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Abstract: The modelling of surges within PV (photovoltaic) installations has been the subject of much
research in recent years. However, accurate simulations cannot be performed unless each and every
component within a PV installation is modelled in sufficient detail. The bypass diodes within a PV
module are frequently omitted from such simulations. When included, they are often represented by
oversimplified models. This article addresses this need by presenting SPICE (Simulation Program
with Integrated Circuit Emphasis) models for three Schottky diodes, chosen due to their suitability
for use as bypass diodes. These models are the combination of DC (direct current) large-signal and
AC (alternating current) small-signal sub-models, which are integrated such that the resulting full
circuital models allow for accurate simulations involving large-signal transient stimuli. Two types
of experimental setups, one incorporating a DC current-voltage curve sweep, and the other involving
VNA-based (vector network analyser) AC small-signal impedance measurements, allow for the ac-
quisition of the necessary model parameters at multiple operating points. The AC small-signal
measurements cover a wide bandwidth of 100 Hz to 50 MHz. Multiple configurations of the measure-
ment setups are employed in order to achieve the required dynamic range and sensitivity.

Keywords: Schottky diode; SPICE; measurement; photovoltaic; bypass diode; transient simulation;
electromagnetic compatibility

1. Introduction

According to [1], the simplest equivalent model of a photovoltaic (PV) cell is composed
of an ideal current source in parallel with a real diode. The current delivered by this
current source is proportional to the solar irradiance falling upon the cell. As PV cells
are not generally capable of producing large voltages on their own (a large cell may only
produce 0.6 V [1]), multiple cells are commonly connected together in series to form a PV
module. A large PV module, such as in [2], is often composed of 72 series-connected cells.
When series-connected PV cells within a module receive differing levels of solar irradiance,
this most simple model is no longer representative. Figure 1 (adapted from [1]) illustrates
the conundrum—this model would suggest that no current could flow to the load if a single
cell is shaded [1].

A parallel leakage resistance, Ry, is often incorporated, which overcomes the afore-
mentioned issue. Functionally, the component R, models the effects of leakage currents
within the P-N junction [3]. Furthermore, a series resistance, Rs, is commonly added
to model the effects of contact resistances (such as those between the PV cell and its wire
leads, as well as the resistances of the leads themselves) [1,3]. These additions result
in what is frequently referred to as the single-diode model, which is shown in Figure 2
(adapted from [1]). Although the addition of R, now provides a current path through
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a completely shaded PV cell, the power dissipated in R, gives rise to the hot spot phe-
nomenon, whereby the temperature of the PV cell increases. For a standard 156 mm X
156 mm (millimetre) PV cell, Ry, can be in the region of tens-to-hundreds of Ohms [4]. For
a string current of multiple ampere, a fully shaded cell would dissipate an unsustainable
level of power as heat energy. This is disadvantageous for two reasons: (1) electrical energy
produced by unshaded PV cells in the string would be wasted, and (2) if the critical power
dissipation (commonly denoted as P¢), a metric specified by PV cell manufacturers, is ex-
ceeded, then the shaded PV cell may become irreversibly damaged. In the case of the former,
the power loss in a partially shaded PV installation is greater than the proportion of shaded
area [5], and, in the case of a small PV installation, shading of a relatively small proportion
of the plant may result in substantial power losses or the entire failure of the system [5,6].
From both the power production and cell longevity perspectives, it would be favourable
to electrically remove shaded PV cells from a string, i.e., bypassing them [1,5,7,8].

Cell 1: Fully Shaded Cell 2: Unshaded
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Figure 1. Dilemma of two PV cells with differing solar irradiance represented by the simplest PV
cell model.

v1a vIr

Figure 2. The single-diode model of a PV cell.
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In order to accomplish this, a bypass diode is commonly added in parallel with either
a single PV cell or a string of multiple series-connected PV cells. To illustrate the concept,
a system of two series-connected PV cells is shown in Figure 3. Here, each PV cell is
represented by the single-diode model, and these cells deliver current to a load. Each PV
cell is also in parallel with a single bypass diode. During normal operation, with both
PV cells exposed to equal levels of solar irradiance, both bypass diodes would be in re-
verse bias (i.e., only a negligible leakage current would be conducted through the bypass
diodes). If, however, the PV cells were exposed to differing levels of solar irradiance, as is
the case in Figure 3, then the bulk of the string current, I}, would pass through the bypass
diode associated with the shaded PV cell. Little current may pass through the parallel
leakage resistance of the shaded cell. However, the power dissipated in this cell would
be greatly reduced (thereby mitigating the aforementioned negative effects of shading).
Although it would be ideal for a bypass diode to be placed in parallel with each PV cell
in a string, this is often cost-prohibitive and practically challenging. Hence, bypass diodes



Energies 2022, 15, 4783

3 0f 30

are generally placed in parallel with multiple series-connected PV cells, and are housed
within a weatherised junction box on the rear of a PV module—as shown in Figure 4.

When choosing an appropriate bypass diode, the forward voltage, Vr, should be lower
than the total breakdown voltage, V., of the PV cell(s) across which the bypass diode is
to be connected [8]. Furthermore, the maximum repetitive (peak) reverse voltage, Vrrum,
should be greater than the voltage produced by the PV cell(s) across which the diode is
connected—thereby preventing reverse breakdown of the bypass diode during normal
operation of the PV cell(s) [8]. Finally, the maximum average forward rectified current,
Ir(av), should be greater than the maximum PV string current [8].

Schottky diodes are the default choice for the bypass diode purpose. This is primarily
due to their low forward voltages, which result in relatively low levels of dissipated power.
Schottky diodes with a rated forward current of 10-20 A, which typically have a forward
voltage of 0.4-0.8 V at this current, are generally suitable for this purpose [9-11].

Cell 1: Fully-Shaded Cell 2: Unshaded
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Figure 3. Bypass diode operation in a PV system composed of two series-connected PV cells with
differing solar irradiance.

Figure 4. The opened junction box of a BYD 310P6C-36 72 cell PV module, showing the connections
of three bypass diodes.

The prevalent failure mode of a Schottky diode is a short circuit, which occurs when
the diode is exposed to a large (typically transient) current in the reverse bias [12]. If this
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failure were to occur, the current produced by the PV cell(s) across which the bypass
diode is connected would simply circulate through the short circuit—negating any possible
contribution of those cells to the total string power.

Bypass diodes, therefore, play a critical role in the functioning of a PV system. Their correct
operation is highly beneficial in terms of both power production and cell longevity. Their (short
circuit) failure, especially if occurring early on and remaining undetected in a plant with a life
cycle spanning multiple decades, would be tragic. Despite this, their operation is generally
either over-simplified or omitted altogether in simulations and practical experiments involving
the analysis of the effects of surges within PV systems [13-16].

As a result, it is imperative that the conditions to which bypass diodes are exposed
within an actual PV system are well understood. This is most easily accomplished using
computer simulation tools. For this, accurate models are required.

