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Abstract: This paper contributes to the automated power-voltage characterization of photovoltaic panels. The proposed 
measurement assemblies can be used in conjunction with “quasi seek” maximum power point tracking algorithms. First, the 
power vs. voltage characteristics of a solar panel was traced using a common assembly that consists of the solar panel, a 
trimmer resistor and standard laboratory multimeters. This assembly requires a human operator to switch the trimmer 
resistor and the measurement intervals on the multimeters, thus not suitable for measurement automation. Next, two 
measurement assemblies were proposed: (i) a voltage controlled current source used to control the current drawn from the 
panel; (ii) a voltage controlled voltage reference used to drive the voltage on the panel. It was found in both circuits that the 
current sense resistor (a low side shunt resistor used for current measurement) must be varied to achieve a wide operation 
range with respect to the solar illumination, so a programmable resistor was added. Automatic decision over the suitable 
resistor value was based upon illumination measurement with a usual photoresistor. Finally the circuits were built on a test 
board, a virtual instrumentation was set up and the power vs. voltage characteristics of a 2W photovoltaic panel were traced.  
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I.  INTRODUCTION 
As the energy demand of the society rises and the 
conventional fossil energy carriers are becoming scarce, 
the need for new energy resources has risen. The response 
to the elevated demand seems to come from renewable 
energy sources, like solar, wind, hydro and bio energy. 
Moreover, energy efficiency is becoming the future’s fifth 
“renewable” energy source.  
 The sun is the most obvious source, as it provides all 
the energy needed for sustaining life on earth. Actually all 
other renewable energy sources are derived from our 
sun’s heat [1]. Thanks to the photovoltaic (PV) effect (the 
ability of some semiconductors to transform the 
electromagnetic radiation directly into electric current) the 
sunlight can be converted to electricity with the aid of 
solar cells. Nowadays, the efficiency of a PV cell is about 
10-15% and the production cost of cells is high compared 
to other renewable energy sources (the production cost of 
solar power is expected to reach the grid parity [2] just at 
the end of the decade). To make the solar energy 
economically viable it is sought to exploit the PV cells at 
their maximum power through the deployment of 
maximum power point tracking algorithms [3]. The 
current literature presents a number of procedures, where 
the tracking is aided by a priori knowledge of power-
voltage characteristics, called indirect or “quasi seek” 
methods, such as curve-fitting, look-up table, PV panel 
short-circuit and PV panel open-circuit methods [4].  
 The present work discusses the use of a voltage 
controlled current source (VCCS) and a voltage 
controlled voltage source (VCVS) to achieve the power-
voltage characteristics (P-VC) of PV cells/panels. The 
proposed circuits can be used for power-voltage (P-V) 

characterization automation to aid “quasi seek” maximum 
power point tracking algorithms. In the next section the 
PV cell operating principle and its electric model are 
presented. A straightforward approach for plotting the  
P-VC is to measure the current and the voltage on a 
resistance connected in series with a PV panel. This 
assembly implies a human operator to switch the resistor 
value, thus unsuitable for measurement automation. Our 
proposal, presented in Section 3, is to (i) force a current or 
a voltage on the PV panel, (ii) use a low side shunt 
resistor for current measurement and (iii) trace the P-VC 
with a data acquisition (DAQ) system. As the solar 
induced current of the PV cell may vary from µA to A, a 
large current sensitivity range has to be guaranteed. A 
programmable resistor in parallel switching connection is 
proposed to be used as a low side shunt, thus an 
appropriate value can be selected from a resistor bank. 
The selection is based on a rough estimate of the 
illumination. In Section 4 the obtained results are given: 
first, the automated measurement assemblies are 
presented: a DAQ and a virtual instrument implemented 
on a PC. Next, several P-VC traces were achieved. 
Finally, conclusions are drawn in Section 5.  
 

