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(57) Abstract: A photovoltaic (PV) panel simulator includes a high-side linear current source and an output circuit. The high-side
linear current source includes a voltage source and a feedback loop in which an operational amplifier controls the generation of source
current in response to a reference signal received from a controller and a feedback signal received via the feedback loop. The output
circuit produces an output current, and includes one or more components with configurable electrical parameters which, in combination,
simulate electrical characteristics of a PV panel. In response to connection of a load of an [V curve tracer, the PV panel simulator
produces an output current produced at a magnitude that settles from an initial state to approximately a steady state within a settling
time period. The settling time period precedes a measurement time period during which the I'V curve tracer measures the output current

and voltage in the steady state.

[Continued on next page]



WO 2024/229201 A | [I 0000000000020 0

TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM, KE,LR,LS, MW, MZ NA,RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2024/229201 PCT/US2024/027381

PHOTOVOLTAIC (PV) PANEL SIMULATION SYSTEM AND MEASUREMENT
TOOL CALIBRATION

BACKGROUND

Technical Field
[0001] The present disclosure pertains to systems that simulate a photovoltaic (PV) panel
for testing and calibrating electrical measurement tools such as current-voltage (IV) curve tracers

that are used to test and evaluate PV panels.

Description of the Related Art

[0002] A photovoltaic (PV) cell, also known as a solar cell, is a device that converts light
energy into electricity. A PV panel (or solar panel) includes one or more PV cells. PV panels
can vary in size and capacity for electricity production. Typical solar panels include an array of
PV cells that are connected to provide a combined electrical output.

[0003] Photovoltaic (PV) analyzers are electrical measurement tools that are used to test
the performance and efficiency of PV panels under different conditions. One type of test
measures the current and voltage of electrical output from a PV panel under different
environmental conditions, such as different light irradiance and temperature. This type of test
generates an “IV curve.” An IV curve is comprised of a number of current (I) and voltage (V)
measurements that are assembled into a graph. Electrical power is determined as a function of
the measured current and voltage. IV curve tracing provides effective evaluation of the
performance of a PV panel.

[0004] An IV curve tracer may be a standalone device or a functional aspect of a
multifunction PV analyzer. To generate an IV curve, an IV curve tracer applies a variable load
to a PV panel at different points in time, ranging from zero impedance (short circuit) to high
impedance (open circuit), and measures the current and voltage across the load at each instance
of time. The variable load is connected to the PV panel during a measurement pulse of short
duration. The IV curve tracer then plots the current and voltage measurements to display the IV
curve. By analyzing a measured IV curve, a technician can evaluate aspects of the PV panel such
as the maximum power point (MPP), fill factor (FF), short circuit current (Isc), and open circuit
voltage (Voc). A measured IV curve can also be used to identify problems or defects in the PV
panel by comparing the measured IV curve with an expected I'V curve based on specifications of
the PV panel.

[0005] Thus, an IV curve is useful to validate the operation of a PV panel. IV curve
tracing may be conducted during manufacturing, installation, and/or operation of the PV panel.
Regular testing of PV panels with IV curve tracing helps a PV panel operator ensure ongoing,
reliable power generation.

[0006] IV curve tracers themselves should be tested and calibrated from time to time to

ensure their proper operation. There ips an unmet need, however, for a system that can
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realistically and accurately simulate a PV panel that can be used to conveniently test and
calibrate field-capable IV curve tracers. Currently-available solar simulators operate at too low
power and/or cannot effectively test and calibrate field-capable IV curve tracers.

[0007] A PV panel simulation system is needed which produces an electrical output
similar to a PV panel, which quickly responds to measurement loads presented by an IV curve
tracer in short measurement pulses. A quick response is determined, at least in part, by the time
required for the current and voltage across the measurement load to settle to approximately a
steady state output current and voltage. What is also needed is a PV panel simulation system
having configurable parameters that enable the system to simulate different PV panels under

different environmental and load conditions.

BRIEF SUMMARY

[0008] Disclosed herein is a PV panel simulation system comprised of a high-side linear
current source and an output circuit that simulates electrical characteristics of a photovoltaic
(PV) panel. The high-side linear current source is comprised of a voltage source and a feedback
loop that quickly respond to measurement loads, ranging from a short circuit to open circuit, that
are connected to the PV panel simulation system in short measurement pulses.