For completeness, it should be noted that much research has been performed on shade
mitigation measures in recent years. At the array level, reconfigurable electrical interconnec-
tion strategies have been investigated. These strategies actively reconfigure the PV module
interconnections, temporarily electrically removing entire PV modules, in order to attain
maximum power production [17]. At the individual cell scale, [7] demonstrates a successful
commercial implementation of miniature bypass diodes on a per-cell basis. Also indicated
in [7] are multiple strategies for optimal bypass diode implementation, where each bypass
diode protects multiple PV cells—either in an overlapping or non-overlapping manner. The
authors of [18] reconsider the concept of bypass diodes altogether, indicating their long-
term shortcomings and reviewing possible alternative measures for shading mitigation
(including active switching-based techniques within PV modules).

Although great advances in shading mitigation techniques have been made, the simple
Schottky diode-based mitigation strategy, whereby a single bypass diode is connected in parallel
with a number of PV cells, is still prevalent in many PV installations. As PV plants commonly
have an expected service life which extends beyond 20 years, it is not expected that this practice
will change in short order. It is for this reason that accurate circuital modelling of the bypass
diode operation at the traditionally implemented scale, for use in the simulation of surges within
PV installations, will still be relevant for decades to come. In this article, three appropriate
Schottky diodes are examined and modelled: the HY 105Q045 [9], the DC Components Co.
LTD. 155Q040 [10], and the Vishay VSB2045 [11].

2. Proposed Circuital Model of Schottky Diode

The proposed SPICE (Simulation Program with Integrated Circuit Emphasis) compati-
ble full circuital model of a Schottky diode is shown in Figure 5. This model incorporates:
a series inductance, Ls;, which models the inductive effects of the wire leads connected
to the Schottky diode; a series resistance, R;, which models the contact resistances be-
tween the Schottky junction and the wire leads, as well as the resistance of the wire leads
themselves; a parallel resistance, Rp, which allows for the modelling of linear leakage
currents within the diode; a nonlinear capacitance, C,, which models the effects of junction
and diffusion capacitances within the diode; a forward-biased diode, D Iz which models
the nonlinear DC (direct current) forward bias characteristics of the diode, and a reverse-
biased diode, D,, which models the nonlinear DC reverse bias characteristics of the diode.
This circuital model is the combination of two sub-models: the DC large-signal sub-model
and the alternating current (AC) small-signal sub-model.

. AMAA—Y— o
+ R, L, +

VD xDT ! Df ;&Cp (VD) Rq; VSchottky

Figure 5. The proposed SPICE-compatible full circuital model of a Schottky diode.
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2.1. The DC Large-Signal Sub-Model

Under DC conditions, | Z{C,}| — oo, while | Z{Ls}| — 0. Therefore, under these
conditions, the parallel capacitor, Cp, can be replaced with an open circuit, and the series
inductance, Ls, can be replaced by a short circuit. Substituting these revisions into the full
circuital model produces the DC large-signal sub-model, which is shown in Figure 6.

4
: et

Vi x D, ! Dy R, Vschottky,DC

Figure 6. The DC large-signal sub-model.

This two-diode approach was chosen due to the limitations of the default SPICE
large-signal diode model, which is shown in Figure 7 (adapted from [19]). This model is
composed of three circuital elements: an ohmic resistance R;, an internal diode Dy, and
a shunt conductance G,,;, (which is present to assist convergence of the solver) [19].

iy

Figure 7. The SPICE large-signal diode model circuit.

Figure 8 (adapted from [19]) shows the simulated current-voltage characteristics of this
large-signal model. These characteristics are mathematically defined by Equations (1)—(4),
where Vp and Ip represent the voltage over and the current through the diode, Dy, respec-
tively [19]. The thermal voltage, V;, is defined by Equation (5), where k is the Boltzmann
constant and g is the charge on an electron—the values of these parameters are listed later
in Section 4.1.1 [19,20]. The default values of the remaining parameters governing the oper-
ation of this model are listed, together with the corresponding parameter definitions, in
Table 1 [19].
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Ip A
By ~5-N-V,
D T V=D
------------ I,
"""""""""""""" IBV
Figure 8. The SPICE large-signal diode model current-voltage characteristics.
For VD 2 —5NV¢I
Vb
Ip =15 x expN—Vt—l 4+ Guin X Vp 1)
For —By < Vp < =5 x N x Vg
Ip = —Is + Guin X VD 2)
For Vp = —BV:
Ip = —Igy 3)
For Vp < —BV:
—(Bv +Vp) By
Ip=—Is- | exp ( ) -1+ 7] 4
D S p 7 T 4
kxT
Vi= ®)
q
Table 1. The SPICE large-signal diode model default parameters.
Parameter SPICE Variable Parameter Default Value Units
Name
Saturation 12
Is IS Current 10 x 10
Ohmic
Rs RS Resistance 0 =
Emission
N N Coefficient 1
Reverse
By BV Breakdown oo \Y
Voltage
Igy IBV Current at By 1x 1073 A
. Shunt 12 -1
Gumin GMIN Conductance 110 0

It is clear, as shown in Figure 8 and Equations (1)—(4), that the reverse-bias current—
voltage characteristics of the SPICE large-signal diode model are greatly simplified, es-
pecially where —By < Vp < —5 x N x V;. By incorporating a leakage resistance and
a second diode, the DC large-signal sub-model enables further control over the simulated
reverse bias behaviour of the modelled diode in the region before breakdown occurs—
thereby overcoming the limitations of the SPICE large-signal diode model. It should
also be noted that the built-in SPICE large-signal model does not include an inductance
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or a voltage-dependent capacitance—components required for accurate modelling under
AC or transient conditions. The following sub-model, however, introduces these components.

2.2. The AC Small-Signal Sub-Model

For a single DC operating point, the AC small-signal sub-model can be defined. This is
shown in Figure 9. This circuital small-signal model is used in many publications, such
as [4,21,22], for the purposes of diode modelling under AC conditions. This model is valid
for small-signal AC diode modelling only, as large signal stimuli would result in a shifting
of the operating point (and the resulting rectification effects). This model is, however,
useful for extracting circuital parameters which are unlikely to change with environmental
conditions, such as R; or Ls. A resistance, 1, represents a linearised model of the parallel
combination of the diodes (D and D;) and the parallel leakage resistance (Rp) from the full
circuital model at the specific operating point being considered. As a result, r;, is a function
of the DC voltage over these components, V;. The capacitance, Cp, also varies with V.

AMNN—YY o
+ R, L, +

1% ;/ﬁcp (Vi) S rp(Va) Vschotthy, AC

Figure 9. The AC small-signal sub-model.

The equivalent impedance of the AC small-signal sub-model, denoted Zstty,ac, is
shown below in Equation (6).

. 1
Zschottky,Ac = JwLs + Rs + G, |rp

2
_ " ; G
- (1+w2c§r§, +Re) + jeo (L 1+w2C%r%) ©)

where
w =2nf 7)

and f is the frequency at that instant.