II. THE FOTOVOLTAIC CELL 
The solar cell is an electronic device made out of two 
different layers of silicon doped with a small quantity of 
donor/acceptor atoms, thus obtaining a p-n junction (see 
Fig. 1) [5]. As the two layers are joined together the free 
electrons of the n-layer are diffused in the p-layer, the free 
holes in the p-layer are diffused in the n-layer. This 
creates an electrical field between the two layers that is a 
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Figure 1. The photovoltaic cell model.  
 
potential barrier to further flow. The equilibrium is 
reached in the junction when the electrons and holes 
cannot surpass the potential barrier thus they cannot 
move. This electrical field pulls the electrons and holes in 
opposite directions, thus the current can flow in only one 
direction: electrons can move from the p-layer to the n-
layer. Metallic contacts are added to both regions to 
permit the current-flow. On the n-layer, which is facing 
the solar radiation, the contacts are made out of several 
metallic strips called fingers, because they must allow the 
light to pass to the solar cell. 
 The operating principle of a PV cell. When the 
photons of the solar radiation shine on the cell, one of the 
next three things can happen: (i) some photons are 
reflected from the top surface of the cell and from the 
metallic fingers, the not reflected photons penetrate in the 
substrate; (ii) some of them, usually the ones with less 
energy, pass through the cell without causing any effect; 
(iii) the high energy level photons create electron-hole 
pairs. These pairs are generated on both sides of the p-n 
junction. The minority charges (electrons in the p-layer 
and holes in the n-layer) are diffused in the junction and 
swept away in opposite directions (electrons to the n-layer 
and holes to the p-layer) by the electric field, generating a 
current in the cell, which is collected by the metallic strips 
on both sides.  
 Equivalent circuit of a PV cell. In the literature many 
lumped element models were reported, such as the one- 
diode model [6]. The model presented in Fig. 2 consists 
of (i) an ideal current generator, whose current IL is 
largely determined by the solar radiation and the ambient 
temperature, a diode D, that models the p-n junction of 
the PV cell, the resistance Rs of the metallic contacts and 
a shunt resistance Rsh modeling electron loss in the p-n 
junction. In an ideal case Rs is zero and Rsh is infinite [7].  
 The PV cells current-voltage relation is expressed in 
the following equation: 
 

 

( ) ( )
0

1
PV PV sq V I R

PV PV sA k T
PV L

sh

V I R
I I I e

R

⋅ − ⋅

⋅ ⋅
  − ⋅

= − ⋅ − − 
 
 

, (1) 

 
where IPV and VPV are the current, respectively, the 
voltage of the solar cell, I0 is the dark saturation current, 
 

 
 

Figure 2. The one-diode PV cell model.  

 
 

Figure 3. Assembly using a trimmer resistor.  
 

IL the light generated current (photocurrent), q is the 
charge of an electron, A is the diode quality factor, k is the 
Boltzmann constant, T is the absolute temperature and Rs, 
Rsh are the resistance of the metallic fingers (PV cell 
contacts), respectively, the shunt resistance.  
 The light induced current IL is expressed as: 
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where IR is the irradiance (light intensity) falling on the 
cell, IL0 is the measured solar-generated current for the 
irradiance IR0; K0 is a material constant of the solar cell 
(usually reported by the manufacturer) and T is the 
ambient temperature expressed in Kelvin.  
 The reference power-voltage characteristics. The  
P-VC can be plotted using an assembly presented in Fig. 
3., where R symbolizes a trimmer resistor connected to 
the solar panel, V and A are two multimeters used for 
measuring the current, respectively the voltage on the PV 
panel. The power is the current-voltage product. The 
power-voltage couples are noted in a spreadsheet and 
finally plotted. In (2) the solar induced current IL is 
influenced by the solar irradiance and the ambient 
temperature, thus one shall expect to obtain multiple 
characteristics as one of these factors changes.  
 The reference P-VC plots for a 2W PV panel are 
presented in Fig. 4. On the horizontal axes the voltage 
ranges from 0 to 7 V as a common practice is to cascade a 
number of PV cells into a panel (the current / voltage of a 
single cell is considered low). This PV panel is made out 
of 10 solar cells connected in series. On the vertical axis 
the measured power ranged between 0 and 2. 5 mW as all 
the measurements were carried out indoor (not exposed 
directly to the sun), in an isolated environment from 
ambient light, thus the solar irradiation IR and temperature 
were considered constant. The resistance of a trimmer 
resistor was varied from a 0 Ω to 100 kΩ in 38 steps 
under three constant illumination conditions: 100 lx, 150 
lx and 200 lx. The P - VC plots, illustrated in Fig. 4,  were 
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Figure 4. Experimental power-voltage characteristics  
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a) b) 

Figure 5. Power-voltage characteristics measurement 
with a) controlled current b) controlled voltage  

 
obtained with standard laboratory multimeter using an 
intensity controlled halogen based light source and a 
digital lux-meter.  
 

