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Abstract: The conventional algorithm of perturb and observe (P&O) is widely applied due to its simplicity, low cost and
easy implementation. However, it suffers from instabilities during rapid changes of weather and/or oscillation around
maximum power point (MPP) at steady state. Instabilities occur due to the incorrect decision taken by the conventional
P&O algorithm at the first step change in duty cycle during the rapid change in radiation. The reason for the steady-
state oscillation is the continuous perturbation and tradeoff between step sizes and the convergence time. This study
presents a modified P&O algorithm to overcome such drawbacks. It uses a constant load technique to help the
conventional P&O algorithm for recognising the cause of power change and to enable it in taking the right decision at
first step change in duty cycle during rapid change of weather. The proposed algorithm is simulated using a single
solar photovoltaic module of 80 W and a DC/DC boost converter. It is validated experimentally and implemented within
an embedded microcontroller. The experimental setup presents a proposed model-based design methodology that
uses measurements’ data for MPP tracking systems’ design. It combines hardware-in-the-loop simulation and

prototype testing using actual weather measurements. Simulation and experiments show excellent results.

1 Introduction

The increasing growth of photovoltaic (PV) system is expected to
reach 800 GW by the year 2030. This growth of PV systems
market is because they are available, requires free energy source
(the sun), abundant, maintainable and pollution free [1-4].
Although PV systems have many benefits, they face three major
problems. One of them is their low efficiency that can hardly reach
20%, while the two others are the change of the produced electric
power with respect to weather variations and non-linearity of their
electrical characteristics [2, 5-7]. Normally, the efficiency of PV
system mainly depends on solar irradiance level and atmospheric
temperature [8]. Therefore, PV systems should be operated at
maximum power point (MPP) to achieve the highest possible
efficiency [7-11]. An MPP tracking (MPPT) system is one of the
vital components that every PV system should include to ensure
that the highest possible power is generated. It is an electronic
control system, which monitors PV terminal voltage/current and
achieve MPP by controlling the duty cycle of a DC/DC converter
to match output load to PV source impedance [7-11]. Efficient
MPPT systems should track MPP at all times whatever the weather
conditions or load are being. They should be simple, accurate and
economically implementable [6, 11, 12].

Numerous MPPT algorithms are available in industry and
academia, which have many particular/general applications [7-11].
Each algorithm has specialised technique according to its control
variables like voltage, current and its duty cycle [2, 11]. The most
famous MPPT algorithms are based on: perturb and observe
(P&O) [2, 7, 8, 13], incremental conductance [5, 14, 15], hill
climbing [16-18], direct control [5], fuzzy logic control [19, 20],
artificial neural networks [21, 22], genetic algorithms [23], particle
swarm optimisation [24, 25], short-current pulse [6], constant
voltage [6] and sliding mode control [26]. These algorithms are
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differing from each other in terms of number of sensors used,
complexity in algorithm and implementation cost [6]. Their main
objective is to achieve fast and accurate tracking performance and
to minimise oscillations due to varying weather conditions [2].

Among all the mentioned algorithms, the P&O algorithm is the
most popular and widely used due to its simplicity, ease of
implementation and low cost [2, 7, 8, 13]. However, the algorithm
fails when tracking MPP during rapid change of weather. In
addition, its tracking performance has steady-state oscillations
around MPP according to step size [8, 10, 24].

The main contributions of this paper are:

e Explanation of conventional P&O algorithm performance during
weather and load change as shown in Section 2.

e The presentation of modified P&O (MP&O) algorithm to
overcome previous drawbacks of conventional P&O algorithm.
This is presented in Section 3.

e The presentation of PV system simulation based on two-diode
model [27, 28]. This is presented in Section 4.

e The presentation of a model-based design methodology that
combines hardware-in-the-loop (HIL) simulation, prototype testing
and actual weather measurements. This methodology offers more
successful and rapid design flow. This is presented in Section 5.

e An example tutorial-like case study for the implementation of the
proposed algorithm within an embedded real-time microcontroller
system using the proposed design methodology. This is also
presented in Section 5.

