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Abstract— Power quality issues are of interest for a long period 

of time. Main research and definitions, however, are produced 

for AC power systems. Here we try to quantify the power quality 

issues at the PV panel - converter interface. Namely, due to the 

switching in the converter (or inverter) and due to the finite out-

put resistance of the PV panel, time varying components of the 

output voltage and current of the PV panel are present being lar-

ger for lower irradiance. Their spectral component having the 

lowest frequency is much above the reach of the MPP control cir-

cuitry so leaving a problem to be taken into account in the PV 

system design suit. Terms as voltage and current ripple factor, to-

tal power, total power factor, AC power, and balance factor are 

introduced. Their values, for one panel, are extracted by simu-

lation. Dependences of these quantities on the photocurrent are 

presented confirming their importance in low irradiance cases. 

Keywords- PV panel, Converter, Voltage ripple factor, Current 

ripple factor, Total power, Total power factor, AC power, Balance 

factor. 

I.  INTRODUCTION 

Power quality issues are of serious concern for long period 

of time [1]. Main attention, naturally, was devoted to the main 

electricity distribution systems. With the advent of the distri-

buted generation and especially the alternative energy sources, 

however, new issues were to be considered. The number of 

new loads, mainly electronic systems, has risen dramatically 

exposing the harmonic distortions related to nonlinear loads 

[2]. In addition, penetration of renewable energy sources to the 

grid introduced issues of interaction with the grid which all led 

to needs for new standardization activities in order to 

encompass the subject more completely [3].  

Among the alternative energy sources the photovoltaic (PV) 

technology is one of the most promising [4]. It is expected that 

PV will play a significant role in meeting the world`s future 

energy demand. In this technology sources of DC voltage are 

driving converters and (or) inverters which are implemented 

for energy transmission from the source to the load. Power 

quality problem genesis and principal concerns in such imple-

mentations were qualitatively discussed in [5]. While the prob-

lem of power quality at the AC side of the system e.g. the out-

put of the inverter, is much more elaborated in the literature 

[6], the DC side is frequently characterized with much less 

attention especially when the input of a DC to DC converters 

are sought. In fact, attention is paid to the input of the con-

verter in order to create design rules and quality measures for 

implementation of the maximum power point tracking [7] [8]. 

The specifics of the power quality issues here are related to 

the characterization of a DC voltage, current, and power in 

terms of the time varying component being the consequence of 

the switching within the converter, not as a consequence of 

MPP tracking. Namely the former is of much higher frequency 

and is out of reach of the MPP tracking technology. There is a 

practice to define the quality of AC quantities by expressing 

the properties of the AC voltage, AC current and the corres-

ponding power quantities. To our knowledge, however, no 

formal definitions of quality parameters of the DC power 

quantities are presented until now. 

It was our intention in [9] to put some more light to the 

electrical interface between the PV system and the DC/DC 

converter which is first encountered in the transmission chain. 

It was shown by simulation that, due to the commutations 

within the converter and the finite output resistance of the PV 

panel, the output voltage of the PV system by no means is as 

simple as a DC voltage. In practice a large valued capacitor 

named line capacitor is frequently used to mitigate the prob-

lem. The properties of such large electrolytic capacitors were 

exposed, however, to show that inductive behavior may be 

expected at the harmonic frequencies of the controlling signal 

of the converter so compromising its role.  

These considerations were confirmed by measurements in 

[10]. It was shown that there exists a time dependent com-

ponent of the voltage (and current) at the PV panel-converter 

interface which is dependent on the insolation of the panel. 

For low insolations i.e. at cloudy days, large amplitudes of the 

AC components of the interface voltage (and current) were 

measured. The time dependent component is simply there, 

heating the cell, and one is to have in mind its presence and 

search for design methods to reduce it as a supplement to the 

frequently used panel positioning techniques (tracking sys-

tems). Improving the harvesting of solar energy on cloudy 

days deserves wider attention as stated in [11]. Especially, "in-

creasing the output of distributed solar power systems on 

cloudy days is important to developing solar powered home 

fuelling and charging systems for hydrogen-powered fuel-cell 

electric and battery-powered vehicles, respectively, because it 

reduces the system size and cost for solar power systems that 
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are designed to have sufficient energy output on the worst 

(cloudy) days". 

It is our intention here to give some definitions of the 

electrical quantities at the PV panel-converter interface. Data 

will be produced based on repetitive simulation of a PV panel 

driving a converter being loaded by resistive load. Terms as 

voltage and current ripple factor, total power, total power fac-

tor, AC power, and balance factor will be introduced. Their 

values, for one panel, were extracted by simulation. Depen-

dences of these quantities on the photocurrent will be 

presented confirming their importance in low insolation cases. 