[0009] The output circuit is configured to receive a source current from the high-side
linear current source and produce an output current that is delivered to a measurement load
connected to the PV panel simulation system. The output circuit includes one or more electrical
components with configurable parameters that, in combination, simulate electrical characteristics
of a PV panel.

[0010] In response to connection of a load to the PV panel simulation system, e.g., by an
IV curve tracer, the PV panel simulation system produces the output current at a magnitude that
settles from an initial state to approximately a steady state within a settling time period. This
settling time period precedes a measurement time period in which the IV curve tracer measures
the magnitude of the current and voltage across the load in the steady state.

[0011] By producing a carefully-sourced output current that has quickly settled before
each measurement is made by an IV curve tracer, the PV panel simulation system ensures that
the IV curve measured by the IV curve tracer represents the current operating condition of the IV
curve tracer. External calibration equipment (or possibly the PV panel simulation system) can
then compare the IV curve tracer’s measured IV curve with an expected IV curve based on
specifications of the PV panel being simulated, and determine any calibration corrections that
may be need to be applied to the IV curve tracer to ensure proper operation of the IV curve

tracer.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0012] Figure 1 is a graph that illustrates an example I'V curve measured by an IV curve

tracer connected to a photovoltaic (PV) panel.
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[0013] Figure 2 is a circuit diagram that illustrates a lumped circuit model of a PV panel
simulator according to the present disclosure, connected to a load of an IV curve tracer.

[0014] Figure 3 is a timing diagram illustrating the output of a PV panel simulator
according to the present disclosure, operating in response to a measurement pulse of an IV curve
tracer.

[0015] Figure 4 is a circuit diagram illustrating one example of a PV panel simulator

according to the present disclosure, connected to a load of an IV curve tracer.

DETAILED DESCRIPTION

[0016] The present disclosure addresses a need for a photovoltaic (PV) panel simulation
system that can produce an electrical output similar to a PV panel, wherein the electrical output
quickly responds to measurement loads presented in short measurement pulses by a measurement
tool, such as an IV curve tracer. The present disclosure also addresses a need for a PV panel
simulation system having components with configurable parameters that enable a user to adjust
the PV simulator so as to simulate different PV panels under different environmental and load
conditions.

[0017] A PV panel simulation system as disclosed herein, also referred to herein as a PV
panel simulator, produces an output current that settles to approximately a steady state before a
measurement is made by an IV curve tracer. In this manner, the PV panel simulator ensures that
an IV curve measured by the IV curve tracer represents a true measurement by the I'V curve
tracer.

[0018] Calibration of the IV curve tracer, if needed, can then be accomplished by taking
the measured IV curve measured by IV curve tracer and comparing it with an expected IV curve
based on specifications of the PV panel being simulated. Based on detected differences, if any,
between the measured IV curve and the expected IV curve, external calibration equipment (or
possibly the PV panel simulator) can determine a calibration correction that, when applied to the
IV curve tracer, ensures proper operation of the IV curve tracer.

[0019] In at least one implementation, a PV panel simulation system (or “PV panel
simulator”) as described herein includes a high-side linear current source and an output circuit
that simulates electrical characteristics of a PV panel. The high-side linear current source
includes a voltage source and a feedback loop that enable the PV panel simulator to quickly
respond to measurement loads presented by an IV curve tracer. The measurement loads are
connected to the PV panel simulator in short measurement pulses.

[0020] In at least one implementation, the feedback loop of the PV panel simulator
includes an operational amplifier and a current sense resistor. The operational amplifier controls
the source current generated by the high-side linear current source in response to a reference
signal and a feedback voltage. The reference signal is received from a controller using, for
example, a digital-to-analog converter (DAC), and the feedback voltage is received from the
current sense resistor in the feedback loop. In this manner, the high-side linear current source is

configured to generate a desired source current and is able to react quickly to different loads
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presented by an IV curve tracer. The reference signal from the controller controls the generation
of different magnitudes of source current by the high-side linear current source in order to
simulate a PV panel under different environmental conditions.

[0021] The output circuit of the PV panel simulator receives the source current generated
by the high-side linear current source and produces an output current that is delivered to the
measurement load presented by the IV curve tracer. In at least one implementation, the output
circuit includes one or more electrical components having configurable parameters that simulate
known electrical characteristics of a PV panel. In this manner, a user is able to configure the
components of the output circuit so that the PV panel simulator simulates electrical
characteristics of different PV panels.