2 Concept of conventional P&O algorithm

Conventional P&O algorithm is the simplest, cheapest and most
popularly used in practice [16]. However, it is not robust in



tracking the right MPP at rapid changes of weather or load [7, 13, 24,
29]. The flowchart of the basic P&O MPPT algorithm is presented in
Fig. 1a. The basic P&O scans the P—V curve of PV module in search
for the MPP by changing the operating point which is known as
perturbation step, and then measuring the change in P (AP),
known as observation step. If AP is greater than zero, then a new

Begin P&O
Algorithm

perturbation is introduced in the same direction. If AP 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 AP is closely to zero in any direction; this condition is
called steady state. At steady state, the operating point oscillates
around the MPP giving rise to the wastage of some amount of

Measure:

™ Vev(k),Ipv(k)

Calculate the power
Pk) =Vev(K)*Ipv(k)
AP=P(k)-P(k-1)
AVev=Vev(K)-Vev(k-1)

Decrease Increase Increase Decrease
Module Module Module Module
Voltage Voltage Voltage Voltage

\ 4 A 4 A 4 v

|

Update History
Vev(k-1)=Vpev(K)
Pk-1)=PK)

180

a

160

140

) T

& 100k

5 rease of
S C
o
~
% 10 20 30 40 50 VA VO VA<D Va2
Voltage (V)
b
180
160
140
120

100
80
60
40
20

Power (W)

® VE VED)

Voltage (V)

Fig. 1

a Flowchart of conventional P&O algorithm [29]
b Simulation results of rapid increasing in radiation
¢ Simulation results of steady change in radiation

Conventional P&O algorithm and radiation change
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Fig. 2 MPPT system and load change

a Schematic diagram of MPPT system
b Change of operating point with respect to load resistance

available energy. These oscillations can be minimised by reducing
the fixed step size, but it takes relatively more time to reach MPP.
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 [7, 8].

2.1 Performance of conventional P&O algorithm during
rapid change of radiation

The successive rapid increasing of radiation causes drift or instability
problem due to conventional P&O algorithm. Suppose there is an
increase in radiation level from 600 to 1000 W/m? and the PV
system operates at point MPP1 at perturbation K as shown in
Fig. 1b. Then, the operating point will be moved to a new point 2
in corresponding radiation curve during the same perturbation K
which results in positive change in both power (AP) and voltage
(AV) [13, 30-33]. The information of positive change in power
and voltage during perturbation K+ 1 will make algorithm to
increase voltage perturbation instead of decreasing. Hence, the
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operating point moves from point 2 to point 3 as shown in
Fig. 1b. This wrong decision of conventional P&O algorithm
causing the operating point of PV system is deviated away from
MPP as a result of successive change of weather as shown in
Fig. 1b. Moreover, the successive rapid decreasing of radiation
will deviate the operating point of PV system away from MPP as
discussed in [2].

2.2 Behaviour of conventional P&O algorithm during
steady change of radiation

The steady change of weather will cause wrong decision of P&O
algorithm at first perturbation as discussed in rapid change of
weather, but the next perturbation will correct this wrong action [8].
Suppose there is an increase in radiation level from 400 to 600 W/m?2
and the PV system operates at MPP1 as shown in Fig. 1c. Then
increasing of PV power and voltage will increase voltage
perturbation and the operating point from MPP2 will divert at point
2 as shown in Fig. lc. The next perturbation on the same P-V
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curve — without weather change — will be negative change in PV
power (AP<0) and the positive change in PV voltage (AV>0)
causing decrease in the voltage perturbation towards MPP2 with
subsequent next perturbations as shown in Fig. 1c.

2.3 Conventional P&O algorithm and load change

The PV load (Ry) is connected across PV terminal via DC/DC boost
converter as shown in Fig. 2a. The DC/DC boost converter matched
the load impedance with source impedance of the PV system to
satisfy maximum power transfer. In addition, P&O MPP trackers
enable PV systems to operate at MPP.

The relations between input and output variables of DC/DC boost
converter are expressed as follows [8, 13, 34, 35]

Vou = d * Vpy (€8]

Ly = Ipy/d 0))
d=1/(1-D) 3)

St =Toy/Voy = d* U/ Vou) = d° /Ry “)
Ry = d*Vpy/Iy) ®)

where V,,, and I, are output voltage and current of boost converter,
d is a linear control variable between V, and Vpy, D is the duty
cycle, Sy is the slope of load line and Ry is the output load
resistance of DC/DC boost converter.

The operating point of the PV system is determined by the slope of
load line as shown in Fig. 2b. This slope will change the operating
point on /-V characteristic curve of the PV system by changing
the linear variable ‘@’ or load resistance. The algorithm will take
this variable as controlled variable for voltage change and then
computes the duty cycle from (3) as follows

D=(d-1)/d (©)

Normally, the PV system operates close to MPP at steady weather
and without change in load as shown in Fig. 2b. The load change
causes the operating point of the PV system to move away — either
right or left side — from MPP at point a of Fig. 2b. The increasing
in load resistance from Ry ; to Ry, will move the operating point to

the right side of MPP at point b that is causing decrease in power
and increase in voltage. The negative change in PV power (AP <0)
and positive change in PV voltage (AV>0) will decrease the
perturbation voltage as illustrated from flowchart of Fig. 1a [29].
The positive change in power and negative change in voltage in
subsequent perturbation will decrease the voltage at the same
direction to MPP. Moreover, the decreasing of load resistance
from Ry, to Ry 3 will move the operating point to the left side of
MPP at point ¢ of Fig. 2b. This action will cause negative change
in both power and voltage that are causing the algorithm to
increase the PV voltage towards MPP [§].