The paper is organized as follows. In the second paragraph, 

the common nonlinear dynamic model of a solar cell will be 

introduced first. An equivalent Norton source will be extracted 

in order to simplify the proceedings. In the third paragraph a 

simplified model of the interface between the PV panel and the 

DC/DC converter will be created in which the so called link 

(electrolytic) capacitor and its model will be inserted. Simula-

tion will be performed with a reduced resistive model of the 

PV panel to get the notion on the voltage waveform at the in-

terface. The spectrum of the voltage at the interface will be 

produced in order to get notion about the frequency band that is 

to be considered in evaluation the properties of a PV panel. All 

that was conceived to confirm the existence of the time va-

riable component at the interface. Paragraph IV represents the 

main contribution of the paper. Repetitive simulations will be 

performed with various values of the photocurrent that was 

used to represent the insolation of the cells. Quantitative pro-

perties of the interface in a realistic ambient will be obtained by 

simulation of the complete panel and converter with adjustment 

of the duty cycle of the switching signal to emulate the ma-

ximum power point tracking. Definitions will be proposed for 

the voltage and the power at the interface ant their dependence 

on the insolation will be studied. Dependences of the newly 

introduced quantities on the photocurrent will be given. 

II. PV CELL MODEL USED 

A function of a PV cell is simple: it absorbs photons from 

sunlight and releases electrons, so when there is a load con-

nected to the cell, electric current will flow. PV cells are based 

on a variety of light-absorbing materials, including mono-

crystalline silicon, polycrystalline silicon, amorphous silicon, 

thin films such as cadmium telluride (CdTe) and copper in-

dium gallium selenide (CIGS) materials, and organic/polymer-

based materials.  

A PV cell is usually represented by a light-induced current 

source, IP, in parallel with a diode, as shown in Figure 1. [12]. 

The output of the current source is proportional to the light 

flux (power per unit area) falling onto the cell. The diode 

determines the I-V characteristics of the cell. Because of 

material defects and ohmic losses in the cell substrate material 

as well as in its metal conductors, surface, and contacts, the 

PV cell model also must include series (Rs) and shunt (Rsh) 

resistance, respectively, to account for these losses. Rs is a key 

parameter because it limits the maximum available power 

(Pmax) and the short-circuit current (ISC) of the PV cell. 
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Figure 1. The PV cell model 

The Rs of the PV cell may be due to the resistance of the 

metal contacts on the cell, ohmic losses in the front surface of 

the cell, impurity concentrations, or junction depth. Hence its 

nonlinearity. Under ideal conditions, Rs would be 0 Ω. The 

Rsh represents the loss due to surface leakage along the edge 

of the cell or crystal defects. Under ideal conditions, it would 

have an infinite value and in most of the literature it is 

neglected in order to simplify the electrical model. But, in [7] 

it is shown that at very low irradiances, its value increases 

dramatically, i.e. the contribution of the apparent shunt resis-

tance is only significant for cell voltages below about 0.45 V, 

and depends on irradiance. For the purpose of simulation the 

following parameters of the model will be implemented [13], 

[14]: I0=0.3223 µA, n=1.4837, Rs=0.0364 Ω, Rsh=53.76 Ω, 

Ct0=354 nF, V0=0.73 V, and Cd0= 2.43·10
-15

 F, where Ct 

stands for the junction capacitance while Cd represents the dif-

fusion capacitance. V0 is the junction barrier. Throughout the 

paper the photocurrent IP will be used as a measure of the ab-

sorbed energy. It may be converted into power per area by u-

sing IP=Cph·P/S, where P/S is the incident power per unit area 

and Cph is the proportionality constant of generated photo-

current which is, according to [15]: Cph =3.7734
-3

 [m
2
/V]. 

The electrical properties of the cell as a function of the am-

bient irradiance are captured within the expression of IP while 

the cell temperature influence is mainly expressed through 

temperature dependence of the diode current. 

The PV cell characteristics under steady state conditions are 

depicted in Fig. 2. Two diagrams are shown: the I-V and the 

P-V characteristic. Based on these the main parameters of the 

PV cell e.g. ISC (the short-circuit current), VOC (the open-cir-

cuit voltage), Vmpp (the voltage at maximum power), and Impp 

(the current at maximum power), may be recognized. 

The dynamic properties of the PV cell are related to the 

capacitances of the diode. These are the junction capacitance 

that is dominant at voltages below and about MPP, and the 

diffusion capacitance that takes over at high diode currents.   