[0022] In response to connection of a load, e.g., by an IV curve tracer, the output current
produced by the PV panel simulator settles from an initial state to approximately a steady state
within a settling time period. This settling time period precedes the measurement time period in
which the IV curve tracer measures the current and voltage across the load in the steady state.
The settling time period of the PV panel simulator is equal to or less than the settling time
required by the IV curve tracer to make accurate current and voltage measurements of a
connected load.

[0023] Figure 1 is a graph that illustrates one example of an IV curve 100 that may be
measured by an IV curve tracer connected to an output node of a PV panel. The PV panel may
be an actual PV panel or it may be a PV panel simulator as described herein.

[0024] The IV curve 100 is comprised of a series of current and voltage measurements
made by the IV curve tracer. The series of current and voltage measurements are assembled into
a graph as illustrated in Figure 1. The vertical axis of the graph represents the measured current I
(e.g., measured in amperes) and the horizontal axis of the graph represents the measured voltage
V (e.g., measured in volts).

[0025] Initially, when the IV curve tracer connects a short circuit load to the output node
of the PV panel (or PV panel simulator), the measured voltage across the short circuit load is
zero and the measured current is a short-circuit current Isc, as indicated at point 102. As loads of
increasing impedance are connected to the output node by the IV curve tracer, additional
measurements of the current and voltage at the output node are made and included in the graph
as shown in Figure 1. In the example IV curve 100, the output current that flows through the
loads initially connected by the IV curve tracer remains relatively constant even though the
measured voltage at the output node continues to increase. This continues until the impedance of
the loads presented by the IV curve tracer are a high enough that the measured output current
begins to drop until a point 104 is reached at which the load presented by the IV curve tracer is
an open circuit load. At point 104, the measured current is zero and the measured voltage is at a
maximum.

[0026] As illustrated in Figure 1, there is a point 106 at which the PV panel outputs a

maximum electrical power. Electrical power determined as a function of the measured current
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and voltage. The maximum electrical power of the PV panel is determined by a combination of
the output current (Imp) and the output voltage (Vmp) at point 106.

[0027] An 1V curve, such as the IV curve 100, is used to validate the operation of a PV
panel. As noted earlier, the PV panel may be tested during manufacture, installation, and/or
ongoing operation of the PV panel. IV curve measurements may be compared to an expected
“benchmark” IV curve to assess the performance of the PV panel.

[0028] Figure 2 is a circuit diagram 200 that illustrates a lumped circuit model of a PV
panel, which may be an actual PV panel or a PV panel simulator according to the present
disclosure. As will be explained below, the PV panel represented by the lumped circuit model in
Figure 2 is connected to a load, which may be a load presented by an IV curve tracer.

[0029] In the circuit diagram 200, the lumped circuit model of the PV panel includes
portions forming a current source 202, an output circuit 204, and a load 206. The current source
202 includes current source circuitry 208 that produces a source current. The output circuit 204
includes components that model known characteristics of a PV panel. These components are
represented by a diode 210 arranged in parallel with a shunt resistor 212 and in series with a loss
resistor 214. A portion of the source current generated by the current source circuitry 208 flows
through the diode 210 while another portion of the source current flows through the shunt
resistor 212. The remaining current (Iout) flows through the loss resistor 214 to an output node
218 of the PV panel. A load 216, e.g. as presented by an IV curve tracer, is connected between
the output node 218 and a connection node 220. The output current Iout flows through the load
216. During a measurement time period as described hereafter, the IV curve tracer measures the
magnitude of the current Tout and the voltage at the output node 218.

[0030] The diode 210 shown in Figure 2 represents a diode characteristic of the output
circuit 204. In an actual implementation of an output circuit of a PV panel simulator 400 as
illustrated in Figure 4, the diode characteristic of the output circuit is achieved using multiple
components that are arranged to handle high amounts of current. In other words, the diode 210
in Figure 2 is symbolic of a diode characteristic and may include more than a single diode
element.

[0031] Figure 3 is a graph that illustrates a timing diagram 300 of an output current
produced by a PV panel simulator according to the present disclosure. The timing diagram 300
shows the response of the PV panel simulator to a measurement pulse of an I'V curve tracer
connected to the PV panel simulator.

