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Abstract:  

A Photovoltaic Emulator (PVE) is a specialized device designed to mimic the static and dynamic 

properties of a solar panel. It serves as a crucial tool for testing and validating PV systems. Despite 

the unpredictable variations in real environmental conditions, the PVE offers a controlled environ-

ment, facilitating smooth implementation and testing of PV subsystems. The PVE consists of two 

essential components: the reference PV model and the PVE power electronics controller. For sim-

plicity, both these elements must be inherently straightforward. Numerous advanced methods have 

been proposed in the literature to efficiently integrate the PV model into the PVE system. However, 

these approaches often involve complex iterative computations of intricate equations related to solar 

panels, making them less practical. To address these limitations, this paper introduces a novel PVE 

that aims to simplify the implementation and integration of the PV model. The proposed system 

employs a simple and non-iterative approach to provide the reference to the PVE, using a straight-

forward explicit model of the solar panel. In comparison to existing works, the proposed PVE stands 

out for its high flexibility and simplicity, as it does not require the complex iterative computations 

of implicit equations related to the solar panel model. The overall PVE system is implemented with 

a basic proportional-integral (PI) controller and a DC-DC Buck power electronic converter. It is then 

validated using a 200W solar panel through a series of experiments, including the ENT 50530 Test. 

The results of these experiments demonstrate that the proposed PVE efficiently reproduces the static 

and dynamic characteristics of the solar panel. 

Keywords: Photovoltaic; photovoltaic emulator; explicit PV model; proportional-integral (PI) con-

troller  

1. Introduction 

With the steady growth of the world population, ensuring accessible energy has be-

come a pressing concern. In light of these increasing energy needs, the phase-out of fossil 

fuels becomes a crucial imperative for sustainability. Effectively transitioning towards re-

newable energy sources (RESs) emerges as an excellent strategy to combat climate change 
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and fulfill future energy requirements [1]. Among various RSEs being sought, solar en-

ergy, through solar Photovoltaics (PV) is emerging as a powerful alternative. PV system 

has received enormous attention in various recent studies [2–5]. The effective implemen-

tation of these systems requires proper validation through testing. However, controlled 

testing is still a challenging exercise owing to the spontaneous variations in environmental 

conditions[6,7]. Recently, photovoltaic emulator (PVE) has been suggested as potential 

instrument for effective and controlled testing of PV systems. A PVE is an instrument that 

has the potential to reproduce the characteristics of an actual solar panel. This instrument 

has become a key milestone in the testing and validation of PV systems. Thus, despite the 

uncontrolled fluctuations in actual environmental conditions, the PVE offers a controlla-

ble environment, allowing smooth implementation and testing of PV subsystems. As a 

power electronics device, the controller and the reference model are two vital elements of 

the PVE. To enhance the simplicity of the PVE, these elements must be simple and easy to 

integrate within the PVE. In the literature, a number of PVEs have been proposed with 

unique specifications as to the integration and implementation of the reference model. The 

PVEs proposed in [8,9] numerically resolved the nonlinear implicit equation of the PV 

model in order to provide a reference to the PVE. In [10–12], Binary search algorithm is 

used to iteratively compute the nonlinear implicit equations of the PVE in order to provide 

a reference current to the PVE. The nonlinear equations of the PV model are implicit and 

intricate. The direct iterative computation of these equations does not only adds unwanted 

burden to the PVE processor, yet can considerably slow down the response of the PVE. In 

order to accurately emulate the actual solar panel, the PVE must be able to produce a fast 

dynamic response. As a consequence, iterative computation of the PV intricate equations 

has a huge impact on the PVE accuracy and response time. In fact, the main gap identified 

in contemporary literature lies in the implementation and integration of the PV model 

within the PVE. In order to enhance the PVE, integration of the PV model should be 

straightforward and simple. To address this requirement, this work introduces a novel 

