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Abstract—Maximum Power Point Tracking (MPPT) strategies
in Photovoltaic (PV) systems ensure efficient utilization of PV ar-
rays. Among different strategies, the Perturb and Observe (P&O)
algorithm has gained wide popularity due to its intuitive nature
and simple implementation. However, such simplicity in P&O
introduces two inherent issues, an artificial perturbation that
creates losses in steady-state operation and a limited ability
to track transients in changing environmental conditions. This
paper develops and discusses in detail an MPPT algorithm with
zero oscillation and slope tracking to address those technical
challenges. The strategy combines three techniques to improve
steady-state behavior and transient operation: 1) idle operation
on the Maximum Power Point (MPP), 2) identification of the
irradiance change through a natural perturbation and 3) a simple
multi-level adaptive tracking step. Two key elements, which
form the foundation of the proposed solution, are investigated:
the suppression of the artificial perturb at the MPP and the
indirect identification of irradiance change through a current-
monitoring algorithm which acts as a natural perturbation.
The Zero-oscillation, Adaptive step Perturb and Observe (ZA-
P&O) strategy builds on these mechanisms to identify relevant
information and produce efficiency gains. As a result, the
combined techniques achieve superior overall performance while
maintaining simplicity of implementation. Simulations and ex-
perimental results are provided to validate the proposed strategy
and illustrate its behavior in steady and transient operation.

Index Terms—Solar power generation, Maximum power point
trackers (MPPT).

I. INTRODUCTION

MAXIMUM Power Point Tracking (MPPT) for photo-

voltaic (PV) panels has seen many contributions in

the past years [1] but some issues remain unsolved such

as the oscillations in steady state, the tracking of changing

environmental conditions and the global maximum location.

Many techniques have been presented to track the Maxi-

mum Power Point (MPP) [2]–[8]; some have a very simple

implementation but reduced efficiency, such as the Constant

Voltage (CV), Fractional Open-Circuit Voltage (FOCV) and

Fractional Short-Circuit Current (FSCI) methods, where the

relationship between the open-circuit voltage/short-circuit cur-

rent and the MPP voltage/current is assumed to be constant

and independent of the environmental conditions [3].This

techniques have been successfully implemented in extremely
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Fig. 1. Conceptual representation of the ZA-P&O combined MPPT
strategies: efficiency maximized with no oscillation ➊, correct decision
➋ and step adjustment ➌ under changes in irradiance.
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Fig. 2. Issues with P&O technique: oscillation in steady state, wrong
tracking step and confusion during irradiance change.

low power circuits like [9] and [10] boosting the energy har-

vested for autonomous equipment. Complex implementations

achieve high performance by using a detailed model of the

PV panel and additional measures of the irradiance (G) and

temperature (T ) [3], [11], [12].The use of G as a feed-forward

variable produces precise results, at the expense of the use

of an additional sensor.The hill-climbing techniques, Perturb

and Observe (P&O) and Incremental Conductance (InCon),

are simple algorithms that can obtain high efficiency with a

low computational cost and with no information about the

particular PV to which they are connected with a sufficient

degree of reliability [13] and, for this reason, they have

gained a predominant position amongst the MPPT algorithms.

However, they both have similar issues regarding losses in

steady-state [14], [15] and the identification and tracking

of changing environmental conditions [16]–[19]. The Plane

Division (PD) method [20] improves the speed of the standard

InCon algorithm by creating a forbidden region, where the

MPP cannot be located based on historical environmental

data on the site and manufacturer information about the PV

panel. A solution to the multiple maxima in the PV panel,
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due to mismatch, is addressed in [21], [22] by means of

particle swarm optimization (PSO) and in [2], [4], [5], [23] by

individually equalizing the differently irradiated cells. Other

MPPT strategies are implemented using intelligent computa-

tions like Artificial Neural Networks [24] and Fuzzy logic [25].