[0032] IV curve tracers measure fairly large amounts of current and voltage, which may
be on the order of 20A of current at 30V, for example. Such amounts of current and voltage
require an IV curve tracer to dissipate a large amount of electrical power in the form of heat. At
the same time, it is generally not practical for a field-capable IV curve tracer to have a
sophisticated heat dissipation arrangement such as large heatsinks and/or fans. Therefore, a field-
capable I'V curve tracer generally operates by measuring current and voltage of a PV panel in
brief measurement pulses. In order to trace a useful and accurate IV curve, each measurement

pulse must have a measurement time period that is long enough for the IV curve tracer to
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accurately sample the current and voltage at a steady state. In some implementations, the
measurement pulses of the IV curve tracer present a series of loads that shift from a short circuit
or near-short circuit condition to a load of higher impedance. In other implementations, the
measurement pulses of the IV curve tracer presents a series of loads that shift from an open-
circuit condition to a load of lower impedance. Regardless, the IV curve tracer measures the
current and voltage of the PV panel in measurement pulses which allow the internal components
of the IV curve tracer to cool down between measurements.

[0033] In the example shown in Figure 3, the vertical axis of the timing diagram 300
indicates the magnitude of the output current of the PV panel simulator and the horizontal axis
indicates time. At a time t0, the timing diagram 300 illustrates a time period 302 in which the
PV simulator is in an open circuit condition (i.e., the load connected to the PV simulator is very
high or completely removed). During this time period 302, the output current Ioc is essentially
zero and the internal components of the IV curve tracer are cooling or have cooled.

[0034] The measurement pulse begins at time t1 with an initial time period 304 in which
the PV simulator is set in an initial state. In some implementations, the initial state is a short
circuit state in which the I'V curve tracer connects a short circuit load to the PV simulator. The
PV simulator quickly produces an output current having a magnitude Isc as shown by the dashed
line in Figure 3. In other implementations, the initial state is an open circuit state in which the
PV simulator remains in an open circuit condition.

[0035] At time t2, the measurement pulse begins a settling time period 306. The settling
time period 306 begins with the IV curve tracer connecting a selected load to the PV simulator.
During the settling time period 306, the output current of the PV simulator quickly transitions, or
settles, to approximately a steady-state output current 312. In implementations where the initial
state of the PV simulator is a short circuit state, the magnitude of the output current of the PV
simulator quickly decreases from Isc to a point 314 at which the output current has
approximately reached a steady-state magnitude 312. In other implementations where the initial
state of the PV simulator is an open circuit state, at time t2 the magnitude of the output current of
the PV simulator quickly increases to a point 316 at which the output current has approximately
reached the steady-state magnitude 312. In the present disclosure, the output current has
approximately reached the steady-state magnitude 312 when the magnitude of the output current
is near the steady-state magnitude 312, within for example +/- 10% or +/-5% of the steady-state
magnitude 312. Notably, and important to the present disclosure, the settling time period 306
concludes before the measurement time period 310 of the IV curve tracer. The measurement
time period 310 is the period of time in which the IV curve tracer measures the magnitude of the
output current and voltage at the output node in a steady state condition.

[0036] In some cases, the measurement pulse includes a stabilization time period 308 in
which the magnitude of the output current of the PV simulator stabilizes at or very near the
steady-state magnitude 312. Thus, after the settling time period, the magnitude of the output

current reaches the steady state during a stabilization time period, which in various
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implementations may be in a range of 150-250 psec. In at least one implementation, the
stabilization time period is approximately 200 usec.

[0037] The measurement time period 310 thereafter begins at time t4 and ends at time t5.
During the measurement time period 310, the IV curve tracer measures the magnitude of the
output current and voltage at the output node in a steady state condition.

[0038] At time t5, the measurement time period 310 ends, and the IV curve tracer returns
the PV simulator to an open circuit condition by connecting a very high impedance load or
removing the load from the PV simulator altogether. After time t5, with the PV simulator in the
open circuit condition, the timing diagram 300 returns to time tO for the next measurement pulse.
The timing diagram 310 is repeated for each measurement point in the IV curve until the IV
curve is completed, e.g., as illustrated in Figure 1.

[0039] Figure 4 is a circuit diagram illustrating one example of a PV panel simulator 400
configured according to the present disclosure and connected to a load 406 of an IV curve tracer.
[0040] In the example shown, the PV panel simulator 400 includes a high-side linear

current source 402 and an output circuit 404. The high-side linear current source 402 is
configured to generate a source current that is delivered to the output circuit 404. The high-side
linear current source 402 includes, at least in part, a voltage source V1 and a feedback loop that
include a number of circuit elements. The feedback loop is implemented, in part, with an
operational amplifier Ul that controls the source current generated by the high-side linear current
source 402. The source current is generated in response to a reference signal received by the
operational amplifier Ul from a controller V2 via a unity gain buffer U2 and a feedback signal
received via the feedback loop.

