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 In the last decades, researchers and scientists have been trending towards 
photovoltaic (PV) solar energy research as one of the noteworthy renewable 
energies. As a matter of fact, the need for a laboratory system devoted to 
performing measurements and experimentation on PV systems is being 
increased. The PV array emulator is designed to accomplish this task by 
reproducing accurately the electrical behavior of real PV sources. The 
present paper proposes thus a new control and design of PV array emulators. 
It is based essentially on a hybrid Damping Injection controller. The 
proposed control strategy circumvents obviously the existing PV emulator's 
limitations in terms of accuracy, speed and partial shading emulation. Several 
results are given and discussed to show the efficiency of the proposed system 
to emulate PV modules and different PV array configurations under uniform 
solar irradiance and partial shading conditions.  
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1. INTRODUCTION 

In recent years, the interest in renewable and sustainable energy is being considerably increased, a 
growing awareness of the impact of conventional power generation resources on environment and human 
safety has been intensively remarked. Therefore, Contributing to sustainable development by reducing 
greenhouse gas emissions has become one of the important priorities of many countries around the world [1]. 
Photovoltaic solar energy is a green power resource widely used to produce clean electricity by using energy 
from the sun. Many researchers and scientists have devoted their research activities to the modeling of this 
PV energy, its optimization, its control and many other related fields. However, one of the most major 
problems hindering the progress and competitiveness of this renewable energy is the intermittent power 
production, which necessitates the use of storage techniques or energetic mix with other power sources. This 
problem not only impacts the commercial maturity and competitiveness of the PV solar energy, but also the 
research and development of PV energy systems [1]. Indeed, the intermittence and weather dependence of 
PV solar energy hinder researchers to carry out their experiments and measurements on PV systems without 
depending on atmospheric conditions of temperature and solar irradiance [1, 2]. The real-time 
experimentation on PV energy often needs repetitive tests at the desired climatic conditions to validate for 
instance Maximum Power Point Tracking (MPPT) algorithms and solar grid-connected inverters [1-4]. 
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That’s why, the need for a PV emulator system is inevitable, this laboratory device has to reproduce the 
electrical behavior of a real PV generator by tracking the current-voltage (I-V) characteristic without being 
dependent on weather conditions. It should reproduce the same current and voltage of actual PV sources at 
the desired temperature (T) and irradiance (G) that the user will define [1-3]. 

In the literature, many research studies have been performed regarding PV source emulators, they 
are in most case based on the switched-mode power supply (SMPS) since SMPS are more efficient than 
linear regulators [5-7]. The majority of proposed PV emulators suffer from inaccuracy and instability in some 
particular zones of the I-V characteristic of the PV module due to its nonlinearity, especially on the constant 
current and constant voltage zones [2]. Several control strategies of the PV emulator have been proposed to 
overcome these problems, such as perturb and observe method (P&O), Hill Climbing technique (HC), 
Resistance Comparison Method [8-10]. However, all these methods require an iterative process to reach the 
operating point of the system, the iteration step is highly linked to the accuracy and the dynamic of the 
system, so when the iteration step is small, the system gets a good accuracy and less oscillation, but a poor 
dynamic response is observed, and when the iteration step is increased, the dynamic response is improved at 
the expense of accuracy [2]. The proposed control strategy does not require any iterative algorithm and 
ensures both good accuracy and high dynamic performances.  

Furthermore, the commercial PV emulators utilizing programmable power supply have a poor 
dynamic response which can affect the efficiency of the emulation, especially with some algorithms like 
MPPT that need rapid emulation [2, 11]. Moreover, the need for PV emulation is not confined to PV 
modules, but the researchers usually need to emulate different PV array configurations such as series 
configuration, parallel configuration, total-cross-tied configuration… under uniform climatic conditions and 
partially shaded conditions [12]. According to the literature review, the emulation of PV array configurations 
under different scenarios of partial shading conditions is being rarely developed [2, 12]. Therefore, the 
proposed paper deals with all these limitations by designing a new PV source emulator based on a robust 
control strategy of Damping Injection which takes into consideration the nonlinearity of PV characteristics 
and produces, as a result, similar outputs as an actual PV array.  