PVE that incorporates a simple and explicit PV model integration. An explicit PV model 

is synthesized, allowing the easy referencing of the PVE. The overall PVE is implemented 

with a Buck DC-DC converter and a proportional integral (PI) controller, and validated 

on a 200W solar panel. The rest of this paper is organized as follows: A general description 

of the proposed PVE is presented in section. In section 3, an explicit model of the PV is 

established with integration into the PVE. The PI controller and Buck converter and pre-

sented in section 4. The results and discussion of this paper are enumerated in section 5, 

while section 6 concluded the paper 
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Figure 1. Synoptic diagram of the proposed PVE 

2. General Description of the proposed PVE 

A synoptic diagram of the proposed PVE is illustrated in Fig.1.The structure consist 

of a DC-DC Buck converter, a PI controller, and an explicit PV model.  
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The PV model provides a reference voltage to the PI controller. The latter will regu-

late the DC-DC converter in order to reproduce the characteristics of the PV panel. All of 

these subsystems will be developed and established in the remainder of this paper 
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Figure 2. Electrical structure of the single diode model (SDM) 

3. Explicit PV modeling and integration into the PVE 

The PV model is required to provide a reference to the PVE. Thus the steady-state 

accuracy of the PVE heavily relies on the accuracy of the PV model. The SDM as presented 

in Fig.2, has been widely used in several PVE studies for its to ability to limit the complex-

ity of the system while maintaining acceptable accuracy. It consist of a photocurrent 

source Iph, a semiconductor diode D1, shunt and series resistances Rsh, and Rs. The cur-

rent-voltage (Ipv − Vpv) mathematical relation of this model is obtained as: 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑠 [𝑒𝑥𝑝 (
(𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠)

𝑎
) − 1] −

𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠

𝑅𝑝

 (1) 

Where Is is the reverse saturation current of the cell. The term 𝑎 = 𝑛𝑁𝑠𝑘𝑇/𝑞 such 

that 𝑛, 𝑁𝑠, 𝑇 are the diode ideality factor, number of series cells and the cell temperature 

respectively, while 𝑞 = 1.602 × 10−19𝐶 is the charge constant and 𝑘 = 1.381 × 10−23𝐽/𝐾 

is the Boltzmann’s constant. It is evident from Eq. (1) that the(Ipv − Vpv) relation is non-

linear and intricate. The relation is often computed implicitly to generate a reference volt-

age/current to the PVE [11,12]. However, such implicit computations require several iter-

ations to converge which does not only burden the computing processor, yet slows the 

dynamic response of the PVE. To alleviate this challenge this paper proposed an explicit 

and straightforward model of the SDM.  

In Eq. (1), a third order nonlinear approximation of the exponential term 𝑒𝑥𝑝 (
𝐼𝑝𝑣𝑅𝑠

𝑎
) 

can be achieved using Taylor’s series expansion as follows: 

𝑒𝑥 ≈ 1 + 𝑥 +
1

2!
𝑥2 +

1

3!
𝑥3, 𝑥 =

𝐼𝑝𝑣𝑅𝑠

𝑎
 (2) 

Using the notion of Eq. (2), Eq. (1) can be converted to a cubic equation as: 

𝑎1𝑥3 + 𝑏𝑥2 + 𝑐𝑥 + 𝑑 = 0 (3) 

Where: 𝑎1 =
1

6
𝐼𝑠𝑒𝑥𝑝 (

𝑉𝑝𝑣

𝑎
) , 𝑏 =

1

2
𝐼𝑠𝑒𝑥𝑝 (

𝑉𝑝𝑣

𝑎
) , 𝑐 = 𝐼𝑠𝑒𝑥𝑝 (

𝑉𝑝𝑣

𝑎
) + 𝑎 (

1

𝑅𝑠
+

1

𝑅𝑠ℎ
) , 𝑑 =

𝐼𝑠𝑒𝑥𝑝 (
𝑉𝑝𝑣

𝑎
) +

𝑉𝑝𝑣

𝑅𝑠ℎ
− 𝐼𝑝ℎ − 𝐼𝑠. In this light, Eq. (3) can be solved for x, from which a straight-

forward determination of the PV current can be achieved using 𝑥 =
𝐼𝑝𝑣𝑅𝑠

𝑎
. In line with [13], 

the cubic polynomial admits to a real solution if the term 𝐵2 − 4𝐴𝐶 > 0, where 𝐴 = 𝑏2 −