So, having in mind the notation of Fig. 1, the following 

nodal equations may be written 

 
.0out

PCshD

=+−

=+++

II

IIIII
   (1) 

Iout is the load current (Most frequently Iout =V/RL, where 

RL is the load resistance). All, ID, Ish, IC, and I may represent 
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models of nonlinear voltage controlled elements. IP is here 

considered as voltage independent. In some cases however, it 

may be voltage dependent as shown in [16].  
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Figure 2. The steady state characteristics of a PV cell 

For the most frequent case, when linear Rs and Rsh are 

assumed, one may use the following nodal equations 
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and: q is the charge of electron; k is the Boltzmann constant; T 

is the cell temperature; I0 is the diode saturation current; and n 

is the p-n junction`s ideality factor. Ct stands for the junction 

capacitance while Cd represents the diffusion capacitance. 

Using this concept, if model parameters available, simu-

lation of photovoltaic systems containing virtually unlimited 

number of PV cells and electronic circuitry of any complexity 

may be simulated using standard electronic circuits analysis 

methods [17,18].  

IPV
YPV

V

+

 
Figure 3. A nonlinear model of the PV system 

The output circuitry of a PV system (and PV cell), as com-

plex as it can be [19], may be modeled as a current source IPV 

(equivalent Norton) with internal admittance Ypv as shown in 

Fig. 3. Note the admittance is to be nonlinear since it represents 

the nonlinearities of the diode(s), the junction capacitance(s) 

and the resistances. This configuration is to be opposed to the 

voltage source model used in some research papers [20, 21]. In 

our opinion the current source model is more natural since it 

resembles the inner structure of the solar cell. Here, however, 

for now, the purpose of modeling is to get a rough picture of 

the PV system-converter interface and no details will be given 

about the nonlinear PV-model parts. 

III. THE CONVERTER AND SIMPLIFIED MODELING THE 

COMPLETE SYSTEM 

 

Figure 4. The Ćuk converter 

The PV panel, in most cases, is driving a DC to DC 

converter. One, among many, variant of a converter is the Ćuk 

converter [22, 23] shown in Fig. 4. Here constant voltage ex-

citation is assumed while the switching frequency is 50 kHz. 

For these proceedings, however, since the converter is excited 

by a PV panel, the input voltage vin of the converter is un-

known. The following element values and model parameters 

for the components were used for the simulation in these 

proceedings: C1=C2=C3=C4=22 µF, Co=1 µF, Lin=600 µH, 

Lo=600 µH, D1=D2=D3=D4=DFLS220L, and S1=S2=S3=S4 

with Ron=0.001 Ω, Roff=1000 MΩ, and Vt=0.5 V. 

The input resistance of the basic configuration of the Ćuk 

converter is shown in [24] to be 

load
22

in ]/)1[( RDDR ⋅−= .   (5) 
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Figure 5. Normalized input resistance of the converter as a function of the 

duty cycle 

D=0.75, and Rload=115.52 Ω was used for the simulation in 

this paragraph only. Normalized input resistance of the 

converter as a function of the duty cycle is depicted in Fig. 5. 

The simplified schematic of the complete system is depicted 

in Fig. 6a. Here for simplicity Ypv is neglected and IPV=17.5 A 

is used. A link capacitor Cpv=1mF is inserted at the interface. 

Its model is depicted in Fig. 6b. 
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b)  
Figure 6. a) Simplified model of the PV system used to excite the Ćuk 

converter with large capacitance in between. b) Model of the electrolytic 

capacitor (Cpv): C=1mF, Rleakage=1 MΩ, RESR=0.5 Ω, and LESL=3 nH. 

The switching frequency, the line capacitance and the in-

ductor value are to be selected for the best performance consi-

dering conversion efficiency, cost and power consumption. 

For example, the higher the switching frequency, the lower the 

inductor and the capacitance size, but also the tracker power 

consumption and losses are higher. On the other hand, larger 

capacitances decrease the responsiveness of the harvester to 

fast variations of environmental irradiance. 
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Figure 7. a) The input voltage of the circuit of Fig. 6a,  
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Figure 8. Small signal output resistance of a PV cell as a function of the cell 

voltage with the photocurrent as parameter 

The simulation results are shown in Fig. 7a. As can be seen, 

alternating component of amplitude larger than 20% of the DC 

voltage value is obtained despite the presence of a capacitor 

with large capacitance. The spectrum of the input voltage is 

depicted in Fig. 7b. It shows presence of significant amount of 

harmonics.  

Even in more realistic situations when the output impedance 

of the converter is not considered infinite, for lower values of 

the irradiance, this phenomenon will be still present. The rea-

son for that is the rise of the output resistance of the PV cell at 

low irradiances as depicted in Fig. 8. Here the small signal 

output resistance of a PV cell (model parameters as above) is 

depicted as a function of the cell voltage for different values of 

the photocurrent. Note, change of the input resistance of the 

converter by the MPP tracker leads to power transfer accom-
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modation from the DC point of view. The AC voltage at the 

interface is raised when the output resistance of the panel is 

risen due to the proper voltage drop. 

