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ABSTRACT Maximum Power Point Tracking (MPPT) algorithms are essential in solar photovoltaic (PV)
generation. In the last years, a major research effort has been made in order to get more efficient MPPT
algorithms. However, in the literature, there is not a unique methodology for testing and comparing these
kind of algorithms when facing dynamic irradiance conditions. This paper proposes a systematic way of
evaluating and comparing MPPT algorithms for PV systems, at the simulation stage, unifying the following
aspects: the PV system configuration, the type of simulation to be performed, and the dynamic irradiance
tests to take into account. The MPPT algorithm is implemented into the dc-dc converter of the system for
simplification purposes, simulations are carried out through state-space equations in order to reduce the total
simulation time, and three irradiance dynamic tests are used systematically to provide full comparison under
different environmental conditions. To test the flexibility of the proposed technique, a comparison of three
commonly known Perturb and Observe (P&O) algorithms has been performed, giving special attention to
the MPPT drift phenomenon. All interested researchers can request a computer application that implements
the proposed methodology.

INDEX TERMS Dynamic test procedures, EN50530, MPPT drift, Perturb and Observe (P&O) algorithms,
state-space model.

I. INTRODUCTION
Solar photovoltaics (PV) has been erected as themost promis-
ing energy source for modern power systems [1]. The need
to reduce the carbon footprint and the availability of the
solar resource are fundamental for the development of this
technology. However, one of the biggest problems facing PV
generation is that its power output highly depends on the
environmental conditions, i.e. the incident solar irradiance
and the PV cells temperature. Furthermore, the nonlinear
characteristic of the P-V curve [2] hinders the optimum power
extraction of solar energy when employing PV systems. As a
consequence, all PV systems have to be equipped with a
Maximum Power Point Tracking (MPPT) algorithm.

In the last two decades a great effort has been made
to achieve more efficient MPPT algorithms. In fact, only
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between 2015 and 2020more than 70 review papers have ana-
lyzed, discussed and compared different MPPT algorithms
in terms of complexity, computational burden or implemen-
tation cost, among others [3]. Based on their operational
principles [4], MPPT algorithms can be classified as fol-
lows: Hill Climbing methods, such as Perturb and Observe
(P&O) [5], [6] and Incremental Conductance (IncC) [7],
which take advantage from the form of the characteristic P-V
curve; Fuzzy Logic Control (FLC) methods [8]–[10], which
impose decision rules based on fuzzy levels [8]; Algorithms
based on Curve Fitting [11], which estimate the characteristic
curve and the position of the Maximum Power Point (MPP)
in real-time via optimization techniques; MPP-locus meth-
ods [12], which assume the MPP lays on a straight line
for different levels of irradiance; Beta-methods [13], [14],
which apply a fixed-step size P&O when the operating point
is near the MPP and a variable-step size P&O if it is far
from the MPP. Table 1 summarizes the main MPPT methods
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TABLE 1. Classification of photovoltaic MPPT algorithms based on their operational principles [4].

that exist in the broader literature. It is important to mention
that, although more complex MPPT algorithms are being
developed, conventional methods like P&O and IncC still
hold a major share of industrial applications [15].

After carefully reviewing the literature, a research gap has
been detected, as there is no systematic methodology for
developing, testing, and comparing MPPT algorithms to each
other. This is critical in terms of time and economic con-
sumption before experimental validation of the algorithms.
In the literature, it is possible to find different PV system
configurations based on single [16] or double stage convert-
ers [17]. However, when evaluating MPPT algorithms, just
the dc-dc conversion stage is enough to test their adequacy.
Another important aspect to define is the kind of simulation
to be performed: traditional switching modeling approach or
state-space modeling. The former has been widely used to
date [18]- [19], although it is just limited to specific software
such as MATLAB/Simulink or DIgSILENT/PowerFactory.
The latter has been recently introduced in [20], with the
advantage of applicability to any software or platform and
reducing the computation time up to 300 times when com-
pared to traditional switching modeling. However, [20] uses
just one algorithm, the P&O one, and it is only examined
using trapezoidal irradiance profiles.