The developed PV array emulator is able to track faithfully the current and voltage of PV sources 
with high dynamic response and good accuracy for any operating point in the I-V curve and at any 
environmental conditions. The proposed PV system is based essentially on the one diode two resistances 
(1D-2R) PV model implemented in the Look-Up-Table (LUT), beside the DC-DC buck converter for the 
power part. The emulation algorithm based on hybrid referencing and damping injection control determines 
the operating point of the system and delivers, as a result, the required control signal to the power converter 
in order to track accurately the I-V characteristic curve. 

 
 

2. PROPOSED SYSTEM DESCRIPTION 
The proposed system is composed essentially of three parts which are: the power electronic 

converter, the reference generator and the controller. The power converter transmits the power to the load, it 
can be either a buck-converter, boost converter, SEPIC converter.  

Buck converter topology has been chosen in this application since it ensures wide coverage of the 
PV characteristic curves from the short circuit to the open circuit operating points [13-15]. Besides, it has a 
simple structure with fewer components, the current and voltage ripples can be well-adjusted by choosing the 
right values of inductance L and capacitance C [16-19].  

The current and voltage of the load are sensed and delivered to the second part which consists of the 
reference generator. The latest contains LUT where the PV characteristics are implemented.  

LUT technique has been widely used in literature for PV emulator applications due to its simplicity 
and speed [2, 20]. The number of data points of the LUT is chosen to have an accurate operating point 
localization without affecting the memory of the processor [1, 2, 21-23].  

After generating the voltage and current references, which correspond to the operating point of the 
system, the Damping Injection (DI) controller takes over in order to track accurately the reference; if the 
operating point belongs to the constant current zone (CCZ), the first damping injection controller (DI1) will 
track the current reference, whereas if the operating point is at the constant voltage zone (CVZ), the second 
damping injection controller (DI2) will take over in order to track the voltage reference. This control strategy 
is well-detailed in the next section. The DI controller generates, as a result, the duty cycle d which will be 
used by the Pulse Width Modulation (PWM) technique to deliver the control signal u of the power converter 
transistor as shown in Figure 1. 

The simulation parameters of the PV emulator with the characteristics of the PV modules to emulate 
are presented in Tables 1 and 2.  
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Figure 1. Overall structure of the proposed PV emulator 
 
 

Table 1. PV Emulator Parameters 
Variable Value 

Input voltage Vs 150 V  
Capacitor C 10 µF 
Inductor L 5 mH 

Switching frequency f 
Controller gain R1 
Controller gain R2 

50 KHz 
1000 
0.01 

 
 

Table 2. Datasheet Parameters of the Mono ALLMAX PLUS and Mono RENOGY PV Modules 
Variable Mono ALLMAX PLUS PV module Mono RENOGY PV module 

Peak rated power 
Open circuit voltage Voc 

335 W 
46.1V 

50 W 
22.6 V 

Short circuit current Isc 9.41A 2.92 A 
Maximum power point voltage Vmpp 37.8 V 18.5 V 
Maximum power point current Impp 8.87 A 2.71 A 
Temperature coefficient of Isc: ki 0.053 A/°C 0.05 A/°C 

Temperature coefficient of Voc : kv -0.31 V/°C -0.31 V/°C 
Temperature coefficient of power: kp -0.41 %/°C -0.42 %/°C 

Number of Cells in series Ns 72 36 

 
 
The L and C values are chosen to operate in the continuous conduction mode, the controller gains 

are selected to ensure the desired dynamic and static performances, they can be tuned to change the dynamic 
behavior of the PV emulator. Furthermore, we have chosen two types of PV modules from two PV 
constructors in order to test different powers, the parameters are taken from the technical datasheets. The first 
one MONO ALLMAX module is used to validate the emulation of PV modules, while the second one 
MONO RENOGY is used for the emulation of PV arrays under partially shaded conditions. 

