV cell after being illuminated. The PV cell was illuminated using an LED sheet,
and the LED sheet was biased with an external power supply; with 20 V across the LED sheet, the
sheet provides illumination of 60 W/m2, and with an increase in biased voltage, the illumination

increases. The PV cell was kept in an enclosed box to avoid illumination from the surroundings

and avoid 60 Hz AC mains frequency in light from the external source, as shown in Figure 3-3.
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Figure 3-4 PV cell 1-V characteristics comparison between Simulink model and experiment at

60 W/m? and 100 W/m? illuminations using Figure 3-1

An illuminated PV cell was connected to BK precision 8500 electronic loads to sink the
current from the PV cell. Agilent 34405 A multimeter was used to sense the voltage across the PV
cell and the current flowing from the PV cell. The illuminated PV cell sources current to the
electronic load, and with a change in resistance, the PV cell current and voltage vary. The forward
I-V characteristics of PV cell under illumination is shown above. The illumination was changed
from 60 W/m? to 100 W/m? by increasing the bias voltage across the LED sheet. The PV cell
forward I-V characteristics are compared with the Simulink model under the illumination of 60
W/m? and 100 W/m? and are shown in Figure 3-4. The Simulink model PV cell internal parameters
are considered via literature; thus, the 1-V characteristics of experiment and Simulation vary. The
figure above shows that with an increase in the illumination, the PV cell current increases for the
Simulink model and the offline hardware experiment. Also, constant current-like behavior was
observed under voltages below MPP, and with an increase in voltage after MPP, the current

decreases rapidly in Simulation and experimental data. The open circuit voltage and short circuit
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current appear different for all the conditions due to different internal parameters of the PV cell

and changes in illumination on the PV cell.

3.2.2 Reverse Bias Condition

Reverse I — V characteristics

Current

LED

PV panel

INlumination

Measuremenﬂ

Power supply

(Constant current)

Figure 3-5 Reverse biased PV cell I-V characteristics measurement block diagram

The illuminated PV cell reverses |-V characteristics are measured using the block diagram

as shown in Figure 3-5. The PV cell was biased with negative voltage using a power supply, as

shown in the block diagram. Due to illumination, the PV cell will source current rather than a sink;

thus, the power supply must have the capability to sink current from the PV cell.
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Figure 3-6 PV cell reverse bias 1-V characteristics using Figure 3-5 test setup

The reverse 1-V characteristics of the PV cell under 60 W/m? illuminations is shown in
Figure 3-6, the PV cell was sourcing current under illuminated condition, and thus the PV panel
current was positive. The reverse biased condition by the power supply maintains the negative
voltage across the PV cell; thus, the I-V characteristics are in the second quadrant of the graph.
Before the reverse breakdown voltage of the PV cell, the PV cell current was constant and didn’t
change due to the high impedance of the PV cell. With the increase in the reverse voltage after
the reverse breakdown voltage across the PV cell, the PV cell current increases exponentially due
to the PV cell's avalanche breakdown and diode tunneling effect. The similar nature of PV cell I-
V characteristics under illumination and reverse bias is seen in the Simulation above. Beyond the
reverse voltage of -23 V across the PV cell, the power supply cannot supply a higher reverse
voltage, and thus the measurement was stopped.
3.3  Offline Impedance of Photovoltaics Cell

3.3.1 Equipment Details
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Figure 3-7 Equipment details for AC small signal injection and measurement

The IV characteristics help determine the operating point for measuring the impedance of
the PV cell. If the operating point is at the slope, then impedance can be measured with less power
in the perturbation signal (magnitude of sine wave). If the point is in the linear region, then the
power for the perturbation signal will be higher as the change in current will be governed by a
change in voltage for a PV cell. Figure 3-7 shows the block diagram for the small-signal injection
in the PV cell at a particular operating point to measure the impedance of the PV cell. The
impedance was measured using the network analyzer Agilent 4395A, and the incoming and
outgoing signals from the network analyzer were transported using BNC connectors. The network
analyzer injects small signal perturbation, the sine wave was swept with the power of 0dbm from
bandwidth 100 Hz to 200 kHz, and the voltage measured via terminal A and current measured via
terminal B was divided using A/B computation in network analyzer to measure the impedance of
PV cell. The incoming signal to the network analyzer passes through the 1 MQ line input adapter

Agilent 41802A to avoid high current from the system to the network analyzer. The bandwidth to
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measure impedance at the fundamental frequency was kept at 2 Hz, and thus it takes 5 minutes as
an operation time to compute impedance with 200 frequency data points. The PV panel impedance
was measured at an operating point where the voltage and current are at MPP or near MPP, the
small signal perturbation will be added on the operating point, and thus line injector or current
injector was needed to add the perturbation on the operation point. The injector used was Line
Injector J2121A for voltage injection if the perturbation was added to the voltage, and Current
Injector J2112A can also be used for small signal perturbation injection in current. Regulated
adapters J2170B and J2171A are used for the current and voltage injectors. Both the injector
provides the sense current, i.e., senses the current flowing from the injector. The sense current

from both injectors has a gain of 0.1V/A.

Offline Impedance Measurement

A~

PiooTest C Power supply
Current
PV panel Voltage Line Injector
easurement 100mV/A R
A
® PicoTest
Y g gulated Adaptor
J2171 A
Voltage { MS2 Input Adapter, g [Network Analyzes
Agilent /18024 Aglient 4395A
A
[ M2 Input Adapter

Agilent 418024

Figure 3-8 Offline AC impedance measurement for PV cell using voltage injection with

equipment as shown in Figure 3-7

Figure 3-8 shows the block diagram for measuring PV cell impedance offline. The PV cell

was illuminated at 60 W/m? and the PV cell current was sourced to the power supply. The line
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injector PicoTest J2121A was used to inject voltage perturbation to an operating point. The
operating point was set using a DC power supply; thus, with the operating point given by the power
supply, the injector adds the small signal perturbation to the operating point and applies the voltage

across the PV cell. The hardware setup for measuring PV cell impedance is shown in Figure 3-9.

Figure 3-9 Hardware setup for offline AC impedance measurement of PV cell

The PV cell current was measured through a line injector and given to the network analyzer
B terminal to compute impedance (A/B). The network analyzer injects a small signal into the line
injector. The PV cell voltage was measured directly and given to the network analyzer. A terminal,
the network analyzer with a 1 MQ input adapter, has a maximum voltage rating of up to 50 V.
3.3.2 Offline Impedance Measurement of Photovoltaics Cell

The PV cell under 60 W/m? illumination 1-V characteristics comparison between
Simulation and hardware is shown in Figure 3-10. The operating point to measure impedance is
marked with a red dot on the I-V characteristics; for simulation, the voltage setting was 0.55 V,

the current was 0.2 A for hardware setup, the voltage setting was 0.55 V, and the PV panel current
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was -0.35 A. The current being negative was due to the power supply sourcing the current to the

PV cell.

Forward IV curve at 60 W/m2
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Figure 3-10 PV cell forward bias |-V characteristics comparison with operating points for AC

small signal injection
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Figure 3-11 PV cell AC impedance comparison between Simulink model and hardware

experiment at O.Ps as shown in Figure 3-10

With the operating points mentioned above, the illuminated PV cell impedance was
measured using the test setup discussed above. The impedance plot comparison between the
Simulation and hardware setup is shown in Figure 3-11. Under low-frequency regions, both
conditions' impedance magnitude constantly shows a resistive behavior. The capacitive nature can
be observed in the mid-frequency region, where the impedance magnitude and phase decrease.
The impedance magnitude and phase increase under high frequency due to the inductance nature
can be seen in both plots. The results don’t overlap due to different internal parameters, operational
points, and parasitic involved due to hardware setup. Still, the general trends of impedance can be

observed in both results.
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Figure 3-12 AC small signal perturbation in PV cell voltage and current and reference current

under low frequency at left plot and high frequency at right plot

Figure 3-12 shows the waveforms of the illuminated PV panel under reverse biased voltage
of -5 V, the voltage measured via TPP1000 voltage probe, current via current probe TCPO0O30A
and sensed current measured via injectors. Under low frequency, small signal perturbation was
added to the operating point using a voltage injector. The PV panel waveform is shown in yellow;
due to the high impedance nature under reverse bias conditions at low frequency, the small signal
perturbation in the blue waveform is significantly low, and thus the measured current seen in pink
via injector is also low. With the increase in frequency, the impedance of the PV cell decreases the
due effect of capacitance; at the mid-frequency region, the waveforms of PV cell voltage, PV cell
current, and measured current via injector are shown above. With low PV cell impedance
magnitude, the small signal perturbation in current will be higher than the low-frequency

perturbation and can be compared with the figure above.
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Figure 3-13 PV cell offline AC impedance at forward and reverse bias condition comparison

Simulink model with 60 W/m2 irradiance
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Figure 3-14 Simulation-based PV cell AC impedance with O. Ps similar to Figure 3-13

Further, the PV cell under 60 W/m? illumination was tested under forward and reverse-
biased conditions. The experimental results, as shown in Figure 3-13, are compared with the
simulation results in Figure 3-14. Three operating points are used for comparison keeping
illumination and temperature the same. The impedance at 0.43 V, termed O.P. 1, was measured

and plotted in blue under forward conditions, PV cell sources voltage, and current to the external
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load. The impedance at 0.55 V, termed O.P. 2, was measured and plotted in orange; with higher
PV cell voltage, the power supply sources the current to the PV cell, and the PV cell voltage was
forward-biased. The impedance at -5 V, termed as O.P. 3, was measured and plotted in yellow;
under reverse biased conditions, the PV cell sources current; thus, the power supply across the PV
cell sinks the PV cell current and maintains reverse biased voltage. The impedance characteristics
for all three O. Ps are compared with the Simulink model maintaining similar illumination and
temperature. The general trend of PV cell impedance is observed in both figures, as shown above.
Considering the experimental result, the PV cell impedance magnitude under low frequency
decreases from O.P. moving left to the right side of MPP; a similar can be seen in the figure.
Assuming series resistance is identical in all three tests, the parallel resistance dominates under
low frequency; thus, the parallel resistance decreases with O. Ps moving to the right of MPP. The
resonating frequency due to the inductor and capacitor is shifted to the left with O. Ps going to the
right; thus, the parallel capacitance increases with O. Ps moving to the right of MPP. The
simulation-based result shows a similar nature of parallel resistance and parallel capacitance. The
results from the experiment don’t match the result from the Simulation due to differences in the
internal parameters of the PV cell and parasitic involved in the hardware setup.