Recent advancements using a Fuzzy-Neuro based algorithm,

combined with an additional measurement G, obtain excellent

precision in the tracking, but increasing the computational

burden and cost.Finally, some applications allow for specific

solutions that make use of the characteristics of the power

converter [26], [27], such as the One Cycle Control in [6]–[8]

for Grid connected systems.

Recently, some strategies have been developed to overcome

the confusion that results from changes in G [28], [29].

Opportunities to further improve steady-state behavior and

provide an accurate tracking under changing G exist and are

explored in this work.

In this paper, the theory for a MPPT strategy referred to

as Zero-oscillation, Adaptive-step Perturb and Observe (ZA-

P&O) [30], which reduces losses in steady-state and improves

tracking under speed-varying changes in G is developed. The

losses are reduced by suppressing the artificial perturbation

around the MPP in steady-state, and are made possible by

indirectly estimating a change in G through the natural pertur-

bation introduced by the error on a Proportional-Integral (PI)

controller and the change in current in the operating point.

Estimating the change enables the perturbation step to be

adjusted in order to accurately track the changes in the MPP.

The main advantages of this combined strategy are concep-

tually presented in Fig. 1 and compared with the standard

P&O in Fig. 2. The improvements of the proposed strategy

are summarized as follows: ➊ the efficiency in steady state

is improved by suppressing the oscillation, ➋ the confusion

caused by a change in G is eliminated and ➌ the step is

adjusted for accurate tracking.

II. PV SYSTEM MODEL

The block diagram of the implemented system is presented

in Fig. 3. It includes a PV panel supplying energy through a

power converter to a load, formed by a battery bank. The

batteries are assumed to be discharged, and therefore able

to absorb all the available power without influencing the

MPPT process. The PV panel voltage and current (vpv,ipv)

are regulated by the controller to achieve the maximum power

extraction determined by the ZA-P&O MPPT strategy. The

DC/DC converter has a boost topology that ensures continuous

current from the PV panel, minimizing the losses due to the

current ripple.

In this section the model of the PV panel is presented. A

summary of the basic P&O and its limitations is discussed. The

losses due to the inaccuracy of MPPT are derived, showing the

need to develop an improved MPPT strategy that minimizes

the losses in steady state and boosts the accuracy of the

tracking under changing environmental conditions. Finally, the

concepts behind the implemented control loops are presented,

introducing the natural perturbation concept that allows the

elimination of the steady state oscillations and and enables
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Fig. 3. Block diagram of the PV system, the PV panel is connected to a
battery bank through a DC/DC power converter, the control system regulates
the PV voltage to match the instructions of the MPPT block.
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Fig. 4. In (a) the Photovoltaic (PV) cell model including the parasitic effects
of the series resistor (Rs) and the shunt resistor (Rsh), the photocurrent (iG)
is proportional to the irradiance (G); in (b) the characteristic I-V and P-V
curves of the cell.

the dynamic adjustment of the step size in proportion to the

change in G. The proposed ZA-P&O strategy builds on this

foundation.

A. PV panel background

The equivalent circuit for a PV cell is presented in Fig. 4(a),

including the effects of the series resistor (Rs) and the shunt

resistor (Rsh). The diode D is characteristic of the P-N

junction of the cell structure, while the photocurrent (iG) is

produced by the light photons arriving at the junction. The

basic PV panel equations are reviewed to provide a clear

background for the estimation of losses due to the MPPT

strategy operation. For a PV panel built with M parallel strings

of N cells connected in series, the panel’s current (ipv) at

any given voltage (vpv), temperature (T ) and irradiance (G),

neglecting the resistors, is given by

ipv = MiG −MI0

(

exp

(

vpv
NnkT/q

)

− 1

)

. (1)

where I0 is the reverse saturation current of D, q is the

electron charge, n is the diode factor, k is Boltzmann’s

constant (in joules per kelvin), T is the PV panel temperature

(in kelvin) and iG is proportional to G

iG = γG. (2)

This relationship determines the influence of the environ-

ment variables (G,T ) in the nonlinear cell characteristics and
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Fig. 5. Flowchart of the basic P&O MPPT algorithm.