Finally, the irradiance dynamic test procedure must be
selected. In [21], three different dynamic tests have been
identified: stepped dynamic test procedure [22], normalized
EN50530 dynamic test procedure [23], and the day-by-day
dynamic test procedure [24], although only the EN50530
test is carried out to analyze the performance of the fixed-
step-size P&O algorithm (FS-P&O), the variable-step-size
IC algorithm (VS-IC) and the hybrid-step-size beta method
(HS-β), as it is recognized as the most cost-effective solution
for the system. The three dynamic test procedures imply
different considerations for their practical implementation.
However, at the simulation stage, all of them can provide
complementary information about performance of MPPT
algorithms without the need to increase the complexity of the
system or its cost.

This paper proposes a systematic evaluation of PV MPPT
algorithms using a simplified version of the state-spacemodel
introduced in [20]. For simplification purposes, the PV sys-
tem considered is formed by the PV array, the dc-dc con-
verter and a voltage source in the place of the dc-link. In the

TABLE 2. Comparison of the proposed methodology with the
methods [20] and [21].

proposed methodology, the three dynamic test procedures
identified by [21] are implemented and used to provide
a deep comparison in different environmental conditions.
Three known P&O algorithms have been implemented and
compared, particularly focusing on the MPPT drift phe-
nomenon, namely: conventional P&O [5], Optimized MPPT
for fast-changing environmental conditions (dP-P&O) [25],
and Drift-Free Modified P&O (DF-P&O) [26]. Table 2 sum-
marizes the novelties of the proposedmethodology in contrast
to [20] and [21]. The authors recently compared the above
mentioned algorithms in [27] through traditional switching
modeling and with real field irradiance conditions. This paper
presents an extension of [27], being the main contributions
described below:

1) A methodology for systematically evaluate the perfor-
mance of PV MPPT algorithms is proposed. This pro-
cedure aims to unify the different simulation settings
available in the literature.

2) A novel simplified state-space model is developed and
particularized for three P&O algorithms (conventional
P&O, DF-P&O, and dP-P&O) to reduce the computa-
tional burden of simulations.

3) The comparison between the algorithms is carried out
with three different irradiance dynamic tests (stepped,
EN50530 and day-by-day). This provides a deeper
performance analysis of the algorithms in different
environmental conditions.

4) All interested researchers can request a computer appli-
cation that implements the proposed methodology.
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FIGURE 1. Flowchart of the conventional P&O algorithm.

Therefore, others may compare these P&O algorithms
or even adapt the work to different MPPT algorithms.

The paper is organized as follows: Section II presents
the conventional P&O algorithm and the MPPT drift phe-
nomenon, Section III details the principle of operation of
the dP-P&O and the DF-P&O algorithms, and Section IV
introduces the dynamic test procedures. Section V devel-
ops the state-space models of the algorithms. In Section VI,
simulation results are shown and, finally, Section VII draws
conclusions of the work.

II. CONVENTIONAL PERTURB AND OBSERVE
ALGORITHM AND MPPT DRIFT
Hill Climbing methods in general, and the conventional P&O
algorithm [5] in particular, act on the principle of trial and
error. While the PV system is operated at a reference volt-
age, every MPPT period, a perturbation Vstep is deliberately
applied to the reference voltage in order to observe the sign
of the power variation. If the latter is positive, the next
perturbation is applied in the same direction of the previ-
ous one. On the contrary, if the power variation is nega-
tive, the direction of the perturbation is reversed. As can be
deduced, in steady-state environmental conditions, the PV
system reaches the MPP and oscillates around it following
the commonly known three-level operation. The flowchart of
this algorithm is depicted in Fig. 1.

One of the main drawbacks of this algorithm manifests in
situations of highly fluctuating irradiance. In these circum-
stances, the algorithm is not able to identify if an increment
in PV power is due to the perturbation applied or caused by
an increase in the incident irradiance. This undesired phe-
nomenon, known as MPPT drift, is depicted in Fig. 2, where
two power-voltage curves at different irradiance levels are
plotted. In steady-state, with constant irradiance conditions,
the normal operating sequence is 1−2−3−2−1 indefinitely.
However, let us suppose that when the operating point is

FIGURE 2. MPPT drift phenomenon in conventional P&O algorithm.

FIGURE 3. Explanation of the dP-P&O algorithm.

moving from 2 to 3 irradiance rises suddenly. Consequently,
the operating point moves to 4. As the algorithm detects an
increase in PV power, the following perturbation is applied in
the same direction, so the final operation point is 5, producing
power losses and instability. The next section presents two
variants of the conventional P&O algorithm that try to avoid
the MPPT drift phenomenon.