3.4  Offline Impedance Measurement of PV panel

3.4.1 Under Dark Condition with 0 W/m? Illumination
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Table 3-2 Commercial 300 W PV panel used

=
Ny .
€ for AC impedance measurement
»
<Y G‘
Details Values Units
!ef:‘G Company Grape Solar
" Cells Type Monocrystalline
i G; Number of Cells 60 cells
[ Maximum power at STC 300 Watts
. Standard temperature 25 degrees
Standard Irradiance 1000 W/m2
2 Voltage at MPP 32.48 V'
Current at MPP 9.24 A
Open circuit Voltage 40.45 \'
Short Circuit Current 9.91 A
Module Efficiency 18.40%
. . . Temperature Coefficient of Voc -0.28% er °C
Figure 3-15 PV panel diagram with PV cell P ’ P
Temperature Coefficient of Isc 0.04% per °C
connected in series and jUﬂCtIOﬂ box with Temperature Coefficient of Pmax -0.38% per °C
Length 1640 mm
: Width 992 mm
three bypass diodes e — e o

A PV panel with 60 monocrystalline PV cells connected in series was purchased. The PV
panel characteristics can be seen in Table 3-2. The Panel was kept on the mounting racks at an
angle of 60°. The PV panel contains three bypass diodes in the junction box; a similar configuration
can be seen in Figure 3-15. Early in the satellite system, due to shading or partial shading on the
PV cell, PV cells use to undergo permanent damage. The prevention technique is commonly called
bypass diode; the bypass diode provides an alternate current path when the PV cells undergo
negative biasing due to the reverse property of shaded PV cells. Studies have shown that hot
spotting is a major cause of PV panel performance degradation, even with a bypass diode
connected across the PV cell. Once a PV cell is damaged, it becomes a weak point in the string
that causes performance reduction of the entire PV panel. The hot spot damage could be avoided
if bypass diodes were placed across several PV cells. The cumulative reverse bias power
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dissipation through a shaded PV cell is proportional to the number of cells attached to the PV
string. One bypass diode is kept in series to 20 PV cells, thus totaling up to 3 bypass diodes for 60

PV cells.

PV Panel Forward IV curve at 0 W/m2

0 5 10 15 20 25 30 35
Voltage (V)

Figure 3-17 PV panel forward I-V characteristics under

Figure 3-16 PV panel under

dark condition
dark condition

PV panel 1-V characteristics under forward bias conditions were measured with
illumination 0 W/m?. For dark conditions, with the illumination of 0 W/m?, a reflective tarp was
used to place it over the PV panel; thus, the light from outside was blocked by the reflective trap,
as shown in Figure 3-16. The positive and negative terminals of the junction box are the terminals
of the PV panel to measure the voltage across the PV panel and current into the PV panel under
dark conditions. The experimental method used to measure forward 1-V characteristics for a PV
panel was the one used above to measure forward I-V characteristics of a PV cell. The PV panel
was operated under dark conditions; thus, the PV panel will sink current as the current produced

by the photodiode was proportional to the illumination on the PV panel. Under dark conditions,
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the illumination was 0 W/m?. The PV panel voltage was set by a power supply connected across
the PV panel; the voltage was swept to measure the I-V characteristics of the PV panel shown in
Figure 3-17. The current, as observed in the figure above, is negative. Thus PV panel is sinking
current from the power supply. With the increased illumination, the 1-V curve will shift upwards
from the 4" quadrant to the 1%t quadrant of the graph.

3.4.2 Solar Simulator

Vertical
bar
Horizontal
. & bar
Side i
riﬂeitlve - «
s ee\ electrical : : e
| | connectio o : :
Hinge )
Base
p|ate\ _
o reflective i
sheet .- Tofee=
Caster _.-=

Figure 3-18 Solar simulator for illuminating PV panel using LED sheets and reflection sheets

A panel rack structure was designed and modeled in Inventor software for illuminating PV
panels using LED sheets, structure strength, and mobility. The design used aluminum T-slot bars
to deliver structure holding and stability. The base of the structure has a caster for mobility access.
The left, right, top, and bottom sides have reflective sheets to reflect the illumination on the PV
panel. The structure was built and assembled at the CPES facility. Figure 3-18 shows the Panel
rack with PV panel, reflective sheet, and LED, and the support structure mounted on the caster

with LED sheets connects open. The PV panel was attached to one of the sides with LED sheets,
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and its support was parallel to the PV panel. The height of the structure is 64.6 inches, like the PV
panel height; the reflective sheets are attached with hinges to access the PV panel front view, as
seen in the figure keeping the distance between LEDs and the PV panel at 15 inches. 13 LED sheet
combination was used to illuminate the PV panel as seen in figure with a width of panel rack 42
inches. The LED sheet used in the panel rack to illuminate the PV panel has 576 LEDs sinking
120 W power with 12000 lumens at 24 V biasing voltage. Two LED sheets, in combination, are
connected to ABS sheets to maintain the strength of the structure. 3M specular reflective film was

used for reflection in panel rack affix on ABS sheet to maintain rigidity.

Circuit
breaker

LED -
driver

Steel bar -~~~

Terminal __-~~
block

Figure 3-20 Side view of solar simulator

Figure 3-19 Front views of the solar simulator
illuminated

with LED drivers and circuit breaker

LED sheets are powered using AC/DC LED driver with adjustable output voltage and
current for 13 LED sheets, and 13 AC/DC LED drivers are connected in parallel. The converters

with an output voltage of 24 V are attached to the panel rack using a slotted steel bar. A circuit
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breaker of 25 A was connected in series for AC connection, and a terminal block was used to
connect AC points to all AC/DC converters, as seen in Figure 3-19. The LED sheet illumination
with PV panel in parallel and reflective sheet at sides are shown in Figure 3-20. The panel rack
was powered with AC mains and a standard AC plug socket consuming a current of 15.6 Arms.
The converter with 24 V output voltage across the LED sheet provides an illumination of 300
W/m? over the PV panel with reflective sheets flaps closed; illumination was measured using a
Fluke irradiance meter.

3.4.3 PV Panel Impedance Measurement under Normal Conditions:

Offline Impedance Measurement

I L
Gurronk PicoTest
PV panel Voltage " Current Injector % {.oud
casuremeny  [100mV/A |, , (200mA/V
A
Y Ny
i M2 Input Adapter] Network Anal PicoTest
)y 2
Voltage P P S o w.o S egulated Adaptoy]
Agilent 418024 Aglient 4395 A st
A
B i MQ Input Adapiter

Agilent J1802A

Figure 3-21 Offline AC impedance measurement of PV panel using current injection

“llluminated PV panel offline impedance measurement block diagram is shown in Figure 3-21.
The PV panel was illuminated, and the current was sinking to the external load connected to the
PV panel. The PV panel current and voltage change with a change in the external load. The
operating point was selected for measuring offline PV panel impedance; a small signal perturbation

in current was injected into the PV panel using the current injector PicoTest J2112A. The current
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injector behaves as a voltage-controlled current source with a gain of 200 mA/V, the small signal
perturbation in voltage was given by the network analyzer. The current injector was parallel to the
PV panel and the external resistive load; the current will get divided based on the effective
impedance of the PV panel and the load. The small signal current injected into the system was
obtained through the current injector, the voltage across the PV panel was measured, and
impedance was computed using a network analyzer. The impedance obtained has an effective
impedance of the PV panel in parallel with the external resistive load; MATLAB was used to

calculate PV panel impedance by compensating the effect of resistive load.
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PV Panel illuminated IV curve with 24V LED sheet
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Figure 3-22 PV panel I-V characteristics with 300 W/m? illuminations under normal condition
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Figure 3-23 PV panel offline AC impedance comparison with O. Ps as shown in Figure 3-22

The illuminated PV panel 1-V characteristics is shown in Figure 3-22. The MPP power
from the PV panel under the illumination of 300 W/m? was 75 W. The two points marked in the
figure above are used to measure the impedance of the illuminated PV panel. The impedance plot
compares three different situations as shown in Figure 3-23; 1st is an unilluminated condition
where the PV panel was kept in the dark with 0 W/m2 illuminations, plot 2 is the impedance plot

for point 1 under the illuminated condition where the point is slightly below MPP and 20 Q

[ Plot

10* 10°
Frequency (Hz)

108
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resistive load to the sink power of PV panel. The 3rd condition is point 2 of the illuminated
condition, where the point is at the left side of MPP, and 18.3 Q is used as the resistive load to sink
power of the PV panel. Comparing plot one and plot two from Figure 3-23, under MPP conditions,
the PV panel impedance is low in the low frequency of plot one than in plot 2. Plot 2 falls on MPP's
left side, and the voltage change is greater. Also change in current is low, and thus impedance is
higher in plot 2. As mentioned above, under O.P. on the left side of the I-V characteristics, the
parallel resistance increases, and parallel capacitance decreases; thus, the resonating point shifts
to the right. Plot 1 is considered for normal conditions and is further used for comparison with the
fault conditions.

3.4.4 PV Panel Impedance Measurement under Hot Spot Fault:

yd & . l; .
Figure 3-25 PV panel hot spot temperature

Figure 3-24 Illuminated PV panel . )
measurement using a thermal imager

diagram under hot spot fault

Under Hot spot conditions, the shaded PV cell goes in the reverse biased state; the voltage

across the shaded PV cell is negative and is sourcing current, and the PV cell-shaded will sink
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power rather than sourcing it. Due to sinking PV panel power, the temperature of the PV cell will
increase, and the PV cell can be permanently damaged due to excess heating. The damaged PV
cell leads to a hot spot in the PV panel. The PV industry uses a bypass diode to avoid hot spot
conditions. The bypass diode blocks the current flow from the PV string with shaded PV cells as
the PV string voltage will be negative under higher percentage shading conditions of the PV cell.
Under harsh weather conditions and fluctuating shading conditions, the bypass diode might fail.
Due to shading conditions, the shaded PV cell with a faulty bypass diode in the PV string will be
damaged, leading to hot spot conditions.

Figure 3-24 shows the test scenario of shading one PV cell of the illuminated PV panel
with the bypass diode open-circuited. With the PV cell shaded and maximum power being sunk
through the PV panel, the temperature of the shaded PV cell increases rapidly. The change in
temperature of the shaded PV cell depends on the series and parallel resistance of the PV cell.
Figure 3-25 shows the temperature of the shaded PV cell, the temperature increase was 85 °C, and
the temperature increase for the unshaded PV cell was 15 °C. The test was performed for 5 minutes,
and the Figure above was taken after the 5th minute using FLIR E5 thermal imager.
3.4.4.1 Single PV Cell Hot Spot:

Figure 3-26 shows the I-V and P-V curve comparison of the illuminated PV panel's normal
and shading (1 PV cell shaded) conditions. Comparing the shaded condition curve with the normal
state, the shaded PV cell reverses voltage increases under a high voltage region as the current is
low. Point 3, marked in the figure mentioned above, is the knee point where the PV string voltage
drops. Also, the low current under the high voltage region is due to the shaded PV cell sinking

power. The I-V characteristics of the PV panel under shading situation picturizes normal PV panel
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I-V characteristics with reverse biases PV cell I-V characteristics. 4 different points are marked in
Figure 3-26. They are injected with a small signal to measure the impedance of the PV panel under
1 PV cell-shaded condition. The resistive load used for impedance measurement will be depended

on the voltage and current of the marked points in the figure, as discussed above.
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Figure 3-26 PV panel I-V characteristics with 300 W/m? illumination comparison under

normal condition and hot spot fault condition
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Figure 3-27 PV panel offline AC impedance comparison under hot spot fault condition with O.