is fundamental to develop a MPPT strategy that can track this

changes. Two other basic magnitudes are of special interest

when describing a PV cell and will be used to quantify the

MPPT strategy behavior: the open-circuit voltage (Voc) and

the short-circuit current (Isc). The Voc is defined as vpv when

isc is null:

Voc = vpv|ipv=0

=
NnkT

q
ln

(

iG
I0

+ 1

)

. (3)

On the other hand, Isc is defined as the ipv when vpv is

null:

Isc = ipv|vpv=0

= MiG. (4)

The characteristic I-V and P-V curves for a PV cell are

shown in Fig. 4(b), the operating condition (vmpp,impp) that

yields the maximum available power (pmpp) is called the

Maximum Power Point (MPP). When the environmental con-

ditions (G,T ) change, the characteristic curves of the PV

panel change and the MPP moves. The MPPT algorithm must

not only be able to find the MPP in stationary environmental

conditions, but to track it while it changes.

Both the change in G and in T influence the characteristics

of the PV panel, but they do so in different ways. From the

basic expressions (1)-(4) each influence can be quantified and

studied. A change in G mostly affects Isc, which increases

proportionally to G, while Voc remains almost the same as

in Fig. 4(b) (for example, doubling G increases Isc by 100%
while Voc only increases by 3%). On the other hand, changes

in T mostly affect Voc while Isc is less affected (for example

1 K variation increases Isc by 0.06% and Voc is decreased by

0.4%). However, large gradients are expected from G due to

clouding and shades, while T is expected to have a smaller

gradient. The present work will focus only on the change in G
with different dynamics (fast and slow) during the transient.

B. Basic P&O Algorithm Background

The flowchart of the basic P&O MPPT algorithm is pre-

sented in Fig. 5. The basic P&O scans the P-V curve of

the panel in search for the MPP by changing the operating

point (v∗pv or i∗pv), which is known as perturbation step, and

then measuring the change in P (∆P ), known as observation

step. If ∆P is greater than zero, then a new perturbation is

introduced in the same direction. If ∆P is lower than zero,

the direction of the perturbation is changed. The P&O keeps

searching for the MPP until it has found an operating point

such that ∆P is lower than zero in any direction; this condition

is called steady-state. The P&O keeps perturbing the system

in order to detect a change in the MPP (caused by a change

in the environmental conditions), which triggers a new scan.

An illustration of this process can be observed in Fig. 2. This

steady-state perturbation drifts the operating point away from

the MPP; this introduces losses. In theory, this perturbation

can be reduced, reduced in order to keep the detection feature

but minimize power losses. However, such a small perturbation

would require extremely precise sensors to measure the change

in power. Therefore, the perturbation in steady state (if kept)

has a minimum amplitude that depends on the sensors.

Every time there is a change in the environmental condi-

tions, there is a change in the P at the established operating

point that masks the change caused by the perturbation. In this

condition, the P&O algorithm might be induced to respond as

though the perturbation introduced produced an effect different

than the true one. As observed in Fig. 2, during the transient on

the right (MPP moves to a lower voltage), since G is reduced,

the overall P is reduced, regardless of the direction of the

perturbation. In this condition, the P&O algorithm changes

direction in each step, trapping the system until the transient

finishes.

Finally, the classic P&O algorithm has a fixed step size,

and therefore can only accurately track the change in the MPP

when it moves at a given rate (providing it made the decision

for the correct direction). The quantification of these losses is

estimated in this paper.

The above mentioned issues present serious drawbacks

to the P&O algorithm; the ZA-P&O MPPT tackles those

limitations, as will be explained in Section III.

C. Steady-State Power Losses Estimation

The proposed MPPT strategy removes the oscillation around

the MPP in steady state that is introduced by the artificial per-

turbation, and adapts the steps during a transient to accurately

track the MPP in order to reduce the available power lost.

A typical operation situation of a PV panel is displayed in

Fig. 6, including a period in which G remains constant and

a transient. The power losses in different stages of the MPPT

(steady state or transient) are given by different expressions.

