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Abstract - Photovoltaic sources can be usefully combined with 
power active filters in order to regulate both the active and the 
reactive power injected into the mains. In this way, the system is 
able to compensate undesired load characteristics such as phase 
unbalances, power flickers, and low-order current harmonics, 
improving the power quality. In order to avoid an intermediate 
dc-dc chopper, a direct coupling between the PV panels and the 
dc-link of the voltage source inverter is considered in this paper. 
The dc-link voltage is continuously regulated between upper and 
lower limits for tracking the maximum power point of the PV 
panels. The proposed MPPT algorithm is based on real-time 
processing of current and voltage ripple of the PV source that is 
generated by the switching operation of the PWM inverter. The 
system performance is investigated emphasizing the transient be-
havior in presence of sudden variations of the solar irradiance. 
The theoretical developments are verified by realistic numerical 
simulations. 
 

Index terms - Active filters, Photovoltaic cells, Power condi-
tioning, Power quality, Solar power generation. 

I.  INTRODUCTION 

HOTOVOLTAIC energy seems to become one of the 
most important renewable energy resources in the near 

future, since it is clean, pollution free, and inexhaustible. 
Due to the rapid growth in semiconductors and power elec-
tronic techniques, the solar energy is of increasing interest in 
electrical power applications, and a large research activity has 
been carried out in this field over the last years. 

Nowadays, despite of the known advantages, the installa-
tion cost is still high and the PV energy is not competitive yet 
with respect to the traditional fossil-based energy resources. 

Since PV panels have relatively low conversion efficiency, 
minimizing the losses in the power electronic converters, and 
maximizing the electric power extracted from the PV source 
can substantially reduce the whole system cost. On the basis of 
these considerations, in this paper the analysis is focused on a 
system topology with a direct coupling between the PV panels 
and the voltage source inverter (VSI) employed to inject the 
solar power into the utility grid. A block diagram of the corre-
sponding PV generation system is represented in Fig. 1. In this 
way, the need of an intermediate dc-dc chopper is avoided, in-
creasing the efficiency and reducing the cost of the overall 
system. 

In order to extract the maximum power from the PV source 
this simplified structure, the dc-link voltage must be regulated 
according with a maximum power point tracking algorithm 
(MPPT), which directly acts on the control system of the VSI. 
In this case, the dc-link voltage excursion should be limited 

within a fixed range, to ensure correct power injection into the 
utility grid (lower limit), and to satisfy the voltage insulation 
requirements of the power electronic components (upper 
limit). 

An improved MPPT algorithm is presented in this paper. It 
is based on the analogue processing of current and voltage rip-
ple of the PV panels, which is generated by the switching op-
eration of the PWM inverter. The advantages of the method 
proposed in this paper are emphasized with respect to the tra-
ditional ones, such as the “perturbation and observation” 
method and the “incremental conductance” method. 

The VSI can be controlled such as an active filter, contrib-
uting to satisfy the power quality requirements of the utility 
grid. In this way, the system is able to deliver besides the solar 
power, reactive power and current harmonics in order to com-
pensate non-linear and/or unbalanced loads [1]. The control 
strategy is based on keeping the source currents in phase with 
the corresponding positive sequence components of the supply 
voltages. This method leads to sinusoidal balanced source cur-
rents, regardless to source voltage unbalance or distortion [2]. 

Numerical simulations are presented for verifying the sys-
tem performance in the case of sudden variations of the solar 
irradiance and/or the load power. 

II.  MPPT ALGORITHM 

The goal of MPPT algorithms is to extract the maximum 
power from the PV panels. Usually, the condition ∂p/∂v = 0 is 
adopted to locate this operating point, since PV panels show a 
unique global maximum point. 

A.  Background and Proposed MPPT Algorithm 
As it is known, the i = i(v) characteristic of PV panel is af-

fected by environmental variables, i.e., solar irradiance (Iirr) 
and temperature (θ). In particular, the short-circuit current is 
approximately a linear function of the illumination intensity, 
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Fig. 1. Block diagram of the PV generation system 
G. Grandi, D. Casadei, C. Rossi are with the Department of Electrical

Engineering, University of Bologna, via Risorgimento 2, I-40136 Bologna
ITALY.  (e-mail: elettro@mail.ing.unibo.it). 

Tesi
0-7803-7967-5/03/$17.00 ©2003 IEEE

Tesi
Paper accepted for presentation at 2003 IEEE Bologna Power Tech Conference, June 23th-26th, Bologna, Italy



and the temperature changes the open-circuit voltage of about 
-0.4 %/°C. For these reasons, static settings such as constant 
voltage, constant current, or even constant impedance, are not 
effective to locate the MPP under both types of variation. 
Then, in order to maximize the power extracted from the PV 
panels, dynamic methods have been largely investigated. 

