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ABSTRACT: In this paper, an enhanced Maximum Power Point Tracking (MPPT) strategy for a two-stage grid-
connected PV system is proposed, which enables accurate tracking of the maximum power point irrespective of the 
rate of change in solar irradiance levels. The analysis is performed both in the frequency and time domains, using a 
suitable linearized model of the system. A comparative assessment of the proposed MPPT strategy versus a 
conventional Perturbation and Observation (P&O) method is carried out for operation under trapezoidal irradiance 

profiles. 
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1 INTRODUCTION 
 

Maximum Power Point Tracking strategies for PV 
systems have been the subject of numerous publications. 

Among them, the perturbation and observation method is 
widely used due to its ease of implementation [1]. 
However, a main drawback of this strategy (as well as of 
others) is that it can be ineffective during fast irradiance 
changes due to moving clouds, as it is unable to 
discriminate variations in output power caused by the 
tracker perturbation from those caused by irradiance 
changes. This can compromise the overall efficiency of 

PV stations operating under moving cloud conditions. To 
avoid this, a method is presented in [1] for selecting 
optimized sampling times and perturbation magnitudes. 
In [2], an alternative control strategy is proposed which is 
based on an additional power measurement in the middle 
of each MPPT sampling interval, in order to distinguish 
changes in power caused by irradiance variations. In [3] a 
control strategy is proposed which is particularly tailored 

to single-stage PV systems, based on estimating the 
change in solar irradiance by measuring the steady-state 
error of the DC link voltage controller of the PV inverter. 

This paper proposes an enhanced P&O MPPT 
strategy for a two-stage grid-connected PV system, which 
enables accurate tracking of the maximum PV power 
irrespective of the rate of change of solar irradiance 
levels. The principle employed is similar as in [3], though 
the proposed concept is now tailored to the dynamic 

characteristics of the DC/DC converter. To this end, a 
suitable linearized small-signal model of the PV-DC/DC 
converter system is first developed, in order to express 
the steady-state error of the PV voltage controller in the 
frequency domain. As it will be further explained, the 
change of PV current due to solar irradiance variations 
can be estimated only if the PV regulator comprises a 
simple proportional controller. In fact, a simple P-

controller doesn’t compromise notably the effectiveness 
of the MPPT operation, which still tracks successfully the 
MPP. A suitable algorithm is then proposed in order to 
calculate the power difference dP which corresponds to 
the tracker perturbation, utilizing voltage and current 
measurements as well as the controller parameters. 

The electrical scheme of the simulated PV plant is 
described in Section 2. The linearization approach 

adopted for the frequency domain analysis is outlined in 
Section 3. The proposed MPPT strategy is presented in 
Section 4 and time domain simulations are presented and 

discussed in Section 5. The main conclusions are 
summarized in Section 6. 
 
 

2 PV SYSTEM MODEL 
 

In order to test the response of the proposed MPPT 
strategy, the study case PV system shown in Fig. 1 has 
been considered. It comprises a 100 kW PV generator 
controlled by a buck-boost DC/DC converter and a 
DC/AC converter connected to the grid via an output LC 
filter. 

The PV generator has been modeled by its single-
diode equivalent circuit [4]. The DC/DC converter 
topology along with the proposed control scheme is 
depicted in Fig. 2. The DC/DC converter regulates the 
output voltage of the PV array via a PI compensator, 
utilizing the voltage reference determined by the MPPT 
controller. The PV inverter control scheme is presented in 
detail in [5] and is designed to regulate the dc link 

voltage to its nominal value. The time-averaged PV 
system electrical model is implemented in 
MATLAB/SIMULINK. 

 

 
 
Figure 1: Two-stage PV power converter. 
 

 
 
Figure 2: DC/DC converter topology & control scheme. 
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3 SMALL SIGNAL MODEL 
 

In this section, a simplified linearized model of the 
PV-DC/DC converter system of Fig. 2 is presented. The 
modeling approach is similar to that presented in 

references [6]-[8]. 
Based on the electrical circuit depicted in Fig. 2, the 

steady-state average equations governing the dynamic 
response of the PV system are the following: 

int

pv

pv Co

d V
C I I

dt
    (1) 

L

dc L

d I
L V

dt
    (2) 

dc

dc dc inv

d V
C I I

dt
    (3) 

where brackets “< >” denote average values of the 
instantaneous voltages and currents of the converter over 
one switching period.  