The power losses (Pr) in relationship with the available

power (Pmpp) in steady state for the MPPT algorithms can be

estimated as [14]

Pr

Pmpp

≈

(

(∆vpv)RMS

vmpp

)2 (

1 +
vcell

2nkT/q

)

, (5)

where (∆vpv)RMS is the RMS value of the voltage oscilla-

tion and vcell is the MPP voltage of each cell in the panel

(around 0.5 V). As shown in the following equations, derived

as part of this paper, (5) can be manipulated to compare the

losses in steady state for the traditional P&O with the ZA-

P&O. A cycle of the voltage oscillation around the MPP for

the P&O is given by
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Fig. 6. The tracking losses depend on the different operating conditions
(steady state or irradiance change).

∆vpv(t) =



















Ve + Vstep if 0 < t ≤ T/4

Ve if T/4 < t ≤ T/2

Ve − Vstep if T/2 < t ≤ 3T/4

Ve if 3T/4 < t ≤ T,

(6)

where Ve is the difference between Vmpp and the closest vpv
set by the MPP tracker, due to the step size (see Fig. 6, in

steady state). As can be observed, Ve is related to Vstep by

Ve = bVstep, (7)

where b is a number between −0.5 and 0.5. Therefore (6) can

be expressed as

∆vpv(t) =



















(b+ 1)Vstep if 0 < t ≤ T/4

bVstep if T/4 < t ≤ T/2

(b− 1)Vstep if T/2 < t ≤ 3T/4

bVstep if 3T/4 < t ≤ T.

(8)

The RMS value of the voltage oscillation for the P&O is

(∆vpv)
P&O
RMS =

√

1

T

∫ T

0

∆v(t)2dt

= Vstep

√

1

4
((b+ 1)2 + 2b2 + (b− 1)2)

= Vstep

√

1

2
+ b2. (9)

If the voltage is kept as close as possible to the MPP (no

oscillation), the RMS value of the voltage is

(∆vpv)
0

RMS = bVstep. (10)

Replacing (9) in (5) gives the relative losses for the P&O

algorithm in steady state

(

Pr

Pmpp

)

P&O

≈

(

1

2
+ b2

)(

Vstep

vmpp

)2 (

1 +
vcell

2nkT/q

)

.

(11)

Replacing (10) in (5) gives the relative losses when the

algorithm does not oscillate.

(

Pr

Pmpp

)

0

≈ b2
(

Vstep

vmpp

)2 (

1 +
vcell

2nkT/q

)

. (12)

The ratio between (11) and (12) indicates the extra power

lost by keeping the oscillation in steady state

(Pr/Pmpp)0
(Pr/Pmpp)P&O

≈
1/2 + b2

b2
= 1 +

1

2b2
. (13)

As just demonstrated, (13) indicates that the losses in steady

state are incremented by 1/2b2 because of the oscillation. In

the best case, with b = 0.5, the losses are three times larger

if the oscillation is maintained.

For a PV panel with Voc = 200 V and Isc = 1 A, vmpp is

around 170 V, the cell voltage at the MPP is around 0.5 V and

with Vstep = 2 V (1% of Voc). The relative losses (expressed

in percentage) using the P&O are obtained evaluating (11)

for these specific values

(

Pr

Pmpp

)

P&O

≈ 0.09%. (14)

That means the oscillation around the MPP causes a 0.09%
power losses. For the same PV panel, if the oscillation is

removed in steady state, the losses and can be estimated as

(

Pr

Pmpp

)

0

≈ 0.03%. (15)

This configuration losses only 0.03% of the available power,

three times less than does the traditional P&O. Projected in

a 25 years life cycle of the PV setup this means a tangible

benefit in overall energy production.

D. Irradiance Transient Power Losses Estimation

The following equations are derived in this work to quantify

the losses due to dynamic MPPT error. During a transient in G,

the MPP will move. The standard P&O algorithm has a fixed

Vstep and sampling time ∆t; therefore it is able to accurately

track only one slope of G, as seen in Fig. 6. If G changes more

rapidly, the tracking would be inaccurate during the transient

and would have to reach the MPP after the ramp stops. If G
changes more slowly, the operating point would drift away

from the MPP until the ramp stops, after which it would have

to reach the true MPP (see Fig. 6).