2.4 Description of conventional P&O algorithm problem

As mentioned before, the conventional P&O algorithm has poor
tracking of MPP for weather change and good tracking for load
change at constant weather. This poor tracking of MPP is due to the
algorithm cannot distinguish the cause of power change either is
coming from weather variation or perturbation step due to load
change. The MPPT moves away from the real MPP due to the quick
change in the weather condition. In addition, steady-state oscillations
are due to tradeoffs between step size and tracking speed of MPP.

3 MP&O algorithm
3.1 Basic modification

The performance of conventional P&O algorithm as previously
stated can be divided into weather change under constant load and
load change under constant weather. The conventional P&O
algorithm has its best performance with load change under
constant weather, but it has a poor performance with weather
change under fixed load. To enhance the performance of
conventional P&O algorithm due to weather change under
constant load (Rp), it should be modified to recognise this
condition during rapid change or steady change of radiation by
computing a load value (Rp) in every perturbation step to ensure
unchangeable of load and the change in power is coming from
weather change. Additionally, the load change (ARy) is apparent
under constant weather conditions and therefore the algorithm
recognises that power change is due to load change.
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a Flowchart of MP&O algorithm
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3.2 Modification procedures due to weather change

It is observed that the conventional P&O algorithm is only based on
a single PV or I-V characteristic curve, and all perturbations are
focused on it. These perturbations have not taken into account
variations of weather. Normally, weather variations occur at least
between two P-V characteristic curves [7, 13, 17]. Consequently,
the conventional P&O algorithm should then recognise the
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b

variation of the PV power between these P-J curves under
constant load. The following steps explain the MP&O algorithm:

1. During perturbation K suppose that, the solar radiation is increased
from 400 to 1000 W/m* under constant load ‘R;’. The increasing of
weather will move the operating point of PV system from point
‘A1’ on low radiation I~V curve to point ‘B1’ on upper high
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radiation /-V curve as shown in Fig. 3. The transferring of the
operating point will increase the PV voltage from point ‘A1’ on low
radiation /~J curve to point ‘B1” on upper high radiation /-V curve.
Moreover, the PV power point ‘C1’ that is located on MPP1 of low
radiation P-V curve will change to point ‘D1’ that is far away from
MPP2 on the upper high radiation P-V curve.

II. Both increasing of PV power and voltage under constant load from
low to upper high radiation /-V and P-V curves of Fig. 3, will give
positive change in power AP>0, AP=P(k)— P(k— 1) and positive
change in voltage AV>0, AV =V(k)— V(k— 1) without change in
load resistance. Both positive change in power (AP>0) and
voltage (AV>0) under constant load (AR_=0) will orient
algorithm to decrement voltage perturbation to obtain MPP2 of
Fig. 3. MPP is the main goal of algorithm to optimise the PV power.
III. Suppose that the solar radiation is decreased from 1000 to
400 W/m? during perturbation K+1 of P&O algorithm. The
reducing of radiation level will reduce voltage level and move the
operating point from point ‘A2’ on upper high radiation /-V curve
to point ‘B2’ on low radiation /-V curve as shown in Fig. 3. The
transferring of operating point will also decrease the PV power
from point ‘C2’ that is located on MPP2 on upper high radiation
P-V curve to point ‘D2’ that is deviated from MPP1 on low
radiation P-J curve as illustrated in Fig. 3 under fixed load with
negative change in power AP<0, AP=P(k+2)—P(k+1) and
negative change in voltage AV<0, AV=V(k+2)— V(k+1). Both
negative change in power and voltage under constant load (AR, =
0) will orient algorithm to increment voltage perturbation to reach
MPP1 of Fig. 3. Optimising of power is satisfied for algorithm by
extracting MPP.

IV. When the load is varied under constant weather condition, the
conventional P&O algorithm will track MPP of PV system with
best performance.

According to the described modifications to the conventional
P&O algorithm, the load resistance (Ry) will help recognising the
cause of power variation which is either coming from weather or
load. The combination of both weather and load change
techniques will result in a MP&O algorithm. This algorithm can
distinguish whether the change in power is coming from weather
or load as shown in its flowchart of Fig. 4a.

