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ABSTRACT: We present a computer-modeling framework for photovoltaic (PV) source emulation that preserves
the exact single-diode physics while enabling iteration-free, real-time evaluation. We derive two closed-form explicit
solvers based on the Lambert W function: a voltage-driven V-Lambert solver for high-fidelity I–V computation and
a resistance-driven R-Lambert solver designed for seamless integration in a closed-loop PV emulator. Unlike Taylor-
linearized explicit models, our proposed formulation retains the exponential nonlinearity of the PV equations. It
employs a numerically stable analytical evaluation that eliminates the need for lookup tables and root-finding, all
while maintaining limited computational costs and a small memory footprint. The R-Lambert model is integrated
into a buck-converter emulator equipped with a discrete PI regulator, which generates current references directly
from sensed operating points, thus supporting hardware-constrained implementation. Comprehensive numerical
experiments conducted on six commercial modules from various technologies (mono, poly, and multicrystalline)
demonstrate significant accuracy improvements under the IEC EN 50530 near-MPP criterion: the V-Lambert solver
reduces the ±10% Vmpp band error by up to 61 times compared to an explicit-model baseline. Dynamic simulations
under varying irradiance, temperature, and load conditions achieve millisecond-scale settling with accurate trajectory
tracking. Additionally, processor-in-the-loop experimental validation on an embedded microcontroller supports the
simulation results. By unifying exact analytical modeling with embedded realization, this work advances computer
modeling for PV emulation, MPPT benchmarking, and controller verification in integrated renewable energy systems.

KEYWORDS: Photovoltaic emulators (PVE); explicit PV model (EPVM); IEC EN 50530; Lambert function; maximum
power point (MPP); PVE integration; processor-in-the loop

1 Introduction
The drift towards renewable energy sources (RESs) is experiencing a high propensity [1]. This is

supported by the urgent need to phase out conventional energy sources, which are the primary contributors
to fossil fuel pollution [2]. This shift has sped up the development and technology of renewable energy sources
(RESs). Research and development on RESs indicate that solar energy and its related applications (especially
photovoltaics) are growing faster than any other source [3]. With ongoing research into solar photovoltaic
(PV) systems, enhancing their conventional and operational efficiency has become essential. Photovoltaics
have attracted significant attention recently, largely due to advancements in maximum power point tracking
(MPPT) [4] and performance modeling [5]. For practical purposes, it is vital to test and validate PV
installations prior to field deployment [6]. However, testing and validating these systems using actual
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solar panels presents notable control challenges. Environmental variables, especially irradiance, fluctuate
stochastically and cannot be directly controlled during testing trials. It is also important to investigate
methods that allow for the adjustment of solar irradiation, thereby increasing the flexibility of the testing
platform. This concept has been explored in the literature under the term solar photovoltaic emulator (PVE).
A PVE is a specialized control power electronics system that can replicate both the static and dynamic
characteristics of a solar panel [7]. Essentially, a PVE can be considered a closed-loop system, as illustrated
in Fig. 1, where a DC-DC converter is regulated by the power stage controller according to set points
generated by an integrated reference PV model. A fixed DC power supply connected to the converter’s input
acts as the primary energy source for the system. The PV output, as depicted in the same figure, represents
the panel’s I-V curve. Recent interest has concentrated on both the power stage (DC-DC) converter and the
regulated stage of the PVE. The primary focus is on integrating the PV model into the PVE as a reference
system. The literature review phase of this work will discuss several issues related to this aspect of the PVE.

