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H I G H L I G H T S

Photovoltaics emulators provide weather 
independence and output scalability.
Our software focused emulator offers 
high accuracy and reproducibility.
We improved convergence and reduced 
ripple for electrochemical devices.
We show reliability and 1 s response 
time in two 24 h validation runs.
The emulator consists of off the shelf 
hardware and free and open source soft-
ware.
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 A B S T R A C T

Coupling photovoltaics to electrochemical devices is one of the major routes to overcome intermittent power 
generation and facilitate further PV deployment. However, for practical tests researchers are often at the 
whims of the environmental conditions at their testing sites. Experimental devices may be constrained 
to laboratory environments, which makes coupling to physical photovoltaics impractical. To avoid these 
limitations, photovoltaic devices can be emulated using highly specialized custom hardware. Adding to this 
development, we show emulation in software using only common functions available in many off the shelf 
laboratory power supplies. This approach offers maximum flexibility in choosing a photovoltaic model and 
operating conditions, both of which may be measured, predicted or entirely artificial. It is geared towards 
electrochemistry updating the output 2 times per second typically and reproducing the current–voltage 
characteristics of the photovoltaic device with high accuracy (0.3% error). It also provides fast convergence 
for electrochemical loads and protects them from excessive ripple currents.
. Introduction

Storage of electrical energy generated by photovoltaics (PV) is one 
f the key issues in the global transition to green energy [1,2]. The 
ntermittent PV generation requires particularly long-term energy stor-
ge. Electrochemical devices are expected to back PV up by producing 
arbon free fuel (water electrolysis) [3–6] or sinking CO2 into other 
seful chemicals (electrochemical CO2 reduction) [7–11].
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These electrochemical devices however perform best under con-
stant power and may suffer performance loss and early failure due to 
accelerated degradation under significant power fluctuations [12–14]. 
Achieving a good capacity factor and longevity in electrolyzer devices 
is the major challenge in coupling to PVs which are naturally intermit-
tent due to diurnal cycles, seasonality and environmental conditions. 
Therefore measuring the effects which these fluctuations in power 
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supply have on electrochemical devices is essential for evaluating their 
dynamic performance and wear.

While it is possible to perform such tests using a physical PV 
device connected to an electrolyzer, emulation of the PV device offers 
much greater flexibility. An adequate PV-emulation device offers the 
possibility to test an arbitrary time-series of conditions, with arbitrary 
PV devices, in a reproducible manner within a laboratory. This way, 
standard reproducible tests can be performed to ensure comparability 
of results from electrochemical devices. The versatility of this approach 
motivates development of various PV emulators, e.g. [15,16], including 
some large scale commercially available solutions, e.g. [17–19]. They 
are, however, not common equipment in electrochemistry labs due to 
their highly specialized nature. In this work we describe a software 
focused approach to realizing a PV emulator with off-the-shelf compo-
nents which should be readily available in a typical electrochemistry 
laboratory.

We built the emulator described here to accurately replicate the 
behavior of a photovoltaic cell or module under various operating 
conditions. In other words the emulator is developed to reproduce any 
required IV characteristic of a PV device. For example, researchers 
may want to study direct coupling of an experimental PV-module 
(𝑉OC =56V) to an also experimental electrochemical cell. However, 
a single laboratory scale (e.g. 5 cm2) water electrolysis cell is severely 
mismatched, especially in terms of voltage. In this case, either a spe-
cialized PV module must be developed, or the electrolyzer cell must 
be upscaled and stacked, or both, to match the IV characteristics of 
both devices. These ‘‘fine-tuning’’ adjustments are very challenging 
tasks performed by different research groups over long periods of 
time and can only cover one specific combination. Alternatively, the 
researchers would have to acquire a specialized hardware emulator 
with matching electrical characteristics, the ability to scale the output 
current and voltage, and to be programmable with specific, publicly 
not yet available module characteristics. If they scale up to larger 
cells or stacks they likely need another emulator device. The free 
and open source software (FOSS) based emulator presented in this 
article can solve all these issues and more. Any complex scenario 
of irradiance and temperature for the PV module over the required 
time frame can be accurately replicated the required number of times, 
facilitating detailed and reproducible comparison of different electro-
chemical devices under realistic conditions. The proposed emulation 
can interface with already available devices at various electrical power 
scales and take the required scaling and modeling inputs. In contrast to 
proprietary code on commercial emulators it can be adapted without 
restriction. For example, our code (in supplement) provides emulation 
of typical IV-curves. If a study requires emulation of more specific 
effects, such as shadowing or degradation, the model or time series to 
describe these effects, be it measured or generated, must be developed 
by the researchers conducting that study. For compatibility with our 
code the addition needs to provide either IV-curves or IEC60891:2021 
compatible parameters and the fobj callable object (defined at line 
46 interpolation version, at line 161 IEC norm version) needs to be 
updated in the main control loop update section (starting from line 200 
interpolation version, starting from line 227 IEC norm version). Therein 
lies the unique flexibility and the novelty of our approach. Accuracy can 
be best in class when using appropriate hardware. The only significant 
limitation is the slow reaction time of 1 s.