During a ramp change in G from G0 at t0 to G1 at t1, G
can be expressed as

G(t) =











G0 if t ≤ t0

G0 + (t− t0)δG if t0 < t ≤ t1

G1 if t1 < t.

(16)

Then, the power extracted from the PV panel during the

transient is given by

ppv(t) = vpv(t)

(

γG(t)− I0

(

exp

(

vpv(t)

nkT/q

)

− 1

))

.

(17)

A comparison with the maximum power (obtained while

operating constantly at vmpp)
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pmpp(t) = vmpp(t)

(

γG(t)− I0

(

exp

(

vmpp(t)

nkT/q

)

− 1

))

,

(18)

shows the loss due to inaccurate tracking. The instantaneous

tracking efficiency is given by

ηMPPT (t) =
ppv(t)

pmpp(t)
, (19)

however, sometimes it is more important to have a more

general overview of the losses. Computing the energy obtained

through the transient (Epv) and comparing it with the energy

that would be obtained if the panel had always operated at

the MPP (Empp) , enables the average tracking efficiency

(η̄MPPT ) to be quantified

η̄MPPT =
Epv

Empp

=

∫ t2

t0
ppv(t)dt

∫ t2

t0
pmpp(t)dt

. (20)

Numerically integrating these expression for a given PV

panel using a P&O with a fixed ∆t and Vstep shows how

η̄MPPT is minimal for a certain δG.

These equations derived in this work provide valuable

insight into the transient losses. The results for the example

PV panel when G is changing from G0 = 600 Wm−2 to

G1 = 1000 Wm−2 with several different δG are displayed in

Fig. 7. The small sketches in Fig. 7 illustrate the tracking

process with different slopes of G and a fixed step size:

when the slope is slower than the steps, the tracking point

overshoots; when the slope is higher than the steps, the

tracking point takes time to catch up. There is one slope

where the tracking point closely follows MPP. The power

losses are minimal for a slope of 300 Wm−2s−1; this is the

slope that the P&O can accurately track. If the slope is lower

than the optimal, for example δG = 100 Wm−2s−1, vpv will

become larger than vmpp leading to larger losses in the order

of 3% (since the PV curves steeper for higher voltages as

seen in Fig. 4(b)). When the slope is higher and the MPPT

lags behind, for example for δG = 600 Wm−2s−1, the losses

are around 0.1%. It is clear that a MPPT strategy that has a

fixed step for tracking is not optimal during transients, and an

adaptive strategy will ensure a closer tracking of the MPP in

this condition, independent of the change in G.

E. Control System

Unlike most power converters, where the controller aims to

regulate the output voltage, for MPPT purposes the controller

regulates the input of the converter (vpv). The controller is

shown in Fig. 3. It uses a dual loop to regulate both ipv and

vpv , this is then used to obtain additional information regarding

the change in environmental conditions, a natural perturbation

to the system. The inner loop (faster) will regulate ipv by

setting the duty cycle (d) of the converters switches. The outer

loop, slower regulates vpv to the level determined by the MPPT

strategy (v∗pv) by setting the reference current (i∗pv).

The use of a dual-loop controller serves two purposes. On

the one hand, it improves the stability of the system. On

irradiance ramp slope [W m
2
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1
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Fig. 7. Tracking efficiency (η̄MPPT ) for a transient between G0 =

600 Wm−2 to G1 = 1000 Wm−2, for a P&O algorithm with ∆t = 1 s
and Vstep = 2 V showing the losses when the MPPT slope does not match
the slope produced by δG.

the other hand, it helps isolate the change in G acting as a

natural perturbation to lead the MPPT. This avoids the use of

a continuous artificial perturbation in steady state to track this

change.