The steady state average-value equations for the 
switching currents and voltages are approximated by: 

( )Co LI d t I    (4) 

 ( ) 1 ( )L pv dcV d t V d t V    (5) 

 1 ( )dc LI d t I    (6) 

where d(t) is the duty cycle of the converter in one 
switching period.  

Perturbing and linearizing around a given equilibrium 
point and neglecting the product of small signal perturbed 
terms, the following differential equations are obtained: 
 

int

ˆ
ˆˆ ˆpv

pv L L

dv
C i Di I d

dt
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ˆ
ˆ ˆˆ ˆ(1 )L
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where the uppercase voltage, current and duty-cycle 
variables denote steady-state values, whereas the “^” 

symbol denotes small-signal components. 
Replacing the right-hand side terms of Εqs. (7)-(9) 

with current and voltage sources, leads to the small signal 
model shown in Fig. 3. Taking into account potential 

solar irradiance variations, the small-signal current ˆ
pvi  

can be expressed as [3]: 

ˆ ˆ ˆ
pv tr Gi i i 

    
            (10) 

where ˆ
tri is the change of the PV current caused by the 

tracker perturbation and ˆ
Gi  is the PV current component 

caused by irradiance changes. The small-signal current 

ˆ
tri  is related to the small-signal voltage ˆ

pvv  by the 

following equation [8]: 

ˆ
ˆ pv

tr

pv

v
i

r
     (11) 

where rpv is the dynamic resistance of the PV generator 
and represents the ratio of change in voltage to change in 
current. 

Based on this, the PV voltage ˆpvv is expressed as [7]: 

ˆ ˆˆ ˆ
g dcpv v d v i G v v dcv G d G i G v       (12) 

 
 
Figure 3: Linear small-signal PV & DC/DC converter 

model. 
 

 
 
Figure 4: Block diagram of the closed loop system 
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This leads to the closed-loop system of Fig. 4, where 
the transfer function GPWM represents the lag in the 
DC/DC converter action.  
 
 
4 ESTIMATION OF SOLAR IRRADIANCE 

CHANGES & PROPOSED MPPT 
 

In this section, the control loop of Fig. 4 is analyzed 
in order to identify the factors affecting the accuracy of 
the PV voltage controller. In the following, the lag 
introduced by the converter action is neglected.  

Based on Fig. 4, the small-signal error ˆ
sse  between 

the voltage reference and the measured PV voltage is the 
following: 

* ˆˆ ˆ ˆ( ) ( ) ( ) ( ) ( ) ( ) ( )ss v pv G G dc dce s H s v s H s i s H s v s   

     

(16) 

where: 
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Assuming step changes in small-signal components 
*ˆ
pvv , ˆdcv and a constant rate of change in irradiance, and 

therefore in ˆ
Gi , their frequency domain expressions are 

the following: 
*
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Based on Eqs.(17)-(22) it is clear that applying the 

final value theorem the steady-state error ˆ
sse  becomes 

zero due to the integral gain ki of the regulator, even in 
the presence of solar irradiance changes. If, however, a 
simple P-regulator is employed, the small signal transfer 
functions Hv, HG, Hdc become: 

2
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Consequently, the steady-state error is given by: 
2

2 2 2

* (1 )
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e v v
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Based on Eq. (26), the rate of change of the PV 
current α caused by irradiance changes can be estimated 

by measuring the steady-state error ˆ
sse  and utilizing 

known values of the controller parameters, such as the 
duty cycle D and the analog gain kp. Taking into account 

the sampling period Tmppt of the MPPT operation, an 

estimate of the PV current component ˆ
Gi  can be obtained 

from: 

ˆ
G mppti T             (27) 

The steady-state average PV power pvP  is given 

by: 

pv pv pvP V I          (28) 

 
Figure 5: Flowchart of the proposed MPPT strategy. 
 

