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Abstract 
 

Photovoltaic (PV) emulator (PVE) is a power converter that follows the voltage and current 

characteristic of a PV module. The direct referencing method (DRM) is the prevailing control 

strategy for the PVE because of its straightforward nature. Nonetheless, stability is an issue 

for this control strategy. The resistance feedback method (RFM) provides an alternative 

solution without encountering stability issues. The RFM requires a specialize current-

resistance (I-R) PV model to operate. Currently, the adjustable piecewise linear interpolation 

(PLI) for this specialize PV model is unavailable for the RFM PVE. This paper proposed an 

adjustable I-R PLI (IRPLI) PV model for the PVE that uses the RFM control strategy. The 

performance of this PV model and its corresponding RFM PVE is compared with the current-

voltage PLI (IVPLI) PV model together with the DRM PVE. The output of the IRPLI is similar to 

the IVPLI at various irradiance. The discrepancy in error for both PV models is a maximum of 

6% when compared to the standard single diode model (SDM) PV model. The IRPLI is 3.2 

times faster compared to the SDM and 1.07 times slower compared to the IVPLI. The IRPLI 

also able to properly integrated with the RFM PVM without any stability issues. 

 

Keywords: Photovoltaic model, piecewise linear interpolation, linear regression, buck 

converter, PI controller 

 

Abstrak 
 

Pelagak Fotovoltaik (PV) (PVE) merupakan penukar kuasa yang mengikut sifat voltan dan 

arus modul PV. Kaedah rujukan langsung (DRM) adalah strategi kawalan utama bagi PVE 

kerana sifatnya yang mudah. Walau bagaimanapun, kestabilan merupakan isu untuk 

strategi kawalan ini. Kaedah maklum balas rintangan (RFM) menyediakan penyelesaian 

alternatif tanpa menghadapi isu kestabilan. RFM memerlukan model PV arus-rintangan (I-

R) khas untuk beroperasi. Buat masa ini, interpolasi tegak bersegmen boleh laras (PLI) untuk 

model PV khas ini tidak tersedia untuk RFM PVE. Kertas ini mencadangkan model PV I-R PLI 

boleh laras (IRPLI) untuk PVE yang menggunakan strategi kawalan RFM. Prestasi model PV 

ini beserta dengan PVE RFM dibandingkan dengan model PV interpolasi voltan-arus (IVPLI) 

bersama dengan PVE DRM. Keluaran IRPLI serupa dengan IVPLI pada pelbagai radiasi. 

Diskrepan dalam ralat bagi kedua-dua model PV adalah maksimum 6% berbanding 

dengan model PV satu diod (SDM). IRPLI 3.2 kali lebih cepat berbanding SDM dan 1.07 kali 

lebih lambat berbanding IVPLI. IRPLI juga dapat diintegrasikan dengan betul dengan PVM 

RFM tanpa sebarang isu kestabilan. 

 

Kata kunci: Model Fotovoltaik, interpolasi tegak bersegmen, regresi tegak, penukar buck, 

pengawal PI. 

© 2024 Penerbit UTM Press. All rights reserved 
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1.0 INTRODUCTION 
 

A Photovoltaic (PV) emulator (PVE) is a power 

converter that produces similar voltage and current 

characteristics as a PV module. It is useful during the 

development of the PV generation system. The system 

consists of three main components; which are the 

control strategy, power converter, and PV model [1, 

2]. 

There is various type of control strategy used for the 

PVE. The common control strategy is the direct 

referencing method (DRM). The DRM can either be 

voltage control [3, 4] or current control [5, 6], 

depending on the PV model and closed-loop 

controller used for the PVE. Although the DRM is fairly 

simple, it is difficult to retune the closed-loop 

controller. This is because the DRM control strategy is 

highly affected by the change in the load and 

irradiance. The DRM commonly becomes unstable at 

high load and irradiance for current control[7, 8]. 