[0041] The output circuit 404 is configured to receive the source current from the high-
side linear current source 402 and produce an output current at an output node 408. The output
circuit 404 includes one or more components having configurable electrical parameters that, in
combination, simulate electrical characteristics of a PV panel.

[0042] As described herein, in response to connection of a load, e.g., R15 of an IV curve
tracer, to the output node 408, the output current delivered to the load R15 has a magnitude that
settles from an initial state to approximately a steady state within a settling time period. The PV
panel simulator 400 is configured, as described herein, with settling time period that precedes a
measurement time period during which the IV curve tracer can measure the magnitude of the
output current and voltage at the output node 408 in the steady state. The measurement time
period of the IV curve tracer is based on a timing of a measurement pulse (e.g., as shown in
Figure 3) during which the IV curve tracer measures the magnitude of the output current and the
voltage at the output node 408.

[0043] The controller V2 in the high-side linear current source 402 may be a digital-to-
analog converter (DAC). The operational amplifier U1 operates in response to a reference signal
received from the DAC and the feedback voltage received via the feedback loop to control the

source current produced by the high-side linear current source 402.
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[0044] In the example shown in Figure 4, the feedback loop includes a current sense
resistor R1 that is coupled between the voltage source V1 and a transistor network 410. The
feedback voltage provided to the operational amplifier U1 via resistor R4 depends at least in part
on the voltage across the current sense resistor R1. The operational amplifier U1 is configured to
control operation of the transistor network 410 such that the source current delivered to the
output circuit 404 is generated from current flowing through the current sense resistor R1 and the
transistor network 410. Because the PV panel simulator 400 is implemented using a high-side
current source 402, the current source 402 acts as a current source rather than a current sink.

[0045] In the example shown in Figure 4, the transistor network 410 is comprised of
multiple transistors, e.g., positive metal oxide semiconductor (PMOS) transistors M1 and M2,
arranged in parallel and having respective gate terminals coupled to an output of the operational
amplifier Ul. The output of the operational amplifier U1 thus controls the electrical impedance
of the transistor network 410. As can be seen, the operational amplifier U1 is configured to
control operation of the transistor network 410 based on a combination of the reference signal
from the controller (DAC) V2 and the voltage across the current sense resistor R1.

[0046] In the example shown in Figure 4, the feedback voltage is coupled to an inverting
input of the operational amplifier Ul. Separately, a constant reference voltage obtained from a
voltage divider comprised of resistors R6 and R7 is coupled to a non-inverting input of the
operational amplifier Ul. The operational amplifier U1 is configured to control the source
current based on the received feedback voltage so as to minimize a voltage difference between
the inverting and non-inverting inputs. Based on a voltage difference between the DAC and the
current sense resistor, the operational amplifier Ul simultaneously drives the parallel PMOS
transistors M1 and M2, which act as a single device.

[0047] The operational amplifier U1 thus controls the transistor network 410 (in this
case, the two PMOS devices M1, M2) so that the voltage divider comprised of R1, R4, and RS
arranged with the controller (DAC) V2 maintains a feedback voltage at the inverting (-) input of
the operational amplifier U1 that is the same as the constant voltage provided by the voltage
divider R6 and R7 at the non-inverting input (+). With a feedback topology as shown, the
operational amplifier Ul operates to maintain (as best possible) a zero-voltage difference
between the inverting and non-inverting inputs, so as to maintain the linear operation of the high-
side linear current source 402.

[0048] The reference signal (i.e., output voltage) of the controller (DAC) V2 essentially
sets the amount of the source current that is produced by the high-side linear current source 402.
If, for example, the DAC is set to output a reference signal of zero, then the voltage divider of
R1, R4, and RS (with a voltage drop across the current sense resistor R1 being negligible) will
produce a feedback voltage at the inverting input of the operational amplifier U1 that matches the
constant voltage developed by the voltage divider of R6 and R7 at the non-inverting input. If, by
way of example, the DAC instead outputs a reference signal of 5V and assuming the current
sense resistor R1is 0.1 ohm, the high-side linear current source 402 will need a voltage drop of 2

volts across the current sense resistor R1 in order to maintain the same voltage input at the non-
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inverting and inverting inputs of the operational amplifier Ul. Accordingly, the operational
amplifier U1 will produce an output that drives the gates of the PMOS transistors M1 and M2 to
allow a source current of 20 amps to flow through them, thereby achieving a 2 volt drop across
the current sense resistor R1 (20A*0.1 ohm = 2 volts). In this example, the high-side linear
current source 402 is able to quickly generate a desired source current of 20 amps.

