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Abstract 
The photovoltaic (PV) emulator is a nonlinear power supply that features the similar characteristic 

of the PV module. However, the nonlinear characteristic of the PV module causes instability of the PV 
emulator output. The conventional solution is to operate the PV emulator in the overdamped condition 
which results in a poor dynamic performance. This drawback is solved by manipulating the proportional 
and integral gains of the proportional-integral (PI) controller. In this paper, the artificial neural network is 
used in the adaptive PI controller to maintain a stable and fast dynamic response of the PV emulator. This 
has been simulated with varied output resistance and irradiance. By comparing the proposed control 
strategy with the conventional method during start-up response of the photovoltaic emulator, the dynamic 
performance of the output current has shown an improvement of up to 80 % faster than the conventional 
method. 
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1. Introduction 

The uses of renewable energy become more popular especially the solar energy due to 
the increases in the performance of the photovoltaic (PV) module and the power converter. The 
power produces by the PV module is affected by the weather condition and requires the 
maximum power point tracking (MPPT) devices and power conditioning system to retrieve the 
maximum power from the PV module. However, the development of MPPT requires a full 
control of the factor that affecting the PV module which is the irradiance and module 
temperature. However, this experimental setup is complex, which requires a large space for the 
PV module. Moreover, the repetitive testing conditions are difficult to achieve. Due to these 
drawbacks, the MPPT device tested using the PV emulator would be more cost effective and 
time-saving. 

The common PV emulator consists of a conventional buck converter with the 
proportional-integral (PI) controller and a reference input from the PV model [1-3]. Although the 
conventional buck converter is simple and requires a low number of components, the dynamic 
response is slow due to a large capacitance in order to maintain a small voltage ripple. The 
multiple-stage interleaved buck converter improves the reliability, efficiency, and transient 
response of the PV emulator [4]. The interleaved converter produces a lower inductor current 
ripple. As a result, a smaller capacitance is required to maintain similar ripple factor thus 
producing a faster transient response. The two-stage LC filter (TSLCF) is also introduced in the 
PV emulator application to improve the bandwidth of the PV emulator system [5].  

The dynamic response of the PV emulator varies depending on output resistance [3], 
[6-7]. A low load resistance causes the overshoot at the output voltage and output current of the 
PV emulator. On the other hand, a large load resistance causes the PV emulator to response 
slower. This problem is overcome by implementing the fuzzy PI controller that adapts to the 
output resistance [8]. However, the nonlinear characteristic of the PV module also affects the 
dynamic response of the PV emulator [6]. The overdamped PV emulator output is required to 
prevent instability of the PV emulator output. Therefore, the dynamic response of the PV 
emulator becomes slow. To overcome this problem, the control system for the PV emulator not 
only considers the output resistance, but also the irradiance and temperature. However, by 
consideration these factors into the controller of the PV emulator, the controller for the PV 
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emulator becomes very complex. Therefore, the artificial neural network (ANN) is used to 
overcome the complexity of the PV emulator controller. 

In this paper, a fast response PV emulator is proposed by applying an adaptive PI 
controller optimized using the artificial neural network. The paper only covers the control 
strategy for the PV emulator at a constant PV module temperature setting of 25 

o
C in order to 

reduce the complexity of the controller design. The proposed control strategy is simulated using 
MATLAB/Simulink

®
 simulation package. The PV model used to represent PV module is the 

single diode model [9]. The Sanyo HIP-215NKHE5 PV panel is used for the emulation process 
[10]. The power converter used for the PV emulator is the two stage interleaved buck converter 
(TSIBC) with the TSLCF. The operation of the power converter is the discontinuous current 
mode to allow a fast dynamic response. This paper only focuses on the resistive load. The PV 
emulator is designed to operate under irradiance and output resistance of 200 W/m

2
 to 

1000 W/m
2
 and 5 Ω to 150 Ω respectively.  

 
 
2. The Disadvantages of Conventional Control Strategy 

The conventional control strategy of the PV emulator system consists of the closed-loop 
converter system with a PV model as the reference, as shown in Figure 1. Although the control 
strategy is simple, it suffers from a slow dynamic response and stability problem. There are 
three disadvantages of the conventional control strategy. The first disadvantage is the output 
resistance affecting the dynamic response of the system.  For the closed-loop controlled system 
of the TSIBC with the TSLCF, a small output resistance produces a fast dynamic response and 
a large output resistance produces a slow dynamic response. Therefore, the tuning of PI 
controller gains is done according to the output resistance to allow the PV emulator to operate 
at the critically damped operation. 
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Figure 1. The conventional control strategy of the PV emulator system 
 
 