While the voltage control DRM becomes unstable 

when the load and irradiance are low. When using a 

switch mode power supply (SMPS) in PVE, the output 

voltage and current produce ripple. This ripple is fed 

into the PV model in the PVE, which produce 

oscillating reference input. Common closed-loop 

controller is designed to have a constant reference 

input. However, due to the oscillating input reference, 

the properly tuned closed-loop controller unable to 

work properly, resulting in instability problem. 

To avoid the instability problem faced by the DRM, 

the resistance feedback method (RFM) is introduced. 

As mention before, the voltage and current contain 

ripple. However, there is no ripple for the resistance. 

When the non-ripple resistance reading is fed into the 

PV model, the input reference produced in not 

oscillating. This allows the properly tuned closed-loop 

controller to work properly and avoid oscillating 

problem. This control strategy uses a non-standard PV 

model that has resistance as the input instead of 

voltage or current. This is the limitation of the RFM since 

a specialised PV model is needed for this purpose. The 

look-up table method is used for the RFM [9-11]. 

Although this method is simple, it requires a lot of 

memory to store the data. The method is also not 

flexible since it requires a different set of data if the 

irradiance changes.  

The direct calculation method is also being 

implemented for the RFM. This means that the model 

is computed directly, which does not require memory 

and is flexible. These include the reverse triangle 

method [12], integral controller [13], and binary 

search method [14]. Although this method is able to 

compute the specialised PV model with resistive input, 

it requires high computational power. A PVE needs to 

have a fast computation time to work properly [15, 

16]. If the computation burden is high, but the 

computational power is low, the computational time 

becomes long and the PVE is unable to work properly. 

Piecewise linear interpolation (PLI) is one of the 

ways to reduce the computation burden in the PVE. 

The current-voltage (I-V) PV model is modified to 

become the current-voltage PLI (IVPLI) PV model and 

used in the PVE [17, 18]. Since the accuracy of the PLI 

is low, this approach is rarely used. However, if the 

computation capability of the PVE is low, the PLI is 

useful, especially if the accurate emulation is not a 

priority. Besides the accuracy problem, the irradiance 

cannot be changed for the PLI PV model. 

The RFM has the advantage of stable output 

compared to the DRM. However, the RFM requires a 

modified current resistance (I-R) PV model, which is 

able to receive resistive input. Currently, there is still no 

current-resistance PLI (IRPLI) PV model available to be 

used in the RFM for the PVE. There is also limited 

adjustment available for the PLI PV model used in the 

PVE. 

This paper proposed an adjustable IRPLI PV model 

for the RFM PVE. It uses a buck converter and PI 

controller. The first contribution is the adjustable PLI PV 

model that uses linear regression to adjust the 

standard test condition (STC) voltages. The second 

contribution is the conversion of the IVPLI PV model to 

the IRPLI PV model for use in the RFM control strategy 

for the PVE. The proposed IRPLI RFM PVE is compared 

with the IVPLI DRM PVE as the benchmark. 

 

 

2.0 METHODOLOGY 
 

The proposed IRPLI PV model is used in the RFM PVE. 

The IRLPLI RFM PVE is then compared with the IVPLI 

DRM PVE. Both PVEs are displayed in Figure 1. For the 

DRM, the IVPLI PV model receives output voltage (Vo) 

and irradiance (G). The IVPLI PV model then 

calculates the PV current (Ipv), which becomes the 

reference current (Iref). The comparison between Iref 

and the output current (Io) is conducted to ascertain 

the error (e). The proportional-integral (PI) controller 

utilizes the error (e) to calculate the suitable duty cycle 

(d) for the buck converter. The changes in d produce 

changes in Vo and Io. The process is then repeated. For 

the RFM, the Vo is divided to Io which mathematically 

calculates Ro. The Ro is fed into the IRPLI PV model as 

PV resistance (Rpv) to produce Iref. The rest of the 

process is similar to the DRM. 

Based on the parameters in Table 1, the IVPLI PV 

model is implemented based on Figure 2. The process 

starts by reading the Vpv and G. Then, the STC 

parameters are defined in the PV model. Based on the 

observation, the short circuit current (Isc) and 

maximum power current (Imp) are highly proportional 

to the G, the proposed adjustment of Isc and Imp are 

shown in Equation 1 and Equation 2, respectively. 