The commercial solutions [17–19] offer similar input features as our 
software for data input (IV-curves, operating conditions), but start at a 
power of 2 kW, which is not suitable for experiments with single cells. 
However, they claim maximum power point tracking capability, which 
our approach cannot offer due to its slow reaction time. To the best of 
our knowledge no other FOSS besides our PV emulator is available at 
the time of writing.

Methods (Section 2) describes the algorithm used for tracking the 
correct working point and the PV models we used with the emulator. 
We then evaluate the emulator’s capabilities in Section 3 followed by 
a discussion of the performance we found in Section 4. We conclude 
with Section 5 remarking on the capabilities and potential applications 
of the emulator.
2 
2. Methods

Our goal in choosing the components for the emulator was to ensure 
flexibility and accessibility. Therefore, we chose the Keithley 2460 
SMU (source measure unit) [20]. It offers a wide array of connectivity 
(Ethernet, USB, GPIB and TSP-Link). It also uses the SCPI (Standard 
Commands for Programmable Instruments [21]) command set which 
is common in laboratory bench top devices. The emulation is imple-
mented using a Python script which controls the SMU output (script 
in supplementary information). The gap between the high-level, open-
source Python and the hardware interface of the SMU is bridged by 
the National Instruments VISA library in conjunction with the PyVisa 
package. Although VISA is not open source, it is freely available [22] 
and the Windows operating system was chosen for its ubiquity (how-
ever we expect that the developed solution will be functional on other 
platforms, e.g. Linux).

The versatility and use of typical electrochemical lab components 
comes at the cost of bandwidth. The emulator has much smaller band-
width than the physical device, i.e. the emulator updates the output 
at a minimum time step of 0.5 s while a physical PV module typically 
takes 0.1ms to 10ms to settle (within 10%) after a step change in irradi-
ance [23]. This fortunately has little impact on the use of the emulator 
to replicate the power output of a typical terrestrial PV installation, 
e.g. over one day. Frequency analysis of such measurements shows no 
significant contributions above 0.1Hz (see e.g. [24]) requiring a settling 
time of ≤5 s.

2.1. Resistance line algorithm

The algorithm at the heart of the Python script (see supplemental) 
is inspired by [16]. We have implemented it by using the ability of 
the SMU to measure and report back current and voltage while setting 
a maximum output voltage and limiting current, i.e. working as a 
current-limited voltage source. The emulator can be used in two-wire 
or four-wire mode to minimize the impact of wire resistances.

The working principle of the algorithm is depicted in Fig.  1: As 
an input the emulator takes a current–voltage-curve (IV-curve) of the 
device it will emulate in tabular form. The IV-curve is analyzed and 
three key quantities are determined: open circuit voltage 𝑉oc, voltage 
at the maximum power point 𝑉mpp and current at the maximum power 
point 𝐼mpp. The emulator starts with a default assumption for the load 
resistance of 𝑅0 = 𝑉mpp∕𝐼mpp (the so-called characteristic resistance 
of a PV device). Initially the output voltage is set to the open circuit 
voltage 𝑉oc of the emulated PV device and the current is limited to 
𝐼lim = 𝐼mpp (Fig.  1 A). The program then immediately continues by 
starting the control loop.

At the start of the first control loop cycle the emulator measures 
the load voltage and current under the initial conditions. Depending 
on the load this could be either 𝑉l = 𝑉oc and 𝐼l ≤ 𝐼mpp or 𝑉l < 𝑉oc and 
𝐼l = 𝐼mpp. We refer to this point in the IV plot as the working point 
(WP in Fig.  1 B). From Ohm’s law the program finds an estimate of the 
load resistance 𝑅l = 𝑉l∕𝐼l. Based on this estimate, the program finds 
the intersection of the IV-curve of the PV device 𝐼PV(𝑉 ) and the linear 
function given by 𝐼R(𝑉 ) = 1∕𝑅l ⋅ 𝑉l (IP in Fig.  1 C). This function is 
also called the resistance line (R in Fig.  1 A), giving the resistance line 
method described here its name.