3.3 Fast tracking of MPP with reducing oscillations

The steady-state oscillations of conventional P&O algorithm are
minimised with fast tracking of MPP using a variable ‘d’ that
gives linear relation between input and output voltages [34, 35].
This variable has an efficient effect on the duty cycle ‘D’ to speed
up the algorithm to track MPP. The relation between duty cycle
and that variable is given from (6). It can be seen from (6) and
Fig. 4b that, the duty cycle and its step size (AD) have variable
values with variable d and its regular step change. Fig. 4b

indicates a large variation of the duty cycle at lower values of ‘d’
and smaller variation of D at higher values of d which satisfied the
optimum requirements at d>1 of extracting MPP. The reduce
change of D at high values of d will reduce the oscillations at
steady state. Normally, the zero value is floating point due to
truncation error and cannot be determined with the precious
practical manner which is close to it [15, 33]. Hence, it should
assume a precious value that is below it, and the algorithm will fix
the duty cycle to minimise steady oscillations to zero without
considering the loss of PV power. To satisfy this requirement, the
minimum change in power with respect to its power (AP/P) is
proposed less than the precious value ‘e’. If the change in power
(AP/P) is proposed less than £<0.006, the algorithm will fix the
value of ‘d’ and consequently the duty cycle.

4 Simulation results of large step irradiance

Fig. 5 presents simulation components for the modified algorithm: a
single 80 W PV module modelled using the two-diode technique, the
MP&O algorithm, a DC/DC boost converter and a load (Ry). The
parameters of the PV model and the DC/DC converter are given in
Table 1. The parameters of the two-diode model are computed from
the datasheet parameters using Newton—Raphson method [27, 28].
Fig. 6 depicts simulation results of both conventional and
modified algorithms under same conditions during rapid changes
of radiation. At G=0.4 kW/m? the maximum extractable power
(shown in green dashed line) is 29.5 W. At t=2s, radiation is
suddenly changed from 0.4 to 1.0 kW/m?, causing an increase in
the maximum extractable power to reach 80 W. At 7=6s,
radiation is stepped down to G=0.4 kW/m>. Temperature is kept
constant at 25°C for all radiation levels. It is observed that the
performance of the proposed algorithm is better than the
conventional one. It is capable of minimising steady-state
oscillations at either increasing or decreasing radiation. During
quickly varying weather conditions, the conventional P&O

Table 1 Parameters of 80 W module and DC/DC boost converter

80 W module [28] Two-diode model DC/DC boost converter

Parameter Value Parameter Value Parameter Value
Prop: W 80.0 lohy A 5.1641 L H 1.0x107°
lser A 5.16 Ik, A 156x10°"° G, F 70.0x 107
Voo, V 21.6 ls2, A 227x10"°  C,w F  330.0x10°°
Inps A 4.63 R, Q 0.1803 f, Hz 50.0 x 10°
Vinps V 17.3 Roh, Q 229.486 R, Q 94.0

K., V/°C -80x107° a 0.9939

K, APC  3.000x 1073 a, 2.006

A 36.0

N, 1.0
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algorithm might miss new optimum points, which results in tracking
failure of MPP [8, 10, 24] as shown in Fig. 6 (=26 s).

Fig. 6 also shows some selected times (1), (2) and (3) as subplots.
They depict the dynamic response of both algorithms. Subplot (1)
shows the dynamic response of both algorithms at start up. It shows
results of both MPPT algorithms at initial solar radiation level of
0.4 KW/m? which corresponds to power variance from 0 to 29.5 W
at time from 0 to 0.1 s. The figure shows a good time response of
two algorithms but it is clear that the modified algorithm is faster
than the conventional one. Subplots (2) and (3) show dynamic
responses of both algorithms as a result of increasing and
decreasing solar radiation. The dynamic response of modified
algorithm is more clearly accurate. The conventional P&O
algorithm oscillates and fails to track MPP at rapid increasing of
solar radiation. Moreover, it has more undershoots than the
modified one. The differences between both algorithms are not
drastic in case of steady or gradual change of radiation. Table 2
shows the summary of steady-state simulation of conventional and
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MP&O algorithms. Table 2 shows the tracking factor of the PV
system in percentage during weather variations. The tracking factor
is the ratio between theoretical maximum power and maximum
tracking power of the PV system, sometimes it is called tracking
efficiency. The value of tracking factor for MP&O is larger than
conventional P&O algorithm. On the other hand, power oscillation
of MP&O is smaller than conventional P&O algorithm.