III. MODIFICATIONS OF THE CONVENTIONAL P&O
ALGORITHM
This section presents two evolved versions of the conven-
tional P&O, which try to avoid MPPT drift by incorporating
additional power and current measurements.

A. OPTIMIZED MPPT FOR FAST-CHANGING
ENVIRONMENTAL CONDITIONS (dP-P&O)
The dP-P&Oalgorithm is introduced in [25]. In contrast to the
conventional P&O, this algorithm improves the assessment
of the power variation by incorporating a new measurement
in the middle of the MPPT period. In this way, it is possible
to decouple the power variation caused by the perturbation
applied and the one due to the irradiance change. Fig. 3 shows
the operating principle of the dP-P&O algorithm.

The algorithm assumes that the PV system reaches the
operating point during the first semi-period, i.e. from kT to
kT +T/2. If this condition is satisfied, the power variation in
the second semi-period dP2, that is, from kT+T/2 to (k+1)T ,
is essentially due to the change in the incident irradiance.
If the irradiance is assumed to vary constantly over the entire
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FIGURE 4. Flowchart of the dP-P&O algorithm.

MPPT period, the change in power due to the algorithm (dP1)
can be determined by (1). Fig. 4 depicts the steps followed by
the dP-P&O algorithm.

dPMPPT = dP1 − dP2 (1)

B. DRIFT-FREE MODIFIED P&O ALGORITHM (DF-P&O)
The DF-P&O algorithm [26] is an evolved version of the
conventional P&O which incorporates an additional verifica-
tion of the PV current shift apart from the already mentioned
power and voltage variations. This fact, together with the
monotonically decreasing characteristic of the PV current-
voltage curve, makes the identification of changes in the
irradiance possible when the operating point moves to the
right of the I − V curve. When this happens, the direction
of the disturbance applied is reversed. Fig. 5 depicts two
current-voltage curves and the signs of the variables involved.

Let us consider that initially the operating point is 1. If,
after the voltage disturbance, the operating point is 2, the
voltage variation is positive and the current variation is neg-
ative, which is in accordance with the I − V curve form
and, therefore, the conclusion is that the irradiance remains
constant. However, if the operating point moves to 3, both
the voltage and current variations are positive, which imply
that the incident irradiance has increased. The flowchart of
the DF-P&O algorithm is shown in Fig. 6.

IV. MPPT DYNAMIC TEST PROCEDURES
This section details the differences between the dynamic test
procedures identified in [21]. Although their implementation
in an experimental setup can be laborious, at the simulation

FIGURE 5. MPPT drift avoidance process.

FIGURE 6. Flowchart of the DF-P&O algorithm.

TABLE 3. MPPT drift appearance in the stepped test.

stage, each of these tests can provide supplementary informa-
tion about the dynamic performance of MPPT algorithms.

A. STEPPED DYNAMIC TEST PROCEDURE
The stepped dynamic test is the simplest procedure to eval-
uate the performance of a MPPT algorithm. It considers that
the incident irradiance in the PV system varies by means of
steps. This method provides a first approximation to the effect
of passing clouds above the PV system.
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TABLE 4. Medium to high irradiance test (30% - 100% GSTC ).

FIGURE 7. a) Power and b) voltage waveforms of P&O algorithms divided
in sub-periods.

Despite its simplicity, this test allows for a clear visual-
ization of the MPPT drift issue and for the identification of
the causing mechanisms in each of the algorithms. Based on
this test, in this section we propose a qualitative analysis for a
preliminary study of the phenomenon under these irradiance
conditions. It is constructed on the representation of power
and voltage steady-state waveforms of the algorithms as pre-
sented in Fig. 7. These waveforms are commonly known
as the three-level operation, as the operating point oscillates
between three power-voltage coordinates.

As theMPPT drift situation depends on the instant at which
the change in irradiance occurs, eight different sub-periods
(1-8) can be considered as shown in Fig. 7. For example,
when the conventional P&O is being used, a sudden increase
in irradiance during sub-periods 1 or 2 could mislead the
algorithm, making the total power variation to be positive
(1P = P1−P2) when, in reality, the part of the variation due
to theMPPT algorithm is negative. On the contrary, irradiance
increments at sub-periods 3 or 4 don’t affect the performance
of the algorithm as 1P = P2 − P1 keeps its sign.