III. THE AUTOMATION OF POWER-VOLTAGE 
CHARACTERISTICS MEASUREMENT 

 
The P-VC tracing procedure presented in the previous 
section requires a human operator and it is not suited for 
measurement automation. There are two alternative 
approaches to P-VC plotting, presented in Fig 5. The first 
one is a current controlled method (CCM) (Fig. 5a.), 
where the current drawn from the PV cell IPV is 
conditioned by a controlled current source. In this 
configuration, the voltage on the PV cell ports is 
measured, while the current through the PV cell is 
imposed by the DAQ. The second approach is a voltage 
controlled method (VCM) (Fig. 5b.), where the voltage 
VPV on the PV cell ports is conditioned by a controlled 
voltage reference. In this case, a current measurement is 
necessary (carried out with the aid of the low side shunt 
resistor Rsense), while the voltage is imposed by the DAQ.  
Current controlled method. A suitable implementation 
for the CCM presented in Fig 6. makes use of a VCCS 
[9]. The opamp loop forces the output current IPV to be 
proportional with the control voltage VCTRL. The negative 
feedback of the opamp will adjust the current through the 
NMOS transistor (noted MPW in Fig. 6) until the voltage 
on the sense resistor Rsense is proportional to the control 
voltage, VCTRL. The current IPV through Rsense can be 
computed with respect to the control voltage VCTRL: 
 

 CTRL

PV

sense

V
I

R
≅ . (3) 

 
 As the solar generated current IL varies with irradiation 

IR, a large change in the irradiance (2 or 3 order) can 

require the modification/replacement of Rsense to meet the 

operation range of the control voltage VCTRL. Suppose  

IL = 3 mA (a typical value of the panel when solar 

illumination is approximately 1000 lx). If one uses a 10 Ω 

resistor for Rsense, then he can control the VCCS with a 

command voltage of 0 to 3 V, drowning 0 to 3 mA. If the 

irradiation is decimated (IR = 100 lx), the solar induced 

current is about 300 uA. With the same value of 10 Ω for 

Rsense, the control voltage can be varied from 0 to 0.3V, 

and this range is small with respect to the resolution of a 

digital to analog converter. Thus it is recommended to 

change Rsense to a 100 Ω resistor; by doing so, the control 

voltage range becomes 0 to 3 V. To overcome the  
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Figure 6. Current controlled measurement circuit 
 

aforementioned problem a programmable resistor in 
parallel switching connection is used. The programmable 
resistor consists of three different value resistors RS1, RS2 
and RS3, being switched by transistors M1, M2 and M3. The 
selection of the appropriate resistor is done using the 
control signal S1, S2 and S3 provided by the DAQ. The 
illumination is approximated by the DAQ with the aid of 
a photoresistor [8] (noted LDR in Fig. 6). The 
photoresistor and R3 divides the reference voltage VREF 
into VLDR that is measured by the DAQ. VLDR is the input 
for a simple decisional algorithm that will compute the 
control values of S1, S2 and S3. As the current is 
conditioned by the VCCS the voltage on the PV panel VPV 
is measured by the DAQ. The voltage drop VS on the 
sense resistor Rsense can be computed from the control 
voltage VCTRL, but it is better to be measured as well. 
Voltage controlled method. The circuit used for the 
VCM is presented in Fig 7. Here the voltage across the 
PV cell is imposed by a VCVR. The VCVR has the same 
complexity as the VCCS and it consists of an opamp and 
an NMOS (noted MPW in Fig. 7) enclosed in a negative 
feedback loop. Let us consider a small/limited control 
voltage VCTRL range (0 to 5 V) while the open circuit 
voltage of the PV cell VPV-OC is greater then 6V.  
 