[0049] As noted earlier, the output circuit 404 includes one or more electrical
components that provide the output circuit 404 with a diode characteristic. Such electrical
components in the example shown in Figure 4 include a Zener diode D1 arranged in parallel with
a PMOS transistor M3 in series with a resistor R2 to ground. The diode characteristic in the
output circuit 404 is arranged in parallel with a shunt resistor R13 and in series with a loss
resistor R14. The loss resistor R14 is coupled to the output node 408. The one or more electrical
components D1, M3, R2 providing the diode characteristic, the shunt resistor R13, and/or the
loss resistor R14 are user configurable. A user can thus configure the electrical components to
simulate different electrical characteristics of different PV panels. The output circuit 404 may
further include a configurable shunt capacitor Cshuntl arranged in parallel with the one or more
electrical components D1, M3, R2 that provide the diode characteristic.

[0050] While there are PV panel simulators in the market designed for testing inverters
that boost the output voltage of a PV panel, such PV panel simulators are incapable of calibrating
IV curve tracers. The output of such PV panel simulators are not able to respond quickly enough
to operate correctly with short duration measurement pulses of a field-capable IV curve tracer.
Typical DC bench supplies have a similar deficiency. This is because DC bench supplies
generally sacrifice response time in favor of stability.

[0051] In contrast to known PV panel simulators, the PV panel simulator described
herein is able settle its output current and voltage in a short settling time period that concludes
before (i.e., precedes) the measurement time period of the IV curve tracer measurement pulse.
The particular settling time in a PV panel simulator of the present disclosure depends largely on
the selection of components such as the PMOS transistors and on the shunt capacitance used. In
some implementations, the settling time period may be in a range of 2-100 psec. In some
implementations, the settling time period may be as short as approximately 2 usec (+/- 1 usec).
In other implementations, the settling time period may be approximately 100 usec, or more.
Implementations of the PV panel simulator described herein tolerate having the output node 408
short-circuited and open-circuited without damage or disturbance to the PV panel simulator or
the IV curve tracer. The PV panel simulator described herein is able to realistically simulate the
electrical characteristics of an actual solar panel.

[0052] Implementations of the PV panel simulator described herein are also user-
programmable (e.g., using knobs or other physical or logical configuration tools) to allow a user
to vary parameters such as output current, output voltage, series and shunt resistance, and shunt
capacitance, to simulate a variety of PV panels under different environmental and load

conditions.
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[0053] By quickly producing an output current and voltage within a settling time period
that precedes the measurement time period of the IV curve tracer, the PV panel simulator enables
the IV curve tracer to measure an IV curve and that the measurements accurately represent the
operation of the IV curve tracer. The IV curve thus generated by the PV panel simulator can be
used for calibrating the IV curve tracer.

[0054] Calibration is a process of comparing the reading or performance of a
measurement tool, such as an IV curve tracer, with a reference standard of known accuracy.
Calibration of the IV curve tracer may be performed by comparing the IV curve measured by the
IV curve tracer with an expected IV curve (“known standard”). The known standard in this case
is based on specifications of the PV panel being simulated by the PV panel simulator, operating
under known conditions. If the IV curve measured by the IV curve tracer differs from the known
standard, one or more calibration corrections may be determined and applied to the IV curve
tracer to cause the I'V curve tracer to output a measured IV curve that matches the known
standard under the same operating conditions as previously tested. The one or more calibration
corrections may be determined and applied to the IV curve tracer by the PV panel simulator or
by other external calibration equipment in communication with the IV curve tracer.