Ps as shown in Figure 3-26

Figure 3-27 compares the impedance for the shaded PV cell in the illuminated PV panel
with different power points. Comparing the impedance plot of plot 1 with the expected condition,
under shading, the magnitude and decrease in the phase of impedance increase can be seen in low

frequency. The increase in phase can be seen in the mid-frequency region due to the increase of
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parallel resistance and parallel capacitance and the change in the operating point of the shaded PV
cell. Similarly, plots 2 and 4 resemble shading conditions with increased parallel resistance and
capacitance of shaded PV cells. Plot 3, the knee point, fails to mimic the results of the shading
condition. All four shaded PV cell plots of impedance show impedance under the different slopes
of the P-V curve, as seen in Figure 3-26. Plot 4, near the 2nd knee point of the P-V curve, is
considered as 1 PV cell-shaded fault impedance for further fault comparison.

3.4.4.2 Multiple PV Cell Hot Spot:

Figure 3-28 shows the comparison of 1-V and P-V characteristics of illuminated PV panels
with 1 PV cell-shaded and 2 PV cells (similar PV string) shaded. The location of multiple shaded
PV cells of the same string shows identical I-V and P-V characteristics; thus, the location of a
shaded PV cell in the same string doesn’t alter the results. The O.P. taken into consideration is
near the MPP, as seen in the P-V characteristics. Plot 3 shows a decrease in current due to an
increase in sinking power by both the shaded PV cells. Also, as 2 PV cells are shaded, the reverse
bias voltage will increase, so higher negative voltage results in low voltage at a higher current for
plot 3. Comparing plot two and plot 3, under a high voltage region due to 2 PV cells shaded current
is lower for plot 3.

Figure 3-29 shows the comparative results of the impedance of illuminated PV panels with
shaded PV cells. Under 2 PV cells shaded (plot 3), the impedance magnitude for the low-frequency
region is slightly higher than 1 PV cell shaded (plot 2). Under the mid-frequency region where the
impact of parallel capacitance can be seen, the phase of impedance for plot 3 is lower than plot
two due to an increase in parallel resistance of 2 PV cells shaded than 1 PV cell shaded. Also, the

resonating point frequency shifts due to increased capacitance and change in the O.P. of the shaded
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PV cells. Thus, with a higher number of PV cells shaded in the PV panel, the PV cell sinking
power increases, and so the current magnitude also decreases the magnitude of the impedance of
the PV panel increases with an increase in parallel resistance and parallel capacitance and change

in the O.P.
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Figure 3-28 PV panel I-V characteristics with 300 W/m? illumination comparison under

normal condition, single and multiple hot spot fault condition
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Figure 3-29 PV panel offline AC impedance comparison under multiple hot spot fault

condition with O. Ps as shown in Figure 3-28Figure 3-26

3.4.4.3 % Shading PV Cell:

A PV cell enters a reverse bias condition due to shading. Also, the % shading or covering

of the PV cell alters the reverse bias voltage of the shaded PV cell. Figure 3-30 shows the I-V and

P-V characteristics comparison of an illuminated PV panel with 1 PV cell shaded under 100%
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shading, 75% shading, and 50% shading conditions. As the figure mentioned above shows, plot 4
(75% shading) is near plot 2 (100% shading) as the reverse bias voltage is higher in higher %
shading. Under high voltage conditions, the current is higher in lower % shading conditions due
to less sinking power by shaded PV cells. From plot 3, plot 4, and plot two, the reverse voltage
increment can be deduced, and the decrease in current can be noticed. Thus, with the increase in
% of the shading of 1 PV cell, the reverse-biased voltage of the shaded PV cell increases, and the
effective PV current decreases due to the sink power increase by the shaded PV cell.

The impedance plot for the points mentioned above on the I-V and P-V characteristics is
shown in Figure 3-31. The impedance magnitude for lower % shading is less than for higher %
shading. Also, plot three and plot 4 show a discrepancy with a phase of impedance compared with
plot 2; a probable reason would be the test point considered for plot three, and plot four might not
be the exact MPP and be at the left side of MPP. So lower % shading conditions show a decrease

in a phase when compared to plot 2.

F'2V5Panel |-V, P-V Curve under %variation of 1 PV cell Shaded
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Figure 3-30 PV panel I-V characteristics with 300 W/m? illumination comparison under normal

condition and % shaded in a hot spot fault condition
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Figure 3-31 PV panel offline AC impedance comparison under % shaded in hot spot fault

condition with O. Ps as shown in Figure 3-30

3.4.5 PV Panel Impedance Measurement under Short Circuit Fault:
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Figure 3-32 llluminated PV ) o .
Figure 3-33 PV panel |-V characteristics with 300 W/m?

panel diagram under short ] o ) o )
illumination comparison under normal condition, single and

circuit fault N
double short circuit fault
Under harsh weather conditions, the bypass diode in the junction box of the PV panel can

be a short circuit which leads to a short circuit fault, as shown in Figure 3-32. Due to a short circuit
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fault, the total power from the PV panel decreases as the voltage across the PV panel decreases.
Figure 3-33 compares I-V and P-V characteristics of illuminated PV panels with different short
circuit conditions. With 1 PV string short circuit, 1/3rd of the power decreases, and with 2 PV
string short-circuited, 2/3rd of the power from the PV panel decreases, as can be noticed in the
figure mentioned above. As discussed above, the impedance can be measured by injecting a small
signal to the MPP of the conditions. Figure 3-34 compares the impedance plot for the short circuit
with normal conditions. Due to short circuit conditions, the impedance of the PV panel should
decrease as the PV string impedance decreases to zero. The impedance magnitude at a resonating
point is lower for plot 3 than for plot 2 and lower for plot 1; the decrease in series resistance due
to short circuit conditions will lower the impedance magnitude under resonating point. The
impedance magnitude under low-frequency region decreases under short circuit conditions, as seen
in the figure below. The impedance under low frequency is governed by parallel and series
resistance. Thus the parallel resistance also decreases with short circuit conditions. The PV cells
in a PV panel are connected in series, and the impedance of the PV cell with short circuit
conditions, the PV cells short-circuited will not contribute in voltage, and the current and effective

impedance will be negligible.
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PV Panel Impedance Plot Under PV String Short Circuit
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Figure 3-34 PV panel offline AC impedance comparison under short circuit fault with O. Ps as

shown in Figure 3-33

3.4.6 Junction Box Fault:
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Figure 3-36 PV panel offline AC impedance comparison under

junction box fault and normal condition

The junction box (JB) of a PV panel with 60 PV cells has three bypass diodes at the terminal

to connect PV cells. PV cells divided equally share a bypass diode, i.e., 20 PV cells connect across

one bypass diode. Over time contact resistance R(ohms) due to joints and soldering in the junction

box increases, thus causing Junction Box fault. A series resistance of 0.22 Q was added to the PV

panel to evaluate the junction box fault, as shown in Figure 3-35. Due to the small magnitude of

series resistance and lower current from the PV panel, the 1-V and P-V characteristics of the

Junction box fault are like normal conditions. Figure 3-36 shows the impedance plot of the Junction

box; under the low-frequency region, a slight increase in impedance magnitude can be noticed. A

junction box fault can be detected with an increase in magnitude under the mid-frequency region.

At the resonating point, the magnitude of the impedance is equal to the magnitude of series
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resistance; thus, an increase in the magnitude of impedance can be noticed due to the junction box
fated.
3.5  Conclusion

Under the continuous operation of the PV panel for a long time, it might go into multiple
fault conditions where it can witness one or more than one faults. Figure 3-37 compares I-V and
P-V characteristics of multiple fault scenarios with illuminated PV panels. The fault scenarios
considered are hot spot fault, where one PV cell was shaded, the bypass diode was open-circuited;
junction box fault, where a series resistance was added to the PV panel; and short circuit fault,
where 1 PV string was short-circuited. Comparing hot spot faults with short circuit faults to normal
conditions, we notice the voltage has decreased due to short circuit faults. At the mid-region of
voltage, the current is lower than normal due to shading fault influence. Also, the total current has

been decreased due to the shaded PV cell sinking power.

PV Panel |-V, P-V Curve under multiple faults
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Figure 3-37 PV panel I-V characteristics with 300 W/m? illumination comparison under

normal condition and multiple fault condition
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PV Panel Impedance plot under multiple faults
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Figure 3-38 PV panel offline AC impedance comparison under multiple fault condition with

O. Ps as shown in Figure 3-30

Comparing hot spot and Junction box fault to normal conditions, the influence of hot spot
can be seen as with regards to the junction box, the I-V characteristics will not change and so hot
spot fault influences more in this case. With short circuit fault and junction box fault, the influence
of sort circuit fault dominates and can be a witness in the figure too. Under all three-fault
conditions, the I-V and P-V characteristics are like hot spot and short circuit fault conditions. Not
much change is witnessed due to series resistance in the faulty junction box being the small and
lower magnitude of PV current. The PV rack setup was used to measure the impedance of the PV
panel under multiple fault conditions. Figure 3-38 compares impedance plots for multiple fault
conditions. Comparing plot 2 with plot 1, the effect of short circuit fault is dominant as the
operating point is not entirely MPP; thus, impedance magnitude is lower than normal conditions.
Also, the phase is increased due to a short circuit fault. Comparing plot 3 with plot 1, the hot spot

fault indicators dominate under low-frequency and mid-frequency regions; under the mid-
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frequency region, the phase is decreased because of parallel capacitance. Also, due to additional
series resistance, the impedance magnitude is higher than the normal condition at the resonating
point. Thus, individual effects of hot spots and junction boxes can be noticed. Plot 4 is when the
short circuit and junction box fault are noticed in the PV panel, the impedance plot resembles the
short circuit fault, and at the mid-frequency region, because of the junction box fault, the
magnitude of the impedance is higher than the plot 1. Under all three-fault conditions, the
impedance plot is like hot spot and short circuit fault conditions, adding on the impedance

magnitude at the resonating point due to junction box fault.
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Chapter 4 DC /DC Converter for Power Optimizer

Application

4.1 Introduction

External headers
Interface board

MCU- 28379D

Analog based
Outer voltage lo
compensation

Electronic Load PV panel

[ Resistive Load/ ] [ DC power supply/ ]

Output Voltage Input Voltage

Figure 4-2. P.O hardware test block diagram
Figure 4-1. P.O peripheral details with interface board and MCU
PV industry today sink PV power to the grid to extract maximum power from PV panel. A power
optimizer is a dc-dc converter connected to a PV panel on one end and dc-ac inverter on the other
end to transfer power from the PV panel and deliver it to the dc-ac inverter, which can be connected
to the grid. LM5170EVM is a dc-dc converter used as a boost converter in this project. Figure 4-1
shows LM5170EVM has a power stage with a buck-boost converter with two-channel
configurations. The power stage was controlled with average current mode control via the LM5170
chip; thus, the inductor current was always controlled based either on an internal compensator or

via external control signal through a microcontroller unit (MCU). The LM5170EVM has an analog

86



base outer voltage loop to provide a fixed 50.5 V at the output end with input voltage from 12 V
to 48 V in boost operation. The configuration header pins shown in the figure above are used to
configure LM5170EVM and provide a control command for the required PV panel-based
operation. An external interface board can be connected to LM5170EVM, as shown in Figure 4-2.
To utilize LM5170EVM as a boost converter for solar applications, the circuit breaker of the
evaluation board (EVM) was disabled, outer voltage loop compensation was turned off, and

channel 1 of EVM was turned ON to operate EVM in single-channel mode.