 
 

Figure 7. Voltage controlled measurement circuit 
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Figure 8. Proposed system for automation of power-voltage characterization for a 2W PV cell 
 
 The feedback resitors R1 and R2 are used for 
amplifying the control voltage VCTRL in order to reach the 
VPV-OC. These resitors are designed for negligable current 
loss in the feedback loop (R1 and R2 has the order of 100 
kΩ). The feedback loop gain is set to 4, translating a 
control voltage range of 0 to 5 V into in a reference 
voltage range of 0 to 20 V. The current is measured using 
a low side shunt resistor to avoid the input common mode 
issues of the amplifier stage. As the shunt current is equal 
to the solar generated current, which may vary from a few 
µA to hundreds of mA, it is recommended to switch to a 
sense resistor appropriate for the illumination. In this 
circuit, the same programmable resistor is used in order to 
achieve the right current measurement sensitivity. The 
resistor selection is fully automated using an illumination 
intensity sensor based on a photoresistor and a simple 
decisional algorithm within DAQ system.  
 Eq. (4) describes the functionality of VCVR when the 
circuit is operated within a linear region.  
 

 2

1

1PV CTRL

R
V V
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Limitations of the proposed measurement methods. 
Considering that the VCCR and VCVR are non-ideal 
sources, functional limitations can be noticed. For 
example, the minimum voltage across the PV cell is 
determined by the voltage drop on the sense resistors VS 
in both methods, while the maximum voltage is 
determined by the control voltage VCTRL range, feedback 
loop gain and the maximum drain to source voltage  
VDS-MAX of the power transistor MPW. Except for the CCM 
where the maximum voltage on the PV panel ports is  
VDS-MAX. Whenever one of the limitations is breached the 
VCCS and VCVS are operating in a nonlinear region 
because the negative feedback loop breaks. For instance, 
when the controlled reference voltage reaches the VPV-OC, 
the negative feedback is lost and the remaining samples of 
the cell voltage and current correspond to this point. 
Similar for the current controlled source, when it reaches 
the short circuit current of the PV cell the feedback is lost 
and the remaining samples of the cell voltage and current 
correspond to this point. This aspect does not influence 
the measurement result mainly because the voltage and 
current of the PV cell are measured at the same time 
independently of the control loop.  

 
IV. AUTOMATED POWER-VOLTAGE 
CHARACTERISTICS MEASUREMENT 

Fig. 8 presents the block diagram of the proposed DAQ 
system for tracing the P-VC of a PV pannel. This system 
was used to validate the CCM and VCM presented in 
section III. The main blocks drawn with dotted lines in 
Fig. 8. are the following: a CCM assembly at the left of 
the figure, a VCM assembly in the middle, an illuminance 
sensor, the DAQ at the buttom and, at the right, the virtual 
instrumentation (VI) implemented on a PC in LabView.  
 The CCM assembly make use of a VCCS and a 
programmable sense resistor RS. The control voltage of 
the VCCS is denoted VCTRL in the figure and it is provided 
by the DAQ through an analog output. The resistor is 
programmed by the DAQ on a 3 bit wide bus, denoted 
S1:3. Two voltages are measured in this case: VPV and VS, 
the voltage on the PV cell, respectively in the sense 
resistor.  
 The voltage controlled assembly consists of the VCVS 
and a current sense resisitor. The DAQ controls the PV 
cell voltage VPV through an analog output that gives the 
control voltage denoted V’CTRL. As in the previous 
assembly the sense resistor R’S is programmable by the 
S’1:3 and the V’PV and V’S voltages are measured.  
 Both assembly are aided by a LDR based illumination 
sensor. The operation of the sensor is trivial: a reference 
voltage VREF provided by the DAQ is applied on a voltage 
divider composed of a fix resistor and the photoresistor. 
As the photorsistor resistance vary with the illumination, 
the divided voltage VLDR will be proportional with the 
illumination. Based on this measurement, at least a rough 
estimation is obtained. Furthermore the programmable 
resistor values are chosen to fit for three conditions: 
poor/medium/strong illumination.  
 The DAQ uses five analog inputs (AI0:4), three analog 
outputs (AO0:2) and six digital outputs (DO0:5). As the 
analog inputs of the DAQ’s ADC have a finite impedance 
it is recommended to buffer the measured signals and also 
scale them to fit the ADC input range.  
 The VI was created in the LabView environment. The 
operation within the virtual instrument is as follows: a 
linear sweep of the control voltage VCTRL is applied; for 
each value of VCTRL the parameters of interest (VPV and VS) 
are sampled and memorized; at the end of the voltage 
sweep the power is computed from the saved samples and 
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Figure 9. Front panel of the VI 
 
the P-VC is plotted in the LabView interface (see Fig. 9). 
Moreover, the main parameters, such as, open circuit 
voltage VPV-OC, short circuit current IPV-SC, the maximum 
power point (MPP) and its coordinates are extracted in the 
“Output Parameters” section.  
 