Since v∗pv is updated at the sampling speed of the MPPT

(slower than the control system), during a sudden change in

G, the outer loop will keep vpv constant by changing ipv .

This change in ipv indicates the change in G and acts as a

natural perturbation. Moreover, it is shown in [29] that when

G changes with a slope δG during the sample period (∆t) and

the voltage loop has a PI controller the tracking error (e) is

proportional to δG

e ∝
δG

Ki

. (21)

Using this information, the proposed MPPT strategy can

stop the artificial perturbation in steady state and monitor the

change in ipv and e (natural perturbation) to determine the

change in the environment and adjust the step size (Vstep).

III. PROPOSED MPPT STRATEGY

Now that the losses in steady-state and transient operation

have been identified, the ZA-P&O MPPT strategy is developed

based on two key aspects: 1) detection of the steady-state

operation and 2) determination of the direction and magni-

tude of the perturbation. In steady-state, the standard P&O

algorithm will oscillate around the closest possible voltage

(due to quantization of the voltage step) in three levels, as in

Fig. 2. This introduction of an artificial perturbation allows

the MPPT to scan the curve for a change in the characteristics

caused by environmental conditions. The ZA-P&O identifies

this situation and establishes the operating point (v∗pv) in the

closest value, as shown in Fig. 1. In this operating mode, called

idle mode, the losses are minimized as shown in section II-C.

The environmental change is identified by monitoring the error

in the PI controller (e) and the change in current (ipv), which

generate a natural perturbation clearly correlated to the change

in the conditions.
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Fig. 8. Flow Chart for the ZA-P&O MPPT strategy.

The use of this natural perturbation enables a cleaner

operation, removing redundant oscillations that are convoluted

with the information of environmental change and can cause

confusion. This allows tracking to reactivate when necessary

and to establish an accurate step size based on the known

slope, instead of toggling continuously as is usually done.

The flow chart for the ZA-P&O is presented in Fig. 8. The

strategy includes tunable parameters, such as the thresholds

for the current change and error (iTh and eTh) and the

number of toggles around the MPP required to establish the

idle mode (TgM ). Outside the special conditions established

before, the algorithm works as a P&O. In the following para-

graphs, details regarding the implementation of the different

features are given.

A. Idle mode operation

Conventional MPPT strategies search for the MPP by pe-

riodically changing vpv and measuring the effect over ppv or

some other parameter. Since no way of identifying a change

in G (and the corresponding displacement of the MPP) is

included in the MPPT strategies, it must keep perturbing the

operating point even when the MPP has been found (steady-

state). This is reflected in a three-level operating condition

shown in Fig. 2, where the operating point toggles around

the closest voltage allowed by the discrete steps. This is an

artificial perturbation that reduces the efficiency of the energy

extraction.

The ZA-P&O MPPT strategy uses a natural perturbation,

native to the control of the system, the change in ipv and

the error in the PI controller (with constant v∗pv), making it

possible to eliminate this perturbation. The proposed method

identifies the operation in steady state by counting consecutive

changes in direction with a common middle point (vmid).

When a step is introduced in v∗pv , if the step is the second

in the same direction, the algorithm displaces vmid. The

software computes one toggle and registers it in the toggle

counter (TgC) each time the set point returns to vmid. The

maximum number of toggles around vmid before activating

the idled mode and removing the perturbation is set as a

parameter (TgM ) and is used to avoid confusion caused by

noise.

B. Perturbation Direction and Magnitude Estimation

As explained in section II-E, the implemented controller

can be used to monitor the changes in the environmental

conditions. This leads to accurate knowledge of the magnitude

of the change in G and the slope δG. This can be directly cor-

related to the displacement of vmpp and impp. This information

provides the correct direction to the ZA-P&O.