External
Monitoring
headers —
SMD

Launchpad
headers — |
SMD

Figure 4-3. Interface board 3D view Figure 4-4. MCU and interface board attached

with P. O
The control signal to EVM and sensor data from EVM are transferred to MCU via the interface
board. As shown in Figure 4-2, the input and output end source and load can be connected.
LM5170EVM can be configured for the application via a configuration header pin, where an
interface board can be connected to LM5170EVM, and then an MCU can be connected on the top.
Figure 4-3 shows the 3D view of the top side of the interface board with a launchpad — 28379D
MCU. A few extra header pins are kept for monitoring EVM data on the oscilloscope. The

complete assembly of the interface board with MCU and EVM is shown in Figure 4-4.
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4.2 DC /DC Converter Performance:

4.2.1 DC /DC Converter Analysis using Simulation

< 10 Power Optimizer Simulation result
=
c
o 0
=
35 .10 I I I i
© o 5 10 15 20 25 30 35
Time (us)
2
o 50. 75 [=Output Voltage]
& 50.7
S
3 50. 65
Tlme (us)

Figure 4-6. P.O simulation result

Figure 4-5. P.O circuit diagram with the

average current control mode

The power optimizer inductor current was controlled through average current mode control; the
circuit diagram of a boost converter with average current mode control is shown in Figure 4-5. The
average current mode control simplifies compensation by eliminating the right half plane zero in
the boost operating point and by maintaining a constant loop gain regardless of the operating
voltage and load level. Based on the EVM datasheet, the value of the passive component was
determined, and a simulation was performed to understand the operation of P.O. via SIMPLIS
software, as shown in Figure 4-6. Simulation results show the inductor's ripple current was 20 A,
and the operation was in discontinuous mode (DCM), either the inductor current was below 0 A.
Such operation is not recommended for solar applications.

4.2.2 DC/ DC Converter Hardware Performance prior updating
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Figure 4-7. P.O circuit diagram under light load
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Figure 4-8. P.O under light load with MOSFET gate signal and inductor current waveform
P.O. was also evaluated with hardware where the input voltage was supplied using the power
supply, output was connected to the electronic load, internal analog voltage loop compensator was
used to operate the system in boost mode with 50.5 V output voltage. Under light load conditions,
as shown in Figure 4-7, where the output was connected to 2000 Q load, the P.O waveform is
shown in Figure 4-8. Due to current OA, either in DCM mode, the P.O diode emulation shuts off
the MOSFET high side gate signal, as shown in the figure mentioned above, and thus, the operation

was discontinuous. The LM5170EVM has LM51702 — Q1 average current control I1C, and each
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channel in the IC has a real-time current zero crossing detector to monitor instantaneous current
sensed voltage (Vcs). When Vcs is detected to cross zero, the LM5170-Q1 turns off the gate drive
of the synchronous rectifier to prevent a negative current. In this way, the negative current is
prevented, and the light load efficiency is improved. Thus, the inbuild diode emulation controls
the IC gate signal under light load conditions, and to inject a small signal in the PV panel under
light load, the DC/ DC converter was updated.

4.3  Updating DC /DC Converter

4.3.1 Continuous Vs. Discontinuous Conduction Mode

Continuous Conduction Mode Discontinuous Conduction Mode

Curfrent Current

I

|

I

Al I

Incl o oD N NN L I
I

I

|

I

AL
=D €A} N Ny = e

Time

Figure 4-9. Continuous current mode vs. discontinuous current mode
To operate the PV panel under light load conditions, the system needs to operate in continuous
current mode (CCM); the difference in the operation is shown in Figure 4-9. Under CCM, the
ripple current should be low, so to operate the system in CCM, a few parameters need to be

changed P.O.

Vin o DAV o com 4-1
Based upon equation (4-1), the dependent variable for CCM operation is the input voltage, duty,

switching frequency, and inductance.
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Figure 4-10. The 3D curve for CCM and DCM
mode comparison with the varying input

voltage, output power, and inductance
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A Simulink-based 3D curve is shown in Figure 4-10 to analyze CCM and DCM operation and

select inductance value for CCM operation.

Inductor ripple current = (4-2)

A Simulink-based 3D curve is shown in Figure 4-11 to understand ripple current fluctuation based
on the inductance, switching frequency, and input voltage. Also, the inductor ripple was
analytically computed, as shown in equation (4-2), to select the inductance value and change the
switching frequency. For solar applications, the inductor ripple should be low than 1 A to obtain

an average DC at the output of the PV panel.

4.3.1.1 Updating Inductance and Switching Frequency of DC /DC Converter
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Figure 4-12. MOSFET loss comparison

Based on the analysis, as shown above, the inductance and switching frequency of MOSFET

should be increased for CCM operation.

92

Switching Frequency 150 kHz

Winding

loss (mW) -

22 uH

Fe 33 ull

Cﬂl’ﬂ
loss (mW) 4, & Total Power
[ loss (W)
Temperature
Ripple rise (K)
Current (A)

DC saturation
Current (A)

Figure 4-13. Inductor loss comparison



Table 4-1 LM5710EVM parameters to calculate MOSFET losses

" parameter | vaue | unis |

Output Voltage 40 \"
Inductor 33 pH
Output load 22 Q
Input Voltage 35 v
Ton 44 nS
Tor 85 nS
Ros.on 3.8 mQ

a 1/30
Gate charge 81 nC
Gate voltage 10 "
Qeoss 33 nC

V; Ai V; Ai
Switching loss = %’ (Io — %) fswton + %1 (Io + %) fswhorr

1 (Ai
Conduction loss = Rygon(1 + 0)IZ (1 + E( ILPP))
o

Gate driver loss = QgVarivefsw

Mosfet output capacitance loss = Q.ossVinfsw
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(4-3)

(4-4)

(4-5)

(4-6)

MOSFET loss comparison using analytical equations (4-3)-(4-6) and parameters in Table 4-1 is
shown in Figure 4-12, where the MOSFET switching frequency was increased. As noticed, with
an increase in frequency, MOSFET loss increases as switching losses increase, and thus switching
frequency of 150 kHz was selected for the project. Figure 4-13 shows a comparison of inductor
loss with an increase in the value of inductance. Based on the above analysis and inductor loss, 33

MH inductance was selected for the project. Inductor losses are computed using REDEXPERT



WURTH ELEKTRONIK software. P.O inductance and switching frequency are increased, so

system stability needs to be also calculated, and the inner current loop needs to be updated.

4.3.2 Closed Loop Control for DC/DC Converter using Average Current Mode Control
Figure 4-14 shows the block diagram for computing the inner current loop gain, where Gigq is plant
transfer as shown in equation (4-7) with duty as input and inductor current as output, Rr is sensor

gain, Gn is transconductance gain, Geomp IS COmpensator gain, and Vi is modulator gain.

2V 1+SR2—C
i = D?R 1+SL+52£ 7
D2R hE
T; = Gig *Gcomp*Rf*Vm*Gm (4-8)

Equation (4-8) was used to compute the loop gain of the system and design a compensator with

higher bandwidth and higher phase margin for stable operation.

1 ( 1+ sRcompCeomp )

4-9
s(1 4 sReompChz) (4-9)

Gcomp = C
comp

Considering the RC network for the inner current loop and designing the compensator as shown

in equation (4-9), the updated RC network was Rcomp 25 kQ, Ccomp 1 NF, Chz 100 pF.
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Figure 4-14. Uncompensated inner current Figure 4-15. Inner current control to output

loop gain block diagram gain block diagram

1/ T,
6= 7 (57 (410)

With an updated RC network, inner current control to output gain can be computed using the block
diagram shown in Figure 4-15 and with equations (4-10). Similarly, inner current control to output
gain can be measured in simulation using SIMPLIS software, as shown in Figure 4-16. The
analytical result was compared with simulation-based results and shown in Figure 4-17. As shown
in the figure mentioned above, the closed-loop gain is constant under the low to mid-frequency

region. Thus, the inner current loop is stable for the operation.

Lm
RL

@QZ

DCC) Cin §R

Cout

Driver

Vout

Figure 4-16. Circuit diagram of P.O with inner current control to output control
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Figure 4-17. Inner current control to output gain bode plot

4.4 Microcontroller and Power Optimizer Performance
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Figure 4-18 DC-DC converter hardware result at 24 W
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Figure 4-19 DC-DC converter equivalent circuit at 24 W
The DC-DC converter, as shown in Figure 4-19, was used as a boost converter with an output
voltage of 40 V. The rack setup designed in the CPES laboratory has a PV panel sourcing power
of 75 W under 300 W/m? illuminations with maximum power point at a PV voltage of 35 V and
PV current of 2.2 A, thus, the P.O. was tested up to 75 W power. The P.O. was evaluated with
hardware where the input voltage was supplied using the power supply. The output was connected
to the electronic load under the resistive load of 66 W. The P.O. has an input voltage of 10 V, the
DC of the P.O. can be measured using the current probe, and the AC into the inductor can be
measured using the Rogowski coil. The voltage across MOSFETs can be measured using a
differential voltage probe. The waveform of input current, inductor current, and MOSFET pulses
for 24 W output power can be seen in Figure 4-18. With a duty cycle of 75%, the low-side
MOSFET switch's turn-on time was longer than the high-side switch's turn-on time, as seen in the

figure mentioned above.
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Power Optimizer hardware results
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Figure 4-20 DC-DC converter hardware result at 75 W
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Figure 4-21 DC-DC converter equivalent circuit at 75 W
The P.O. was evaluated with 75 W output power with an input voltage of 35 V and output voltage
of 40 V; the output was connected to the electronic load under the resistive load of 22 ©, as shown
in Figure 4-21. The waveform of input current, inductor current, and MOSFET pulses for 75 W
output power can be seen in Figure 4-20. With a duty cycle of 12.5%, the high-side MOSFET
switch's turn-on time was longer than the low-side switch's turn-on time, as seen in the figure

mentioned above.