Figure 1: General structure of a solar photovoltaic emulator

1.1 Literature Review
The look-up table method has received considerable recognition as one of the most widely used

approaches for obtaining PVE references [8]. It primarily relies on pre-existing data, which places substantial
memory demands on the embedded processor unit. Consequently, memory constraints significantly limit
the overall PVE’s operational range by restricting the amount of stored data. Moreover, emulating a new
PV module necessitates data reconstruction, as it directly depends on the specific module. Linearization
techniques based on the I-V curve have been extensively studied in the field of PVE referencing. This
approach involves partitioning the I-V curve into multiple points and calculating first-order equations
using their coordinates. The 3-Point Linearization method utilizes three conventional points on the I-V
curve (Fig. 2): the short circuit point (SCP), the maximum power point (MPP), and the open circuit point
(OCP). Although this linearization approach may seem straightforward due to its lack of data pre-storage
requirements, it unfortunately results in a very low level of accuracy. To improve accuracy, two additional
nodes, labeled A and B, are introduced to the I-V curve [9]. These additions enhance the accuracy of the
computations. However, since the coordinates are not readily available and an exact mathematical method to
derive them is unknown, data pre-storage becomes necessary. This leads to the need for training an artificial
neural network (ANN) to identify these points, which becomes essential. While incorporating the ANN
improves overall system performance, it complicates the system and increases operational expenses. Thus, it
is evident that as the number of segment points increases, the complexity of the ANN model also rises [7].
One can infer that linearization represents a trade-off between complexity (cost) and accuracy, highlighting
a significant limitation of the method.
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Figure 2: Reference computation of the I-V curve via linearization

To enhance the precision of the PVE while simplifying the process, the I-V curve is approached directly
through a numerical method, such as the Newton-Raphson computation algorithm [10]. A significant
challenge with numerical methods is the need for many iterations to achieve desired accuracy. Numerous
studies have demonstrated that the PVE’s iteration requirements impact both computation and emulation
times [11]. As a result, many researchers have concentrated on reducing the iterations needed by the PVE.
For example, ref. [12] showed that using the resistance comparison method and the binary search method
could limit the iterations to forty. Additionally, combining the current-resistor model with binary search
computation reduced the iteration count to a maximum of 20 [13]. However, our recent research indicated
that even this reduced number of iterations is still linked to prolonged computation times and slow emulation
speeds of the PVE, which points to the urgent need for iteration-free computation methods [11]. In response,
we proposed an iteration-free method based on an explicit model of the PV (EPVM) in our recent work.
This method effectively addressed the previously mentioned computational challenges. However, we have
noted that this approach’s approximation of the I-V curve may result in reduced accuracy in certain regions
[MPP]. This issue is particularly important since the maximum power point is the most critical point on the
I-V curve. Thus, this concern serves as the primary motivation for conducting this research.

1.2 Proposed Solution and Main Contributions
The accuracy degradation observed in the EPVM near the MPP, as identified in [11], can be attributed

to the oversimplification of the I-V equations. To address this issue and enhance the precision of the PVE
in that region, we propose a mathematical methodology based on the Lambert function. We demonstrate
that we can significantly improve the precision of the I-V curve by maintaining the accuracy of the I-V
nonlinear equations. In this context, we present two Lambert-derived approaches for integrating the PVE
and PV models. The first method, known as the V-Lambert method, is introduced as an exceptionally
accurate technique for calculating PV using voltage inputs. However, integrating the Lambert function
into the PVE presents challenges due to its limitations in certain regions of the I-V curve. Consequently,
we propose the R-Lambert method, a seamless approach that facilitates the accurate and computationally
efficient integration of the PV model into the PVE. We conduct multiple analyses on six different PV modules,
including monocrystalline, polycrystalline, and multicrystalline varieties, to validate this research. Using the
R-Lambert method, we incorporate the PV model into the PVE. We generate various simulation outcomes
to demonstrate the new PVE’s ability to accurately simulate the solar panel. Finally, we confirm the hardware
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feasibility of the overall PVE through experimental validation in a processor-in-the-loop environment. The
primary contributions of this study are succinctly outlined as follows:

I. Development of the V-Lambert method for computing the I-V curve in a PVE setting
II. Development of the R-Lambert method for integrating PV model into the PVE
III. Assessment of the accuracy of the Lambert derived method in comparison with the EPVM method
IV. Implementation of the R-Lambert PVE and assessment in diverse climatic and load conditions
V. Experimental validation of the developed PVE using processor-in-the-loop experiment

2 Computation of PV Model and PVE Integration
The PV model is the most important element of a PVE. As depicted in Fig. 1, for seamless operation of

PVE, it has to be integrated and computed to generate a reference for the closed loop system. Eq. (1) is the
most common mathematical equation for modeling a solar panel derived from the single diode model [14]:

Ipv = Iph − Is

⎡⎢⎢⎢⎢⎣
exp
⎛
⎝
(Vpv + Ipv Rs)

a
⎞
⎠
− 1
⎤⎥⎥⎥⎥⎦
−

Vpv + Ipv Rs

Rp
(1)

where a = nNs KBT/q. The parameters Iph , Is denote the photocurrent and the saturation current of the
diode. Furthermore, n is the diode ideality factor, Ns is the number of cells, kB is the Boltzmann’s constant
with value 1.381 × 10−23 J/K, q is the charge constant with value 1.602 × 10−19C, and T is the temperature of
the cell in kelvin. A complete model of the solar panel requires five key parameters [11] namely Iph , Is , n, Rs ,
and Rp. The initial two parameters are deduced from the subsequent equations [11]:

Iph =
G

1000
(Iph ,re f + Ki (T − Tre f )) (2)

Is = Is ,re f (
T

Tre f
)

3

exp [q
k
(

Eg ,re f

Tre f
−

Eg

T
)] , Eg = Eg ,re f (1 − 0.000267 (T − Tre f )) (3)

Additionally, G is the incident solar irradiance in W/m2, Iph ,re f is the photocurrent at standard test
conditions (STC), i.e., 1000 W/m2 and 25○C, Ki is the temperature coefficient of short circuit current, Eg
is the band-gap energy which has the reference value Eg ,re f = 1.12 eV (for most materials). Additionally, the
variation of the shunt resistance with irradiance G can be modeled mathematically as:

Rp = Rp ,re f (
1000

G
) (4)

where Rp ,re f is the shunt resistance at STC, and Rp is any arbitrary value of the shunt at a given irradiance.
Numerous intelligent optimization techniques for identifying solar model parameters exist in the

literature [15]. The main Eq. (2) is implicit and transcendental and treating it directly will amount to
iterations, a situation that is avoided.

To integrate a PV model governed by Eq. (1) into a PVE, it must be computed to reference a voltage or
current signal. In this light, ref. [11] proposed an Explicit PV model (EPVM) PVE, where the PV model was
integrated through explicit resolution of the nonlinear equation, achieved through a first order Taylor series
approximation of the exponential term of Eq. (1). This approximation degrades the accuracy of the integrated
PV model around the most nonlinear section of the I-V curve [maximum power point]. To treat such a
problem, we buy the idea of maintaining the exactness of this exponential term and hence consolidate the full
nature of the equation. The expectation lies in that the accuracy of the PV will be enhanced around the most
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nonlinear section of the I-V curve, that is, in the vicinity of the maximum power point. This enhancement
is vital for upholding the accuracy of solar emulators making them more useful in testing PV systems. The
enhancement approach proposed by this study is founded on the Lambert function. Although the Lambert
function has been established as a general concept in the literature [16], it has received no attention in the
treatment of PV model for integration into a PVE.

The Lambert W function, denoted as W(x), can be seen as a transcendental function defined as the
inverse of the function f (W) =WeW . In other words, for any real or complex number x , the Lambert W
function satisfies: x =W (x) eW(x). This function is particularly useful in solving equations that involve
both exponential and linear terms, such as those appearing in the model of the PV. It provides an exact
analytical solution to such equations, bypassing the need for iterative numerical methods, which can be
computationally expensive and less accurate. Therefore, in this study, we leverage the Lambert W function to
develop some exact mathematical explicit models of the PV. The key advantages of the Lambert W function
in this context are:

(a) Accuracy: It can maintain the exact form of the PV model, avoiding approximations that degrade
precision near the maximum power point

(b) Computational Efficiency: It eliminates iterative loops, enabling real-time emulation with minimal
processing overhead

Generally, if we consider the expression in (5) and its simplification in (6) as shown below:

cx + d = eax+b (5)

x = −d
c
− 1

c
eax+b (6)

The Lambert (W) resolution of the above equations can be obtained as follows:

x = − 1
a

W (−a
c

eb− ad
c ) − d

c
(7)

By rearrangement of Eq. (1) and application of the procedure described in Eqs. (5)–(7), the Lambert
resolution of the PV model in terms of PV Voltage-V can be obtained as follows:

Ipv (Vpv) =
Rp

Rp + Rs
(Iph + Is) −

Vpv

Rp + Rs
− a

Rs
W
⎛
⎝

Rs Is

a
Rp

Rp + Rs
e
( R p

R p+Rs

Rs(I ph+Is)+Vpv
a )⎞

⎠
(8)

For the sake of future analysis, we can write the argument of the Lambert function (W) as a nonlinear
function:

g (Vpv) =
Rs Is

a
Rp

Rp + Rs
e
( R p

R p+Rs

Rs(I ph+Is)+Vpv
a )

(9)

Eq. (8) is termed the V-Lambert function because it takes as argument PV voltage. The Lambert function
is not a standard function and thus in order to ensure exactness in the I-V model it is represented with a
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standard function for seamless implementation. In this study, we consider the analytical expression of the
Lambert function W (x) ≥ 0 to represent W (g (Vpv)) > 0 as [17].

W (x) = (1 + ε) ln
⎛
⎝

1.2x
ln ( 2.4x

1+2..4x )
⎞
⎠
− ε ln( 2x

ln(1 + 2x)) (10)

Assumption: It is assumed that the evaluation of W(x) ensures that the relation, W (g (Vpv)) > 0, is
always true for Vpv ∈ [0, Voc]. This implies that the outcome of PV model computation should yield valid
numerical results so that the model itself becomes suitable for seamless integration into the PVE.

In the context of PVE implementation, this must be verified, considering the nonlinear function g (Vpv).
A plot of this function as seen in Fig. 3 reveals an exponential increasing trend as expected. It can be seen
that around the vicinity of the Vpv axis, the nonlinear function approaches zero. By analyzing Eq. (10), it is
evident that as x approaches zero, the Lambert function, W(x) approaches infinity. This exactly means that
around this region, the I-V curve as computed by V-Lambert will be invalid. A demonstration of this analysis
can be observed by considering a sample solar panel and computing the V-Lambert function across the range
Vpv ∈ [0, Voc] as seen in Figs. 3 and 4. It can be observed that within a certain range W(x) is imaginary. For
the considered solar panel, it occurs at precisely when 0 ≤ Vpv ≤ 3V . But for greater ranges, it can be seen that
W(x) yields non-imaginary or real outcomes. This new finding shows that although the V-Lambert could
be a very powerful resolver of the PV model, it has operational constraints. This implies that if integrated in
a PVE it will not be able to cover the entire PV curve or operate in the transient, where voltage reaches very
small values.

Figure 3: Variation the nonlinear function g (Vpv) with PV voltage

Figure 4: Analysis of the behavior of the Lambert function with the nonlinear function g (Vpv)-validation of the
assumption
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Remark 1: A PVE is a dynamic system, hence its response is equally dynamic. A PVE response must
progress from the transient phase, in which the PVE voltage is relatively low, to the steady state.

Considering remark 1, a PVE computed by the V-Lambert will not be able to operate in the transient
phase due to the operational limitations previously exposed.

Remark 2: If the PVE responds to resistance rather than voltage, even during the transient phase, the
resistance will not change because R = Vpv/Ipv is always a constant.

Considering remark-2, the PV model has to be extended to account for responses to resistance.
Considering the Lambert foundation, this yield the R-Lambert model. Considering the substitution,
Vpv e = Rpv Ipv , into Eq. (1), we have:

Ipv = Iph − Is

⎡⎢⎢⎢⎢⎣
exp
⎛
⎝
(Ipv(Rpv + Rs)

a
⎞
⎠
− 1
⎤⎥⎥⎥⎥⎦
−

Ipv(Rpv + Rs)
Rp

(11)

If we apply the same procedure described in Eqs. (5)–(7), the following R-Lambert model can be
obtained:

Ipv =
Iph + Is

Is
( Rs Io

(Rp + Rs + Rpv)
) − a
(Rs + Rpv)

W [(R + Rs

a
)(

RpIs

(Rp + Rs + Rpv)
) e[(

Rs+R pv
a )(

I ph+Is
Is
)( R p Io

R p+Rs+R pv
)]] (12)

This is therefore referred to as the R-Lambert model. The primary advantage of this model over the
V-Lambert is the principal fact that it can operate in the transient phase of the PVE given that Rpv e is always
constant irrespective of changes in V and I.