 
 

3. PROPOSED CONTROL STRATEGY OF THE PV EMULATOR 
In this part, a new control strategy of the PV array emulator is presented, it is based essentially on 

the passivity damping injection control, which uses an energetic approach and ensures a good dynamic 
response comparing to conventional linear compensators such as proportional integrator (PI) controller [17]. 
Besides, due to the nonlinearity of the PV characteristics, it is required the use of a specific nonlinear control 
strategy able to produce a stable and accurate PV emulator outputs irrespective of the operating point 
position, unlike direct referencing method which suffers from inaccuracy in some particular I-V  
curve areas [2, 24].  

The proposed control strategy consists of a hybrid referencing method depending on the position of 
the operating point of the PV emulator as depicted in Figure 2. When the operating point is at the constant 
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current region, the PV module current is approximately constant near to the short circuit current Isc, while 
the PV module voltage is highly variable. Therefore, a damping injection controller based on current 
referencing is recommended to guaranty a stable current loop as well as an accurate PV emulator outputs. On 
the other hand, if the operating point is at the constant voltage zone, the PV module voltage is almost 
constant near to the open-circuit voltage Voc. Therefore, a damping injection controller based on voltage 
referencing is suitable to have a stable reference voltage and thereby an accurate PV emulation. In order to 

locate the position of the operating point, a comparison between 
𝑽𝒍𝒐𝒂𝒅

𝑰𝒍𝒐𝒂𝒅
 and 

𝑽𝒎𝒑𝒑

𝑰𝒎𝒑𝒑
 is required, with Vload and 

Iload are respectively the load voltage and current, and Vmpp and Impp are respectively the maximum power 
point voltage and current. We can also compare ∆𝑽𝒑𝒗 to ∆𝑰𝒑𝒗 , where ∆𝑽𝒑𝒗 and ∆𝑰𝒑𝒗 are respectively the 
PV voltage and current variations if the PV characteristic presents more than one maximum power point. 

It is worthy to note that the references are generated from the LUT. The data points of the LUT are 
calculated offline using the 1D2R mathematic model of the PV panel where the current and voltage are 
linked according to the following equation:  

 

𝐼𝑟𝑒𝑓 𝐼𝑝ℎ 𝐼𝑠 𝑒𝑥𝑝 ∗

∗
1 ∗

 (1) 

 
With Iref is the PV current reference, Vo is the output voltage, Iph is the photoelectric current, Is is 

the diode saturation current, Vt is the junction thermal voltage, A is the diode ideality factor, Rs and Rp are 
respectively the PV module series and shunt resistances. The voltage reference is computed using the reverse 
I-V LUT, which is the V-I LUT.  

 
 

 
 

Figure 2. Control strategy of damping injection in function of the operating point location 
 
 

Let’s find the expressions of DI1 and DI2. 
Euler Lagrange averaged state model of the buck converter is defined as [25]: 

 
𝐿 0
0 𝐶

𝑥  
0 1
1 1/𝑅 𝑥 𝑢 𝐸

0
  (2 

) 

With x is the state vector of the system 𝑥 𝑥1
𝑥2

𝐼𝐿
𝑉𝑙𝑜𝑎𝑑

𝐼𝐿
𝑉𝑜

 

And E is the input voltage: E=Vs 
It can be also written as:  

 
𝐷𝑥 𝐽𝑥  ℜ𝑥 𝔼 (3) 
 

Where:  

𝐷 L 0
0 C

 Diagonal matrix containing the storage elements of the system; 
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𝐽  0 1
1 0

 Antisymmetric matrix representing the interconnection between the system 

components; 

ℜ  
0 0
0 1/R  Symmetric definite positive matrix representing the dissipative elements of the 

system; 

𝔼 𝑢 𝐸
0

 Contains the exogenous and control inputs of the system. 