As an example, the equivalent impedance of the AC small-signal sub-model was calculated
in Python [23] for frequencies between 100 Hz and 50 MHz, using the following component
values: Ls = 1puH, Cp =3nF, Rs =1Q, r, = 30 kQ. Magnitude and phase plots of this impedance
were then generated using the Matplotlib Python library [24]; these are shown in Figure 10.
As logarithmic vertical and horizontal axes are used for the magnitude plot, one can expect
the magnitude plot to decrease linearly where the influence of C,, dominates. Similarly, one can
expect the magnitude to increase linearly where the influence of L; dominates. The influence
of r, + Rs is dominant at low frequencies, where there is only a negligible change in impedance
per change in frequency (Z{Cp} — oo, Z{Ls} — 0). The series resistance, R, is typically
small, and therefore its influence is noticeably at the crossover between the dominance
of C, and the dominance of Ls. One can clearly observe this crossover point by examining
the phase as it passes through 0° as it changes from approximately —90° to approximately
+90° with increasing frequency.

It should be noted that, depending on the component values of the modelled sys-
tem, as well as the bandwidth of the available measurement equipment, these regions
of dominance may not always be clearly observable. In such a case, a curve fitting-based
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approach (using comparisons of the magnitude, the phase, or a combination) should be
employed in order to obtain the parameters of the equivalent circuit from measurement.
A prerequisite for this fitting procedure is that the measurement equipment employed must
offer sufficient dynamic range. Therefore, the practical limitations of the measurement
equipment need to be considered. These are covered later, in Section 3.

I
104 4 7p+Ry dominant T~

\ C, dominant
103

—— Theoretical Impedance

<)
N N L, dominant
o
g 2 \
- 10
2 ~ =
()]
©
g N /]
10!

100 V

10° 10! 10?2 103 104 10° 108 107
Frequency [Hz]

75

50

25

s =
-50 \

~N

Phase(Z) [°]
o

10° 10! 102 103 10* 10° 10° 107
Frequency [Hz]

Figure 10. Theoretical magnitude and phase plots for the Schottky diode AC small-signal sub-model.

2.3. Voltage-Dependent Capacitance

In the region where the capacitance, Cy, dominates the DUT (device under test)
impedance, Z, the imaginary part of the impedance can be used to calculate the diode
capacitance according to Equation (8). It should be noted that the negative term in the nu-
merator will cancel out the negative Im{Z} term in the denominator, producing a positive
capacitance, Cp.

_ -1
- 2nfIm{Z}

As the capacitance of a diode junction is a function of the width of the depletion region,
which varies with voltage [25], it is necessary to sample the capacitance at multiple levels
of DC bias. A curve may then be fit to these measurement, as in [26]. In order to ensure
that the implemented voltage-dependent capacitance is suitable for simulations involving
large-signal operation, a mathematical correction is first required prior to implementation
in SPICE. This correction is described in the following subsection.

Cp 8)

2.3.1. SPICE Modelling of a Voltage-Dependent Capacitance

After the necessary parameters are determined, the full circuital model of each diode
can be implemented within SPICE. In this article, all SPICE circuit simulations were per-
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formed using LTspice [27]—a freeware SPICE-based simulator by Analog Devices. Compo-
nents Ry, Rs, Dy, Dy, and L; are incorporated using standard SPICE components.

The implementation of capacitor C, is more complicated. A voltage-dependent capac-
itance can be defined in terms of either the total capacitance, Cy, or the local capacitance, Cg,
which are calculated as shown in Equations (9) and (10), respectively [26]. Q represents
the charge stored in the capacitor and v is the voltage over the capacitor [26]. The total ca-
pacitance is applicable to charge injection-based measurements, while the local capacitance
is applicable to capacitances measured by means of a small-signal-based test at multiple
DC bias voltages (as is the case in Section 4.4) [26].

Ci(e) = L ©)
Cafo) = 24V 10)

Furthermore, the general template for a SPICE model of a voltage-dependent capacitor
is defined by Equation (11), where i is the current through the capacitor [26]. This equation
results from the differentiation of Q(v) = C(v)v with respect to time (i.e., the application
of the product rule of differentiation). The second term in Equation (11) can be ignored
only when the resulting model is expected to handle small voltage perturbations [26].

dv  d(C(v))

(11)

Figure 11 (adapted from [26]) illustrates the difference between C; and C; in relation
to the total charge Q. For a linear capacitor, the relationship between the stored charge and
the applied voltage would be a straight line; therefore, C; = C;. For a nonlinear capacitor,
Ct # Cy.

_ 49

QA Co= 3y

N,

<

>
e

Figure 11. An illustration of the difference between C; and C;.

A relationship between C; and C; can, however, be described as follows.
Firstly, Equation (10) is rearranged to form Equation (12). Equation (12) is then inte-
grated with respect to v, resulting in Equation (13). Equation (13) is then inserted into
Equation (9) in order to form Equation (14), which allows for C; to be determined using C,;
and v [26]. This is useful as data gathered using small-signal measurements can be used
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to calculate the total capacitance, which would otherwise need to be measured by means
of charge injection [26].
dQ(V) = Cy(v)dv (12)

Q) = [ Cafo)do (13

[

Cifo) = o G ()

Applying Equation (14) to the fit voltage—capacitance curve, covered later in Section 4.4,
allowed for the implementation of the voltage-dependent capacitance within LTspice [27].
This was accomplished using the behavioural current source-based technique from [26] and
is shown as element C_p in Figure 12. This behavioural current source is controlled by Equa-
tion (11), using the DDT operator in LTspice to represent the % terms. A behavioural voltage
source, C_Rep, is used to calculate a voltage (the voltage at node C). The value of this voltage
is equal to the value of the capacitance to be implemented by Equation (11). This value is
calculated using the parameters and derived equation for C; presented later in Section 4.4. The
voltage over element C_p is then defined as (V(V+)-V(Cathode)) in LTspice. As the voltage
source C_Rep is only used to generate a voltage that represents the value of the capacitance,
the resistance of R_Cap (chosen as 1 MQ) is irrelevant (as long as it is greater than 0).

R_s

.include Diode_Parameters.txt N
.model D_f D(Is={D_f_i} N={D_f n} BV={D_f_bv} IBV={D_f bi})
.model D_r D(Is={D_r_i} N={D_r_n})
I=((V(C)*DDT(V(V+)-V(Cathode)))+((V(V+)-V(Cathode))*DDT(V(C))))

V=(1/(V(V+)-V(Cathode)))*((({alpha}/({gamma}-1))*pwr((({beta}-(V(V+)-V(Cathode)))/{alpha}),(1-{gamma})))-(({alpha}/({gamma}-1))*pwr({beta}/{alpha},(1-{gamma}))))

Figure 12. The LTspice implementation of the full circuital model.

For simple editing, the model parameters can be included within a text file, as shown
in Figure 13, and the full circuit can be implemented as a sub-circuit element, as shown
in Figure 14.