45 Conclusion
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TI- based DC/ DC boost converter LM5170EVM was configured using header pins, and
inductor current was regulated to control the converter in boost operation. TI launchpad F28379-
D was interfaced with a boost converter to operate the evaluation board under normal operation
and generate a control signal for regulating the inductor current. DC/ DC converter was tested
under light load using evaluation boards’ analog outer voltage loop prior to update. Under light
load operation, diode emulation mode was noticed, and DC/ DC converter updated for CCM was
further studied. DC/ DC boost converter inductance was updated from 4.7 pH to 33 uH, and
MOSFET switching frequency was increased from 100 kHz to 160 kHz to operate the boost
converter from 24 W to 300 W. With updating inductance and switching frequency, MOSFET
losses, and inductance losses were studied for boost converter application. The current sensor was
updated for better resolution under the low current application. The average current control mode
was simulated, and the inner current compensation circuit was updated for inner current close loop
operation. The converter was tested under 24 W and 75 W with inner current close loop operation.
The DC/ DC converter evaluation board was further used as a power optimizer to measure PV

panel impedance.
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Chapter 5 Photovoltaics Panel Impedance

Measurement using Online Technique

5.1 Introduction

Small signal injection

Input Output Single Tone
P —p DC-DC converter —p P Frequency 1 Frequency 2 Frequency 3  Frequency N

e e (A T T
s VRVAVRUNLRIIAL

Sen ng Multi Tone

e vt oot (L[ I 010

= UOuor Toroo

Figure 5-1 Small signal injection via Figure 5-2 Types of small signal injection

reference signal in DC-DC converter

The P.O. has an average current mode control LM5170 Tl-based chip to control the average

inductor current. MCU provides the control signal to the P.O. via a referenced signal; the MCU

also senses voltage and current at the input and output node, as shown in Figure 5-1. The small

signal was injected into the converter using the reference signal. The small signal perturbs above

the reference signal and thus be injected in P.O., the perturbation in the reference signal will

generate perturbation in the inductor current via the RC network. The small signal injected in the

P.O. can be either single-tone in nature or multi-tone, as shown in Figure 5-2.
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Table 5-1 Single-tone Vs. Multi-tone

Small Signal Injection

Single-tone

Multi-tone

Single frequency Single frequency

lloeLen + multiple pulses + 1 pulse
Response One frequency at Complete band
computation atime of frequency
Time taken Long Short
Memory Short Long
Method SFRA PBRS
Software C based code S liaEzEs
generator
Implementation Simple Complex
High frequency Difficult to Can be
response implement implemented
Online To be
impedance Implemented implemented in
measurement future

Table 5-1 shows a comparison of single-tone vs. multi-tone small signal injection. A single-
tone small signal injects a single frequency with multiple pulses at a time; thus, the response
computation duration is long. As the response is computed in real-time thus, the data memory
required will be small. Single-tone small signal injection was performed using a Tl-based software
response frequency analyzer (SFRA). The SFRA is a C-based code and is simple to implement.
Multi-tone small signal injects a single frequency with a single pulse at a time; thus, the response
computation duration is small. The system records the data in real time, and after the injection, the
response is computed; thus, the data memory required will be long. Multi-tone small signals can
be generated using a pseudo-binary random signal (PBRS) generator. The multi-tone small signal
injection can be performed using a Simulink-based embedded code generator. The code generator
has a few bugs while deploying code in MCU and is thus currently difficult to implement. Single-

tone online impedance measurement was implemented to detect faults in the PV panel.
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5.2  Software-based Frequency Response Analyzer
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Figure 5-3 Small signal injection via SFRA current and output voltage of DC-DC
converter

The MCU utilizes code composure studio (CCS) IDE to monitor and deploy software in
MCU. The CCS can, in real time, monitor the variable stored in the SRAM of the MCU; thus, real-
time ADC value monitoring helps debug errors. The SFRA generates a single-tone small signal
which perturbs the reference signal. Figure 5-3 demonstrates the use of SFRA with P.O. The P.O
has an input supply of 35 V and was connected to a resistive load of 22 Q; the MCU sets the
referenced signal to generate an output voltage of 40 V. Using SFRA, single tone small signal was
injected into the P.O via reference signal and the MCU stores the ADC value for few perturbations
in an array and CCS can be utilized to real-time monitor the array. Figure 5-4 shows the waveform
for 100 Hz and 610 Hz small signal of input current and output voltage via oscilloscope and sensed

inductor current and sensed output voltage via CCS. The inner current loop bandwidth needs to be
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higher than the small signal frequency injections to avoid attenuation in the small signal. Also, the
ADC encounters noise and attenuation in sensing high-frequency responses due to low pass filter
and parasitic. Thus, the figure mentioned above shows that the small signal nature of sensed output
voltage and inductor current is dominant at a low frequency of 100 Hz, but at 610 Hz, the signal
attenuates.

5.21 PWMvs. DAC:

i MOSFTET
Control signal 1
| |
jua
Min Duty i i i E Min Duty
| ) I_ —_————d :
Max Duty E Max Duty H H
Conteol st 1 MOSFTET
! E Drait} to Source
At high frequency i : At high frequency
J :
Min Duty i I i i Min Duty
] Lo___1 :
PWM | Analog -
- - Max Duty H Max Duty
[)l;l\ variation :'(]lll.l] Duty variation not equal
at all frequency range at different frequency
Figure 5-5 Boost converter with a Figure 5-6 Control signal duty comparison with
control signal from either PWM or MOSFET drain to source during small signal
Analog pin injection

The small signal generated by SFRA is added to the operating point either in the digital
signal via ISETD or analog signal ISETA. The current regulation level to DC/ DC converter is
controlled by an analog signal applied at the ISETA pin or digital PWM signal at the ISETD pin,

as shown in Figure 5-5. The internal ISETD decoder converts the PWM duty ratio at the ISETD
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pin to an analog voltage at the ISETA pin. Monitoring the operation using digital control with
ISETD pin, under low-frequency operation, the perturbation in PWM at control signal had similar
duty witness in MOSFET drain to source. Under high frequency with the small signal injection in
the ISETD pin, the perturbation injected in the MOSFET drain to the source didn’t match the duty
injected in ISETD due to the decoder's presence, as explained in Figure 5-6. Thus, for small signal
injection, ISETA was used, and the control signal from MCU to LM5170EVM was generated
using DAC.

5.2.2 Small Signal Perturbation in the Control System

Current Injector Voltage Injector

Input Output

——p DC-DC converter —p Input ) Output

power power power_’ DC-DC converter _>power
Compensated
REferen-ced Current Signal T
Current Signal
Voltage
Microcontroller Sensing Inpu Compensator
Unit voltage Microcontroller Unit

_ o ) Figure 5-8 Voltage injector block diagram
Figure 5-7 Current injector block diagram

The P.O. has different control methods, either inner current loop control to set the inductor
current or input voltage with inner current loop control to set the input voltage of the PV panel.
For only inner current loop control, the MCU injects perturbation in a referenced current signal
called the current injector, as shown in Figure 5-7. For input voltage and inner current loop control,

the MCU senses the input voltage and utilizes the voltage compensator, and a compensated current
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signal was given to the P.O. The small signal perturbs the reference voltage before the voltage

compensator called the voltage injector, as shown in Figure 5-8.

Table 5-2 Comparison between voltage injector and current injector

_ Voltage Injector Current Injector

Additional compensator Required Not required

Perturbation at high

. . Can be possible Not possible
impedance region
- Depends upon bandwidth Stable with 2 kHz
SRS of inner current loop bandwidth
I ] ETE0 Difficult to implement Implemented

measurement

For a PV panel, if an operating point move left the maximum power point (MPP), the
operating point enters a high impedance region. Here, with a change in voltage, the difference in
current is significantly small as compared to the right of MPP. A voltage injector can be used to
inject perturbation in a high-impedance region; for the current injector, the amplitude of a small
signal will be high, and the system might become unstable. Also, the bandwidth of the voltage
compensator in the voltage injector is dependent on the bandwidth of the inner current loop; thus,
the voltage injector stability is difficult to implement. Table 5-2 compares a voltage injector with
a current injector; for this project, the results below are based on the current injector.

5.3  Power Optimizer with Photovoltaic Panel
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Power optimizer LM5170 EVM

MBC DC Bus

=] TI SETO-PV
PP Vl V—!‘ a1 Application Battery Power
iﬁc -+ | charging  Optimizer
— Operation CCM+DCM  CCM
PV v_— Central Eg Inductance 4.7 yH 33 uH
I
Pancl | | | #2 e Switching  100kHz > 100 kHz
#:2 N frequency
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P;’;Jel "N Current 1mQ 5mQ
S i sensor

Figure 5-9 PV panel power extraction using Table 5-3 Updated DC-DC converter for
power optimizer power optimizer use

A power optimizer (P.O) is a dc-dc converter connected to a PV panel on one end and a
dc-ac inverter on the other to transfer power from the PV panel and deliver it to the dc-ac inverter,
which can be connected to the grid as shown in Figure 5-9. LM5170EVM is a Texas Instrument
(TT) based dc-dc converter used as a boost converter in this project, as shown in Figure 5-10. The
Tl-based DC-DC converter was used for battery charging applications. Certain modifications are
needed to operate the converter as a P.O. Table 5-3 shows the changes required necessary to run
the converter as a P.O. The TI-based converter is capable of operating in discontinuous current
mode (DCM) under low power and continuous current mode (CCM) with sufficient inductor
current and thus the inductance used in the converter is relatively low. For the P.O application, the
converter inductor current must always be positive and CCM operation; hence the inductance and
switching frequency are increased. With a change in inductance, the converter bandwidth and

stability change; thus, the converter's RC network was modified to obtain system stability. The
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inductor current sensor resistor used by TI can measure current till 50 A but has a low resolution
for low current (< 2 A), so the resistor was increased for better resolution at low current.