Table 3 summarizes theMPPT drift occurrences when irra-
diance increases by steps. It is worth noting that the change
in irradiance must be large enough to produce MPPT drift.
In this case, the conventional P&O suffers fromMPPT drift in
four of the eight sub-periods considered, as explained above.
Compared to the conventional P&O, the dP-P&O reduces
this probability by 50% due to the way that it measures the
power variation (sub-periods 2 and 6). The same probability
is achieved with the DF-P&O, in which the MPPT drift
phenomenon is avoided at sub-periods 5 and 6 when com-
pared to the conventional P&O.

FIGURE 8. EN50530 ramp test (medium-high irradiance).

B. EN50530 DYNAMIC TEST PROCEDURE
The EN50530 dynamic test procedure is a globally accepted
test for MPPT algorithms [28]. Different from the stepped
dynamic test, standardized EN50530 is considered a more
realistic approach for the MPPT dynamic performance eval-
uation. Specifically, it contemplates two synthetic trape-
zoidal irradiance profiles (low-medium and medium-high
irradiance) that simulate the irradiation change under rapidly
varying conditions. Figure 8 depicts the generic scheme of
the EN50530 test procedure for the medium-high irradiance
scenario.

As depicted, the irradiance profile starts at a medium
irradiance level (300W/m2). Then, during a certain time
interval, there is an increase of the incident irradiance until
it reaches a high level (1000W/m2) and is maintained for a
dwell time. Subsequently, irradiance is reduced at a constant
rate to reach the initial value. In this paper, the medium-high
irradiance scenario has been selected, with the parameters
specified in Table 4.

C. DAY-BY-DAY TEST PROCEDURE
Compared to stepped and EN50530 tests, the day-by-day test
procedure is the one that most approximates the real working
conditions of the PV system and, therefore, it is more appro-
priate to test the dynamic performance of MPPT algorithms.
However, the test bench requires long time to evaluate the
dynamic performance of the MPPT. As an alternative, MPPT
algorithms can be tested with real irradiance data that can be
easily collected. In particular, this work considers irradiance
data measured by National Resources Canada (NRCAN) [29]
from two locations: Alderville and Varennes. As four differ-
ent types of days were identified (clear sky, overcast, variable
and very variable), data from the worst-case scenario will
be used in order to test the dynamic performance of the
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FIGURE 9. Irradiance data from Alderville in a very variable day.

MPPT algorithms. Figure 9 represents a four hundred second
interval of this day.

It is worth noting that irradiance data have a high time
resolution, with a sampling frequency up to 100 Hz, which
makes them suitable for dynamic test studies.

V. STATE-SPACE MODEL OF THE PV SYSTEM
The evaluation of the already mentioned P&O algorithms
requires a mathematical model that performs long simula-
tions with minimal calculation burden. In this work, a sim-
plified version of the state-space model described in [20]
has been implemented. State-space representation is a widely
used technique in modeling dynamic systems [30], [31].
In this representation, the system is characterized by state
variables, which define the current state of the system.
In addition, the system exchanges information with the out-
side environment through input and output signals. Input, out-
put, and state variables are related by first-order differential
and algebraic equations, in such a way that state variables
change over time based on the values they hold at any given
time and the values of input variables imposed externally. The
values of output variables are determined exclusively by the
values of state variables.

Figure 10 shows the electric circuit used, where the para-
sitic resistances of the capacitor (Cin), the boost converter and
the DC-Link have been neglected. This assumption makes
the capacitor voltage to match the terminal voltage of the
PV array. The inputs, state variables, and the output have
been highlightedwith green, red, and blue colors respectively.
It is worth noting that the proposed method assumes that
the environmental conditions are the same for the entire
PV array, i.e., the model is under uniform irradiance and
temperature conditions. The PV array is modeled with its
Single-Diode Model (SDM), whose implicit current-voltage
relation is given by (2):

Ipv = Iph − Is

[
exp

(
Vpv + IpvRs

VT

)
− 1

]
−
Vpv + IpvRs

Rsh
,

(2)

whereVT is the thermal voltage of the P-N junction, described
by (3):

VT =
n k T
q

(3)

TABLE 5. Main parameters of the PV system.

where n is the ideality factor of the diode, k is the Boltzmann
constant and q is the electron charge. Equation (2) can be
rewritten in an explicit manner through the incorporation of
the Lambert function (W):

Ipv =
Rsh(Iph + Is)− Vpv

Rs + Rsh

−
VT
Rs
W

 RsRsh
Rs+Rsh

Isexp
(
RsRsh(Iph+Is)+RshVpv

VT (Rs+Rsh)

)
VT

 (4)

Table 5 lists the main parameters of the PV system com-
posed of the PV array, the dc-dc boost converter and the PI
controller.