The second disadvantage is the different PV emulator output dynamic characteristics is 
required in the different regions of the current-voltage (I-V) characteristic curve. The PV 
emulator with the current-controlled system is designed to work at the critically damped 
operation when the operating point is in the constant current region of the I-V characteristic 
curve. This is due to a small change in reference current even when there is a large change in 
the output voltage, as shown in  

Figure 2(a). Therefore, the operation in the constant current region is stable. However, if 
the PV emulator operates in the constant voltage region, a small change in the output voltage 
causes a large change in the reference current, as shown in  

Figure 2(a). This causes the reference point to oscillate and the output of the PV 
emulator become unstable. This problem is overcome by changing the PV emulator controlled 
system to work at the overdamped operation. However, if the design of the system is 
overdamped, the dynamic performance of the PV emulator becomes slow. Therefore, the gains 
of the PI controller need to adapt to the different regions of the PV I-V characteristic curve.  

The third disadvantage is the constant current region and constant voltage region 
depends on the irradiance and temperature. The operating point of the PV emulator with a lower 
output resistance is near to y-axis of the I-V characteristic curve and a higher output resistance 
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is near to x-axis of the I-V characteristic curve. The output resistance between the boundary of 
the constant current region and constant voltage region is called the critical output resistance 
(Ra and Rb). The PV emulator system is designed to run in critically damped operation when the 
output resistor is below the critical output resistance. While the PV emulator system is designed 
to run in overdamped operation when the output resistor is above the critical output resistance 
to prevent the unstable output of the PV emulator. However, the critical output resistance is 
changed as the irradiance and PV module temperature setting of the PV emulator changed. The 
effect of the change in the critical point when the irradiance changed is observed in  

Figure 2(b). Therefore, it is difficult to determine whether the PV emulator system needs 
to run in critically damped or overdamped operation.  
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Figure 2. a) The effect of the change in output voltage toward the reference input, Iref in different 
regions on the PV I-V characteristic curve. b) The change of the boundary location between the 

constant current region and the constant voltage region on the PV I-V characteristic curved 
when the irradiance, G is changed 

 
 
3. The Proposed Control Strategy for the Photovoltaic Emulator 

The proposed PV emulator control strategy consists of two parts namely the power 
converter and the controller. The power converter is the TSIBC with the TSLCF and it is 
designed to operate with voltage ripple below 2 %. Therefore, the parameters of the power 
converter are adjusted to achieve this condition, as shown in Table 1.  

 
 
Table 1. The power converter and the PV model parameters for the PV emulator. 

Power Converter 
Parameter Values 

Input Voltage, Vi 60 V 
Switching Frequency, f  50 kHz 
Duty Cycle Limit, D 1 % - 95 % 
Inductance (L1, L2, and L3) 50 µH 
Inductor Internal Resistance (rL1, rL2, and rL3) 0.1 Ω 
Capacitance 1 (C1 and C2) 1.4 µF 
Equivalent Series Resistor (rC1 and rC2) 0.1 Ω 

 

PV Model 

Parameter Value 

Open Circuit Voltage, Voc 51.6 V 

Short Circuit Current, Isc 5.61 A 

Maximum Power Point Voltage, 
Vmp 

42 V 

Maximum Power Point Current, 
Imp 

5.13 A 

Temperature Coefficient, KT 0.129 V/°C 
 

 
 
The controller of the PV emulator is consisting of three parts, as shown in Figure 3(a). 

The first part of the controller is the PV model. The PV model chosen for the study is the single 
diode model with series and parallel resistance [9]. The PV mathematical equation is shown in 
Equation 1. The function of the PV model is to produce the reference input according to the PV 
I-V characteristic curve. The accuracy of the PV emulator is highly affected by the PV model 
used. The PV panel chosen for the emulation is Sanyo HIP-215NKHE5 PV panel and the 
parameters for the PV model is shown in Table 1 [10]. 
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       (1) 

 
Where Ipv is the PV current, Iph is the photo-generated current or photocurrent, Is is the 
saturation current, Vpv is the PV voltage, A is ideality factor, VT is the thermal voltage, Rs is the 
series resistance, and Rp is cell shunt resistor. 

The second part of the controller is the proposed control strategy, as shown in 
Figure 3(b). It consists of the PI controller with variable proportional gain, Kp, and integral gain, 
Ki. The complex relationship between output resistance, irradiance, and PV module temperature 
with the controller of the PV emulator using the TSIBC with the TSLCF require complicated 
mathematical equations that are difficult to derive. Therefore, this complex relationship is 
determine using the artificial neural network. The 146 operating points of the PV emulator is 
chosen at random where the PI gains are adjusted until the output of the PV emulator is 
critically damped. These data is trained to determine the function of PI gains with the output 
resistance and irradiance as the input, as shown in Figure 3(b). The training used the hybrid 
learning algorithm (the least-squares and back-propagation gradient descent methods) to tune 
the parameters of a Sugeno-type fuzzy inference system [11]. This relationship is shown in 
Figure 4(a) and 4(b).  
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Figure 3. (a) The block diagram of the proposed PV emulator. (b) The block diagram of the 

adaptive PI controller 
 
 