In case of a slope change in G it is not enough to know

the direction of the displacement. If the slope is too small,

the MPPT may detect the change and introduce a step that

will lead the operating point far away from the MPP. If the

slope is too steep, the steps may not be large enough to track

the MPP. Since the magnitude of the slope can be identified

from (21), the magnitude of the change in ipv that results from

the change in G is known as

∆ipv = Kie∆t (22)

where ∆t is the sample time of the MPPT strategy. As can

be seen, from the measurement of e and the knowledge of Ki

and ∆t, it is possible to know the change in ipv , proportional

to the change in G. In this condition, we can adjust the

step in proportion to the change in the G. The value of the

proportionality constant depends on the PV panel.

IV. SIMULATIONS

The results of the computer simulation for both the ZA-P&O

MPPT and the standard P&O for a trapezoidal irradiance (G)

profile are presented in this section. The model consists of a

PV panel that can be configured to perform with the desired

characteristics, a PI controller to regulate the voltage of the

PV panel, and the MPPT to determine the operating point. The

output of the PI controller sets the current in the PV panel.

The PV panel is configured to have 200 V open-circuit

voltage and 5 A short-circuit current, with a Fill Factor (FF)
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Fig. 9. Standard P&O issues when the irradiation (G) slope starts during a
raising step of the algorithm for vpv , ipv and ppv .

of 0.8 at standard test conditions (STC, 1 kW/m2 and 25 ◦C).

The MPPTs are configured with the same voltage step for

the P&O part and the same sampling period. The sampling

period of the MPPT is established in 0.5 s and the fixed

voltage step is 3 V. The testing profile starts at 0.6 kW/m2;

at t = 19 s, it starts increasing with a slope of 0.1 kW/m2s.

When it reaches 1.0 kW/m2, it stops and waits for 11 s and

then it starts decreasing with a slope of 0.3 kW/m2s until it

reaches 0.4 kW/m2. Then it remains constant until the end

of the simulation. To illustrate the error in tracking for the

standard P&O, two cases were studied, a) slope was started

during a falling edge and b) during a raising edge of the MPPT.

The input signals to the MPPT are vpv, ipv and the error of the

PI controller. When the standard P&O is tested, the error is

not used. For the simulations, the threshold level of the current

and the error (iTh and eTh) are set to zero, since there is no

noise in this environment.

The results of the simulation for the standard P&O are

displayed in Figs. 9 and 10, while the results for the ZA-

P&O MPPT are presented in Fig. 11. The standard P&O

keeps going in the direction in which it was going when G
changed (since it detects an increase in power) even when

this direction is incorrect. When the irradiance decreases, it

starts toggling in the same position, since any step produces a

decrement in power. This deviation from the correct direction

leads performance losses, since real profiles can have slopes
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Fig. 10. Standard P&O issues when the irradiation (G) slope starts during a
falling step of the algorithm for vpv , ipv and ppv .

for extended periods of time. Moreover, the standard MPPT

algorithm is unable to adjust the tracking step to different δG;

this leads to an algorithm that, even when it goes in the correct

direction, may drift from the MPP because of the wrong step

selection.

The ZA-P&O MPPT strategy resolves those issues effec-

tively. The idle operating mode allows the PV panel to operate

in a smooth way when there is no need to keep tracking. When

a change occurs in G, the strategy clearly identifies the correct

direction to move the operating point and adjusts the step size

to provide a close tracking of the MPP. The effectiveness of the

identification does not depend on the moment the irradiance

slope starts.

The efficiency of the tracking for the three cases is shown

in Fig. 12. It is evident that the ZA-P&O improves the overall

performance: 1) in steady-state, the efficiency remains constant

and close to 100% instead of oscillating periodically, 2) the

correct direction is determined and 3) the step is adjusted; thus

the efficiency remains high even during the transient, whereas

the standard P&O leads to drops in efficiency.

For the V-I plane, Fig. 13 shows the trajectory of the

tracking process for the P&O and for the ZA-P&O. The

P&O deviates from the optimal trajectory, while the proposed

strategy keeps very close track of it.
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V. EXPERIMENTAL RESULTS

The experimental setup of Fig. 14 was developed with

the same parameters than the simulation to validate the ZA-

P&O MPPT strategy. The prototype was implemented using

an industry-standard microcontroller (TI C2000 core) typically

employed to control power converters. The experimental re-

sults are shown in Figs. 15 and 16 for the standard P&O when

pv panel voltage [V]
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Fig. 13. P&O undesirable drifting behavior versus ZA-P&O direct trajectory
in the V-I plane. The proposed strategy closely follows the locus of MPP.