V. RESULTS 
The setup. An experimental setup following the block 
diagram shown in Fig. 8 was built using discrete 
components, prototyping boards, a National Instruments 
USB 6009 DAQ and a PC. The setup is captured in Fig. 10. 
Here the main blocks are highlighted: the DAQ interface 
is a NI USB6009, an LDR07 photo-resistor of 17KΩ, two 
LM2902N quad operational amplifiers, BSN254 NMOS 
transistors used as switches (M1:3) and power transistor 
MPW, sense resistors (RS1:3) with values of 270 Ω, 1 kΩ 
and 4.7 kΩ. In the bottom of the picture, only a fraction of 
the PV cell is shown due to its large size. The operational 
amplifiers are supplied with ±12 V by a standard 
laboratory power supply.  
Calibration of the test setup. Before extracting the 
experimental results, a calibration procedure was carried 
out. The voltage and current monitors of the VI were 
verified and software compensated using the same 
standard laboratory multimeter used for reference 
measurements, excluding in this way the relative 
measurement error.  
Experimental results. Using the automated system 
presented in section IV. several P-VC traces were 
obtained (see Fig. 11) under different illumination 
conditions. Representative examples when illumination 
was set to 100 lx, 150 lx and 200 lx are presented in Fig. 
11 a), b), respectively c). In each trace both CCM (solid 
line trace) and VCM (dotted line trace) measurement 
results are presented.  
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Figure 10. Test setup for P-VC trace for a 2W PV cell 
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Figure 11. P-VC traces obtained with CCM and VCM 
under a) 100 lx b) 150 lx and c) 200 lx illumination.  
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Table I. The measured maximum power points 
 

IR Reference Current controlled Voltage controlled 
100 lx 1.022mW@4.8V 1.02mW@4.834V 1.02mW@4.898V 
150 lx 1.685mW@5.3V 1.652mW@5.201V 1.653mW@5.301V 
200 lx 2.348mW@5.3V 2.322mW@5.201V 2.333mW@5.302V 

 
 To evaluate the proposed P-VC trace methods, let us 
consider the measurements in Fig 4. to be a reference for 
the automated P-VC tracing. One can see that at 100 lx 
illumination the reference maximum power point is 1.022 
mW at 4.8 V, while 1.02 mW was measured at 4.834 V 
and 4.898 V by the CCM, respectively, the VCM. The 
summary of the MPPs is listed in Table I.  
 

VI. CONCLUSIONS 
The power-voltage characteristics of photovoltaic panels 
are used by several indirect (“quasi seek”) maximum 
power point tracking algorithms. One can trace the 
characteristics using a variable (trimmer) resistor 
connected to a solar panel and performing voltage and 
current measurements.  
 In this paper, two measurement methods are proposed 
to enable power vs. voltage measurement automation: a 
current control method is developed using a voltage 
controlled current source; alternatively a voltage 
controlled voltage reference is deployed for a voltage 
controlled method. These methods make use of a low side 
shunt resistor to sense the current flowing from the 
photovoltaic panel. Due to the large variation of the 
photovoltaic current (from a few µA to hundreds of mA) 
that may occur during exploitation, the proposed methods 
has to sense a large current interval, thus a programmable 
sense resistor is indicated to be used for the low side 
shunt. In addition, the appropriate value of the 
programmable resistor is selected based on illumination 
approximation achieved with the aid of a photoresistor.  
 After establishing the circuits to be used in the 
proposed methods an automated power vs. voltage trace 
assembly was implemented using discrete components 
connected on a breadboard, an NI USB 6009 data 
acquisition board and a virtual instrument developed in 
LabView. Automated power vs. voltage traces were 
achieved and compared to reference measurements, 
considered as a reference for the proposed methods.  
 Further developments are focused on adding an energy 
harvester circuit to supply the circuits from the solar 
panel. The data acquisition system may be replaced by a 
microcontroller fitted with memory, which can perform 
the measurements and save the observations. The final 
goal, to deploy the proposed circuit in “quasi seek” 
maximum power point tracking algorithms, shell be 
sought in the future.  
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