[0055] In some implementations, the PV panel simulator may thus comprise one or more
processors that are configured to compare an IV curve measured by the IV curve tracer with an
expected IV curve, and determine one or more calibration corrections to be applied to the IV
curve tracer based on a difference between the IV curve produced by the IV curve tracer and the
expected IV curve. The expected IV curve may be a known standard that is based on
specifications of the PV panel being simulated by the PV panel simulator, operating under
known conditions. In some implementations, the IV curve measured by the IV curve tracer is
communicated to external calibration equipment that is configured to compare the IV curve
produced by the IV curve tracer with the expected IV curve and determine and apply the one or
more calibration corrections. In some implementations, the PV panel simulator is configured to
determine and apply the one or more calibration corrections to the IV curve tracer.

[0056] As evident from the foregoing description, the present disclosure encompasses
methods for calibration of a measurement tool (e.g., for IV curve tracing) as described herein. In
at least one implementation, a method for calibration of a measurement tool for IV curve tracing
includes configuring a PV panel simulation system as described herein to simulate a PV panel,;
connecting the measurement tool to the PV panel simulation system and measuring an IV curve
based on voltage and current output by the PV panel simulation system; communicating the IV
curve to calibration equipment that is configured to compare the IV curve with an expected IV
curve for the PV panel being simulated; and determining one or more calibration corrections for
the measurement tool based on a comparison of the IV curve with the expected IV curve. The
method may further include applying the one or more calibration corrections to the measurement
tool.

[0057] An aspect of the PV panel simulator described herein is that it includes a linear

implementation of the high-side current source which, as configured herein, quickly produces a

10



WO 2024/229201 PCT/US2024/027381

source current without the use of a switching converter. Such implementations allow the PV
panel simulator to have a negligible output capacitance, allowing a sufficiently fast response to
transients caused by different loads being connected to the PV panel simulator.

[0058] The various embodiments described above can be combined to provide yet further
embodiments. These and other changes can be made in light of the above-detailed description.
In general, in the following claims, the terms used should not be construed to limit the claims to
the specific embodiments disclosed in the specification and claims, but should be construed to
include all possible embodiments along with the full scope of equivalents to which such claims

are entitled.
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CLAIMS

1. A photovoltaic (PV) panel simulation system, comprising:

a high-side linear current source configured to generate a source current, wherein the
high-side linear current source is comprised of a voltage source and a feedback loop, the
feedback loop being implemented with an operational amplifier that controls the source current
in response to a reference signal received from a controller and a feedback signal received via the
feedback loop; and

an output circuit configured to receive the source current and produce an output current,
the output circuit including one or more configurable electrical parameters which, in
combination, simulate electrical characteristics of a photovoltaic (PV) panel,

wherein, in response to connection of a load of a current-voltage (IV) curve tracer to the
output circuit, the output current is produced at an output node at a magnitude that settles from an
initial state to approximately a steady state within a settling time period, and

wherein the settling time period precedes a measurement time period during which the IV
curve tracer can measure the magnitude of the output current and voltage across the load in the

steady state.

2. The PV panel simulation system of claim 1, wherein the measurement time period
is based on a timing of a measurement pulse during which the IV curve tracer measures the

magnitude of the output current and voltage at an output of the PV panel simulator.

3. The PV panel simulation system of claim 1, wherein the settling time period is in

a range of 2-100 psec.

4. The PV panel simulation system of claim 3, wherein the settling time period is

approximately 2 usec.

5. The PV panel simulation system of claim 1, wherein, after the settling time
period, the magnitude of the output current reaches the steady state during a stabilization time

period in a range of 150-250 psec.

6. The PV panel simulation system of claim 5, wherein the stabilization time period

is approximately 200 psec.

7. The PV panel simulation system of claim 1, wherein the controller includes a
digital-to-analog converter (DAC), and the operational amplifier controls the source current in
response to a reference signal received from the DAC and the feedback signal received via the

feedback loop.

12
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8. The PV panel simulation system of claim 7, wherein the feedback loop includes a
current sense resistor coupled between the voltage source and a transistor network, and the

feedback signal depends at least in part on a voltage across the current sense resistor.

9. The PV panel simulation system of claim 8, wherein the operational amplifier is
configured to control operation of the transistor network such that the source current is generated

from current flowing through the current sense resistor and the transistor network.

10.  The PV panel simulation system of claim 8, wherein the transistor network is
comprised of multiple positive metal oxide semiconductor (PMOS) transistors arranged in
parallel, having respective gate terminals coupled to an output of the operational amplifier that

controls an electrical impedance of the transistor network.

11. The PV panel simulation system of claim 8, wherein the operational amplifier is
configured to control an operation of the transistor network based on a combination of the

reference signal from the DAC and the voltage across the current sense resistor.