Fig. 5 shows a closed loop implementation of the proposed PVE described as follows: The R-Lambert
reference Generator computes the required current reference Ire f based on irradiance and temperature
inputs, as well as the computed measurement Rpv e , from Ipv e , Vpv e . The PI controller minimizes the
discrepancy between this reference and the actual PVE current, and outputs a control action via a pulse
width modulator (PWM) to the gate of the buck converter power stage, which closes the loop. In this
study, the same DC-DC converter [buck converter] as in [11] is employed, the same also applies to the PI
controller. The literature has extensive coverage on the design and implementation of the PI controller and
buck converter [18]. This study makes no further emphasis on that. The focus of this study is the integration
of the new model into the PVE as shown in Fig. 5.

Figure 5: Close loop diagram of the PVE with integrated R-Lambert Model
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Therefore, in a PVE setting the reference current will be computed as shown in Eq. (13), derived
from (12):

Ire f =
Iph + Is

Is
( Rs Io

(Rp + Rs + Rpv e)
) − a
(Rs + Rpv e)

W [(R + Rs

a
)(

RpIs

(Rp + Rs + Rpv e)
) e[(

Rs+R pv e
a )(

I ph+Is
Is
)( R p Io

R p+Rs+R pv e
)]]

(13)

For irradiance and temperature conditions different from standard conditions, the translation Eqs. (3)
and (4) are used.

3 Results and Discussion
Several numerical investigations were carried out in MALAB/Simulink to study the developed models.

For comparison the most recent reference is the explicit PV model (EPVM) PVE recently proposed in [11].
For these investigations, 6 solar panels were considered as comprehensively characterized in Table 1. The
single diode parameters (SDM) of the panel models are inherently provided by Simulink PV array package.
To appreciate the new Lambert derived model and show that it solves the problem of accuracy degradation
inherent in the EPVM, we employ the IEC EN 50530 standard test. This standard stipulates that the absolute
error within the vicinity of ±10% of the PV panel’s maximum power point (MPP) should always be less than
or equal to 1% [19]. The mathematical expression used for this evaluation is expressed as:

Table 1: Reference solar panels and their characteristics

Cell
Material PV Panel Ns V m p(V) Im p(A) V oc(V) Isc(A) K i (%/○C) Kv (%/○C) 5-SDM Parameters

[n, Rs , Rsh , Io , I ph ]

Multicrystalline KC200GT 54 26.3 7.61 32.9 8.21 0.06 −0.35502 [0.97736, 0.33483, 150.6921,
2.3246e−10, 8.2288]

Polycrystalline 1STH-215-P 60 29 7.35 36.3 7.84 0.102 −0.36099 [0.98117, 0.39383, 313.3991,
2.9259e−10, 7.8649]

Monocrystalline A10J-S72-175 72 36.63 4.78 43.99 5.17 0.041509 −0.3616 [0.98852, 0.38412, 249.6783,
1.7845e−10, 5.178]

Polycrystalline ASMS-165P 72 35 4.71 43.5 5.25 0.03 −0.39301 [1.0218, 0.62816, 125.0086,
4.9894e−10, 5.2764]

Polycrystalline API156P-220 60 29.8 7.39 36.8 8 0.07 −0.35601 [0.98609, 0.33765, 141.367,
2.3765e−10, 8.0191]

Monocrystalline SPR-305E-
WHT-D 96 54.7 5.58 64.2 5.96 0.061745 −0.27269 [0.94504, 0.37152, 269.5934,

6.3014e−12, 6.0092]

ε (%) = 1
0.2Vm p

∫
Vm p+10%

Vm p−‘10%

∣ic (v) − ir (v)∣
ir(v)

dv × 100 (14)

where the reference r represents the measured value of the actual PV curve and s represent the computed
value. This standard allows us to appreciate the accuracy of the EPVM model as well as our developed
model [V-Lambert model] around the vicinity of the MPP. In this evaluation only the V-Lambert model
is considered to show the prowess of the method. Then subsequently for PVE operations, the R-Lambert
model will be used. The numerical results gathered for the 6 solar panels are presented in Table 2. It can be
seen that the error achieved by the different models across the 6 panels does not violate IEC 50530 standard.
It is also seen that the proposed model yields lower errors compared to EPVM model. Comparatively, it is
34.6298 times more accurate than the EPVM for the KC200GT, 50.9635, 17.92, 61.2394, 31.0728 and 9.32 times
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more accurate than its EPVM counterpart for the 1STH-215-P, A10J-S72-175, ASMS-165P, API156P-220, and
SPR-305E-WHT-D solar panels, respectively. This is numerically presented in the bar chart of Fig. 6.