7.854256344731697e-03
17.11825923219307e-09
2662295.2736975374
1.8923e-06

1.0078

56.0

1.69e-04

2.8580e-08

PASY N Vi

.param
.param
.param
.param
.param
.param

0

w0

111
I—hl—hl—h'U
[ e s JSE
<

lwiw il w il w B w RS- BN ol -)
i

.param
.param
.param
.param 2.5471133425501172e-18
.param 0.5332484501419046
.param 0.4902832911655088

11
o

lU
=
>

Figure 13. The text file containing the parameters expected by the LTspice full circuital model.
Parameters for the 105Q045 diode are shown.
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BypassDiode

N
]

Figure 14. A custom symbol representing the LTspice implementation of the full circuital model
from Figure 12. A sub-circuit representation allows for easier use within large simulations.

A summary of the findings of this section is presented in the form of a tabular comparison
of the suitability of the standard SPICE large-signal diode model, the commonly implemented
AC small-signal model, and the proposed full circuital model, in Table 2 below.

Table 2. A high-level summary of the suitability of the discussed models for different applications.

Desired SPICE Large- AC Small- Proposed Full
Application Signal Model Signal Model Circuital Model
DC Forward Bias Excellent Poor Excellent
DC Reverse Bias Good Poor Excellent
AC Small Signal Poor Good Excellent
AC Large Signal Good Poor Excellent
Transient Good Poor Excellent

Now that the complete circuital model, as well as its LTspice implementation, have
been described, the measurement setups employed will be discussed.

3. Experimental Tests

Two types of experimental test setups are used to examine the three different Schottky
diodes. The first type of setup involves DC large-signal measurements, and the second type
of test setup involves AC small-signal measurements. Two versions of the AC small-signal
test setup are used—one which does not apply a DC bias voltage, and one which does.
The strengths of each particular setup are exploited in order to obtain the most accurate
results possible with the available equipment. All curve fitting in this article was performed
using the curve_fit function from the SciPy Optimize open-source Python library [28],
which employs a nonlinear least squares method.

3.1. DC Measurement Setup

The DC measurement setup, shown in Figure 15, was the first setup to be used.
It is composed of a DC voltage source, an oscilloscope, and a multimeter. The oscilloscope
measures the voltage over the diode, and the multimeter measures the current provided by
the DC voltage source. Instruments were chosen which offered sufficient accuracy for this
purpose. The voltage of the DC source is swept over the desired range, and Vessure and
Lieasure are noted.

The voltage V;oyrce,pc is positive when assessing the diode in forward bias, and
negative when assessing the diode in reverse bias.

The input impedance of the oscilloscope, represented by Roscijoscope, Should always
be considered. This is especially true when assessing the reverse-bias characteristics
of the diode. As such, the influence of Ryscilioscope N€€ds to be accounted for when analysing
the measurement results. This is done by calculating the current flowing through the oscillo-
scope using Ohm’s Law (i.e., Viueasure / Roscil loscope), and subtracting this current from Iyessure-
Roscitloscope Was measured to be 1.195 MQ.
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The remaining current is that which flows through the diode. The voltage Viyeasure Was
probed as close to the diode junction as possible, practically negating the component of Rs,
which was due to the resistance of the wire leads—this component is, however, measured
later in Section 3.2.1.

This left only the component of Rs, which was attributable to the resistance of the metal-
semiconductor contacts, which was unobservable, and was therefore assumed negligible
for this purpose.

+ Vmeasm‘e -

VV VYV Rmultimeter
Roscilloscope ?_/\/\/\/\/_

AN
R, Dy
D,
RP

Figure 15. DC measurement setup.

The forward bias characteristics were examined first. In this bias, with the DC source
connected as indicated in Figure 15, negligible current was assumed to flow through D,
and Ryp. Vsource, pc was adjusted such that the current through the diode was slowly varied
between 0 A and 0.5A. Although greater current was available, the power dissipated
by the diode would result in a noticeable increase in the junction temperature, affecting
the thermal voltage, V;. This would cause the measured curve to diverge from the curve
specified by Equation (1). This would be undesirable, as the SPICE diode model assumes
a constant operating temperature. The input impedance of the oscilloscope was compen-
sated for, and Equation (1) was fit to the measured results.

The reverse bias characteristics were then examined. Ve, pc Was started at 0V
and increased until just after the breakdown of each diode junction was observed. The
influence of the input resistance of the oscilloscope was then accounted for. The influence
of the leakage current through Dy, which had a value of —I; according to Figure 8, was
also compensated for. The reverse bias current-voltage characteristics were then analysed
between 0V and 25 V—below the breakdown voltage of the real diodes. In this voltage
range, the bulk of the reverse current flowed through R, and this exhibited a linear trend.
The gradient of this linear trend allowed for the calculation of R,.

Once the current through R, was accounted for, the only remaining current was that
through D,. The remaining current-voltage curve was then fit to Equation (1) in order to de-
termine the nonlinear reverse bias diode parameters, which would dominate in the reverse
bias voltage range between —5NV; and —By.

These forward and reverse bias current—voltage sweeps were sufficient to extract
parameters, presented in Section 4, which enabled accurate modelling of the DC operation
of the diodes. Next, the dynamic behaviour of the diodes was considered.

3.2. AC Small-Signal Measurements

Small-signal impedance measurements of each diode were performed using an OMICRON
Lab Bode 100—a low-frequency VNA (vector network analyser) [29]. The resulting measure-
ments allowed for the extraction of the remaining parameters (Rs, Cp, Ls) for each of the three
diodes. Firstly, parameters which would not change with different operating points (i.e., Rs
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and L) were extracted from measurements involving no DC bias. Then, the capacitance, C pr
of the diodes was measured for multiple levels of DC bias (as it was bound to change with
different levels of reverse bias).

3.2.1. Without DC Bias

The magnitudes of Rs and Ls do not noticeably change with DC bias. Furthermore,
Rs was likely to be very small; therefore, a sensitive measurement was necessary. An
OMICRON Lab B-WIC impedance test fixture, shown in Figure 16, was used with the
Bode 100 in order to measure the impedance of the three diodes (without a DC bias
applied). This fixture, designed for impedance measurements of THT (through-hole tech-
nology) components, allowed for the impedances of the diodes to be assessed while
being in a similar arrangement as they would be in the junction box of a PV module.
The fixture has a bandwidth of 1 Hz to 50 MHz [30]. When employing a receiver band-
width of 10 Hz, the measurement accuracy is stated as 2% for impedances down to 0.4 Q)
(up to 2 MHz), and 10% for impedances down to 20 mQ (up to 300 kHz) [30]. Above these
specified frequencies, the 2% and 10% accuracy limitations are governed by inductances
of 31.83nH and 10nH, respectively [30].

The gold-plated electrodes used by this fixture have a contact resistance of approx-
imately 0.5mQ [30]. The magnitude of Rs; was chosen as the lowest value of the real
impedance measured for each diode. The magnitude of Ls was calculated using the value
of the imaginary impedance of each diode at 50 MHz and Z; = jwL. As Rs and L, do
not change with DC bias, the signal level of the Bode 100 could be set as high as 13 dBm.
This is because these parameters would remain constant even if the nonlinear behaviour
of the diodes were to be excited. This allowed for a better signal to noise ratio, resulting
in a more accurate measurement.

Figure 16. The OMICRON Lab B-WIC impedance adapter for THT components.