12.  The PV panel simulation system of claim 1, wherein:

the feedback voltage is coupled to an inverting input of the operational amplifier;

a reference voltage is coupled to a non-inverting input of the operational amplifier; and
the operational amplifier is configured to control the source current by minimizing a

voltage difference between its inverting and non-inverting inputs.

13. The PV panel simulation system of claim 1, wherein the output circuit includes
one or more electrical components providing a diode characteristic arranged in parallel with a
shunt resistor and in series with a loss resistor, wherein the loss resistor is coupled to the output

node of the PV panel simulator.

14.  The PV panel simulation system of claim 13, wherein the one or more electrical
components providing the diode characteristic, the shunt resistor, and/or the loss resistor are user

configurable to simulate different electrical characteristics of different PV panels.

15.  The PV panel simulation system of claim 14, wherein the output circuit further
includes a configurable shunt capacitor in parallel with the one or more electrical components

providing the diode characteristic.
16. The PV panel simulation system of claim 1, further comprising one or more

processors configured to compare an IV curve measured by the IV curve tracer with an expected

IV curve, and determine one or more calibration corrections to be applied to the IV curve tracer

13
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based on a difference between the IV curve measured by the IV curve tracer and the expected IV

curve.

17.  The PV panel simulation system of claim 16, wherein the expected IV curve is a
known standard based on specifications of the PV panel being simulated by the PV panel

simulator, operating under known conditions.

18.  The PV panel simulation system of claim 16, wherein the PV panel simulator is

configured to determine and apply the one or more calibration corrections to the IV curve tracer.

19. A method for calibration of a measurement tool for IV curve tracing, comprising:

configuring a PV panel simulation system according to claim 1 to simulate a PV panel,

connecting the measurement tool to the PV panel simulation system and measuring an IV
curve based on voltage and current output by the PV panel simulation system;

communicating the IV curve to calibration equipment that is configured to compare the
IV curve with an expected IV curve for the PV panel being simulated; and

determining one or more calibration corrections for the measurement tool based on a

comparison of the IV curve with the expected IV curve.

20. The method of claim 19, further comprising applying the one or more calibration

corrections to the measurement tool.

14



PCT/US2024/027381

WO 2024/229201

100

102

106

ISC

| (A)

V(V)

FiG. 1

r-_=—-=--=-=-=-==-==-===-"=== |
| o0 © (] |
| - « N |
-/n N 2/ N I
N M _
_ _
_ _
L o e e o o e e e e e e e e — |
4
b
' W\ N
N
mﬁ . S
(e} — 1 N
- —>
—— W —s
Id
—>
[ @
o
-
N
B e S
_ _
_ _
_ _
Ve 0 :
| o |
_ N _
g UL U U — . |



WO 2024/229201

T

SC

— —

\

273

306 [308

314

PCT/US2024/027381

300

[310

312

<

316

ocC |

t t

FiG. 3




PCT/US2024/027381

WO 2024/229201

peoT y
Gl

m Jjunys o 2y

€1y s
: "~ punyso|
| §S07 Y EN epoig | !
: LQ 7| 1ouaz :
; * ¢
: y1Y apoId 1190 Ad ]

20In0g
abejjon

W e

N\

¢0v : wosues 1Y
' uaung




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2024/027381

A. CLASSIFICATION OF SUBJECT MATTER
INV. H02850/00

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO028

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X NGUYEN-DUY KHIEM ET AL: "High Dynamic 1-7,
Performance Nonlinear Source Emulator", 13-15,
TIEEE TRANSACTIONS ON POWER ELECTRONICS, 19,20

INSTITUTE OF ELECTRICAL AND ELECTRONICS
ENGINEERS, USA,

vol. 31, no. 3, 1 March 2016 (2016-03-01),
pages 2562-2574, XP011590486,

ISSN: 0885-8993, DOI:
10.1109/TPEL.2015.2437880

[retrieved on 2015-11-16]

A pages 2562-257 8-12,
16-18

I:‘ Further documents are listed in the continuation of Box C. |:| See patent family annex.

* Special categories of cited documents : ) ) ) - o
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international "X document of particular relevance;; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other " document of . . - - -
. bt particular relevance;; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
5 September 2024 20/09/2024
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016 Boero, Mauro

Form PCT/ISA/210 (second sheet) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - wo-search-report