Table 2: IEC 50530 Numerical results of the proposed V-Lambert model compared with the EPVM [11]

PV Panel Original PV EPVM [11] Proposed (V-Lambert)

Im p(A) V m p (V) Im p (A) IEC 50530 ε (%) Im p (A) IEC 50530 ε (%)
KC200GT 7.6326 26.2355 7.6813 0.7203 7.6310 0.0208

1STH-215-P 7.3571 28.9580 7.4047 0.6982 7.3560 0.0137
A10J-S72-175 4.7755 36.6805 4.7798 0.1129 4.7751 0.0063
ASMS-165P 4.7057 35.0470 4.7238 0.4348 4.7052 0.0071

API156P-220 7.3979 29.7835 7.4282 0.4692 7.3967 0.0151
SPR-305E-
WHT-D 5.5599 54.7345 5.5624 0.0699 5.5594 0.0075

Figure 6: Bar chat of the IEC 50530 ε (%) numerical outcomes of the PV models for 6 different solar panels

A plot of the I-V curve of the different models for the KC200GT is shown in Fig. 7, at G = 1000 W/m2,
which shows that the two models align well with the actual reference solar panel, except around the
vicinity of ±10%Vm pp, where the EPVM shows a significant degradation. This is caused by Taylor series
oversimplification inherent in the EPVM’s procedure. On the other hand, the proposed Lambert model
maintains a much closed alignment with the actual panel in this vicinity. This shows that the proposed model
is well suited to resolve the accuracy degradation problem of the EPVM. Even under non-standard irradiance
conditions, as it is the case in Figs. 8 and 9, EPVM’s accuracy degradation around the MPP was inevitable.
Our developed V-Lambert model reveals no major degradation.
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Figure 7: PV curves of the actual solar panel superimposed on the different models for the KC200GT, G = 1000 W/m2

Figure 8: PV curves of the actual solar panel superimposed on the different models for the KC200GT, G = 800 W/m2
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Figure 9: PV curves of the actual solar panel superimposed on the different models for the KC200GT, G = 500 W/m2

For the other panels, including 1STH-215-P, A10J-S72-175, ASMS-165P, and API156P-220, as seen
in Figs. 10–14, the error disparity of the EPVM around the vicinity of the MPP is more pronounce both
for the current-voltage curve [on left] as well as power voltage curve [on right]. While on the other hand,
the proposed model maintains steady alignment with the reference solar panel even around the vicinity of
the MPP. The relevance of demining the error around the MPP is crucial for evaluating MPPT algorithms,
this therefore underscores the significance of this study. In the final solar panel type, SPR-305E-WHT-D,
our EPVM reveals a relatively small error around the MPP. However, its degradation is still relevant as the
proposed archives an error that is 9.32 times lower than it.

Figure 10: PV curves of the actual solar panel superimposed on the different models for the 1STH-215-P,
G = 1000 W/m2
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Figure 11: PV curves of the actual solar panel superimposed on the different models for the A10J-S72-175,
G = 1000 W/m2

Figure 12: PV curves of the actual solar panel superimposed on the different models for the ASMS-165P, G = 1000 W/m2

Figure 13: PV curves of the actual solar panel superimposed on the different models for the API156P-220,
G = 1000 W/m2
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Figure 14: PV curves of the actual solar panel superimposed on the different models for the SPR-305E-WHT-D,
G = 1000 W/m2

3.1 Dynamic Assessment of the PVE
In this section, the actual performance of the PVE was evaluated under both distinct environmental

conditions as well as load conditions. For this purpose, the PVE is implemented as a closed loop system
(see Fig. 5). A single solar panel is considered. The KC200GT solar panel type was chosen for evaluations.
The panel is integrated and computed using the R-Lambert model.