Fig. 14. Picture of the experimental setup.

the slope starts at a falling edge and a raising edge respectively

and in Fig. 17 for the proposed strategy. The experimental

captures closely match the simulation results. The experimen-

tal captures for the standard P&O (Figs. 15 and 16) show

the characteristic issues: oscillation in steady state, wrong

direction and wind-up. The benefits of the ZA-P&O are clearly

shown in Fig. 17, when compared with the standard P&O.

The oscillation is removed and the step is given in the correct

direction and magnitude, as shown in the fast re-establishment

of the idle mode after the irradiance slope ends. Calculating

the total power produced during the transient for the three

cases shows that the ZA-P&O produces 0.4% more energy

comparing Fig. 17 and 16 and 0.7% more energy comparing

Fig. 17 and 15. The overall efficiency of the ZA-P&O MPPT

for this transients is 99.3%.

It can be seen in the experimental Figs. 15 and 16 that

the standard P&O strategy drifts away from the MPP when

G changes with a slope δG. Keeping the oscillation around

the MPP in the idle condition increases the probability of

making a mistake due to the noise in the measurement. This

is demonstrated in Fig. 16, where the P&O process reaches

the MPP during the first stage and works with three levels

but suddenly drifts away and returns. The ZA-P&O algorithm

benefits from the removal of this perturbation to enable a

clearer measure of the change in G, which is represented by

➋ in Fig. 17.
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Fig. 15. Standard P&O experimental capture when the irradiance transient
starts in a raising edge of the MPPT showing the issues of steady state
oscillations and inaccurate tracking of transients.
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Fig. 16. Standard P&O experimental capture when the irradiance transient
starts in a falling edge of the MPPT showing the issues of steady state
oscillations and inaccurate tracking of transients.

no oscillation

adjusted speed
right decision

Fig. 17. ZA-P&O experimental test; the improvements are shown with the
steady state operation and the accurate and fast tracking during transients.

The captures in Fig. 18 and Fig. 19 show the ZA-P&O

MPPT for a different transient profile. The capture shows a

detailed capture of the behavior, with a closer time scale and

vertical scales. The experimental set shows how the ZA-P&O

reacts to a very fast transient and a very slow one. As can be

seen, the estimation of the new position ensures the correct

direction and places the operating point close to the MPP in

such a way that the local optimizations (activated after the

no oscillation

adjusted speed
right decision

Fig. 18. ZA-P&O experimental test for a step down change from 1 kW m−2

to 500 W m−2 in 5 s and then back to 1 kW m−2 in 1 s.

no oscillation

adjusted speed
right decision

Fig. 19. ZA-P&O experimental test for a step up change from 500 W m−2

to 100 W m−2 in 5 s and then back to 500 W m−2 in 1 s.

transient) can locate the MPP in a few cycles and reactivate

the Idle mode.

VI. CONCLUSIONS

The Zero-oscillation, Adaptive-step Perturb and Ob-

serve (ZA-P&O) Maximum Power Point Tracking (MPPT)

strategy for solar photovoltaic (PV) panels was presented in

this work. This combined strategy reduced steady-state losses

and improved transient behavior during slope changes irradi-

ance, while maintaining a similar implementation complexity.

Enhanced behavior resulted from the combination of three

techniques: 1) idle operation when steady-state is reached,

2) correct irradiance change identification and 3) multi-level

adaptive tracking step. The idle operation was possible due

to the identification of the irradiance slope through a current

monitoring algorithm. The adaptive tracking speed minimized

error during a fast change in irradiance. The proposed com-

bined techniques were studied with simulations and validated

through experimental results implemented in a low cost mi-

crocontroller. The overall performance improvements, both

in steady-state and during fast irradiance change show the

benefits of the combined techniques.
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