Perturbing and linearizing around a given equilibrium 

point, the small-signal PV power ˆ
pvp  can be expressed 

as: 

ˆ ˆˆ ˆ ˆ
pv pv pv pv pv pv pvp v I V i v i    (29) 

Substituting Eq. (10) into Eq. (29), the small-signal 

PV power component ˆ
trp , which corresponds to the 

tracker perturbation, can be estimated by: 

ˆˆ ˆ ˆ( )tr pv pv pv Gp p V v i                (30) 

The PV power component calculated from Eq. (30) is 
then utilized in order to implement the proposed MPPT 

strategy. Its detailed flowchart is presented in Fig. 5, 
which is practically based on the P&O method. 
 
 
5 CONTROLLER TUNING 
 

In this Section, the analog gain of the PV controller 
kp is tuned in order to maintain adequate stability margin. 

The compensator design has been carried out utilizing the 
open loop transfer function of the control loop of Fig. 4, 
with the objective of achieving a phase margin of at least 
45 deg, while maintaining high gain crossover 
frequencies. The lag introduced by the converter action 
has been also taken into account. 

In Fig. 6 the phase margin and the gain crossover 
frequency variation with the analog gain kp of the PV 

controller is depicted, assuming operation at STC 
conditions. It is clear that as the controller gain increases, 
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(a) 

 
(b) 

Figure 6: Variation of a) phase margin, b) gain crossover 
frequency with the controller gain kp, for operation at 
STC conditions. 
 

 
Figure 7: Bode plot of the open loop transfer function of 

the voltage control loop of Fig. 4, kp=0.02. 
 

the settling time of the system response decreases, but the 
system becomes less stable. Consequently, based on Fig. 
6(a), the analog gain has been chosen kp=0.02. 

The above selection leads to the open loop Bode plot 
of Fig. 7, resulting in a phase margin of 46.6 deg and a 
gain crossover frequency of 248 Hz. 
 

 
6 TIME DOMAIN RESPONSE 
 

In this Section, time domain simulations are 
performed to illustrate the behavior of the proposed 
MPPT strategy and to verify the results obtained from the 
frequency domain analysis in the previous Section. The 
MPPT sampling period Tmppt and the voltage increment 

δv*
pv are chosen as 0.05 s and 1 V respectively. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 8: Response of the PV system to a trapezoidal 
irradiation profile, a) Solar irradiance levels, b) PV 
generator voltage, c) PV generator current, d) Estimate of 
the PV current component ΔiG, e) duty cycle of the 
DC/DC converter. 

 
The satisfactory performance of the proposed MPPT 

strategy is demonstrated in Figs. 8 and 9, where the PV 
system response has been simulated for the trapezoidal 
irradiance profile of Fig. 8(a). From Figs. 8 and 9 it is 
evident that the proposed MPPT controller tracks 
successfully the maximum available power during fast 
solar irradiance changes. This is attributed to the accurate  
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(a) 

 
(b) 

Figure 9: PV system response under the irradiation 
profile of Fig. 8(a), a) Optimum and actual PV generator 
power, b) Instantaneous MPPT effectiveness. 

 
estimation of the PV current component ΔiG, as shown in 
Fig. 8(d), which is the core of the control concept 
presented in Fig. 5. 

On the contrary, the conventional P&O tracker fails 
to regulate effectively the PV output voltage as the solar 
irradiance increases, leading to a substantial performance 
loss, as demonstrated in Fig. 9(b). 
 

 
7 CONCLUSION 
 

In this paper, an improved MPPT strategy is 
presented particularly tailored to two-stage grid-
connected PV systems. Its principle relies on estimating   
the PV current variations caused by irradiance changes 
by measuring the steady state error of the DC/DC 

converter controller. To this end, a small signal model of 
a PV-DC/DC converter system is developed in order to 
obtain the closed loop system and express the steady-
state error of the controller in the frequency domain.  

It has been shown that a simple P-controller is 
required in order to detect solar irradiance changes. This 
in turn enables the estimation of PV power variations 
caused by the tracker perturbation, utilizing voltage and 

current measurements as well as the controller 
parameters.  

Time domain simulations are performed for 
trapezoidal irradiation profiles in order to validate the 
effectiveness of the proposed tracker. It has been shown 
that the efficiency of the MPPT controller remains 
unaffected by solar irradiance changes. It is noteworthy 
that a profound improvement of the controller efficacy is 

attained especially during positive irradiance increments, 
where the conventional P&O MPPT is quite ineffective. 
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