De Soto et al. [32] developed the translation equations of
the SDM parameters from Standard Test Conditions (G0 =

1000W/m2,T0 = 298.15K ) to the actual working condi-
tions (G,T ). In this work, just the variation of these parame-
ters with the incident irradiance has been considered:

Iph =
G
G0

Iph0 (5)

Is = Is0 (6)

n = n0 (7)

Rs = Rs0 (8)

Rsh =
G0

G
Rs0 (9)

In [33], explicit equations were obtained to directly deter-
mine the MPP coordinates: Vmp and Imp.

Vmp =
(
1+

Rs
Rsh

)
VT (w− 1)− Rs Iph

(
1−

1
w

)
(10)

Imp = Iph

(
1−

1
w

)
− VT

(w− 1)
Rsh

(11)

where w = W [Iph e /Is]. Finally, the maximum available
power can be computed as:

Pmp = Vmp Imp (12)

The average model of the boost converter is formed by the
following differential equations (13)-(14), which determine
the variation of the state variables (Vpv and iL) over one
switching period:

∂Vpv
∂t
=

Ipv − iL
Cin

(13)

∂iL
∂t
=

Vpv − (1− D)Vo
L

(14)

The state-space model of the PI controller is described
in equations (15)-(16), where φ is the state variable of the
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FIGURE 10. Electric circuit for the state-space model development.

controller and D is the duty cycle.

∂φ

∂t
= Ki(Vpv − Vref ) (15)

D = φ + Kp(Vpv − Vref ) (16)

The complete state-space model is described by the state
vector x, the input representing the environmental conditions
u and the output of the model y (17)-(19):

x = [Vpv iL φ Vref VMPPT PMPPT IMPPT ]T (17)

u = [G T ]T (18)

y = Ppv (19)

Continuous equations (13)-(15) can be discretized
as (20)-(22). These equations update the state variables every
sample time Ts.

V k
pv = V k−1

pv +
I k−1pv − i

k−1
L

Cin
Ts (20)

ikL = ik−1L +
V k−1
pv − (1− Dk−1Vo)

L
Ts (21)

φk = φk−1 + Ki(V k−1
pv − V

k−1
ref )Ts (22)

Finally, the model can be initialized with MPP conditions
and the initial value of the duty cycle as:

Do = 1−
V o
pv

Vo
(23)

The state-space model of the P&O algorithms must be
developed too. Next subsections present these models.

A. STATE-SPACE MODEL OF THE CONVENTIONAL P&O
The state-space model of the conventional P&O is described
by (24)-(26): it comprises the update of the reference voltage
and two state variables needed for the correct representation

of the algorithm.

V k
ref =


V k−1
ref + sign

(
Pk−1pv − P

k−1
MPPT

V k−1
pv − V

k−1
MPPT

)
Vstep,

if mod(kTs,TMPPT ) = 0
V k−1
ref , otherwise

(24)

V k
MPPT =

{
V k−1
pv , if mod(kTs,TMPPT ) = 0
V k−1
MPPT , otherwise

(25)

PkMPPT =

{
Pk−1pv , if mod(kTs,TMPPT ) = 0
Pk−1MPPT , otherwise

(26)

B. STATE-SPACE MODEL OF THE dP-P&O
The equations modeling the behaviour of the dP-P&O algo-
rithm are (27)-(29). As previouslymentioned in Section III A,
the main novelty with respect to the conventional P&O is in
the calculation of power variation.