3.2.2. With DC Bias

The magnitude of the capacitance of a Schottky diode changes with the magnitude
of the DC reverse bias voltage applied to the diode. This is, as previously mentioned, due
to a change in the width of the depletion region [25,31]. The measurement circuit shown
in Figure 17 was required in order to measure the capacitance of each diode at multiple
DC bias points. This measurement circuit is composed of two parts, the Measurement
Bridge and the DC Bias Tee. The purpose of the measurement bridge circuit is twofold.
Firstly, it extends the measurement range of the Bode 100 to several hundred kQ [32].
Secondly, it provides protection to the output and input terminals on the Bode 100 by means
of voltage division. The absolute maximum ratings of the output and input terminals are
3.5 Vrums and 7 Vryis (or 50 Vpe), respectively [29]. The DC Bias Tee allows for the biasing
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of the DUT (device under test) (which is represented by the impedance Z; in Figure 17)
while further protecting the output terminal on the Bode 100 from the DC voltage. The DUT
is in parallel with the series combination of resistor Rp;,s and the DC source. Choosing
a large value for Rp;,s ensured that the impedance of the series combination of the DC source
output impedance and Rpj,;; was far greater than the impedance of the DUT. Consequently,
the influence of the impedance of the DC source on the measurement would be negligible.
The component values used in the full measurement setup are listed in Table 3, and
a photograph of the inner circuitry is shown in Figure 18. The aluminium lid was replaced
before measurements were conducted, and the DIP (dual in-line package) switches allowed
for an appropriate Rpj,s resistor to be selected.

Omicron Lab Bode 100

Vs
Channel 1 Channel 2

%)

[aY ay
— B N
1 I| 1
1 : : DC Bias Tee :
: Ry R¢ : 1 Circuit :
: ! : 1
1 '| 1
: ¢
: "
1 I
¢ —
: RD : : RBias
1 h
1 "
: —
1
. Measurement ! :
| R Bridge Rp | v
' Circuit .
: '
1 | L :
Full Measurement Circuit
DC Power Supply

Figure 17. Block diagram of the measurement setup for DC-biased AC small-signal analysis.

Table 3. Component values for the full measurement setup.

Component Value
Ra, Re, Rp 22k0O
Rp, Rg 100 Q
RaBigs 100kQ

C 27 uF
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Source

DC Bis

Figure 18. The constructed measurement circuit.

A common trade-off when examining nonlinear devices is the dichotomy between
the signal-to-noise ratio and the linearity of the test setup. A high signal-to-noise ratio
produces a result that is stable and uncorrupted by noise. Increasing the source level is one
way of improving the signal-to-noise ratio. If, however, the source level is increased too
much, then the nonlinear operation of the DUT may influence the result, i.e., the operating
point changes, and more than only the small-signal operation is measured. For this reason,
a correct signal level at the DUT connection is key.

4. Results
Results were gathered for both the DC large-signal and AC small-signal cases.

4.1. DC Results

For the DC current-voltage measurements, the voltage probe was placed as close
as physically possible to the diode junctions. This was in order to negate the influence
of the resistance of the wire leads on Rs, leaving only the resistive influence of the contact
between the junction and the wire leads. This remaining component of Rs was then
observed to be negligible for these measurements (i.e., no discernible linear trend that was
attributable to Rs; was embedded within the measured data).

4.1.1. Forward Bias

The forward bias case was considered first. Although the influence of the oscilloscope
input resistance would be negligible for the forward bias measurements, its influence was
compensated for nonetheless. Nonlinear curve fitting was performed for the three diodes us-
ing the Shockley equation as the objective function, i.e., Equation (1), with the convergence-
assisting parameter, Gy, set to 0. The thermal voltage, V;, was calculated with Equation (5)
using the parameters listed in Table 4. The default values for k (the Boltzmann constant) and
g (the charge on an electron) were used [20]. Due to the difficulty in measuring the junction
temperature of the diode (as a result of the plastic casing), T was assumed to be the same
as the ambient temperature for the low power levels tested. This fitting procedure produced
the parameters which are listed in Table 5. The resulting measured and fit current-voltage
curves for the three diodes are shown in Figure 19. Good agreement was achieved for all
three diodes for the forward bias. Divergence from the modelled trends begins to occur
at larger currents—this is attributed to the influence of a decreasing thermal voltage, V;,
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as the result of an increasing junction temperature, T, as the power dissipated in diode
junctions increases.

1.0

—— 105Q045 Measured |-V Curve H
—— 155Q040 Measured IV Curve 4
0s8d— VSB2045 Measured |-V Curve
== 10SQ045 LTspice Compound |-V Curve
== 155Q040 LTspice Compound I-V Curve
< 0.6 4=~ VSB2045 LTspice Compound |-V Curve
bt
c
)
t /
S
3 0.4 /
0.2 /
0.0 T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Voltage [V]

Figure 19. Nonlinear fit of Dy for large positive DC voltages for the three diodes.

Table 4. Forward bias curve fitting parameters for the three diodes.

Parameter Value Units
T 300.15 K
k 1.38062 x 10~23 JK-1
q 1.6021765 x 10~ C

Table 5. Forward bias (Dy) curve fitting parameters for the three diodes.

Diode Model I, [A] n
10SQ045 1.0923 x 10~ 1.0078
155Q040 1.7706 x 10~ 0.99396
VSB2045 8.8845 x 10~ 0.98885

4.1.2. Reverse Bias

The reverse bias case was then considered. The reverse voltage over each diode was
increased until just after breakdown occurred. Breakdown was regarded as the sharp point
where the reverse current began to increase rapidly for even a minor increase in the reverse
voltage; this is illustrated in the measured results later in this section. The reverse breakdown
voltages, as well as the corresponding reverse currents, are listed in Table 6 below.

Table 6. Reverse breakdown voltages and currents for the three diodes.

Diode Model Vhreakdown [vl Ibreukdown [mA]
105Q045 56.0 0.1690
155Q040 55.7 0.2806
VSB2045 58.0 0.2000

The parallel leakage resistance, R, has the greatest influence at low voltages—well be-
fore the effects of reverse breakdown are noted. After compensating for the input impedance
of the oscilloscope, as well as the influence of the — I from the forward bias case (due to the leak-
age through Dy as a result of the SPICE diode model), a linear curve was fit to the measured data
for the region between 0V and 25 V. This allowed for Ry, to be calculated for each of the three
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diodes. The resulting values of R, are listed below in Table 7, and the measured and fit
current-voltage plots are shown in Figure 20.

Table 7. Ry, for the three diodes.

Diode Model R, IMQ]
105Q045 2.6623
155Q040 1.6679
VSB2045 2.9170
16
—— 10SQ045 (Measured)
14 1= 155Q040 (Measured) ,/
= VSB2045 (Measured) /
12 { == 10SQ045 (Linear Fit, R, = 2.66 MQ) 7
— == 155Q040 (Linear Fit, R, = 1.67 MQ)
< 101—~ VsSB2045 (Linear Fit, R, = 2.92 MQ) >
4
c
)
-
=
O

Voltage [V]

Figure 20. Linear fit of R, for small negative DC voltages for the three diodes.