Considering the following desired Hamiltonian storage function:  
 
𝐻𝑑  𝑥 𝐷𝑥 (4) 

 
With 𝑥 𝑥 𝑥𝑑 is the error and xd is the desired value of x. 
The desired damping ℜ𝑑 of the closed-loop is:  

 
ℜ𝑑 ℜ ℜ  (5) 
 

With ℜ  is the required damping to be injected so that ℜ𝑑 can be symmetric definite positive. 
The dynamic of the error associated with the storage function 𝐻𝑑 is defined as:  

 
𝐷𝑥 𝐽𝑥  ℜ𝑑𝑥 𝛹 (6) 
 

In order to have a passive and stable closed-loop, we can choose 𝛹 0 [25] 
The control law dynamic is then expressed as: 

 
𝐷𝑥𝑑 𝐽𝑥𝑑  ℜ𝑥𝑑 ℜ 𝑥 𝔼 (7) 
 

Let’s choose ℜ  to be as:  
 

ℜ  𝑅1 0
0 𝑅2

 (8) 

 
R1 and R2 are two positive real numbers.  
Thus:  

 

ℜ  
𝑅1 0
0 𝑅2 1/𝑅  (9) 

 
Therefore: 

 

 
𝐿𝑥1𝑑 𝑥2𝑑 𝑅1 𝑥1 𝑥1𝑑 𝑢𝐸

𝐶𝑥2𝑑 𝑥1𝑑 𝑅2 𝑥2 𝑥2𝑑 0
 (10) 

 
For the constant current region: 
Let’s fix x1d = Iref = cte 
Then from (10):  

 
𝑥2𝑑 𝑅1 𝑥1 𝐼𝑟𝑒𝑓 𝑢𝐸

𝐶𝑥2𝑑 𝐼𝑟𝑒𝑓  𝑅2 𝑥2 𝑥2𝑑  0 
 (11) 

 
Using (11) and (2):  

 

𝑥2𝑑  𝑢𝐸 𝑅1𝑥1  𝑢𝐸  𝑢  𝑥2  (12) 

 
Substituting 𝑥2𝑑 expression in (11), we find:  

 

𝐶𝐸𝑢  𝑢  𝑥2 𝐼𝑟𝑒𝑓 𝑅2 𝑥2𝑑 𝑅2𝑥2 0 (13) 
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That yields replacing x2d by its expression from (11):  

𝐶𝐸𝑢  𝐸𝑅2 𝑢  𝑅2 𝑥2  𝑅1𝑅2 𝑥1 𝐼𝑟𝑒𝑓 𝐼𝑟𝑒𝑓 (14) 

 
Finally, the control law DI1 is expressed as: 

 

DI1 : 𝒖  𝟏

𝑪𝑬𝑺
𝑹𝟏𝑬𝑪
𝑳

 
𝑬
𝑹

𝑬𝑹𝟐
∗ 𝑹𝟏𝑪

𝑳
𝑹𝟐 𝒙𝟐 𝑹𝟏

𝑹
 𝑹𝟏𝑹𝟐 𝒙𝟏 𝑰𝒓𝒆𝒇 𝑰𝒓𝒆𝒇  (15) 

 
For the constant voltage region:  
x2d = Vref = cte 
Then:  

 
𝐿𝑥1𝑑 𝑉𝑟𝑒𝑓 𝑅1 𝑥1 𝑥1𝑑 𝑢𝐸 

𝑥1𝑑 𝑅2 𝑥2 𝑉𝑟𝑒𝑓 0
 (16) 

 
Using (16) and (2):  

 

𝑥1𝑑  𝑅2𝑥2   (17) 

 
Substituting the  𝑥  expression in (16), we find:  

 

𝐿 𝑥1 𝐿 𝑥2 𝑉𝑟𝑒𝑓 𝑅1 𝑥1 𝑥1𝑑 𝑢𝐸 (18) 

 
Then:  

 

𝐿 𝑥1 𝐿 𝑥2 𝑉𝑟𝑒𝑓 𝑅1 𝑥1 𝑅2 𝑥2 𝑉𝑟𝑒𝑓 𝑢𝐸 (19) 

 
Finally, the control law DI2 is written as:  

 