However, for the open circuit voltage (Voc) and 

maximum power voltage (Vmp), the relationship is not 

linear to the G. However, the nonlinearity is not 

significant and linear regression still can be used for 

the STC adjustment. The proposed Voc and Vmp 

adjustments are shown in Equation 3 and Equation 4, 

respectively. 
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Figure 1 Control Strategy of PVE. a) DRM (using IVPLI PV 

Model). b) Resistance Feedback Method (using proposed 

IRPLI PV Model) 

 
Table 1 STC parameters of the HHGJ100P(36) Solar Module 

 

Parameters Value 

Open Circuit Voltage, Voc 22.5 V 

Short Circuit Current, Isc 6.23 A 

Maximum Power Voltage, Vmp 17.8 v 

Maximum Power Current, Imp 5.62 A 
 

Start

Adjust STC Parameter using 
Proposed Method.

Read Vpv, G

Vpv<=0

Vpv<=Vmp

Vpv<=Voc

N

Y

N

Y

N

Y

End

Ipv = Isc

Ipv = Vpv(Imp-Isc) /
Vmp + Isc

Ipv = Imp(Vpv-Voc) /
(Vmp-Voc)

Ipv = 0

Define STC Parameter.

 
 

Figure 2 Flowchart of the IVPLI PV Model with proposed STC 

parameter adjuster 
 

𝐼𝑠𝑐 =
𝐺

1000
∗ 𝐼𝑠𝑐(𝑠𝑡𝑐) 

(1) 

𝐼𝑚𝑝 =
𝐺

1000
∗ 𝐼𝑚𝑝(𝑠𝑡𝑐)  

(2) 

𝑉𝑜𝑐 = 𝑚𝑣𝑜𝑐𝐺 + 𝑐𝑣𝑜𝑐  (3) 

𝑉𝑚𝑝 = 𝑚𝑣𝑚𝑝𝐺 + 𝑐𝑣𝑚𝑝  (4) 

After the STC adjustment, the detection of segments 

based on the Vpv started. If Vpv is less than 0, the Ipv is 

equal to Isc. If the Vpv is between 0 to Vmp, the Ipv follows 

Equation 5. If the Vpv is between Vmp and Voc, the Ipv 

follows Equation 6. Both equations are based on the 

PLI approach with 2 segments. 

 

𝐼𝑝𝑣 =
(𝐼𝑚𝑝−𝐼𝑠𝑐)

𝑉𝑚𝑝
𝑉𝑝𝑣 + 𝐼𝑠𝑐      𝑓𝑜𝑟 0 ≤ 𝑉𝑝𝑣 ≤ 𝑉𝑚𝑝   

(5) 

𝐼𝑝𝑣 =
𝐼𝑚𝑝(𝑉𝑝𝑣 − 𝑉𝑜𝑐)

𝑉𝑚𝑝 − 𝑉𝑜𝑐
        𝑓𝑜𝑟 𝑉𝑚𝑝 < 𝑉𝑝𝑣 ≤ 𝑉𝑜𝑐  

(6) 

 

The proposed IRPLI PV model for the RFM PVE is 

shown in Figure 3. The process starts by reading the Rpv 

and G. Then, the STC parameters are defined in the 

PV model. The proposed STC parameters adjuster is 

applied to determine the new STC parameters based 

on the G. 

 

Rpv<=0

Rpv <= Vmp/Imp

N

Y

N

Y

End

Ipv = Isc

Ipv = Isc /
[1 + Rpv(Isc-Imp)/Vmp]

Ipv = VocImp / 
(Voc-Vmp+ImpRpv)

Start

Adjust STC Parameter using 
Proposed Method.

Read Rpv, G

Define STC Parameter.