After Ry was calculated, its influence was removed from the measured data. This left
only the current—voltage relationship of D;, to which the Shockley equation was fit for the re-
gion between 0V and the lowest voltage above which reverse breakdown of the diodes
would occur. The parameters for the resulting fit are listed in Table 8. The measured and fit
current—voltage curves for the D, component of the three diodes are shown in Figure 21.

0.200

—— 10SQ045 (Measured, R, Compensated) l
0.175 4= 155Q040 (Measured, R, Compensated)
- VSB2045 (Measured, R, Compensated) /
0.150 4 == 10SQ045 (D, Curve Fit)
< == 155Q040 (D, Curve Fit) /
¢ 01257 — vsB2045 (D, Curve Fit) /
‘€ 0.100
o
=
3 0.075
O /
0.050 / /
0.025 ///
__‘_J/
0 10 20 30 40 50

Voltage [V]

Figure 21. Nonlinear fit of D, for large negative DC voltages for the three diodes.
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Table 8. Reverse bias (D;) curve fitting parameters for the three diodes.

Diode Model I [A] n
10SQ045 2.8580 x 10~8 267.12
155Q040 1.6479 x 108 229.81
VSB2045 1.0278 x 1010 169.70

Finally, the breakdown voltage and current of each diode were entered into the D com-
ponent of the DC large-signal sub-model, along with the parameters from Tables 5, 7 and 8.
With R set to 0Q) in each case, the DC large-signal sub-model for each diode was simulated
in LTspice. Simulations were also performed with R, and D, removed from the model, in order
to illustrate the difference between the proposed DC large-signal sub-model and the standard
SPICE current-voltage reverse breakdown behaviour. The results for the 105Q045, 155Q045, and
VSB2045 diodes are shown in Figures 22-24, respectively. For the 105Q045 and 155Q045 diodes,
the DC large-signal sub-model accurately models the measured reverse bias current-voltage
relationship. The VSB2045 model is also accurate, except for a minor disagreement between the
reverse voltages of 56 V and 58 V. In general, the reverse bias current-voltage characteristics
of the DC large-signal sub-model far exceed the accuracy of the standard SPICE large-signal

model.
0.30
—— Measured I-V Curve
- Simulated LTspice Standard |-V Curve
0.25 1—— Simulated LTspice Compound I-V Curve
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o
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=
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.

0.05 //
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Figure 22. Measured and simulated reverse bias plots for the 105Q045 diode.
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Figure 23. Measured and simulated reverse bias plots for the 155Q040 diode.
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Figure 24. Measured and simulated reverse bias plots for the VSB2045 diode.

4.2. AC Small-Signal Results

AC small-signal results were then gathered, firstly without and then with the applica-
tion of a DC bias voltage, in order to determine Ls, Rs, and Cp.

4.3. Unbiased AC Small-Signal Results

The diodes were positioned within the THT measurement fixture such that the length
of the wire leads was representative of the lengths that would be necessary when imple-
mented within the junction box of a PV module. This was critical for accurate modelling,
as, if the leads were shortened, then the effect of the series resistance, R;, and inductance,
Ls, that is due to the wire leads would have been omitted.

Initially, a frequency range of 1 Hz to 50 MHz was chosen, with 401 logarithmically
spaced measurement points. The attenuation of both receivers was set to 0 dB, and the re-
ceiver bandwidth was set to 10 Hz. This configuration achieved good measurement ac-
curacy (i.e., an appropriate signal-to-noise ratio) and sweep time. An Open-Short-Load
calibration was performed using the calibration kit provided with the B-WIC fixture. This al-
lowed the parasitic elements of the measurement setup to be compensated for. This initial
sweep allowed for the resonant points of each diode to be identified. The measurement
range was then adjusted to 1 MHz to 50 MHz, again with 401 logarithmically spaced mea-
surement points, as this allowed the regions before and after the resonant point to be
examined with greater resolution. As the resonant point identified for each diode occurred
between 10 MHz and 30 MHz, further measurements were conducted within this frequency
range in order to more accurately determine the value of R for each diode. For these
further measurements, the Bode 100 was recalibrated, this time using 401 linearly spaced
points. Using the curve_fit function, with the magnitude of Equation (6) (the impedance
equation for the AC small-signal sub-model) as the objective function, parameters for L
and C, were obtained. In this curve fitting procedure, the values from Table 7 were used
for parameter r,,. As this small-signal measurement was conducted without a DC bias,
the assumption that r, ~ R, (from Section 4.1) was made.

r

The W
ing resonant point, and these values were then subtracted from the corresponding measured
real impedance values. This produced the measured values for parameter R; for each diode.
The gold contact resistance of 0.5mQ, mentioned earlier, was also subtracted in order
to correct the measured values of R; for each diode. The aforementioned parameters are
listed in Table 9.

> term (from Equation (6)) was calculated for each diode at its correspond-
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Table 9. AC small-signal parameters for the three diodes.
Diode L Min. |Z| Freq. Corr. R{Z} 2 Rs c,
1+w?*Cyry

Model [nH] [mQ] [MHZz] [mQ] [nQ] [mQ] [nF]
10SQ045 17.118 27.148 21.65 8.356 1.968 7.854 3.212
155Q040 17.248 8.219 21.05 2.930 3.130 2427 3.309
VSB2045 13.541 25.061 20.15 14.325 1.025 13.824 4.568

LTspice simulations were performed for each diode using the AC small-signal sub-
model, with the parameters from Table 9. Figure 25 demonstrates good agreement, in both
magnitude and phase, of the measured and simulated impedances using a logarithmically
spaced frequency axis between 1 MHz and 50 MHz. Figure 26 further exhibits this agree-
ment in more detail about the resonant point using a linear frequency axis between 10 MHz

|

and 30 MHz.
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Figure 25. Measured and simulated magnitude and phase plots of the three diodes between 1 MHz

and 50 MHz.
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Figure 26. Measured and simulated magnitude and phase plots of the three diodes between 10 MHz
and 30 MHz.

These plots clearly demonstrate the resonant point between Ls and the parallel com-
bination of 7, and C,. C, dominates below this frequency, and Ls dominates above this
frequency. It should be noted that the curve fitting procedure was crucial in order to obtain
accurate values for Ls, as no region where the magnitude of the impedance of the diodes
was exclusively influenced by the inductance was present. For this, a frequency higher
than 50 MHz would have been required—outside of the capabilities of the Bode 100.

Now that the parameters for Rs, Ry, Ls, D Iz and D, had been determined, the only
remaining unknown parameter was the voltage-dependent capacitance, Cp.

4.4. Biased Measurements—Capacitance Measurement

The impedance of each diode was measured at 401 logarithmically spaced points between
100 Hz and 50 MHz, for reverse bias voltages between 0V and 35V (in 1V increments).