DI2 : 𝒖  
𝑳𝑹𝟐
𝑪

𝒙𝟐
𝑹 𝒙𝟏 𝑹𝟏 𝒙𝟏

𝑽𝒓𝒆𝒇
𝑹 𝑹𝟏𝑹𝟐 𝒙𝟐 𝑽𝒓𝒆𝒇 𝑽𝒓𝒆𝒇

𝑬
 (20) 

 
It is important to note that to avoid excessive switching between controllers when R is near to 

Rmpp, an overlap is made around the MPP (∆R=2 Ω) so the system in the MPP area can be controlled both 
by the DI1 or DI2. This frequent transition may be due to noise or measurement errors in practice. 

 
 

4. SIMULATION RESULTS AND DISCUSSION 
4.1.   Dynamic performances study 
4.1.1.   PV module emulator under dynamic loading 

In this part, in order to verify if the proposed system remains stable and accurate under changing the 
resistive load from an I-V curve region to another, we have subjected the PV emulator to a rapid load 
variation profile which includes the constant current zone, the constant voltage zone and the MPP zone as 
depicted in Figure 3.  

As shown in the above figure, it is obvious that the proposed PV system maintains its stability and 
accuracy even under varying the resistive load from an I-V region to another, the PV emulator tracks rapidly 
the PV module current and voltage, which proofs the robustness of the proposed control strategy. 

Moreover, the static error is negligible around 1% and the current and voltage ripples are too small. 
Indeed, for R>=Rmpp, the current and voltage ripples factor is approximately 0.2%, and for R< Rmpp, the 
current ripple factor increases slightly to 1,2 % because of the output current increase. Overall, the PV 
emulator output ripples remain small for all the operating points. 
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Figure 3. PV emulator outputs under changing the resistive load from I-V curve zone to another 
 
 

4.1.2.   PV module emulator feeding resistive load at different I-V curve zones 
The dynamic performances of the proposed PV module emulator are evaluated in this part. We have 

chosen three resistance loads, each one corresponds to one I-V curve zone. The operating points correspond 
to the intersection between the resistance characteristic with the I-V characteristic of the PV module. A 
comparison is done between the current and voltage of the PV emulator with the PV module’s ones as shown 
in Figure 4.  

 
 

 
 

Figure 4. Dynamic response of the PV module emulator at the three I-V characteristic regions 
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Figure 4 shows the dynamic performances of the proposed PV emulator, it contains three columns, 
and each column provides the I-V characteristic of the PV module with the resistive load characteristic, the 
PV model voltage with the PV emulator voltage, and the PV model current with the PV emulator current. 
The operating point at the constant current region corresponding to R = 2Ω is shown in the first column, 

while the second column shows an operating point at the Maximum power region ( 𝑅   ). The third 

column includes an operating point at the constant voltage region (R = 20 Ω). PV emulator outputs are nearly 

the same as the PV model’s ones, the relative static errors 𝑒𝑣   
 and 𝑒𝑖   

 are negligible 

not exceeding 1 %, the current and voltage ripples are around 1.5%, whereas the settling time is too small 
between 600 µs and 1 ms, while the commercial PV emulators using programmable power supply have a 
dynamic performance between 10 ms to 100 ms [2]. Therefore, the designed PV emulator has a good 
dynamic performance compared to most of the existing PV emulators, the transient dynamic response is very 
rapid and the accuracy is very high. Besides, the proposed nonlinear power device is able to maintain its 
stability and accuracy in any I-V curve region, unlike existing PV emulators based on conventional control 
strategies that suffer from instability and inaccuracy in the constant current region and the constant  
voltage region [2].  

 
4.1.3.   Solar emulator of several PV array configurations under partially shaded conditions 

In this section, several solar PV array configurations are proposed: Series, Parallel, Series-Parallel 
(SP), Honey-Comb (HC), Bridge-Linked (BL) and Total Cross-Tied (TCT) configurations. Each PV array 
configuration is subjected to a partial shading condition scenario as illustrated in Figure 5, which affects the 
I-V and P-V characteristics of the PV array. The main objective of this part is to show the ability of the 
proposed PV array emulator to track the output current and voltage of the PV array for each solar PV 
configuration under partially shaded conditions and provide the same outputs.  