 

 
Figure 3 Flowchart of the Proposed IRPLI PV Model with STC 

parameters adjuster 

 

 

The proposed IRPLI PV model used in the RFM PVE 

is derived from the IVPLI PV model. The Vpv in the IVPLI 

PV model is replaced with Equation 7. Equation 7 is 

substituted into Equation 5 to become Equation 8. The 

IVPLI PV model uses Vpv to determine the segment 

range, which is the limit divided at the Vmp. For the IRPLI 

PV model, the Rpv is used to determine the segment. 

Therefore, Vmp cannot be used for the segment 

separation. Instead, the maximum power resistance 

(Rmp) is used, which is shown in Equation 9. Therefore, 

the range of segments for Equation 8 is between 0 to 

Rmp. The second segment range is when the Rpv is 

between Rmp and infinity. Equation 7 is substituted into 

Equation 6 to become Equation 10. 
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𝑉𝑝𝑣 = 𝐼𝑝𝑣𝑅𝑝𝑣  (7) 

𝐼𝑝𝑣 =
𝐼𝑠𝑐

1 + 𝑅𝑝𝑣

𝐼𝑠𝑐 − 𝐼𝑚𝑝

𝑉𝑚𝑝

       𝑓𝑜𝑟 0 ≤ 𝑅𝑝𝑣 ≤ 𝑅𝑚𝑝 
(8) 

𝑅𝑚𝑝 =
𝑉𝑚𝑝

𝐼𝑚𝑝
 

(9) 

𝐼𝑝𝑣 =
𝑉𝑜𝑐𝐼𝑚𝑝

𝑉𝑜𝑐 − 𝑉𝑚𝑝 + 𝐼𝑚𝑝𝑅𝑚𝑝
       𝑓𝑜𝑟 𝑅𝑚𝑝 ≤ 𝑅𝑝𝑣 ≤ ∞ 

(10) 

 

The PVEs require an independent buck converter 

with a PI controller. To ensure a fair comparison 

between IVPLI DRM PVE and IRPLI RFM PVE, both PVEs 

use the same parameters for the buck converter and 

PI controller. These parameters are shown in Table 2. 

The buck converter used in the simulation uses the 

non-ideal components, as shown in Figure 4. The buck 

converter is designed to operate in the continuous 

current mode for the load ranging from 1 Ω to 20 Ω 

[19]. The Vo ripple factor is set to have a maximum of 

1% [20]. The PI controller is adjusted to have a fast 

transient response while having a maximum current 

overshoot of 5% for all the load ranges. 

 
Table 2 Parameters of the Buck Converter 

 

Parameter Value 

Input Voltage, Vi 30 V 

Switching Frequency, Fs 30 kHz 

Inductance, L 1.5 mH 

L Internal Resistance, rL 0.3 Ω 

Capacitance, C 200 µF 

C Internal Resistance, rC 0.1 Ω 

Proportional Gain, Kp 0.03 

Integral Gain, ki 80 

 

Vi

C

L

Ro

d

rC

rL

+

Vo

-

Io

 
Figure 4 Circuit Diagram of Buck Converter 

 

 

3.0 RESULTS AND DISCUSSION 
 

A good PVE needs to be accurate. Therefore, the 

model needs to be close to the I-V characteristics of 

the PV module. Since the SDM PV model is widely used 

for modelling the PV module, this model becomes the 

reference for the accuracy test. Therefore, the IVPLI 

and proposed IRPLI PV models are compared with the 

SDM PV model.  The I-V characteristic curves 

produced by the IVPLI, IRPLI, and SDM PV model are 

plotted in Figure 5 at various (250 W/m2, 500 W/m2, 

750 W/m2, and 1000 W/m2). 

 
Figure 5 The I-V characteristic curves of the SDM, IVPLI, and 

proposed IRLPI at various G 

 

 

The results show that the IVPLI and IRPLI have similar 

outputs. This is because the IRPLI is derived from the 

IRPLI PV model. Therefore, the output should be the 

same. However, both PLI PV models are different from 

the SDM. This is because it is based on different 

concepts. The SDM uses the Kirchhoff Current Law to 

derive the equation of the PV model. However, the 

IVPLI and IRPLI are based on the I-V characteristic 

curves of the PV module. Therefore, the results should 

be different. 