According to the diode datasheets, the junction capacitances of the three diodes were
all sampled at 1 MHz, at a DC reverse bias voltage of —4 V, by their respective manufac-
turers [9-11]. For a valid comparison, the diode impedances were sampled at the clos-
est frequency within the measured range (1.008 MHz). At this frequency, the accuracy
of the measurement setup was confirmed using a range of known capacitances. Due
to the expected impedances spanning several orders of magnitude, and the relatively
limited dynamic range of the measurement setup, this single-point approach was more
appropriate than employing a curve fitting procedure spanning the full measurement
range.

Following the power-to-voltage calculations in Appendix A, the source level was set
to a constant —27 dBm. This was theoretically low enough so as not to cause the diodes
to exhibit nonlinear operation. However, this fact was also confirmed using oscilloscope
measurements at the DUT. The attenuation of both receivers was set to 0 dB, and the re-
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ceiver bandwidth was set to 30 Hz. This configuration achieved a good balance between
measurement accuracy (i.e., an appropriate signal-to-noise ratio) and sweep time.

An Open-Short-Load calibration, using the calibration kit provided with the Bode 100,
allowed for the topology and parasitic elements of the measurement setup to be considered
and compensated for, respectively. In order to further decrease the effects of measurement
noise, the measured results were then passed through a convolution-based digital filter.
The Savitsky—Golay filter (from the SciPy open-source Python library [28]), with a window
size of 51 and a polynomial order of 2, was then applied in order to adequately smooth
the measured data without distortion of the signal tendency.

Between 100 kHz and 10 MHz, the magnitude of the measured impedances decreased
linearly with increasing frequency, while the phase was also relatively constant, near
—90°. This is shown for the unbiased case in Figure 27. In Figure 27, one can also see
that the phase is nearest 90° between 1 MHz and 2 MHz, further indicating that the choice
of frequency at which the impedances were sampled was most appropriate as it (1) agreed
with the choice of frequency used by the diode manufacturers, and (2) was nearest the point
where the influence of the capacitance was dominant. This indicated that the capacitance
Cp had the greatest influence over the DUT impedance in this region (i.e., the influence
of the inductance Ls; was negligible for these frequencies).

103
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\ —— VSB2045
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Figure 27. Measured unbiased AC small-signal impedance plots for the three diodes between 100 kHz
and 10 MHz.

Prior to curve fitting of the voltage-dependent capacitance, the voltage drop over the 100 kQ)
resistor in the DC Bias Tree circuit was compensated for. The resulting data took the form
of Equation (15), where «, f, and -y are constants. Equation (15) was then fit to the measured
data for the three diodes, and the resulting parameters for each diode are listed in Table 10.
The measured and fit capacitance—voltage curves are shown in Figure 28, which illustrates
the divergence between measured and datasheet parameters, as well as the differences between
the fit and the measured capacitances. The best fit achieved was for the 10SQ045 diode, which
had a mean absolute relative error of 0.2177%, followed by that of the 155Q040 diode at 0.2733%,
and finally the VSB2045 diode at 6.6779% (calculated over the full data range). Noteworthy
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is the difference between the measured data and the datasheet parameters. The 105Q045 and
155Q040 datasheet parameters indicate smaller capacitances than that which was measured;
however, good agreement was achieved for the VSB2045 diode. A possible explanation for this
is the fact that the diode datasheets are written for all the diodes in a series, as opposed to one
diode model in particular. Therefore, an average capacitance is expressed by the manufacturer,
which is not always adequately representative. This highlights the importance of accurate
measurement-based modelling in simulations. Also noteworthy is the good agreement be-
tween the zero-bias capacitance measurements obtained using the THT fixture in Table 9 of
Section 3.2.1 and the capacitance measurements shown for a reverse bias of 0V shown in
Figure 28. This agreement between separate test setups served as an additional validation step.

Cp(V) = (lgfv)’y (15)

Table 10. Capacitance modelling parameters for the three diodes.

Diode « B 0%
Model [A3s5kg~'m~2] vl
10SQ045 254711 x 1018 0.53324 0.49028
155Q040 1.70439 x 10~18 0.45849 0.48632
VSB2045 1.24174 x 1077 2.85176 0.99744

> —e— Measured: 105Q045
\ ----- Fit: 105SQ045
4 —¢~ 10SQ045 Datasheet
—e— Measured: 155Q040
o) S PO Fit: 155Q040
= 3 —@- 155Q040 Datasheet
g —e— Measured: VSB2045
s R e e Fit: VSB2045
§2 —@- VSB2045 Datasheet
8
. i
‘ ;:::x%“__-_. -
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Voltage [V]
Figure 28. Measured, fit, and datasheet reverse bias capacitances for the three diodes.

As initially introduced in Section 2.3.1, a capacitance measured using a small-signal
based method describes a local capacitance, Cz, which is therefore only appropriate for small-
signal-based modelling. Equation (14), however, allows for the conversion of a local
capacitance to a total capacitance, Ct, which is appropriate for use with large-signal transient
stimuli [26]. Thus, Equations (14) and (15) were combined, producing Equation (16).
Equation (16) was then implemented in LTspice using the behavioural source-based method,
as described in Section 2.3.1.

o= H ) 0y ) B ()Y oo

1% |4 v—1 o v—1 o

It was Equation (16) which was then input into LTspice as the governing equation
for the dependent voltage source, C_Rep, in Figure 12.
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At this point, all the required parameters for the proposed circuital model, capable of both
forward and reverse bias, as well as both small-signal and large-signal dynamic operation, had
been determined. Thus, the full circuital model could be constructed in LTspice.

4.5. Full Model Demonstrations

Operation of the LTspice implementation of the full circuital model, shown previously
in Figure 12, is demonstrated in this section—firstly, by application of small-signal stimuli,
and secondly, by application of large-signal transient stimuli.

4.6. Small Signal

Small-signal operation of the full circuital model was demonstrated by applying
a sinusoidal signal with an amplitude of 1mV. In this demonstration, the parameters
presented for the 105Q045 diode were used. Figure 29 shows a time domain representa-
tion of the voltage over and current through the diode with the application of a 1 MHz
signal. As expected, the current through the diode was a sinusoidal signal (i.e., no rec-
tification of the applied signal had occurred). The simulated current had a peak value
of 20.275 1A, with a phase angle (relative to the voltage waveform) of +90 deg. This pro-
duced an impedance of 40.322/ — 90°(}, which aligned with the measured and simulated
small-signal impedance plot for the 105Q045 diode seen previously in Figure 25 at 1 MHz.

The frequency of the applied signal was then increased to 50 MHz and the simulation
was repeated. The simulated voltage and current curves are shown in Figure 30. Again, no
rectification was observable, confirming small-signal operation. In this instance, the current
through the diode had a peak value of 227.4 pA, with a phase angle (relative to the voltage
waveform) of +90°. This produced an impedance of 4.398Z + 90°(); this also aligned with
the impedance plot for the 105SQ045 diode seen in Figure 25 at 50 MHz.
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Figure 29. LTspice simulated voltage and current plots for an input signal of 1 mV at 1 MHz.
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Figure 30. LTspice simulated voltage and current plots for an input signal of 1 mV at 50 MHz.