5.3.1 Small Signal Injection into PV Panel using P.O.

2 ¢ (&)
S R a1 Q2
Resr
N
(V) Cin Electronic
Cout 1ad(a0V)

10%(pk-pk)

Figure 5-10 LM5170EVM DC/ DC Figure 5-11 Small signal injection into PV panel

converter with MCU launchpad — 28379D using boost converter and SFRA via MCU

The updated DC-DC converter, as shown above, can be used as a P.O. to extract power
from the PV panel under CCM operation. The control signal to the evaluation board (EVM) and
sensor data from EVM are transferred to the launchpad — 28379D microcontroller unit (MCU) via
the interface board. Figure 5-10, the input and output end source and load can be connected.
LM5170EVM can be configured for the application via a configuration header pin, where an
interface board can be connected to LM5170EVM, and then an MCU can be connected on the top.
A few extra header pins are kept for monitoring EVM data on the oscilloscope. Figure 5-11 is a
boost converter with input voltage from the PV panel up to 40 V at open circuit condition and

output connected to electronic load under a constant voltage of 40 V.
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PV Panel illuminated IV curve under normal condition
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Figure 5-12 PV panel I-V and P-V characteristics under normal conditions
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Figure 5-13 PV panel voltage and current waveform at the different operating points with
small signal
Figure 5-12 shows the I-V and P-V characteristics of a monocrystalline PV panel with 60
PV cells and 300 W/m? of irradiance on the PV panel using a PV panel rack setup. The PV panel
was connected to the input of P.O., and the output end of P.O. was connected to an electronic load.
MCU provides the reference current to set the operating point on the PV panel. Using the current
injector, an SFRA-based single-tone small signal was injected at four different operating points,
as seen in the above figure. Figure 5-13 shows the perturbation on four different operating points
with a current and voltage waveform via an oscilloscope. The operating point marked with orange,

yellow, and purple fall on the right of MPP; thus, the sinusoidal nature of small signal perturbation
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can be seen. The operating point marked in blue is located to the left of MPP; hence, a plateau-
type nature is visible in the current waveform for the above-mentioned figure. Thus, the operating
points selected to measure the impedance of the PV panel will be at the low-impedance region on
either right side of the MPP.

5.3.2 Input Impedance Measurement using P.O.

Set reference to
the operating
point

Call SFRA

function
Parameters

Measure control

ind - - -
current response Computation time 1.5 minutes
Measure control i Data pOI nts 100
to input voltage = —
response
Frequency band 10 Hz — 1 kHz
Measure input
i d b = . .
e Signal amplitude 10 %
Measure PV panel
impedance Zpv using s _ Table 5'4 SFRA pal’ametel’s

Zc and Zin

Figure 5-14 Flowchart to compute PV panel
impedance using SFRA
Online PV panel impedance was calculated with the help of a flow chart, as shown in
Figure 5-14. Initially, the PV panel was set at an operating point using P.O. A reference signal was
given to P.O. using MCU, with an operating point as set SFRA function was called. The SFRA
needs a few parameters to be set before perturbation, as shown in Table 5-4. The small signal

amplitude was set at 10% of the reference signal, the number of data points selected was 100, and
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the frequency band for a response via SFRA was from 10 Hz to 22 kHz. MCU generates the
reference signal with small signal perturbation, as shown in Figure 5-11, to measure control to
inductor response (Vc.iL). Once the response for V.. was recorded, the data was stored in excel,
and later SFRA measured, control to input voltage response (Vc.vin). The response for Vc.vin Was
recorded and stored in excel. The input impedance for the system was measured using MATLAB,

Vevin, and VeiL. By dividing the two responses, the input impedance can be computed.

P.O input capacitacne impedance measured using impedance analyzer
107 ESR: 70 mQ

Input capacitance: 725 pF
100 Inductance: 0.22 pH
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Figure 5-15 Offline input capacitance
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Figure 5-16 Input capacitance AC impedance

impedance measurement measured using a network analyzer

To compute PV panel impedance using an online impedance measurement algorithm, the
impedance of input capacitance was measured as shown in Figure 5-15. The offline impedance
measurement was performed with an impedance analyzer, and the inductor of P.O. was opened,;
thus, the impedance measured will only be for input capacitance, ESR of capacitance with
parasitic. Input capacitance was computed with MATLAB, and curve fitting was used to calculate
input capacitance impedance in the s-domain. The frequency response of the input capacitance is
shown in Figure 5-16. PV panel impedance was measured with input capacitance response, and
the input impedance was measured using SFRA. Thus, with the help of the flowchart, the PV panel

impedance can be measured online using dc-dc converter and SFRA.
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5.3.3 Temperature Effect on PV Rack Setup
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Figure 5-17 llluminated PV panel with one PV cell shaded

The PV panel rack setup was illuminated using LED sheets, and the irradiance measured
was 300 W/m?. Due to space restrictions, the LED sheets tend to increase the temperature on the
PV panel. A temperature variation test was performed to understand the temperature variation of
PV panels under 300 W/m? illumination. Figure 5-17 shows the PV panel with one cell shaded
completely; the temperature was monitored at two different locations, as shown in the figure
mentioned above. Initially, both the points in the figure mentioned above are unshaded and kept
at normal conditions; the Fluke temperature probe measures the temperature. Later, point No. 2 of

the figure mentioned above was shaded, and the temperature of both points was measured.
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PV Panel rack temeprature variation under illumination comparison
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Figure 5-18 Temperature variation of PV cells under normal and hot spot conditions

The experiment was conducted for 45 minutes, and the PV panel was sourcing power to
the electronic load at MPP. The temperature settles at 50 °C for normal conditions and at 175 °C
for the PV cell shaded. Thus, to perform online impedance measurement, the PV panel temperature
needs to be also monitored. The temperature should be stable to avoid a change in the operating
point. Figure 5-18 shows the temperature variation for the experiments with two different
locations.
54 Indoor Online Impedance Measurement of PV Panel

5.4.1 PV Panel Impedance Measurement under Normal Condition

PV Panel illuminated IV curve under normal condition
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Figure 5-19 PV panel 1-V and P-V characteristics under the normal condition with small signal
injection operating point

PV panel impedance comparison under normal condition
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Figure 5-20 PV panel impedance at the different operating points under normal conditions
The PV panel impedance under the normal condition at 300 W/m? illuminations was
measured using an online impedance measurement algorithm. The operating points for impedance
measurement are marked in the PV panel 1-V and P-V characteristics, as shown in Figure 5-19.
The operating points are on the right side of MPP either under the low impedance region; the
impedance measured and computed is shown in Figure 5-20. The impedance magnitude marked
in region 1 decreases as the operating point shifts further right to the MPP; also, the impedance
phase marked under region 3 shows the increase of phase; thus, the parallel capacitance decreases
as the operating point shifts to the right of MPP. The impedance magnitude marked under region
2 shows the effect of bandwidth for the voltage and current sensor filter. The online impedance
measured under normal conditions will be the benchmark for comparing the impedance under fault
conditions.
5.4.2 PV Panel Impedance Measurement under Fault Conditions
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5.4.2.1 PV Panel under Hot Spot Vs. Short Circuit Condition

PV Panel illuminated IV curve comparison
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Figure 5-21 PV panel 1-V and P-V characteristics comparison under normal and fault
conditions
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Figure 5-22 PV panel impedance comparison under normal and fault conditions
The PV panel impedance under a fault condition was measured and compared using online
impedance measurement. The PV panel impedance was measured for short circuit fault with 1 PV
string short circuit from 3 PV strings. Later the PV panel impedance was measured for the Hot
spot fault where one of the PV cells was shaded, and the bypass diode of the shaded PV cell string

was removed. Figure 5-21 shows the different operating points for different fault conditions in the
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PV panel. PV panel impedance under fault conditions can be compared with a normal condition,
as shown in Figure 5-22. Under region 1 of the image, as mentioned above, for hot spot fault, the
fault indicator shows the increase in the impedance magnitude under the low-frequency region as
the parallel resistance increases due to the reverse characteristics of the PV cell. Under region 2,
for the hot spot fault, the impedance phase decreases in mid frequency region as the parallel
capacitance increases for the shaded PV cell. Comparing PV panel impedance for short circuit
fault with a normal condition, the impedance magnitude in region 1 shows a decrease in the
impedance magnitude due to a decrease in the total number of PV cells; thus, the cumulative series
and parallel resistance of PV panel decreases under short circuit conditions. Under region 2, the
PV panel impedance phase increases due to a decrease in the capacitance of the PV panel under
short circuit conditions. Thus, online impedance measurement can identify the PV panel hot spot
and short circuit fault using online impedance measurement.

5.4.2.2 PV Panel under Junction Box Fault

P;IsPaneI illuminated IV curve under Junction box fault condition
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Figure 5-23 PV panel 1-V and P-V characteristics under junction box fault
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S'V panel impedance comparison under normal condition vs JB fault
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Figure 5-24 PV panel impedance comparison under normal and junction box fault condition

For implementing junction box fault detection in the PV panel, a series resistance of 0.1 Q
was added to the junction box. Online impedance measurement was performed at the operating
points shown in Figure 5-23. The PV panel impedance was measured and computed, as shown in
Figure 5-24. As mentioned above, the impedance for the image shows an increase in the impedance
magnitude for the operating points by 0.14 Q under region 1. Also, the impedance phase under
region 2 shows an increase in phase. Thus, online impedance can detect a PV panel's junction box
faults.

5.4.3 Capacitance Fault Detection using Online Impedance Measurement:

05 PV Panel illuminated IV curve under Cap fault condition
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Figure 5-25 PV panel 1-V and P-V characteristics under capacitance fault
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Figure 5-26 Input impedance comparison under normal and capacitance fault conditions

Over time, the DC-DC converter used as a power optimizer can degrade in performance.
The input capacitance over the life degrades, causing the capacitance to decrease and the
electrostatic resistance (ESR) to increase. A capacitor reaches its end of life (EOF) with a 20%
decrease in capacitance and twice an increase in ESR. Online impedance measurement can be used
to measure the input impedance of the PV panel. It can identify the impedance change at the same
operating point over the period to detect the capacitor fault in the power optimizer. To conduct a
capacitor fault detection test, one capacitor from 4 capacitors of a dc-dc converter at input was
removed; thus, the capacitance decreased by 25%, and an online impedance measurement was
performed. Figure 5-25 shows the operating point for injecting a small signal to the input end of
the dc-dc converter. The input impedance of the dc-dc converter was measured and computed as
shown in Figure 5-26. The input impedance marked in region 1 shows an increase in the impedance
magnitude compared to the normal condition; as the input capacitance decreases, the impedance
increases. Also, a consistent increase in the impedance magnitude can be seen with impedance for
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both operating points marked in blue and orange. Thus, with a decrease in input capacitance, the
online impedance can identify a consistent change in the impedance magnitude at the same
operating point and indicate the capacitor fault of the power optimizer.