The membership function chosen to represent the irradiance dataset is the five 
Gaussian curve membership functions. Five membership functions are chosen and evenly 
distributed since the irradiance data collected is at 200 W/m

2
, 400 W/m

2
, 600 W/m

2
, 800 W/m

2
, 

and 1000 W/m
2
. The parameter of this membership function is adjusted using the Membership 

Function Editor in MATLAB. The membership function used to represent the output resistance is 
more complex compares to the membership function representing the irradiance due to the 
nonlinear characteristic of the PV module. Three membership functions are used to represent 
the output resistance. The resistance below 10 Ω is represented using Z-shaped curve 
membership function. During this condition, the PV emulator operates at constant current region 
and the PI gains have a similar characteristic. The output resistance between 10 Ω to 20 Ω is 
represented using Gaussian curve membership function. During this condition, the PV emulator 
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operates around the boundary of the constant voltage and current regions. The membership 
function for the output resistance between 20 Ω to 150 Ω is S-shaped curve membership 
function. During this condition, the PV emulator operates at constant voltage region and the PI 
gains have a similar characteristic. 

The third part in the controller is the pulse width modulator (PWM). The function of the 
PWM is to generate switching pulses for the MOSFETs depending on the duty cycle. By 
referring to Figure 3(a), two pulses are sent to the power converter. The pulse 2 is always 180

o
 

phase shift from the pulse 1. 
 
 

  
(a) (b) 

 
Figure 4. The a) proportional gain, Kp and b) integral gain, Ki surface generated using artificial 

neural network depending on the output resistor, Ro and irradiance, G 
 
 
4. Results and Discussions  

The accuracy and transient response are the important factors when analyzing the 
characteristic of the PV emulator. The I-V characteristic curve produced by the PV emulator 
should be similar with the actual PV module characteristics [4, 12]. The dynamic response of the 
PV emulator should close to 10

th
 of a microsecond to obtain better results from MPPT devices 

and power conditioning system [7, 13]. 
 
4.1. Accuracy of the PV Emulator 

The accuracy of the PV emulator depends on the PV model used. The operating point 
of the PV emulator has a high accuracy if the PV model is accurate. However, the control 
strategy also affects the accuracy of the PV emulator where the unstable reference input leads 
to an inaccurate operating point. The conventional control strategy has a stability problem in the 
constant voltage region. As a result, the PV emulator output becomes inaccurate when 
operating in the constant voltage region. However, the proposed control strategy has no stability 
problem which resulting to a more accurate output.  

 
 

 
 

Figure 5. The I-V characteristic curved obtained from the PV model and the manufacturer 
datasheet compared to the photovoltaic emulator output at 25 

o
C 
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Figure 5 shows the I-V characteristic curve obtained from the manufacturer datasheet, 
the PV model, and the PV emulator output of the proposed control strategy. The results show 
the output of the PV emulator is capable of following the I-V characteristic curve of the PV 
model. However, the inaccurate PV model results in different I-V characteristic curve compared 
to the manufacturer datasheet. 
 
4.2. Transient Response of the PV Emulator 

The adaptive PI controller is designed to maintain a fast and stable transient response 
even when the output resistance and irradiance are changed. The dynamic performance of the 
proposed adaptive PI controller is compared with the conventional fixed PI controller method by 
using the TSIBC with the TSLCF. The conventional fixed PI controller used the constant 
proportional gain and the integral gain of 2500 and 0.01 respectively.  

Figure 6(a) and Figure 6(b) show the data sample of output current from the PV 
emulator at different load conditions. When the output resistance is between 5 Ω to 50 Ω, the 
PV emulator operates at the optimum dynamic response. The overall settling time of the PV 
emulator is maintained around 150 µs even when the output resistance and irradiance are 
changed. The stability of the PV emulator is also maintained in both constant current region and 
constant voltage region. This shows that the proposed control strategy is highly adaptive to the 
load and irradiance change. The output current remains stable and has a fast dynamic 
response.  

The dynamic characteristic of the output current of the conventional method is similar to 
the proposed control strategy for 5 Ω. This is because the PI controller for the conventional 
method is designed at 5 Ω. For the output resistance of 10 Ω and 25 Ω, the proposed control 
strategy produce relatively 60 % to 80 % faster response compared to the conventional method. 
When the output resistance is 50 Ω, there is approximately 1.8 % output current overshoot for 
the conventional method. This is due to a large reference input produced by the conventional 
method during startup. A slow system respond is required to prevent the overshoot. Since the 
conventional method has the fixed gains, the overshoot could not be eliminated. However, the 
proposed control strategy able to adjust the gains of the PI controller to prevent the output 
current overshoot. The adjustment of PI controller gain causing the dynamic performance of the 
PV emulator to become slow. 