3𝑎1𝑐, 𝐵 = 𝑏𝑐 − 9𝑎1𝑑, 𝐶 = 𝑐2 − 3𝑏𝑑. This condition is always satisfy given that 𝑥 =
𝐼𝑝𝑣𝑅𝑠

𝑎
 is 

a unique and real value. Under this consideration, the solution to Eq. (3) would be: 

𝑥 =
−𝑏− √𝑀1

3 − √𝑀2
3

3𝑎1
, 𝑀1 = 𝐴𝑏 +

3𝑎1(−𝐵+√𝐵2−4𝐴𝐶

2
 , 𝑀2 = 𝐴𝑏 +

3𝑎1(−𝐵−√𝐵2−4𝐴𝐶

2
 (4) 

Thus from Eq. (4), the value of x allows the determination of the PV current as follows: 
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𝐼𝑝𝑣 = 𝑎
−𝑏 − √𝑀1

3 − √𝑀2
3

3𝑎1𝑅𝑠

 (5) 

To this end, the relations (4) and (5) represent the explicit mathematical equation of 

the PV SDM. As revealed by the different expressions, the explicit model requires five 

parameters namely 𝐼𝑝ℎ , 𝐼𝑠, 𝑛, 𝑅𝑠  and 𝑅𝑠ℎ . To simplify the integration of the explicit PV 

model (EPVM) into the PVE, these parameters are directly obtained from the actual SDM 

of the solar panel. Thus within the PVE, the straightforward computation of Eq. (5) serves 

as a reference current for the system, written as: 

𝐼𝑟𝑒𝑓 = 𝑓(𝐺, 𝑇, 𝑉𝑝𝑣𝑒) =  𝑎
−𝑏 − √𝑀1

3 − √𝑀2
3

3𝑎1𝑅𝑠

 (6) 

Where 𝑉𝑝𝑣𝑒 is the PVE output voltage, and G is the solar irradiance in 𝑊/𝑚2. Given 

that the PVE must operate over broad spectrum of irradiance, the following relations can 

be used to compute the photocurrent, saturation current and shunt resistance for any spe-

cific value of G and T [14]. 

𝐼𝑝ℎ(𝐺, 𝑇) =
𝐺

1000
(𝐼𝑝ℎ−𝑟𝑒𝑓 + 𝐾𝑖(𝑇 − 𝑇𝑟𝑒𝑓) (7) 

𝐼𝑠(𝑇) = 𝐼𝑠−𝑟𝑒𝑓 (
𝑇

𝑇𝑟𝑒𝑓
)

3

𝑒𝑥𝑝 [
𝑞

𝑘
(

Eg,ref

𝑇𝑟𝑒𝑓
−

Eg

𝑇
)], 𝐸𝑔 = Eg,ref(1 − 0.000267(T − Tref) (8) 

Rsh(G) = Rsh,ref (
1000

𝐺
) (9) 

Where 𝐼𝑝ℎ(𝐺, 𝑇), 𝐼𝑠(𝑇),and Rsh(G) models the environmental dependence of these pa-

rameters. Also, 𝐸𝑔 is the bandgap energy that varies according to the cell material. AT 

STC, the reference band gap energy Eg,ref for silicon semiconductor material is 1.12eV 

[13]. 
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Figure 3. Electrical structure of the practical Buck converter integrating parasitic components 

4. Buck converter and PI Controller Design 

To accurately capture the nonlinear dynamics of the PVE, a nonlinear power (DC-

DC) converter is employed in the power stage. The proposed PVE uses a Buck converter. 