5.4.4 Relative Standard Deviation Test for Online Impedance Measurement:

Standard deviation (S.D) for PV panel impedance under hot spot
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Figure 5-27 R.S.D for computing effectiveness of online impedance measurement
The online impedance measurement was tested for relative standard deviation to

understand the variation under PV panel faults at measured frequency points. Each PV fault
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impedance was measured 10 times at 100 different frequency points. The equation below
calculated the relative standard deviation (R.S.D) of PV panel impedance under faulty conditions.
Where X is the mean of the sample data, x is the sample data, and N is the number of data points.
The PV panel impedance test for standard deviation under fault conditions like hot spot fault, short
circuit fault, and junction box fault is shown in Figure 5-27. The relative standard deviation was
calculated with the below-mentioned equation and is shown in the figure above. For each PV panel
fault, at all the measured frequency points, the R.S.D is less than 5 %.

RN

X

R.S.D = (5-1)

5.5  Outdoor Online Impedance Measurement of PV Panel:

5.5.1 PV Panel Online Impedance Measurement under Normal Condition
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Figure 5-28 Hardware setup for outdoor AC impedance measurement of PV panel

The PV panel was tested outdoor on the third-floor balcony of Whittemore hall under Sun’s

illumination, as shown in Figure 5-28. The PV panel was rated for 300 W under 1000 W/m?
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illumination and 50 °C temperature. The PV panel sources DC power to the power optimizer; as
discussed above, the power optimizer was used as a boost converter to sink the power from the PV
panel and source it to electronic load BK precision 8610. The voltage and current were measured
using an Agilent 34405A multimeter, the voltage waveforms were measured using a Tektronix
TDP1500 differential probe, and the current waveform measured using Tektronix TCP0020
current probe was seen on a mixed signal oscilloscope Tektronix MSO5104. The Sun’s irradiance
and PV panel surface temperature was measured using Fluke IRR1-SOL solar irradiance meter.
Eaton DC circuit breaker was used to obstruct current from the PV panel to the power optimizer

under the shutdown condition.
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Figure 5-29 I-V and P-V characteristics under varying illumination on PV panel using

hardware setup as shown in Figure 5-28

The PV panel I-V and P-V characteristics under varying sun illumination were measured
and shown in Figure 5-29. The blue curve shows the I-V and P-V characteristics of the PV panel
under 900 W/m? irradiances; with a decrease in illumination, the PV panel current drops, as
discussed above, and can be noticed in the figure mentioned above.

5.5.2 PV Panel Online Impedance Measurement under Fault Condition
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5.5.2.1 Under Short Circuit Fault:

The outdoor PV panel impedance was measured under 1 PV string short circuit fault using
the online impedance measurement technique. The experiment was conducted outdoor, and the
illumination on the PV panel measured for all conditions was 920 W/m?. A circuit breaker was
used to short-circuit one PV string in the junction box of a PV panel. The I-V and P-V
characteristics of the normal condition (without short-circuiting PV string) were compared with
the short circuit, as shown in Figure 5-30.Three operating points from each condition are injected

with the small signal current to measure the impedance.
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Outdoor PV Panel IV and PV curve comparison
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Figure 5-30 I-V curves of the PV panel under normal and short circuit conditions when the

illumination is 920 W/m2

PV panel impedance comparison under normal condition vs short circuit condition
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Figure 5-31 Measured small-signal impedance of the PV panel with short circuit condition

using the outdoor test setup shown in Figure 5-28

The PV panel impedance was compared for the normal and short circuit conditions, as
shown in Figure 5-31. Under short circuit conditions, the PV panel voltage decreases; as 20 PV
cells are short-circuited, the 1/3' voltage decreases can be seen in the I-V plot and Table 5-5. The

fault indicators seen in modeling, offline and indoor online impedance measurement are similar in
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the outdoor online impedance measurement test for PV panel short circuit fault condition. The
fault indicators are a decrease in voltage, similar current, decreases in impedance magnitude under

low frequency, and increases in phase under mid frequency.

Table 5-5 Summary of differences between impedances of normal and short circuit conditions

Operatin Condition Voltage Current Impedance Phase -200
g Point V) (A) magnitude - Hz(degree)
10 Hz (abs)
. 7.7

1 Normal 30.15 1.76 -79.2
1. Short circuit 20 77 1.37 -59.9
2. Normal 293 8 24 -109
2. Short circuit 19.65 8 1.46 -66.2
S Normal 28.6 8.17 2.86 -121
3. Short circuit 19.2 8.17 2.03 -96.3

5.5.2.2 Under Hot Spot Fault:
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Figure 5-33 The rise in temperature on the
Figure 5-32 PV panel under hot spot fault
shaded PV cell of the PV panel under a hot
with swell on the back plate of the PV panel
spot fault

The experiment was conducted outdoors, and the PV panel illumination measured for hot
spot conditions was 650 W/m2. The outdoor PV panel impedance was measured under 1 PV cell

shaded hot spot fault using an online impedance measurement technique. The experiment was
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conducted for 15 minutes under hot spot conditions where 1 PV cell was shaded and sinking power
rather than sourcing it; due to sinking power, the temperature of the shaded PV cell increased. The
high temperature at the hot spot location caused a swell on the back plate of the PV panel, as seen
in Figure 5-32. The temperature recorded by the Fluke irradiance meter was more than 130°C, as

seen in Figure 5-33, as the maximum temperature the irradiance meter can record was up to 100°C.

Outdoor PV Panel 1V and PV curve comparison
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Figure 5-34 1-V curves of the PV panel under normal and hot spot conditions when the

illumination is 650 W/m2

Table 5-6 Summary of differences between impedances of normal and hot spot conditions

Operatin Voltage Impedance Phase -200
g Point v) magnitude — Hz(degree)
10 Hz (abs)
. 30 5 -152

1 Normal 3.81

1 Hot spot 12.21 5.1 2.08 -97.4
2. Hot spot 11.62 5.31 2.96 -134
3 Hot spot 10.65 58 5.29 -164

The I-V and P-V characteristics of the normal condition (without shading the PV cell) are
compared with the hot spot fault, as shown in Figure 5-34. Due to a decrease in illumination for
the normal condition, the PV panel current is decreased compared to the hot spot condition. Three
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O.Ps. from hot spot fault condition and one O.P. from normal are injected with a small signal
current to measure the impedance. The PV panel impedance is compared for the normal and hot
spot fault conditions, as shown in Figure 5-35. Under a hot spot fault condition, the PV panel
voltage decreases, as 1 PV cell shaded was reverse biased, and due to the bypass diode of the same
PV string open circuit, the reverse voltage will reduce the overall voltage of the PV panel, which
can be a witness in the I-V plot as well as the table below. The O.P. of the hot spot fault near the
MPP is compared with the normal condition. Due to different illumination, the measured
impedance gives a different conclusion compared to the indoor online and offline measurement
results. But as the illumination is low for the normal condition, the impedance magnitude measured
is high. Referring to the modeling of the PV cell, with increased illumination, the PV panel
impedance magnitude decreases; thus, the normal condition PV panel impedance would have been
lower than the impedance magnitude measured. Table 5-6 compares the low-frequency impedance
magnitude and mid-frequency impedance phase of O.Ps. Under normal and hot spot fault
condition. The results show that implementing impedance-based indicators may cause confusion
and wrong conclusion if the influence of the illumination was not considered. A possible solution
is to record the impedance measurement and combine it with the time factor to have a better

impedance comparison and fault detection.
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PV panel impedance under hot spot condition

f— Normal O.P 1
|==HS O.P1
|=~HSO.P2
|==HS O.P3

90 - | | | W
e |

10! 10 10°
Frequency (Hz)

Figure 5-35 Measured small-signal impedance of the PV panel with hot spot condition using

the outdoor test setup

5.6  Error Compensation Analysis

The online impedance measurement technique, as discussed above, measures the input
impedance of the DC/ DC converter using a small signal injection. The small signal perturbation
in input voltage and input current was computed to measure input impedance. The input
impedance consists of the input capacitance of the DC/ DC converter, voltage and current sensor
low pass filter, parasitic of DC/ DC converter and interface board PCB, dynamics of ADC in
MCU, voltage and current sensor signal averaging, PV panel impedance and some unknown
errors. A calibration test was performed, as shown in Figure 5-36, to measure the error in the

computed impedance of the online impedance measurement technique.
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(a) (b) (©) (d)

Figure 5-36 Input impedance measurement using online impedance measurement technique (a)
power supply (b) power supply with 1 Q resistance in series (c) power supply with 33 puH

inductors in series (d) power supply with 1 Q resistor and 33 puH inductor in series

Initially, the power supply was connected to the input of the DC/ DC converter and
electronic load at the output. The converter was operated in boost mode with an inner current close
loop and control signal generated in MCU with the operating point of 25 V input voltage, 0.7 A
input current, and 40 V output voltage. SFRA injected small signal perturbation into the input of
the DC/ DC converter; later, a 1 Q was connected in series to the power supply, as shown in Figure
5-36 (b). Further, the 1 Q resistor is replaced with 33 uH as shown in Figure 5-36 (c), and lastly,
1 Q is added in series with a 33uH inductor. All four tests are performed, and the input impedance

is measured and shown in Figure 5-37.
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Error compensation analysis
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Figure 5-38 Estimating power supply

Figure 5-37 Input impedance plot for the test
impedance and error impedance for error

shown in Figure 5-36
compensation analysis

Equation (5-2) is considered for the measured input impedance; the equation shows the
effects of voltage and current sensor low pass filter, input capacitance impedance of DC/ DC

converter, and input impedance of converter apart excluding capacitor and some system error.
. Sy
considering Z = (S_) % (Zin | | Ciy) * system o (5-2)
c
The total error considered is shown in equation (5-3)

S
error € = (S—v) * SYSteMorror (5-3)
c
Utilizing equation (5-3), the input impedance can be re-written as equation (5-4)

Z=Zinl|Cpn)*€ (5-4)

For the test, as shown in Figure 5-36 (a), the input impedance will be the effect of input

capacitance, power supply impedance, and error, as shown in equation (5-5)
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Z = (Zac |l Gin) € (5-5)

For the test, as shown in Figure 5-36 (b), the input impedance will be the effect of input

capacitance, power supply impedance, 1 Q series resistor, and error, as shown in equation (5-6)

Zg = ((Zgc + D) || Ciz) %€ (5-6)

Computing power supply impedance from equations (5-5) and (5-6), we get a quadratic equation

for power supply impedance as shown in equations (5-7)

KC;
Z% +Zy. (14 C) + = _‘"1 =0 (5-7)

Considering power supply impedance is positive, the impedance computed is shown in equation

(5-8)
4K C;
\/(1+Cin)2_K__lil_(1+Cin) Z
Zge = K== (5-8)
2 7

Utilizing equation (5-8), the error can be measured as shown in equation (5-9)

Zr

€ = —————
(ch“Cin)

(5-9)

The plot of power supply impedance and error is shown in Figure 5-38.
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Series Inductance and Resistance Measurement
Series Inductance Measurement
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Figure 5-39 Measuring 1 Q and 33 pH in
Figure 5-40 Measuring 33 pH impedance

series impedance using online impedance
using online impedance measurement

measurement technique and comparing with
technique and comparing with impedance

impedance measured using an impedance
measured using an impedance analyzer

analyzer

Using power supply impedance from equation (5-8) and error calibrated from equation (5-

9), 33 uH inductance was measured from Figure 5-36 (c) and compared with impedance measured
using an impedance analyzer and shown in Figure 5-40. The impedance magnitude is small under
low frequency and difficult to measure, as can be seen in the impedance plot. Under the mid-
frequency region, the impedance magnitude of measured inductance via online impedance with
error compensation matches well with impedance measured using an impedance analyzer.
Similarly, a 1 Q resistor with 33 uH inductance in series, as shown in Figure 5-36 (d), was
calibrated to exclude the effects of power supply impedance from equations (5-8) and error from
equation (5-9). Figure 5-39 shows the compensated result of online impedance compared with
impedance measured using an impedance analyzer. The impedance magnitude is small under low

frequency and matches well with impedance measured using an impedance analyzer and can be
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seen in the impedance plot. Frequency beyond 700 Hz, the impedance magnitude and phase don’t

match well with impedance measured using an impedance analyzer.