Finding this intersection is equivalent to finding the root of 𝐼PV(𝑉 ) =
𝐼R(𝑉 ). This task is fulfilled by the function ‘‘optimize.root_scalar’’ from 
the Python package SciPy [25]. For root-finding, the IV-curve which 
consists of a finite amount of measurements is interpolated linearly, 
i.e. the program also finds intersection points between input voltages. 
Then the current limit is set according to this intersection point and 
the program waits just long enough for a full time step (e.g. 0.5 s) to 
complete.

In general the load is not an ohmic resistor as it is the case with elec-
trochemical devices. Therefore, the load will settle in a new working 
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Fig. 1. A: The initial guess for load resistance is made such that the line representing it (labeled R) has its intersection point (IP) with the PV cell current–voltage-curve at the 
maximum power point. B: After activating supply the load (EC) settles at the working point (WP) with voltage 𝑉l and current 𝐼l, in this case 𝑉l = 𝑉oc and 𝐼l < 𝐼lim. C: The 
estimation for load resistance is updated to reflect the working point. A new, in this example lower, current limit is set based on the intersection of resistor line and PV curve. 
D: Repeating steps B-C, working point and intersection point converge at the intersection point of load line and PV curve.
Fig. 2. Faster convergence with offset voltage. A: Initial guess (IP) and first working point (WP). Lighter colors show the process without offset. Offset value is 1.23V. B: With 
the offset, after the first iteration the emulator is 4x closer to the final, correct current limit (black solid line) than without offset.
point closer to, but not on the IV-curve (WP in Fig.  1 D). In response, the 
resistance estimation and current limit will be adjusted by repeating the 
previous steps (B and C) to minimize the deviation between calculated 
intersection and measured working point. Therefore, the working point 
is effectively moved onto and kept on the IV-curve of the emulated PV 
device.

We develop this emulator mostly for electrochemical loads and 
therefore made two special adaptations to the algorithm. First: we 
can roughly approximate most electrolyzers’ non-linear IV-curve with a 
linear IV-curve originating at a certain offset voltage 𝑉o so that 𝐼(𝑉ec) ≈
(𝑉ec−𝑉o)∕𝑅ec, while 𝐼(𝑉ec) = 0 for 𝑉ec < 𝑉o. We use this approximation 
by estimating the load resistance (step B) as 𝑅l = (𝑉l−𝑉o)∕𝐼l. It follows 
that the program needs to calculate the resistance line (step C) as 
𝐼R(𝑉 ) = ⋅(𝑉l − 𝑉o)∕𝑅l. To avoid causing division by zero we choose 
the voltage 𝑉o lower than would usually be considered the best fit. 
For example for water electrolysis the thermoneutral voltage of 1.48V
3 
at standard conditions would fit well. However, using the reversible 
voltage of 1.23V at standard conditions already speeds up convergence 
as depicted in Fig.  2 and significantly reduces the risk of encountering 
divide by zero errors.

The second addition is a so called ‘‘dead zone’’ the tolerance within 
which no adjustment is needed. It is a range of resistances around the 
currently set one. As long as measured load resistance stays within this 
range no control action is applied, i.e. no change in current limit. This 
feature avoids ripple currents which are suspected to induce additional 
degradation in electrolyzers [12].

2.2. PV model and inclusion of operating conditions

If the goal is to operate following a fixed IV-curve, the emulator 
program can be used in this way and requires just the one IV-curve. 
However, if more data are available it can take temperature and 
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Fig. 3. Comparison between a solar cell measurement and its emulation. The output of 
the emulator was tested on an AM1.5G class-A sun simulator from Wacom, only using 
the electronic load component which usually measures current at increasing voltages 
across PV module terminals. Each point was sampled for 1 s. The emulation follows 
the original data with a normalized root mean square error of 0.3% of short circuit 
current.

irradiance of the emulated device into account. Obviously, the emu-
lator needs time series of these operating conditions to achieve this. 
Although it makes sense to keep them similar, sampling rates of these 
time series and the emulation rate can be chosen independently.