The dynamic response of the PVE for four cases of Rpve is presented in Fig. 15. Firstly, it can be seen
that the reference current effectively aligns with the actual solar panel (see Fig. 15a–d). This indicates the
high efficacy and accuracy of the R-Lambert computation scheme. On the other hand, it is clear that the
PVE initially follows the actual solar panel and aligns with it perfectly at steady-state. This shows that there
is effective solar panel emulation. The current and voltage plot of the PVE shows that when it operates on
a load of Rpve = 1 Ω, the emulator takes approximately 6 ms to settle between ±1% of the actual solar panel.
This is the time taken for the emulator to become stable, replicating the dynamic behavior of the solar panel.
Under the special condition of MPP, that is, Rpve = 3.456 Ω, the emulator takes 16.55 ms to emulate the solar
panel. Furthermore, for Rpve = 20 Ω, the emulator takes approximately 60.2 ms and at Rpve = 50 Ω, the actual
PV is emulated in 135 s. It is evident that the emulation time increases with the load as expected.



14 Comput Model Eng Sci. 2026;146(1):28

(a) (b)

(c) (d)

Figure 15: Dynamic response of the PVE under different loading conditions for G = 1000 W/m2. Plots of Actual solar
panel superimpose on the PVE alongside the R-Lambert current reference at (a) Rpve = 1 Ω (b) Rpve = 3.456 Ω (MPP)
(c) Rpve = 20 Ω (d) Rpve = 50 Ω

3.2 Experimental Validation
To validate the efficacy of the developed PVE, an experimental platform was designed, as illustrated

in Fig. 16. Implementing a physically embedded processor into the plant model and its associated control
in order to conduct a closed loop experimental evaluation is the primary objective of this undertaking. The
integration procedure in question is referred to as “Processor-in-the-loop” (PIL). The control strategy of the
PVE is implemented by the target hardware of the embedded processor, which in our case is an Arduino Uno
processor, throughout the PIL test. This configuration permits testing the efficacy of the developed PVE on
a physical embedded board. The implementation of the controller on a digital signal processor is facilitated
by code generation in Simulink. The hardware substrate upon which the PIL investigations are conducted
is the embedded board, which is an Arduino Uno board as illustrated in Fig. 16. While the host computer
processes the complete system, the code generated by Simulink is executed directly on the Arduino. Data
exchange takes place through the utilization of a serial communication cable and a USB cable. The aim of
this arrangement is to illustrate that the embedded processor effectively implements the PVE control (R-
Lambert+Discrete PI controller) and that the PVE in its entirety simulates the solar panel in a timely manner.
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The PI controller in this implementation was discretized as shown in the schematic diagram. Its parameters
are effectively, Kp = 0.1163, Ki = 32.15. In this test, the (R-Lambert+Discrete PI controller) runs on the host
computer and generates the control signal that is transmitted to Simulink for driving of the plant.

Figure 16: PIL test bench. The controller (R-Lambert reference + discrete PI) runs on an Arduino Uno (embedded
target). The buck-converter is a numerical plant in Simulink on the host PC. USB/PIL link: Host→Arduino sends plant
measurements and set-points each step; Arduino → Host returns the duty-cycle u[k] that drives the Simulink buck
model. No power-stage hardware is used in this experiment

In our PIL experiments (Fig. 16), the R-Lambert reference block and the discrete PI controller are code-
generated from Simulink and executed on an Arduino Uno (embedded target), while the buck-converter
plant is a numerical model running in Simulink on the host PC. At each simulation step, the host sends
the plant measurements and set-points to the Arduino via the PIL serial channel, and the Arduino returns
the duty-cycle command u[k] that drives the Simulink buck model. This arrangement demonstrates that
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the embedded processor can implement the complete PVE control (R-Lambert + discrete PI) with real-
time exchange and that the numerical plant reproduces the closed-loop dynamics used for comparison with
pure simulation.