In the “perturbation and observation” method, the control-
ler perturbs the operating point and observes the resulting ∆P 
and ∆V to identify the actual operating region. Then, the refer-
ence voltage is increased or decreased according to these 
measured quantities. The implementation of this method is 
simple but it does not allow the tracking of rapid change in 
environmental conditions. 

In the “incremental inductance” method, the MPP is 
tracked by comparing the incremental conductance and the in-
stantaneous conductance of the PV panels, according with the 
condition ∂p/∂v = 0: 
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Some variants to these methods have been considered in 
order to improve the dynamic performance and/or to reduce 
undesired oscillations around the MPP [3], [4], [5]. 

The proposed MPPT algorithm is based on the determina-
tion of the output power slope of the PV panels versus voltage, 
i.e., the power derivative ∂p/∂v. This quantity is utilized as 
representative of the “voltage error”, i.e., the difference be-
tween the actual voltage of the PV panels and the voltage v* 
corresponding to the MPP. The qualitative behavior of ∂p/∂v is 
represented tin Fig. 2: in the region near to v* it can be consid-
ered a straight line having the slope k. 

Since the PV panels are directly connected to a VSI oper-
ating in switching mode, a switching ripple will affect the PV 
output voltage and current, for any operating condition of the 
VSI. The amplitude of the ripple is an inverse function of the 
dc-link capacitor size, Cdc, and of the switching frequency fc 
(PWM carrier frequency). Then, the ripple can be considered 
itself as an embedded dynamic test signal useful to determine 
∂p/∂v. A similar approach has been introduced in [6] and [7] to 

estimate the incremental conductance. A method based on the 
ripple analysis, called “ripple correlation control”, useful to 
exploit gradient information for optimization purposes is de-
scribed in [8]. 

In order to derive the proposed MPPT algorithm, let us to 
consider a generic periodic function x(t) having the moving 
average component )(tx  over the period T, and the alternative 
component )(~ tx , i.e., a ripple, respectively defined as: 
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Applying these definitions to the output voltage and power 
of the PV panels, and considering as period T=1/fc, leads to 

)(~)()( tvtvtv += , (4) 

)(~)()( tptptp += . (5) 

The average operating point (vo, po) on the p = p(v) charac-
teristic, and the corresponding voltage and power alternative 
components are represented in Fig. 2, according to 

oo pvptvptp === )())(()( ,   )(tvvo = . (6) 

Assuming the curve p = p(v) still valid for dynamic analy-
sis [6] and linearizing nearby the average operating point leads 
to a simple correlation between the power ripple and the volt-
age ripple, expressed as 
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The power derivative vs. voltage can be calculated by (7) 
as a function of power and voltage ripple for the given oper-
ating point vo. In [9] this power derivative is expressed as the 
time derivative ratio vp �� /  and approximated by a sign func-
tion to extract its sign only, in the same way as in the “pertur-
bation and observation” method. 

In this paper we propose to avoid calculations based on in-
stantaneous values, considering instead of (7) the moving av-
erage of the product of (7) and )(~ tv , leading to 
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Then, the power derivative can be evaluated as the fol-
lowing ratio 

�

�

−

−

ττ

τττ

≅�
�

�
�
�

�

∂
∂

t  

Tt

t  

Tt

v
dv

dvp

v
p

o )(~

)(~)(~

2

. (9) 

The voltage and power alternative components utilized in 
(9) can be calculated on the basis of (3) and (2), leading to 

1 
k 

v

i = i(v) 

pmax 

po 

io 

v’o v* 

v
p

∂
∂

p = p(v) 

vo 

 
Fig. 2. PV current, power , and power slope characteristics vs. voltage 
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Alternatively, a more traditional filtering approach can be 
adopted to determine the power slope [7]. In particular, high-
pass filters (HPF) can be used to extract the alternative com-
ponents instead of (10) and (11). In the same way, low-pass 
filters (LPF) can be used for averaging the ripple products in-
stead of the integrals in (9). The corresponding block diagram 
is depicted in Fig. 3. 

B.  Voltage Regulation of the PV panels 
Usually, dc-link voltage controllers perform the regulation 

by acting on the instantaneous error between a reference volt-
age and the actual voltage. Since the characteristic i = i(v) of 
the PV panels always has a negative slope, the voltage can be 
increased by decreasing the output current, and vice versa. In 
this case, the reference voltage is represented by the voltage v* 
corresponding to the MPP for the given environmental condi-
tions (see Fig. 2). 