The emulator also has to use one of two more sophisticated PV 
models implemented in the program, both of which are based on the 
norm IEC60891:2021 [26]. For the parameterized model (procedure 
2 in the norm) the user can choose to supply 6 model parameters 
and an IV-curve at standard test conditions. Alternatively the user 
may supply a multitude of IV-curves measured at various temperatures 
and fixed irradiance for bilinear interpolation of the IV-curve at the 
given temperature, while irradiance adjustments are handled by a 
proportional offset current.

In this work we based the emulated module on module ‘‘mSi0166’’, 
measured at Eugene, Oregon, from the outdoor data set published 
by NREL [27]. To this end we used an IEC60891:2021 procedure 2 
parameterization. We used the Photo-Voltaic CuRve AnalyZEr (PV-
CRAZE) library to parameterize the model [28,29]. To this end we 
filtered the outdoor data to remove the low irradiance conditions 
(remove data below 500Wm−2), and selected a 1000 data points to fit 
the IEC60891:2021 procedure 2.

Maximum output current and voltage are limited by the electrical 
performance of the chosen SMU. There is also a current minimum to 
the current limit at 50 μA imposed by the SMU while running as a 
voltage source. These limitations can be overcome when by using a 
different SCPI compatible power supply with the desired capabilities 
with minimal changes to the emulator code.

3. Results

3.1. Accuracy

The accuracy of the emulation was tested using the same tools used 
for testing of PV devices (AM1.5G class-A sun simulator from Wacom). 
The test was conducted with a 46-point IV-curve measured from an 
experimental triple junction cell using the interpolation mode of the 
emulator avoiding model inaccuracies. It yielded the IV-curve in Fig.  3, 
comparing the original measurement and its emulation. The root mean 
square error of the emulated current compared to the measurement 
when normalized to the short circuit current of the measurement is 
0.3%.
4 
Fig. 4. Box containing two 10Ω, 60W potentiometers and a switch. The schematic on 
the front of the box depicts the working principle: by connecting or disconnecting one 
of the resistors which are connected in parallel results in a step increase or decrease 
of the total resistance.

Fig. 5. Step change in ohmic load. Resistance was stepped up manually from 1.59Ω to 
1.88Ω at Time = 0 s. Since the switching is not aligned with emulator time steps (0.5 s
interval), adjustments happen at different time delays from the load step. However, all 
runs converge before the 1 s mark.

3.2. Step response

To examine the bandwidth, which is the main limitation when 
compared to the physical photovoltaic device, we recorded the output 
current and the output voltage while performing step changes in load, 
irradiance and temperature. The voltage was recorded using a high 
bandwidth oscilloscope (Keysight MSO-X 3104a) at a sampling time of 
5ms (2k samples per second). The current was measured using a current 
clamp with 20 kHz bandwidth (Pico Technology TA018), whose output 
was attached to the oscilloscope. The load for these tests consisted of 
two potentiometers with a resistance range of 0Ω to 10Ω and up to 
60W power dissipation each. Using a mechanical switch as shown in 
Fig.  4, this load also enabled testing of step changes of the load as 
shown in Fig.  5 which showed convergence within 1 s of the switching 
event. As this behavior results in an effective sampling rate of 1Hz the 
Nyquist bandwidth is roughly 0.5Hz.

3.3. Practical application of the emulator

Finally, we conducted two more practical tests. A 4 cm2 proton 
exchange membrane (PEM) water electrolyzer cell was connected to 
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Fig. 6. Diagram of the test stand used for the practical application experiment. For this test, it maintained cell and water temperature at 80 °Celsius.
the emulator. We equipped the cell with a catalyst coated membrane 
(CCM) with 2.7 mg/cm2 Ir on the anode and 0.8 mg/cm2 Pt on the 
cathode side on a Nafion 117 membrane. We made the CCM in house 
as described previously [30]. Fig.  6 shows a diagram of the test stand 
used for the practical test.

We emulated two different days using data of real world operating 
conditions recorded during a previous project (PECSYS [31,32]), 2020-
04-23 and 2020-08-18. On 2020-04-23 weather was sunny at the test 
site which should not be challenging with regards to the bandwidth, 
but made it easier to evaluate prevention of artificial ripple during 
practical operation Fig.  7. The ripple prevention also rejects some small 
scale variation in operating conditions (see inset). This is a trade-off 
and can be tuned by changing the size of the dead zone or setting it 
to zero, deactivating this feature of the emulator. Deactivation is the 
most reasonable choice if highest precision is required and small scale 
ripple is of no concern. On 2020-08-18 weather was cloudy, resulting 
in challenging relatively high frequency changes in irradiance, testing 
the emulator bandwidth under practical conditions Fig.  8.