To demonstrate the effectiveness of this real embedded system test, outcomes are directly compared to
simulation results. The first experiments carried out at conditions of PVE for G = 1000 W/m2, T = 25○C, PVE
load of 10 ohms, reveal that the simulation outcomes aligns well the PIL experiments in Fig 17. This shows
that the embedded processor is able to implement the control strategy, allowing for swift emulation of the
solar panel. It can be seen that this alignment is further maintain even when conditions are different from
standard test conditions, that is G = 1000 W/m2, T = 5○C in Fig 18. This shows the efficacy of the emulator in
imitating the solar panel considering temperature inputs.

Figure 17: Processor in the Loop Experimental results of the developed PVE for G = 1000 W/m2, T = 25○C, PVE load
of 10 ohms

Figure 18: Processor in the Loop Experimental results of the developed PVE for G = 1000 W/m2, T = 5○C, PVE load
of 10 ohms

The above results document the performance of the emulator under fixed climatic conditions. It is
noted that a practical solar system will face varying climatic conditions. Therefore, it is vital to assess the
performance of the emulator when it is face to a practical environmental setting. For this purpose, the climatic
signal presented in Fig. 19 was constructed. Between 0 and 0.3 s, the irradiance signal increased steadily
from 0 to 1000 W/m2, while the temperature increased from 10○C to 50○C. At 0.3 s right down to 0.6 s, the
irradiance decreased steadily from 1000 to 100 W/m2 while the temperature also decreased from 50○C to
10○C. The temperature was maintained at this value till 1 s. The irradiance on the other hand was maintained
between 0.6 and 0.7 s at 100 W/m2. Subsequently, irradiance underwent a step increase to 1000 W/m2 and
was maintained at the same value till the time of 1 s.
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Figure 19: Real Climatic conditions, characterized by continuously changing signal. (Above) Irradiance. (Below) PVE
load of 10 ohms

The response of the PVE under the real climatic pattern is presented in Fig. 20. It can be seen that the
PVE follows the actual solar panel even under increasing and decreasing irradiance patterns. An abrupt
change in current occurs at 0.7 s. It is seen that the PVE follows the actual solar panel and effectively meets
it at steady-state. Finally, the close alignment of the simulation results and the PIL experiments validates the
practical efficacy of the PVE.

Figure 20: Processor in the Loop Experimental results of the PVE in response to continuously changing climatic
conditions, PVE load of 10 ohms

4 Conclusion
The problem of seamlessly integrating solar models into a photovoltaic emulator was examined in

this research. The objective of this study was to address a prevalent issue in the explicit PV model
recently published [11]. Evaluations conducted according to the IEC 50530 standard revealed that the
accuracy of this model declines near the maximum power point. To tackle this issue, we developed two
robust mathematical models based on the Lambert function: the V-Lambert and R-Lambert models. The
computational capabilities of these models were validated by performing accuracy assessments in line with
the IEC 50530 standard. The new model was tested on six solar panels—KC200GT, 1STH-215-P, A10J-
S72-175, ASMS-165P, API156P-220, and SPR-305E-WHT-D. Our findings indicated that our computational
model is up to 61 times more accurate than the explicit PV model in the operation region around the
maximum power point. While the V-Lambert model is suitable for routine solar computations, it is not
recommended for photovoltaic emulator (PVE) integration. To facilitate a seamless integration of the
photovoltaic model into the PVE, the R-Lambert model was chosen as the preferred option. This model was
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used to implement a closed-loop PVE, and a comprehensive dynamic analysis of the PVE was conducted.
The proposed PVE demonstrated efficient performance in simulating solar panels under various climatic
and resistive conditions. An experimental protocol was developed using Arduino-Processor-in-the-Loop
for the proposed system. Multiple experimental investigations indicated that the embedded PVE processor
accurately replicates the solar panel, with experimental results aligning closely with the simulation results.
The proposed Lambert-W-based explicit solvers, while significantly improving accuracy and eliminating
iterative computation, present certain limitations. First, the V-Lambert solver is invalid at very low voltages
(near 0 V), restricting its use during the initial transient phase of emulator operation. Second, the evaluation
of the Lambert-W function, though implemented via an analytical approximation, remains computationally
more demanding than linearized models, which may challenge low-end embedded processors in hard real-
time applications. Finally, the model validation is confined to standard single-diode representations and
common cell technologies; its performance under more complex cell models or emerging PV materials has
not been examined.
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