Among various converter topologies, the Buck is chosen for its simplicity, flexibly, lower 

count of components and satisfactory efficiency. The electrical structure of the buck con-

verter integrating parasitic components is illustrated in Fig.3. The structure is made up of 

a power supply DC voltage (input) E, a switch sw, a diode 𝐷2, inductance and capacitance 

𝐿𝑝𝑣𝑒, 𝐶𝑝𝑣𝑒. As a practical application the parasitic components are introduced within these 

components as 𝑟𝐿, and 𝑟𝑐  respectively. Provided the converter is well designed, a control-

ler can be employed to force the converter to operate at the desired EPVM reference.  

In this paper, we consider a simple proportional integral controller (PI). This control-

ler is chosen for its high simplicity and ease of implementation. Moreover, if properly 

designed can provide satisfactory response within specific operating conditions.  
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The structure of the proposed PVE is illustrated in Fig.4. As clearly seen, the PVE 

features four main inputs. Two of this inputs, i.e. T, and G are manually provided into the 

system as they represent the desired environmental test conditions. The other two inputs 

are feedback measurements from the PVE output load 𝑅𝑝𝑣𝑒 that is 𝑉𝑝𝑣𝑒 and 𝐼𝑝𝑣𝑒. Thus 

the EPVM computes the reference PV current based on the desired G, T, and the feedback 

measurement 𝑉𝑝𝑣𝑒. This reference is compared against the actual PVE current. The result-

ing error is fed into a PI controller with parameters 𝐾𝑝, and 𝐾𝑖. The controller generates 

the required duty cycle D that is provided as input to a PWM generator. To regulate the 

PVE, the PWM control signal is injected at the gate of the converter’s switch.  
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Figure 4. Implementation structure of the proposed PVE 

5. Results and Discussion 

A number of experiments are performed to assess the steady-state as well as dynamic 

performance of the PVE. The PVE is tested on a 200W solar panel of type KC200GT (Mul-

ticrystalline). The manufacturer datasheet of the panel can be found in [14]. The extracted 

five optimal parameters of the SDM for this panel are 𝐼𝑝ℎ = 8.2288𝐴 , 𝐼𝑠 = 2.3246 ×

10−10, 𝑛 = 0.97736 . 𝑅𝑠 = 0.34483 , 𝑅𝑠ℎ = 150.6921. A plot of the SDM curves and experi-

mental measurement obtained from the panel at different experimental conditions as seen 

in Fig.5 reveals a strong correspondence, endorsing the good accuracy of the SDM. 

 

Figure 5. Plot of the SDM model curves superimpose on experimental data of the actual panel 

Also, the Buck converter and PI controller are designed according to [15]. The optimal 

values of the PI gains are obtained to be 𝐾𝑝 = 0.1163 , 𝐾𝑖 = 32.15. The parameters of the 

converter used in this PVE are 𝐿𝑝𝑣𝑒 = 3.52𝑚𝐻, 𝑟𝐿 = 0.631Ω, 𝐶𝑝𝑣𝑒 = 80𝑢𝐹, 𝑟𝐶 = 0.134Ω. The 

PWM converter is operated at 31kHz switching frequency. In order to prevent switching 
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stresses on the power switches at extreme duty cycle, the converter duty cycle is con-

strained between the lower value 𝐷𝑚𝑖𝑛 = 0.05 ,and maximum value 𝐷𝑚𝑎𝑥 = 0.8. 

Figure 6. Steady-state accuracy of the PVE: plot of model curve and emulated points 

In order to evaluate the steady-state accuracy of the PVE, the output PVE resistance 

𝑅𝑝𝑣𝑒 is varied across the I-V curve in steps of 1.5Ω. The acquired results are illustrated in 

Fig.6, revealing a strong agreement between the PVE and the PV model. However, it is 

seen that the PVE does not span through the entire PV curve. This is because of the duty 

cycle limitation incorporated into the PVE in order to protect the switches from extreme 

duty cycle. Although such a constraint is indispensable, it limits the emulation range of 

the PVE. Thus in order to stay within an accurate PVE, the output should fall within the 

emulation range of the PVE. In addition to the steady-state evaluation the PVE is sup-

posed to have a swift dynamic response. To assess this feature, the PVE was coupled to 

different loads at specific environmental conditions. 