We successfully demonstrated the practical application of the em-
ulator with a water splitting cell in this work, but the method is 
applicable for variety of other electrochemical devices. We also run 
batteries, CO2 reducing cells, or even combinations of both with the 
emulator. It is applicable to most typical electrochemical devices with 
the exception of devices whose IV-curves can intersect with the resis-
tance line more than once. In the flatter region of such an IV-curve, 
the implementation of the resistance line algorithm shown here would 
not converge. For example, an electrolyzer with strong mass transport 
limitations could produce such a curve. However, due to the reversible 
voltage, such situations will usually only be caused by applying the 
offset voltage setting depicted in Fig.  2 and can be avoided by lowering 
it.

4. Discussion

The step responses show that under the chosen conditions the 
emulator converges from 10% to 90% of the step within less than 1.0 s or 
2 time steps (see Fig.  5). This convergence is independent of the relative 
size of the step (18% or 95% from initial level). It is also independent of 
which operating condition (irradiance, temperature or load) is changed. 
This performance is sufficient when expecting changes in the operating 
5 
Fig. 7. Emulator output of the emulator based on the irradiance measured on the 23rd 
of April 2020. The day was sunny but the measurement includes two artifacts, a peak 
around 15 h and a sharp drop in power after that at 16 h. These are due to surrounding 
buildings reflecting onto and shading the tested PV system respectively. The inset is a 
20 times magnified view of a 1200 s long part of the emulation. It shows how the effect 
of the dead zone, which is preventing small scale, short term (few seconds) oscillations.

parameters which are happening on the time scale of a few seconds or 
longer.

The deviation of the emulation from the recorded solar cell model 
is 0.3% of short circuit current at standard testing conditions. We chose 
a power supply which is highly accurate in the tested range (0.035% of 
full scale current). Therefore, we conservatively attribute the error to 
the emulation process. Since the emulation is digital (i.e. not subject 
to environmental influences) this accuracy is as stable over time as the 
power supply. If a less accurate or less stable power supply is used, 
its errors compound with the stated emulation error. Of course, model 
inaccuracies also compound with the emulation error. In [33] the 
authors show the parameterized model used in the emulator (labeled 
P2 by them) to have a root mean square error of 0.3% without shading 
on a healthy PV panel.

The tests with an electrochemical load were conducted over periods 
of 20 h to 24 h which shows that the emulator can operate reliably and 
continuously over such periods. In addition, the emulation of 2020-
04-23 shows no added ripple due to control action (see Fig.  7). The 
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Fig. 8. Three minutes long piece of an emulation of the 18th of August 2020. Large 
amounts of clouds lead to numerous fast and significant increases and reductions in 
irradiance. The emulated current follows with a small delay of 1.1 s, approximately 2 
time steps.

emulation of 2020-08-18 shows that the emulator runs slightly delayed 
relative to the input as expected based on the results of the step 
response tests (see Fig.  8). This delay of 1.1 s is much smaller than the 
time scale of the fastest irradiance change of about 10 s (both in terms 
of 10% to 90% rise time).

5. Conclusion

We developed a software focused implementation of an emulator for 
photovoltaic (PV) devices using off the shelf laboratory equipment to 
realize a test stand for electrochemical devices such as water electrolyz-
ers. It is capable of high accuracy within 0.3% of short circuit current 
root mean square error (𝐼sc rmse) and reliable continuous operation for 
at least 24 h. The parameterized PV model used to accommodate vary-
ing operating conditions has been shown by others to also reach 0.3%
𝐼sc rmse and should be the standard for future emulator developments. 
The slower response time of our emulator setup of about 1 s compared 
to a real PV device (<10ms) has not negatively affected its application 
in tests with a laboratory scale PEM water electrolyzer.

Our emulator is not an improvement over state of the art in band-
width, accuracy or similar metrics. Compared to specialized hardware, 
however, it is easy to implement with components which are already 
available at electrochemical laboratories. It only requires a computer 
running Python and an SCPI compatible power supply with voltage 
readout, current readout, voltage set and current limit functions. We 
believe our results help lowering the barrier of entry and will accelerate 
urgently needed research in PV driven electrochemistry.
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