The second analysis that can be observed from 

Figure 5 is the effectiveness of the proposed STC 

adjuster. When the G changes, the Isc is able to 

change accurately, as shown in the y-intercept of the 

plot. For the Voc, which is located at the x-intercept 

of the plot, the proposed Voc adjustment using linear 

regression is not too accurate. This is because the 

relationship between Voc and G is not linear. A higher 

level of regression is needed to obtain a more 

accurate Voc adjustment. However, this leads to a 

higher computation burden, which needs to be 

avoided in the PVE application. The Vmp and Imp point 

produced is not accurate. Both IVPLI and IRPLI PV 

models are inaccurate at this point. This is because 

only 2 segments of linear regression are used for this PV 

model. To improve this, an additional segment needs 

to be added. Nonetheless, adding segments 

increases the complexity of the PV model and 

increases the computation time.  

To quantify the accuracy of the model, the current 

error (ei) is used for the IVPLI and IRPLI PV models. The 

error is calculated using Equation 11. The PV models 

are simulated at various Rpv and G. The results of the 

simulation are displayed in Figure 6. 

 

𝑒𝑖 =
|𝐼𝑝𝑣(𝑠𝑑𝑚) − 𝐼𝑝𝑣(𝑝𝑙𝑖)|

𝐼𝑝𝑣(𝑝𝑙𝑖)
× 100% 

(11) 
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Figure 6 The ei against Rpv of the IVPLI and proposed IRLPI 

compared to SDM 

 

 

Since the IRLPI is derived from the IVPLI, both PV 

models produce same error. The results show that the 

highest error occurs around 4 Ω to 10 Ω of Rpv. This is 

the region where the constant current region and 

constant voltage region meet, also known as the 

maximum power point region. Since the IVPLI and IRPLI 

PV models are based on 2 segments of linear 

regression, the accuracy at the maximum power point 

region is low. As a result, the ei is up to 6% for this region. 

Another noticeable observation is the error for the 

1000 W/m2 is lower compared to other G results. This is 

due to the use of STC to model the PV models. 

Since the PVE needs to operate in real-time, the 

computational burden needs to be considered to 

avoid any control failure. This is achieved by 

balancing the accuracy and the computation 

capability. If the computation capability is low, the 

simplified PV model, which commonly has low 

accuracy or limited operation is used. Therefore, the 

computation time (tcom) IVPLI, proposed IRPLI PV, and 

SDM PV models are tested using the ‘Tic Toc’ function 

in MATLAB. Each PV model is run 23,000 times to obtain 

the average tcom. The results are plotted in Figure 7. 

 

 
Figure 7 The tcom of SDM, IVPLI, and proposed IRLPI 

 

 

The results show that the tcom for the IVPLI, proposed 

IRPLI, and SDM PV models are 109 ns, 139 ns, and 

438 ns, respectively. Based on these results, the IVPLI 

and IRPLI PV models are, respectively, 4.0 and 3.2 

times faster compared to the SDM PV model. This is 

significant since this approach is good if the 

computational power available in the PVE is low. The 

proposed IRPLI is slightly slower (1.07 times) compared 

to the IVPLI. This is due to a slightly complicated IRPLI 

PV model when compared to the IVPLI PV model. 

The PVE that uses DRM commonly becomes 

unstable when the Rpv and G are high. As a result, the 

PI controller needs to be returned, which is not 

convenient, especially in the PVE application. This is 

because the DRM uses the PI controller to determine 

the operating point of the PVE. However, the RFM uses 

computation calculation to determine the operating 

point of the PVE, which prevents the PI controller from 

affecting the calculation of the operating point of the 

PVE. To show the effects, the PI controller for the 

closed-loop buck converter is tuned optimally to 

produce a fast transient response without the high 

overshoot, as shown in Figure 8. Note that at 0.2 s, the 

capacitor at the output still maintains the same 

voltage even after the load suddenly changes from 

5 Ω to 2 Ω. As a result, a high spike of current cannot 

be avoided. 