V k
ref =


V k−1
ref + sign

(
dPk−1

V k−1
pv − V

k−1
MPPT

)
Vstep,

if mod(kTs,TMPPT ) = 0
V k−1
ref , otherwise

(27)

V k
MPPT =

{
V k−1
pv , if mod(kTs,TMPPT ) = 0
V k−1
MPPT , otherwise

(28)

dPk =

{
dPk−11 − dPk−12 , if mod(kTs,TMPPT ) = 0
0, otherwise

(29)

C. STATE-SPACE MODEL OF THE DRIFT-FREE MODIFIED
P&O
The state-space equations of the DF-P&O algorithm are
defined by (30)-(33), with the incorporation of the PV current
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FIGURE 11. Flowchart of the proposed methodology.

variation in the algorithm decisions.

V k
ref =



V k−1
ref − sign(I

k−1
pv − I

k−1
MPPT )Vstep,

if mod(kTs,TMPPT ) = 0,
1V k−1

pv > 0 and 1Pk−1pv > 0

V k−1
ref + sign

(
Pk−1pv − P

k−1
MPPT

V k−1
pv − V

k−1
MPPT

)
Vstep,

elseif mod(kTs,TMPPT ) = 0
V k−1
ref , otherwise

(30)

where 1V k−1
pv = V k−1

pv − V k−1
MPPT and 1Pk−1pv = Pk−1pv −

Pk−1MPPT .

V k
MPPT =

{
V k−1
pv , if mod(kTs,TMPPT ) = 0
V k−1
MPPT , otherwise

(31)

PkMPPT =

{
Pk−1pv , if mod(kTs,TMPPT ) = 0
Pk−1MPPT , otherwise

(32)

I kMPPT =

{
I k−1pv , if mod(kTs,TMPPT ) = 0
I k−1MPPT , otherwise

(33)

To sum up, Fig. 11 shows the steps followed by themethod-
ology proposed. First, the MPP coordinates are determined
and all the variables are initialized at those conditions. Then,
the simulation loop starts and thementioned equations have to
be computed in the corresponding order. It can be seen that the
methodology applied is common to all the three algorithms
except for the way inwhich each one determines the reference
voltage.

VI. SIMULATION RESULTS
The conventional P&O, the dP-P&O and the DF-P&O
algorithms have been tested with the three dynamic test
procedures detailed in Section IV. In order to quantify the
effectiveness of the algorithms, the dynamic efficiency is
used:

ηdyn(%) =

∫ tf
o Ppv dt∫ tf
o PMPP dt

× 100 (34)

where tf is the final time of the simulation.

A. RESULTS OF THE STEPPED DYNAMIC SIMULATION
The three P&O algorithms have been tested with the Stepped
Test Procedure. As previously discussed in Section IV, the
MPPT drift depends on the instant that the irradiance change
is produced. For this reason, a set of tests has been performed
in which a known irradiance step is applied to the PV sys-
tem and the response of the MPPT algorithm is recorded.
Figure 12 shows the simulation results that correspond to the
most critical situations, i.e., the sub-periods 1, 2, 5 and 6.

All the subplots in Fig. 12 depict the PV power (up) and
PV voltage (down) evolution. Referring to the PV voltage
response, it is possible to identify the three-level operation
and the MPPT drift. As a consequence, there is a power loss
that can be seen in the upper plot.

Figure 12 a) depicts the responses of the three algorithms
when the irradiance change occurs in the first sub-period.
As it is shown, all the mentioned algorithms show identi-
cal behaviour. A different conclusion can be drawn from
Fig. 12 b), in which the step in irradiance happens at sub-
period 2. This leads the conventional P&O and the DF-P&O
to suffer from MPPT drift, while the dP-P&O can maintain
the three-level operation. In terms of PV power, the power
losses can be seen in the detailed zoom. In Fig. 12 c), the
DF-P&O algorithm is the one that avoids the MPPT drift,
whereas in Fig. 12 d) just the conventional P&O suffers
from it.

In conclusion, the Stepped Test Procedure manifests that
the moment at which the irradiance change occurs consider-
ably affects the performance of the P&O algorithms. Due to
their principle of operation, the dP-P&O and the DF-P&O
algorithms reduce the probability of suffering from MPPT
drift by 50%when compared to the conventional P&O. Anal-
ogous reasoning can be done for irradiance drops. Although
the power losses are small when just a singular irradiance
change is considered, as in this test, they can be relevant
in situations with fluctuating irradiance conditions involving
several ups and downs in short periods of time.