In conclusion, the proposed control strategy capable of producing faster transient 
response compared to the conventional method. For the operation with a large output 
resistance, the proposed control strategy is also able to eliminate the output current overshoot 
by adaptively slow down the operation of the PV emulator. 

 
 

 
       (a)                                      (b) 

 
Figure 6. The simulated results of the photovoltaic emulator output current during startup under 

a) 200 W/m
2
 and 400 W/m

2
 at 25 

o
C with a series of output resistances. 

 
 
The reference input is stable if the operating point is located in the constant current region, as 
shown in Figure 7(a) and Figure 7(b). However, if the output resistance increases and the new 
operating point is located in the constant voltage region, the reference point becomes oscillate. 
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This effect is shown in Figure 7(a) when the output resistance is increased at 0.6 ms. The 
reference input is more stable when the output resistance decreases and moving the operating 
point from the constant voltage region to the constant current region. However, the output 
voltage of the PV emulator cannot change instantaneously when the load decreases, as shown 
in Figure 7(d). As a result, the decrease in the output resistance causing the output current 
spike, as shown in Figure 7(c). A larger output resistance drop causes a larger spike. 

Figure 6(a) and Figure 6(b) show the PV emulator system maintains the output current 
dynamic response even though the output resistance increases. The proposed control strategy 
shows that the integral gain becomes lower after 20 Ω to maintain a stable reference input, as 
shown in Figure 4(b). The factor causing a fast dynamic response when the PV emulator 
operates in the constant voltage region is the PV model. When the PV emulator is started, the 
output voltage is zero. As a result, the reference input is equal to the short circuit current of the 
PV at given irradiance and module temperature. The reference input produced is larger than the 
operating point corresponding to the output resistance, as shown in Figure 7(c). The error, e, 
produces is large causing the PV emulator system to produce a fast dynamic response. As the 
voltage increases, the reference current becomes lower, as shown in Figure 7(c). The error 
becomes smaller and the PV emulator reaches the steady state condition without any instability 
and producing a fast dynamic response. 
 
 

  
(a) (b) 

  
(c) (d) 

 
Figure 7. The simulated results of the PV emulator under 600 W/m

2
 and 25 

o
C. The output 

resistance, Ro was step-changed from 10 Ω to 25 Ω at 0.6 ms where (a) the reference current, 
Iref and the output current, Io with (b) the output voltage, Vo of the PV emulator. The Ro was step-

changed from 25 Ω to 10 Ω at 0.4 ms where (c) the Iref and the Io with (d) the Vo of the PV 
emulator  

 
 
5. Conclusion 

The conventional control strategy uses the closed-loop power converter system to 
determine the operating point of the PV emulator. According to the Final Value Theorem, the 
steady state error of this system is zero. Therefore, the PV emulator output is highly accurate if 
a good PV model is used. However, the closed-loop power converter system becomes unstable 
when it is converted into the PV emulator using the conventional control method. As a result, the 
output of the PV emulator oscillates and the accuracy is reduced. The proposed control strategy 
overcomes the stability problem faced by the conventional control strategy. Therefore, the PV 
emulator using the proposed control method is highly accurate. 

The simulations show the dynamic response of the converter becomes slow when 
output resistance becomes high. The PI gains increase as the output resistance increases. 
However, if the operating point is located in the constant voltage region of the PV I-V 
characteristic curve, the PI gains is decreased to prevent instability of the system. The artificial 
neural network control strategy is able to determine the complex relationship between the output 
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resistance and the irradiance with the PI gains. The adaptive PI controller maintains the 
dynamic performance of the PV emulator even when the output resistance and the irradiance 
are varied. The output current overshoot of the PV emulator when a large output resistance is 
connected to the PV emulator is eliminated when using the proposed control strategy. This 
condition is caused by a large reference input produces by the PV model. The movement of 
operation from the constant current region to the constant voltage region causing the PI 
controller to respond faster. The adaptive PI controller automatically reduced the integral gain to 
prevent the overshoot. Even though the proposed control strategy able to produce a fast and 
stable output, the flexibility of this method is low.  

The constant current and voltage regions are different corresponding to the output 
resistance and irradiance due to the different I-V characteristic of the different PV modules. 
Therefore, the critically damped and overdamped operation change. As a result, the training of 
the PI gains is conducted again to allow the PV emulator to operate properly. The training of the 
different PV modules requires the different parameters of the output resistance membership 
function. Therefore, the parameters tuning of the membership function need is necessary which 
increase the complexity of the proposed control strategy. 
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