5. Large Signal

A model of a pulse generating circuit, similar to the desktop-scale setup in [13],
was connected to the LTspice implementation of the full circuital model to demonstrate
the response of the model to large-signal stimuli. This simulation setup is shown in
Figure 31. In this setup, capacitor C1 is charged to an initial voltage of 250V, and has
an equivalent series resistance represented by resistor R3. Switch S1 closes at time 10 ps,
applying a pulse to the pulse-shaping circuit composed of resistors R1, R2, and R4, and
inductor L1, and then to the full circuital model of the bypass diode.

_ R4 Vdiode Y
N
1.43 BypassDiode
- R2
18.33[]77 4.35 17.4

.model switch SW(Ron = 1e-12 Roff = 1e12 Vt = 2.5)

.tran 0 200u 0 N

Figure 31. LTspice large-signal stimulus test circuit, shown with the full circuital diode model
in the reverse bias.

Figure 32 shows the simulated response of the full circuital diode model to the appli-
cation of the pulse in the forward bias. As expected, the diode becomes forward-biased,
conducting a large current pulse while exhibiting a small voltage drop.

Figure 33 shows the simulated response of the full circuital diode model to the ap-
plication of the pulse in the reverse bias. In this bias, a sharp voltage rise initially occurs,
followed by a plateau at the breakdown voltage. Upon breakdown, a large current pulse
then flows through the diode, while the voltage remains relatively stable. Subsequent
to the conclusion of the current pulse, the voltage then gradually reduces.
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Figure 32. LTspice simulated voltage and current plots for a large transient stimulus applied in the for-
ward bias.
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Figure 33. LTspice simulated voltage and current plots for a large transient stimulus applied in the re-

verse bias.

The vertical axes for the forward and reverse bias plots above were purposefully fixed
in order to clearly illustrate how the behaviour of the full circuital model differs depending
on the applied bias. Should a linearised model be used for this purpose, as in [21], then
the voltage and current waveforms would be identical for either bias. This would be
an oversimplification of the behaviour of a device with strongly nonlinear characteristics.
Thus, the implementation of an appropriate model is pivotal.

6. Discussion

This article presented a full circuital model, described in Section 2, as well as the re-
quired model parameters, in order to facilitate accurate SPICE-based modelling of three
different Schottky diodes under dynamic conditions.
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This model overcame the obvious limitations of previous studies involving simula-
tions of large-signal transient surges in PV plants, where the bypass diodes were omitted
or where their operation was overly simplified [13-16,22]. This model also overcame more
subtle implementation-related limitations, such as the application of large-signal stimuli
to small-signal models, by being constructed in such a way as to allow for the correct simu-
lation of large-signal transients. For this, the correct application of the voltage-dependent
capacitance, Cp, was crucial. In addition, with the inclusion of the parallel leakage resis-
tance, Ry, and the reverse diode, Dy, the presented model greatly improved the reverse
bias current-voltage behaviour over that provided by the standard SPICE large-signal
diode model. The resulting suitability to both small-signal and large-signal stimuli was
demonstrated in Section 4.5.

It was important to the authors that the resulting model be SPICE-compatible, for two
reasons: (1) as many SPICE-based simulators are open-source and/or free-to-use, this
allows many researchers the chance to implement the proposed model in their research
(without needing to purchase additional software licences), and (2) this ensured the great-
est possibility of cross-compatibility with other simulation packages, which are focussed
on other domains (such as CST Studio Suite 2021 by Dassault Systemes, an electromagnetic
simulation package [33]). Knowing this, the model is bound by the limitations of SPICE,
such as the inability to vary the component temperature throughout the simulation in a man-
ner that is bidirectionally coupled to the electrical parameters. A MATLAB Simulink [34]
model, such as in [4], based on first-principle operation, could overcome this limitation, but
this would conflict with the accessibility and cross-compatibility intentions of the authors
for this article.
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Appendix A. Bode 100 Signal Levels for Linear DUT Operation

The level of the signal at the output terminal of the Bode 100 is specified in dBm.
Specifying a source level in units of power is common in RF applications. In order to cal-
culate the voltage at the output port, Voytput, the source impedance, Zsoyrce, is required—
which in this case is 50 Q. Should a load impedance Zytpyt of 50 Q be connected directly
to the output terminal of the Bode 100, the power of the signal in watts at the output
port can be calculated using Equation (A2). Equation (A3) can then be used to calculate
Voutput- The voltage of the signal at the internal source, Vsource, can be calculated using
Equation (A4), which is only valid for equal source and load impedances. A number
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of power levels are listed in Table A1, along with the corresponding voltages at the internal
RF source and the output port.

P(W
P(dBm) = 101log,, (ﬁ) (A1)
P(dBm)

P(W) = (10~ 1 )(1 mW) (A2)
Voutput = Zoutputp(w) (A3)

Voutput
Vsource = M(Zouifpuif + Zsource) = 2Voutput (A4)

Zoutput

Table A1. Output power and corresponding voltages for a 50 Q system.

Power Level Output Voltage (RMS) RF Source Voltage (RMS)
[dBm] Voutput [mV] Vsource [mV]
=30 7.071 14.142
-29 7.934 15.868
—28 8.902 17.804
—27 9.988 19.976
—26 11.207 22.414
-25 12.574 25.149

As the magnitude of V,utpur depends on the voltage division between Zsgyrce and
Zoutput, for an unknown nonlinear load, one needs to ensure that Vj¢p,+ remains small
enough to ensure linearity of the test setup at all frequencies within the measurement range,
considering that as Zj,55 — 00, Voutput — Vsource-

Now that the RF source voltages corresponding to the power levels (in dBm) have
been calculated, the worst-case scenario voltage at the DUT can be calculated for the mea-
surement setup presented in Section 3.2.2. In order to calculate the highest possible Vp,
the following assumptions are made: (1) the impedance of the DC power supply, Zpc — oo,
and (2) the impedance of the capacitor, C, is negligible, which is true at high frequencies.
As Z;, — oo (i.e., when open-circuited), V1, approaches the voltage at the essential node,
Vmiq, which joins R¢, Rp, and C. Following these assumptions, Equation (A5) can be used
to calculate the maximum possible value of V), for different source levels.

Vsource(RA + RB) (RE + RD)

Viia = 7 + (Ra+Rp)(Rc+Rp+RE)
source Ra+Rp+Rc+Rp+Rg A5)
1 (
X

(RA+RB+RC‘|>RD+RE)

For reference, a number of values for V), are presented in Table A2 below, along with
the corresponding source levels. A common level for Schottky barrier diode capacitance
testing is 50 mVpp [11]—this corresponds with an RMS level of 17.678 mV at the DUT.
Any of the source levels presented in Table A2 would therefore guarantee linear operation
of the diodes.

Table A2. Output power and corresponding voltages for the open-circuited measurement bridge.

Power Level RF Source Voltage (RMS) Vapia (RMS)
[dBm] Vsource [mV] [mV]
—30 14.142 6.990
—-29 15.868 7.843
—28 17.804 8.800
—-27 19.976 9.874
—26 22.414 11.079

—25 25.149 12.431
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