 

Figure 7. Standard dynamic response of the PVE and actual solar panel at different 𝑅𝑝𝑣𝑒 loads : 

On the left (CCR operation) , 𝑅𝑝𝑣𝑒 = 2Ω, on the right (CVR operation) 𝑅𝑝𝑣𝑒 = 20Ω 

 

Figure 8. Standard dynamic response of the PVE and actual solar panel at different 𝑅𝑝𝑣𝑒 loads : 

On the left (CCR operation) , 𝑅𝑝𝑣𝑒 = 2Ω, on the right (CVR operation) 𝑅𝑝𝑣𝑒 = 20Ω 
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Results for the dynamic response assessment of the PVE are illustrated in Fig. 7 and 

8. It can be seen that the PVE swiftly follows the PV panel with settling time of less than 

20ms in different operating scenarios. Furthermore, the PVE maintains a noticeable dy-

namic response both in the constant current region (CCR) and constant voltage region 

(CVR) of the system. However, it seen that at standard test conditions (G=1000𝑊/𝑚2, 𝑇 =

25℃) for conditions corresponding to the CVR the reference current computed by the 

EPVM has some noticeable oscillations. These oscillations are caused by the over sensitiv-

ity of the current PI controller in CVR. This because in the CVR, a small change in voltage 

causes a large change in current. In fact, the sensing variable (voltage) feed to the EPVM 

is not always stable and has some ripple. In spite of such a challenging scenario, the PVE 

through the controller still maintains a stable output which aligns consistently with the 

PV panel as seen in Fig.7 (right) and Fig.8 (right). Thus such a results reveals a very good 

dynamic response of the PVE 

Figure 9. Environmental test profile: ENT 50530 irradiance and varying temperature 

 
Figure 10. Reponses of the PV panel and the PVE to varying G (ENT 50 530) and T 

 

The PVE is commonly used for several applications such as the testing of maximum 

power point tracking [3,16] . In such applications, the PVE is supposed to reproduce the 

dynamic features of the solar panel under varying irradiance level. Thus to assess the pro-

posed PVE, the European Standard, MPPT ENT 50530 irradiance test profile as presented 

in Fig.9 is employed. The ENT recommends irradiance patterns of different gradient. In 

this test, the irradiance gradient is set at ±80𝑊/𝑚2/𝑠 for the increasing and decreasing 

pattern. In order to make the test scenario more rigorous, the irradiance environment is 

coupled with a varying temperature profile of gradient ±8℃/𝑠. It can be seen in Fig. 10, 

that under this test scenario the PVE swiftly follows the solar panel. Thus this further 

confirms the suitability of the proposed PVE. 
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6. Conclusion 

This paper has presented a novel approach for efficient testing of PV systems, em-

phasizing the importance of thorough controlled testing for their optimal deployment. 

The proposed PVE technique introduces a simple and straightforward explicit model of 

the solar panel. Unlike existing methods that rely on iterative computations of complex 

equations, the proposed PVE eliminates the need for iteration by utilizing explicit compu-

tations. This explicit PV model offers remarkable simplicity, which in turn contributes to 

the overall simplicity of the proposed PVE. 

The integration of the explicit PV model has consistently demonstrated its simplicity 

and high flexibility. Through a series of experiments conducted with a 200W solar panel, 

the overall PVE presented in this paper has been validated. The obtained results consist-

ently confirm that the proposed PVE effectively emulates the behavior of the solar panel. 

As a result, this PVE provides a simple and efficient approach for testing PV plants, pav-

ing the way for streamlined and effective deployment of PV systems. 

Future work based on the above research includes expanding experimental valida-

tion of the PVE technique with different solar panel types, capacities, and interconnected 

systems, while also exploring real-time data integration and comparing the proposed PVE 

with other testing techniques to assess its advantages and potential improvements. 
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