 
 

 
 

Figure 5. The different PV array configurations under partial shading conditions 
 
 
Figures 6 and 7 show for each PV array configuration the I-V and P-V characteristic curve in the 

first and second waveforms of each column, and the output voltage and current of the PV array emulator and 
the PV array in the last waveforms of each PV configuration. The PV array emulator should deliver the same 
output current and voltage corresponding to the intersection point of the PV characteristics. 

As described in Figures 6 and 7, we have chosen different resistive load values for each PV array 
configuration, the operating point is clearly shown for each case in the I-V and P-V characteristics. It can be 
concluded that the developed PV array emulator provides the same output current and voltage of the PV 
array for any PV array configuration under partial shading conditions. The coordinates of the operating points 
are the same as the PV emulator outputs. Note that the transient dynamic response is very fast since the 
settling time is around 500 µs and can change slightly depending on the load value. Besides, since the 
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accuracy is the key feature that any PV emulator should ensure to mimic faithfully the PV source behavior, 
the accuracy of the proposed PV array emulator is very high because the static error remains very small 
irrespective of the PV array configuration, the partial shading condition and the load value, which constitutes 
an important added-value of the proposed power electronic system compared to the existing PV emulators. 

 
 

 
Figure 6. Dynamic response of the PV array emulator for series (a) parallel (b) and SP configurations (c) 

 
 

 
 

Figure 7. Dynamic response of the PV array emulator for HC (d) BL (e) and TCT configurations (f) 
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4.2.   Static performance study 
This part attempts to investigate the static performances of the proposed PV array emulator. The 

resistance load had been varied in order to sweep all the I-V characteristic curve from the constant current 
region to the constant voltage region of the PV source. For each resistance value, the PV emulator current 
and voltage had been measured and compared to the PV source ones under different solar irradiance and 
temperature values. The first Figure 8 shows the I-V curves while the PV emulator is mimicking the PV 
module under different weather conditions, whereas the second Figure 9 presents the I-V curves in the case 
of emulating PV array configurations under partially shaded conditions. 

According to Figures 8 and 9, the static performances of the proposed circuit meet the PV emulation 
requirements in terms of accuracy and the ability to emulate the whole I-V characteristics of different PV 
array configurations under partially shaded conditions. As highlighted in the figures below, the static error is 
very small not exceeding 1 %, which emphasizes the good accuracy of the PV emulator. Therefore, the user 
can choose the way to connect the PV modules, the desired weather parameters and the given partial shaded 
conditions, so the proposed system after getting the required information can provide the same PV array 
behavior at any time without needing to buy real PV panels or to have a large area for PV modules. 

 
 

 
 

Figure 8. Comparison between I-V curves of the PV emulator and the PV module under different solar 
irradiances and ambient temperature 

 
 

 
 

Figure 9. Comparison between I-V curves of the PV emulator and the PV array for different PV array 
configurations under partial shading conditions 
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5. CONCLUSION 
This work has been dedicated to the photovoltaic emulation of PV modules and arrays. A new PV 

source emulator has been proposed, which consists mainly of the Damping Injection controller, LUT 
technique and DC-DC buck converter. Novel control strategy of referencing has been suggested and a deep 
analysis of the dynamic and static performances of the proposed power electronic circuit has been effected. 
Simulation results using Matlab-Simulink software show the effectiveness and usefulness of the designed 
circuit in producing the same current and voltage outputs as an actual PV source. Different PV array 
configurations have been used so as to investigate the ability of the PV emulator to track faithfully the I-V 
characteristics under different atmospheric conditions and partial shading conditions, the results have 
confirmed the good performances of the proposed system in terms of accuracy, stability, speed and overshoot 
limitation. Future work will be devoted to the experimental validation of the system and the test of MPPT 
algorithms connected to the PV emulator. 
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