 

 
Figure 8 The Vo and Io of the closed-loop buck converter with 

Iref of 0.5 A during step-change of Ro between 2 Ω and 5 Ω 

 

 

The closed-loop buck converter is then modified to 

the PVE using the DRM and RFM, independently. The 

DRM PVE uses the IVPLI PV model. While the RFM PVE 

uses the proposed IRPLI PV model. The G is set to 

1000 W/m2 and the Ro is step-changed between 2 Ω 

and 5 Ω for every 0.1 s. This Ro values is chosen to test 

the performance of the PVE at constant current region 

(CCR) and constant voltage region (CVR). The divider 

of these regions is the maximum power point, which is 

17.8 V and 5.02 A. Using Ohm’s Law, the For the DRM, 

the Vo is measured and fed maximum power point 

resistance is 3.2 Ω. Therefore, 2 Ω and 5 Ω is a proper 

value to test the PVE at both region. The Vo and Io are 

displayed in Figure 9.  

The results shows that both DRM and RFM able to 

work properly with similar transient response when the 

Ro is 2 Ω. When the Ro changes to 5 Ω, the DRM 

produces oscillating Vo and Io, while the RFM that uses 

the proposed IRPLI able to maintain a stable 

operation. Since the closed-loop buck converter able 
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to work properly when the Ro is 5 Ω, the instability is not 

cause by the not optimize tuning of the PI controller. 

This is aligned with research that compares DRM and 

RFM.  

 

 
Figure 9 The a) Vo and b) Io of the PVE with G of 1000 W/m2 

during step-change of Ro between 2 Ω and 5 Ω 

 

 

The unstable operation of the DRM at high G is also 

observed in Figure 10. When the G is low and the Ro is 

set to 5 Ω, Both DRM and RFM are able to maintain 

their stability. Nonetheless, the DRM becomes 

unstable when G is high. While the RFM maintain a 

stable operation. 

 

 
Figure 10 The a) Vo and b) Io of the PVE with Ro of 5 Ω during 

step-change of G 

 

 

For the DRM, the Vo is measured and fed into the 

IVPLI PV model. Since the Vo have ripple, the input to 

the IVPLI PV model is oscillated. In CCR, the I-V 

characteristic curve is near parallel to the x-axis. Any 

oscillation in the Vo at x-axis does not significantly 

change the Iref at y-axis. However, in CVR, the I-V 

characteristic curve is near parallel to the y-axis. Any 

oscillation in the Vo at x-axis significantly change the 

Iref at y-axis. This effect is illustrated in Figure 11. For the 

RFM, by using Ro, the oscillation of the Vo and Io is 

eliminated. Therefore, input to the IRPLI is kept 

constant, thus producing a fixed Iref, As shown in 

Figure 12. 

 
SS

S

S

Vo

Iref

CCR CVR  
Figure 11 The effect of Vo oscillation on Iref for DRM IVPLI PVE 

 

Ro

Iref

CCR CVR  
Figure 12 The effect of non-oscillating Ro input on Iref for RFM 

IRPLI PVE 

 

 

4.0 CONCLUSION 
 

The proposed IRPLI PV model is a new way to design a 

PVE using the RCM control strategy. Based on the 

comparison with the IVPLI PV model, the accuracy is 

similar since the IRPLI PV model is derived from the IVPLI 

PV model. When the IRPLI PV model is compared with 

the SDM PV model, the accuracy of the PLI PV model 

is low, which is expected for this PV model. The error is 

less than 6% for the IRPLI PV model when compared to 

the SDM PV model. The advantage of the IRPLI PV 

model compared to the SDM PV model is the 3.2 faster 

computation time. This is suitable for the PVE with low 

computation capability and the accuracy is not the 

main concern. When the IRPLI PV model is 

implemented into the PVE using the RFM control 

strategy, the performance is good compared to the 

DRM PVE. There is no oscillation problem occurring at 

high load and irradiance. In conclusion, the IRPLI PV 

model performs well if the computation capability for 

the PVE is low and the accuracy of the PVE is not a 

major concern. 
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