The PV panel was constructed of 18 cells connected in two 

parallel columns with 9 cells in series each. Accordingly, 

under the presumption of identical cells, the total small signal 

output resistance of the panel may be obtained by multiplying 

the y-axis of Fig. 8 by 4.5. 

 

IV. QUANTIFICATION OF POWER QUALITY ISSUES 

To get a realistic representation of the properties of the PV 

panel - converter interface we here introduce several defi-

nitions. In that way evaluation of the quality of the interface 

will be enabled. To do that we use the above mentioned panel. 

For a set of values of the photocurrent the optimum value of 

the duty cycle was adjusted to a value, so that the input re-

sistance of the converter is equal to the equivalent output re-

sistance of the solar panel at the MPP. For that value the vol-

tage and current at the interface were produced by simulation 

in time domain. Fig. 9 depicts the steady state current voltage 

relationship for a large value of the photocurrent. Similarly, 

Fig. 10 represents the average value of the instaneous power in 

steady state. Based on these simulations the following is intro-

duced. 

Let the measured waveforms at the PV panel-converter 

interface be the voltage v(t) and the current i(t). 

 
Figure 9. Chaotic diagram representing the current voltage relationship at the 

PV panel - converter interface for IP=1.3 A 

We define the DC components of the voltage and current as 

∫
+

=

kT

ttv
kT

V

τ

τ

DC d )(
1

   (6) 

and 

∫
+

=

kT

tti
kT

I

τ

τ

DC d )(
1

.   (7) 

Here k is to be kept as small as possible. It would be the best 

to have k=1 but since the sampling usually does not match 

exactly the period, to reduce the numerical error, one should 

use a slightly larger value, k=3 for example. 

We define the voltage ripple factor as  

rv=100·VAC m tot/VDC [%],   (8) 

where VAC m tot = ∑ 2
mAC iV , while VAC m i is the amplitude 

of the ith harmonic of v(t). As the first harmonic the one 

having the frequency of the switching signal is considered.  
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Figure 10. Average value of the instantaneous power in steady state at MPP as 

a function of irradiation (here represented by the photocurrent) 

Similarly we define the current ripple factor as 

ri=100·IAC m tot/IDC [%],   (9) 

where IAC m tot = ∑ 2
mAC iI , while IAC m i is the amplitude of 

the ith harmonic of i(t). The dependence of rv and ri on the 

photocurrent under optimal power transfer conditions is 

depicted in Fig. 11. 

The average of the total power is obtained from 

∫
+

⋅=

kT

ttitv
kT

P

τ

τ

avtot d )()(
1

,  (10) 

while the DC power is  

PDC=IDC·VDC   (11) 

Fig. 12 depicts Ptot av as function of the illumination. The 

residue is defined by the difference: 

Pres tot=Ptotav-PDC.  (12) 

This will be referred to as residual total power. 

This is an important quantity representing the energy 

heating the PV panel with no positive effects in the energy 

balance. 

The AC components of the voltage and current at the PV 

panel-converter interface are defined as 

vAC(t)=v(t)-VDC   (13a) 

iAC(t)=i(t)-IDC   (13b) 

 

These definitions allow for computation of the average 

power related to the AC components only: 
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Figure 11. The voltage ripple factor (rv), the current ripple factor (ri), the DC 

voltage (vDC) and  the DC current (iDC)of the PV panel as a function of 

irradiance (here represented by the photocurrent). MPP (optimum duty cycle) 

kept for every value of IP. 

 

It will be referred to as AC power. Substituting for vAC(t) 

and iAC(t) we get 

PAC=Ptotav - ∫
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Having this result in mind, from now on, we will use the 

AC power only as the quantity defining energy balance.  
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Figure 12. ηAC as a function of IP at MPP 

 
The AC power factor as  

ηAC=100·PAC/Ptot av  [%]   (16) 

Its value for ideal conditions should be zero. 

The dependence of this quantity on the photocurrent is 

depicted in Fig. 12. One may observe that the largest value is 

obtained at very low irradiances. Note the absolute value is 

small, almost negligible, what is a consequence of the fact that 

PAC is obtained as a product of the AC components that 

constitute small amount of their DC counterparts as can be 

seen from Fig. 11. 

Finally, we define the balance factor as 

Є= 1-PAC/PDC .    (17) 

Its value under ideal conditions should be equal to unity. 

CONCLUSION 

      Terms such as voltage and current ripple factor, total 

power, total power factor, ac power, and balance factor were 

introduced, and computed for a given pv panel - converter 

interface. Their values were extracted by simulation. Depen-

dences of these quantities on the photocurrent were presented 

confirming their importance in low irradiance cases. A general 

conclusion may be drawn that the importance of the harmonic 

components come into fore when characterizing the voltage 

and current at the interface. Due to the multiplication of two 

relatively small quantities (AC components of the voltage and 

current) the AC power component at the interface is not of 

great importance. 
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