As shown in Fig. 4 (left side), the power derivative ∂p/∂v is 
utilized as representative of the voltage error ∆v = v*−v, being 
almost linear the relationship between these two variables in 
the region around the MPP. The proportional coefficient k is 
introduced in Fig. 2; it is a function of the solar irradiance in-
tensity Iirr and the temperature θ of the PV panels. Since the 
regulation loop contains a regulator (R1(s) in Fig. 4), a con-
stant value can be assumed for k. The output of the regulator is 
the reference current for the grid inverter. 

The system behavior can be easily described as follows: 
when the estimated power derivative is positive, the operating 
point is on the left of the MPP, and the regulator should de-
crease the current extracted from the PV panels. The converse 
occurs when the estimated power derivative is negative: the 
operating point is on the right of the MPP, and the regulator 
increases the current extracted from the PV panels. Finally, 

when the power derivative approaches zero it means that the 
MPP is reached, and the output current of the PV panels is 
kept constant by the regulator. 

A correct behavior of the VSI connecting the PV panels to 
the grid is obtained if the excursion of the dc-link voltage is 
limited within a fixed range. The dc-link voltage should be 
high enough to ensure correct power injection into the utility 
grid (lower limit). On the other hand, it should satisfy the volt-
age insulation requirements of the power electronic compo-
nents (upper limit). For this reason, it is useful to estimate the 
reference voltage v* and to pass it through a limiter, as shown 
in the inner dashed rectangle of Fig. 4. 

III.   VSI CONTROLLER 

The aim of the power conditioner is to regulate the dc-link 
voltage vdc in order to track the MPP of the PV modules, being 
vdc = vPV. The control is indirectly performed by regulating the 
current extracted from the PV panels and injected into the 
power grid (source current, Si ), according to the block dia-
gram shown in Fig. 5. In this way, all the power coming from 
the PV modules is transferred to the electric network.  

In particular, the desired amplitude of the source currents, 
*
SI , is generated by the regulator R(s), considering the esti-

mated PV power derivative ∂p/∂v as input variable. Note that 
the regulator block R(s) shown in Fig 5 include the scheme 
represented inside the outer rectangle of Fig. 4. 

The reference value of the instantaneous source current 
vector, *

Si , is generated on the basis of the magnitude *
SI , and 

the phase angle of the positive sequence component of the 
supply voltages [2], which is represented by the unity space 
vector 1ˆ+

Sv  in Fig. 5. 
The proposed structure allows the system to be able to 

compensate non-linear, reactive, pulsating, and/or unbalanced 
loads [1]. In this case, the ac current controller requires the 
measurement of both load and inverter currents, Li  and Fi  
(see Fig. 5). The load current is used to calculate the reference 
value of the inverter current *

Fi , on the basis of the reference 
source current *

Si , given by the regulator R(s), ( LSF iii += ** ). 
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Fig. 3. Estimation of the PV power derivative by using filtering blocks 
 

 

v*
 - v v* 

v 

+

_
R1(s) 

IS
*v

p
∂
∂

f (Iirr ,θ)  
v*

 - v 

v 
+

+ v* 

limiter≅ 1/k 

additional blocks to estimate the ref. voltage (MPP)

R(s) 
 

Fig. 4. Generation of voltage and current references 



The measurement of the inverter current is used to imple-
ment the ac current control loop. A hysteresis current regulator 
acting on the instantaneous current error FFF iii −=∆ *  can be 
employed to determine the inverter switch states. Alterna-
tively, a PWM (or SVM) current regulator can be used avoid-
ing the drawbacks of hysteresis current controllers. In this 
case, the reference voltage for the inverter can be calculated 
by the voltage equation written across the ac-link inductance 
Lac, according with the block diagram represented in Fig. 1. 
Neglecting the resistive effects and introducing a variational 
model, the voltage equation yields 

F
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The parameter Lac/∆t in (12) can be adjusted to obtain the 
desired regulator performance. 

IV. SYSTEM PERFORMANCE 

The proposed control scheme, represented in the block 
diagrams of Figs. 4 and 5, has been implemented considering a 
three-phase, single-stage converter, as represented in Fig. 1. 
The whole power conversion system has been numerically 
simulated by the Simulink environment of Matlab. 

The PV panels have been electrically represented by the 
well-known single-exponential model [10], fitted on the I-V 
characteristic of a series/parallel arrangement of Solar Shell 
SP150 modules. The main characteristics of the PV generation 
system are summarized in Table I. The performance of the 
power conditioning system connected to the PV array has been 
evaluated both in steady state and transient operating condi-
tions determined by start-up and solar irradiance variations. 

Figs. 6 and 7 show the time behavior of the power and 
voltage alternative components, p~  and v~ , which are evalu-
ated in the MPPT algorithm and are used in computation of 
the power derivative. In particular, Fig. 6 is referred to an op-
erating point on the left of the MPP, i.e., vdc<v*. Note that in 

this case v~  and p~  are in phase agreement. Fig 7 is referred 
to an operating point on the right of the MPP, i.e., for vdc>v*. 
Note that in this case v~  and p~  are in phase opposition. For 
all the operating conditions the frequency of oscillation of v~  
and p~  is always related to the switching frequency (fsw = 10 
kHz).  