B. RESULTS OF THE EN50530 SIMULATION
The three P&O algorithms have been tested with the
EN50530 dynamic test detailed in Table 1, which corresponds
to the medium to high irradiance levels (30% - 100% GSTC ).
The parameters of the algorithms for this test are: Vstep = 1V
and FMPPT = 0.5Hz.
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FIGURE 12. MPPT algorithms responses to the Stepped Test Procedure when the irradiance change is produced in: a) sub-period 1, b) sub-period 2, c)
sub-period 5 and d) sub-period 6.

Figure 13 represents the results of the simulation. In Fig. 13
a), the PV power evolution is shown for the whole sim-
ulation. It can be seen that, for lower irradiance ramps,
the MPPT drift is more severe for the conventional P&O
and the DF-P&O, resulting in generation losses. Another
perspective is shown in Fig. 13 b), where the evolution of
PV voltage is represented. As depicted, the operating volt-
ages deviate between algorithms due to their principles of
operation.

Figures 13 c) and d) represent the trajectories of the oper-
ating points over the P-V curve for the zoomed parts of
Figs. 13 a) and b). It can be seen that, in both cases, the

three algorithms start close to the MPP but their trajectories
are different. In particular, the DF-P&O and the conventional
P&O suffer from MPPT drift as they deviate from VMPP.
Table 6 shows the dynamic efficiency (equation 34) of

the three algorithms in this test. As could be expected, the
algorithm that best performs in the EN50530 test is the dP-
P&O, with an efficiency close to 100%.

C. RESULTS OF THE DAY-BY-DAY SIMULATION
The day-by-day simulation has been performed with the data
collected by NRCAN and detailed in Section IV c). The high
temporal resolution of these data makes them suitable for
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FIGURE 13. Simulation results of the Medium-High EN50530 irradiance test: a) PV power evolution, b) PV voltage evolution, c) and d) Trajectories
over the P-V curve in the periods highlighted with green and yellow background, respectively.

TABLE 6. Dynamic efficiency of the EN50530 test.

evaluation of dynamic efficiency of MPPT algorithms. The
parameters of the algorithms for this test are: Vstep = 1V and
FMPPT = 10Hz.
Figure 14 shows the results of the test. As depicted in

Fig. 14 a), the power produced by the conventional P&O and
the dP-P&O are similar, although in some instants (for exam-
ple, at t = 220 and t = 325 seconds) the conventional P&O
deviates from the MPP. However, the DF-P&O algorithm

TABLE 7. Dynamic efficiency of the day-by-day test.

suffers from MPPT drift during the whole simulation, as it
is confirmed in Fig. 14 b). It can be seen how the PV voltage
is again deviated from the VMPP.

Table 7 shows the dynamic efficiency obtained by the three
algorithms. As analyzed, the efficiency of the conventional
P&O is close to the one of the dP-P&O,which is the algorithm
that clearly performs best in these circumstances. Again, the
MPPT drift suffered by the DF-P&O algorithm penalizes its
efficiency.
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FIGURE 14. Simulation results of the day-by-day test.

FIGURE 15. Operating point trajectories over the P-V curve for the
day-by-day test.

Figure 15 shows the operating point trajectories over the
P-V curve for this case. This plot is particularly interesting as
it represents themovements of the algorithms along the whole
simulation. As evidenced, the DF-P&O is the algorithm that
most deviates from the MPP, followed by the conventional
P&O and the dP-P&O algorithm, whose MPP track is almost
perfect.

VII. CONCLUSION
In this paper, three known Perturb and Observe algorithms
have been implemented through their state-space models.
This development makes it possible to compare the perfor-
mance of these algorithms in a wide range of tests, minimiz-
ing the calculation burden. For the performance evaluation,
the three main MPPT dynamic tests have been considered:
the stepped dynamic test, the EN50530 dynamic test and
the Day-by-day test. In all of them, the dP-P&O is the one
that obtains higher dynamic efficiencies, as simulation results
show. These experiments show that the incorporation of an
additional measurement of power in the middle of the MPPT
period helps to avoid the MPPT drift in all conditions, with a
minimal implementation cost.

The proposedmethodology can be easily expanded to other
MPPT algorithms, such as Beta or Fuzzy Logic methods,
as well as other algorithms that may be developed in the
future. Future studies may examine the possibility of incor-
porating the dc-ac inverter into the model, as well as adapting
the presented model to partial shading conditions.
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