PV panel Impedance under Fault - Error Compensation Analysis
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Figure 5-41 PV panel impedance measured using online impedance technique with error

compensation comparison between normal Vs. fault condition

Figure 5-41 shows the PV panel impedance measured online under normal conditions
compared with hot spot and short circuit conditions from section 5.4.2.1 and compensation with
error as computed from equation (5-9). Comparing Figure 5-22 and Figure 5-41, the complex pole
nature observed before error compensation cannot be noticed after the calibration test in the online
impedance test. Also, the impedance phase notice prior to compensation decreased to -180 ° has
now increased to -90 ° under the mid-frequency region.

5.7  Conclusion

Small signal injection generated using the single-tone technique was compared with the

multitone technique; further, for the project, the single-tone was implemented using the SFRA

technique. Boost converter inductor current was regulated using a control signal from MCU; DAC
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in MCU generates an analog signal which was given to the boost converter as a control signal. For
small signal injection into the inductor current, the analog signal was further added with a small
signal generated by SFRA. Small signal perturbation in inductor current using SFRA was
compared with small signal injection in input voltage with closed loop input voltage. Due to the
additional voltage control loop, the bandwidth for small signal injection decreases; thus, the current
injection was further utilized for the online impedance measurement technique. The online
impedance measurement technique utilizes a small signal generated by SFRA to inject perturbation
into the inductor current, and with a small signal component in voltage and current, the input
impedance of the converter was measured. Updated P.O. was connected to the PV panel, and small
signals for frequency 10 Hz to 22 kHz and amplitude 10 % of input PV panel current were injected
into the current using SFRA.

The PV panel impedance was computed using input impedance measured through an
online impedance measurement technique and input capacitance measured using an impedance
analyzer. The temperature effect of the solar simulator was studied, and a rise in temperature under
hot spot fault was noticed. PV panel impedance tested indoors under normal conditions was
measured and compared with the change in operating point near the MPP. With O.P. changing
from the left of MPP to the right of MPP, the impedance magnitude decreases, and also phase
increases. The PV panel impedance was tested indoors under a hot spot, and the short circuit fault
was measured and compared to the normal condition. The AC impedance under hot spot fault
shows higher impedance magnitude and lower impedance phase compared to the normal
condition; similar effects were noticed in the offline impedance measurement technique. Under

short circuit conditions, the impedance magnitude is lower, and the phase is higher than in normal
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conditions; similar effects are noticed in results based on the Simulink model. PV panel impedance
under junction box fault measured and compared with the normal condition; under low frequency,
the impedance magnitude is higher due to the addition of external series resistance. Capacitance
fault was detected using an online impedance measurement technique. The relative standard
deviation of online impedance measurement was tested, and less than 5% error was reported in
faults like hot spot faults, short circuit faults, and junction box faults. PV panel impedance was
measured using an online impedance technique under outdoor sunlight. Short circuit fault detection
was tested using an online impedance measurement technique. Hot spot fault detection was tested
using an online impedance measurement technique. The results show similarity with offline and
modeling-based results. Error compensation analysis was studied for online impedance
measurement, and PV panel impedance was calibration to remove the effects of voltage and current
sensor low pass filter, parasitic of DC/ DC converter and interface board PCB, dynamics of ADC

in MCU, voltage and current sensor signal averaging, and some unknown errors.
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Chapter 6 Summary and Future Work

The boost converter with a PV panel model can detect hot spot faults, line-to-line faults,
open circuit faults, junction box faults, and EOF of a capacitor using effective change in the
operating points and with change in AC impedance magnitude and phase under at the MPP. The
PV panel’s illumination during the day changes due to a change in the sun’s irradiance falling on
the PV panel. The difference in illumination also changes the MPP, and with the shift in O.P., the
AC impedance also changes. Table 2-5 shows the effects of change in illumination on PV panels
with a decrease in illumination. To identify a PV panel fault, the fault detection nature should be
distinctive for all the faults and different from the change in illumination under normal conditions.
The fault indicators, as mentioned above, can be helpful to identify faults using AC impedance
small signal PV cell model with O.P. at MPP of PV panel.

Under the continuous operation of the PV panel for a long time, it might go into multiple
fault conditions where it can witness one or more than one faults. Figure 3-37 compares I-V and
P-V characteristics of multiple fault scenarios with illuminated PV panels. The fault scenarios
considered are hot spot fault, where one PV cell was shaded, the bypass diode was open-circuited;
junction box fault, where a series resistance was added to the PV panel; and short circuit fault,
where 1 PV string was short-circuited. The PV rack setup was used to measure the impedance of
the PV panel under single and multiple fault conditions. Figure 3-38 compares impedance plots
for multiple fault conditions. Comparing plot 2 with plot 1, the effect of short circuit fault is
dominant as the operating point is not entirely MPP; thus, impedance magnitude is lower than

normal conditions. Also, the phase is increased due to a short circuit fault. Comparing plot 3 with
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plot 1, the hot spot fault indicators dominate under low-frequency and mid-frequency regions;
under the mid-frequency region, the phase is decreased because of parallel capacitance. Also, due
to additional series resistance, the impedance magnitude is higher than the normal condition at the
resonating point. Thus, individual effects of hot spots and junction boxes can be noticed. Plot 4 is
when the short circuit and junction box fault are noticed in the PV panel, the impedance plot
resembles the short circuit fault, and at the mid-frequency region, because of the junction box fault,
the magnitude of the impedance is higher than the plot 1. Under all three-fault conditions, the
impedance plot is like hot spot and short circuit fault conditions, adding on the impedance
magnitude at the resonating point due to junction box fault.

Tl-based DC/ DC boost converter LM5170EVM was configured using header pins,
and inductor current was regulated to control the converter in boost operation. Tl launchpad
F28379-D was interfaced with a boost converter to operate the evaluation board under normal
operation and generate a control signal for regulating the inductor current. DC/ DC converter was
tested under light load using evaluation boards’ analog outer voltage loop prior to update. Under
light load operation, diode emulation mode was noticed, and DC/ DC converter CCM was further
studied. DC/ DC boost converter inductance was updated from 4.7 pH to 33 uH, and MOSFET
switching frequency was increased from 100 kHz to 160 kHz to operate the boost converter from
24 W to 300 W. With updating inductance and switching frequency, MOSFET losses, and
inductance losses were studied for boost converter application. The current sensor was updated for
better resolution under the low current application. The average current control mode was
simulated, and the inner current compensation circuit was updated for inner current close loop

operation. The converter was tested under 24 W and 75 W with inner current close loop operation.
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The DC/ DC converter evaluation board was further used as a power optimizer to measure PV
panel impedance.

Small signal injection generated using the single-tone technique was compared with the
multitone technique; further, for the project, the single-tone was implemented using the SFRA
technique. Boost converter inductor current was regulated using a control signal from MCU; DAC
in MCU generates an analog signal which was given to the boost converter as a control signal. The
online impedance measurement technique utilizes a small signal generated by SFRA to inject
perturbation into the inductor current, and with a small signal component in voltage and current,
the input impedance of the converter was measured. Updated P.O. was connected to the PV panel,
and small signals for frequency 10 Hz to 22 kHz and amplitude 10 % of input PV panel current
were injected into the current using SFRA.

The PV panel impedance was computed using input impedance measured through an
online impedance measurement technique and input capacitance measured using an impedance
analyzer. With O.P. changing from the left of MPP to the right of MPP, the impedance magnitude
decreases, and also phase increases. The PV panel impedance was tested indoors under a hot spot,
and the short circuit fault was measured and compared to the normal condition. The AC impedance
under hot spot fault shows higher impedance magnitude and lower impedance phase compared to
the normal condition; similar effects were noticed in the offline impedance measurement
technique. Under short circuit conditions, the impedance magnitude is lower, and the phase is
higher than in normal conditions; similar effects are noticed in results based on the Simulink
model. PV panel impedance under junction box fault measured and compared with the normal

condition; under low frequency, the impedance magnitude is higher due to the addition of external
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series resistance. Capacitance fault was detected using an online impedance measurement
technique. The relative standard deviation of online impedance measurement was tested, and less
than 5% error was reported in faults like hot spot faults, short circuit faults, and junction box faults.
PV panel impedance was measured using an online impedance technique under outdoor sunlight.
Short circuit fault detection was tested using an online impedance measurement technique. Hot
spot fault detection was tested using an online impedance measurement technique. The results
show similarity with offline and modeling-based results. Error compensation analysis was studied
for online impedance measurement, and PV panel impedance was calibration to remove the effects
of voltage and current sensor low pass filter, parasitic of DC/ DC converter and interface board
PCB, dynamics of ADC in MCU, voltage and current sensor signal averaging, and some unknown
errors.

Power converter bandwidth is low, either less than 3 kHz; thus, the small signal response
is limited to 2 kHz. A possible solution would be to increase the inner current control loop
bandwidth to 1/5th of the switching frequency. The SFRA-based small signal injection takes 1 —
1.5 minutes for injection and computation; thus, the operation point can get shifted due to changes
in irradiance, multi-tone small signal can be used for a fast response in the future. Signal
conditioning is required for voltage, and current sensed after ADC due to the low pass filter present
at ADC input, high bandwidth filter can be used for noise attenuation. A small signal amplitude
greater than 20% can lead to a system undergoing instability, and a small signal amplitude lesser
than 10% will lead to a response with noise at a high frequency; software-based signal conditioning

can be used for a better response for future work.
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