Fig. 8 shows the steady-state waveforms of source voltage 
and source current (utility grid). As expected, the source cur-
rent is sinusoidal and in phase agreement with the corre-
sponding line to neutral voltage. 

Fig. 9 shows the time behavior of the signal representing 
the calculated power derivative ∂p/∂v around the maximum 
power point. This figure is taken by varying the dc-link volt-
age reference in the range v* ± 7V, with a constant slope. As 
predicted for this operating region, the calculated ∂p/∂v is lin-
ear and equals to zero exactly in the point of maximum power 
(vdc=v*). 

Figs. 10-12 show the performance of the PV generation 
system in tracking the maximum power point of the PV panels 
during a transient of solar irradiance. From the starting oper-
ating point �, the system reaches the MPP in �. Then, as a 
consequence of a 50% reduction in the solar irradiance, the 
operating point moves to the new MPP in �. Fig. 10 and 11 
represent the system characteristics respectively on the I-V and 
P-V diagram. Fig. 12 shows the time behavior of the PV volt-
age and current during the seeking of the new MPP. It can be 
observed that the time employed by the MPPT algorithm to 
reach the new maximum power point is about 50 ms. Once the 
new MPP is reached, only very small oscillations persist 
around the MPP.  

Fig. 13 shows the waveforms of the source voltage and 
current, during the transient of solar irradiance. After the ir-
radiance change, the source current rapidly changes its ampli-
tude and remains sinusoidal and in phase agreement with the 
corresponding line to neutral source voltage. 
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Fig. 5. Proposed regulation scheme for the VSI controller 

TABLE I 
MAIN CHARACTERISTICS OF THE PV GENERATION SYSTEM 

Rated power of the PV system PPV =30 kW  MPPT high pass filters: first order KHPF  = 1
τHPF  = 0.0005 s

Dc-link capacitance Cdc = 20 mF  MPPT low pass filter: first order KLPF  = 1
τLPF  = 0.0005 s 

PWM carrier frequency fsw = 10 kHz  Dc-link voltage controller: PI type KP = 50
KI = 50

Line inductor  Rac = 0.05 Ω
Lac = 1 mH  Panels type (series/parallel arrangement) Solar Shell SP150

Line to line utility voltage  Vac = 380 V
f  = 50 Hz  Short circuit current (1000 W/m2, 40 °C) isc = 48 A

Dc-link initial reference voltage v**  = 740 V  Open circuit voltage (1000 W/m2, 40 °C)  voc = 760 V
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Fig. 6.  Voltage and power alternative components for v < v* 
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Fig. 7. Voltage and power alternative components for v > v* 
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Fig. 8. Source voltage and current in steady-state condition 

 

 

Fig. 9. PV panel voltage and computed power derivative ∂p/∂v  
around the maximum power operating point 
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Fig. 10. Effect of a -50% solar irradiance transient on the I-V diagram 
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Fig. 11. Effect of a -50% solar irradiance transient on the P-V diagram 
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Fig. 12. Effect of a -50% solar irradiance transient 

a) PV voltage vs. time 
b) PV current vs. time 
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Fig. 13. Effect of a -50% solar irradiance transient on the source current 
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Fig. 14. Effect of a load switching-on 

a) PV voltage and source voltage 
b) source current and load current 

 

Fig. 14 shows the behavior of the system during the 
switching-on of a load (PL = 7.5 kW, cosϕ =0.8). After the 
load insertion, the source current iSA rapidly changes its am-
plitude and remains sinusoidal and in phase agreement with 
the corresponding line to neutral source voltage. 

V. CONCLUSION 

The relatively low voltage excursion of the maximum 
power point corresponding to different environmental condi-
tions, make it possible to consider the effectiveness a direct 
coupling of PV panels and grid inverter. This simplified con-
figuration avoids the use of an intermediate dc chopper, re-
ducing the losses and improving the reliability of the whole 
system. In order to maximize the conversion efficiency, an 
improved MPPT algorithm is proposed in this paper, based on 
an analogue processing of current and voltage ripple of the PV 
panels caused by the inverter PWM switching operation. The 
MPPT algorithm is based on the regulation of the dc-link volt-
age within a safety excursion range. The PWM-VSI acts as a 
power active filter, contributing to the power quality require-
ment of the utility grid. A complete set of realistic numerical 

simulations has been presented in the paper, with reference to 
steady-state and dynamic operating conditions. The results 
show the good performance of the control system and confirm 
the effectiveness of the proposed PV generation system. 
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