5 Implementation and experimental results

5.1 Methodology for experimentation and
implementation

Fig. 7a shows the experimental environment used in the
implementation and testing of the proposed modified algorithm.
This figure not only shows the general MPPT operation but also
clarifies the used methodology in experimentations. In the



Table 2 Average characteristics of steady-state simulation

Method Tracking factor Voltage Power
ripple oscillation
time, s 3-4 7-8 3-4 7-8 3-4 7-8
P&0O 56% 99% 1.0% 15% 2.8%
MP&O 99% 99% 1.0% 1.9% 1.9%

proposed methodology, solar energy level is continuously monitored
using a solar power meter and the MPPT algorithm is executed
within an embedded microcontroller system while data is logged
and transferred to a computer.

Fig. 7a is presented in two main data paths. The first data path
includes the PV module, the DC/DC converter, the MPPT system
and the load. The second data path is where radiation and
temperature measurements are collected directly from the sun.
Solar radiation is measured and recorded during all experiments
using a solar power meter from Lutron Electronics [36]. The
temperature is also measured using a temperature measurement
device. Solar and temperature data are not used during the normal
operation of the MPPT. They are only used in the design phases
prior implementation to ensure that the developed algorithm cope
with the targeted environment variations. Therefore, the MP&O
algorithm has no extra sensors needed. Only voltage and current
need to be measured. On the other data path, solar radiation/
temperature meters are continuously running during all
experiments. They capture measurements each 5s in a timed
manner where each data measurement is associated with the real
time/date. The results are stored within a memory card which is
used to log the data to the PC.
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Fig. 7b presents a diagram of the proposed methodology used to
design and implement MPPT systems starting from an initial
prototype to final system. The proposed methodology includes two
main phases. Before the first phase starts, there is an initial
prototype available in the lab. This prototype is a simple DC/DC
converter circuit with an embedded development board for
implementation of MPPT algorithms. The first phase includes a
PC with MATLAB and the embedded development board running
the modified MPPT algorithm. An HIL simulation model based on
MATLAB/Simulink is used to verify the developed initial
prototype running the proposed simulated modified algorithm. If
the results from the HIL simulation have deviations from MPP,
then modifications are applied to the initial prototype. Otherwise,
another HIL simulation is applied using real measurements. In this
step, real solar and temperature measurements are used instead of
computer models, which forms a hybrid real/simulation
environment. The second phase is an experimentation that is based
on a real PV module and DC/DC converter. At this phase, the
developed prototype is already tested with a hybrid real/simulation
model. This increases its chances against real-world noise and
uncertainties. However, the real-world experimentation may reveal
further problems that require modifications to the initial prototype.

5.2 Implementation of the proposed MPPT algorithm

The Freescale FRDM-KL25Z development board is used for
implementation of the proposed algorithm. It is a small, low-power
and cost-effective evaluation and development system for quick
application prototyping and demonstration [37]. It contains the
ARM-Cortex MO+ processor which is equipped with many high
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Fig. 8 Steady-state experimental results for both algorithms

a Modified algorithm during average radiation level: 950 W/m? at 01:00 PM

b Conventional algorithm during average radiation level: 855 W/m? at 01:30 PM
¢ PV module current values for both algorithms

d PV module voltage values for both algorithms

precision analogue-to-digital converters (ADC) and pulse-width
modulation generation units making it very suitable for the MPPT
systems. Fig. 7c¢ shows the embedded software implemented
within the FRDM-KL25Z development board. The conventional
P&O algorithm and the MP&O algorithm are built into the
development board.

The voltage (V,,) and current (/,,) are measured from the PV
module and are fed to the FRDM-KL25Z development board’s
ADCs. The measured data are filtered using a software median filter.
Then, one of two built-in algorithms is applied to find and track the
MPP. Only one algorithm is active and running at a time. The
selection of the active algorithm is based on a command from the PC.
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5.3 MPP discovery

To investigate the performance and effectiveness of the proposed
algorithm, the tracked power needs to be compared with the
available maximum power from the PV module. Therefore, an
algorithm that is capable of identifying the current maximum
power value was developed. It is based on changing the PV
module voltage and reveals the power according to each voltage
value. This is achieved by scanning the value of the duty cycle of
the DC/DC converter which in order changes the input voltage
and input current. This is similar to drawing the power curve
against voltage values. Fig. 7d shows an example of a MPP



Table 3 Average characteristics of

(experimental)

steady-state  operation

Method Tracking factor, % Voltage ripple, % Power oscillation, %
P&0O 90 4.6 14.3
MP&O 96 1.5 5.1

discovery sessions. The required time for discovery is less than 5 s. It
shows the discovery operation applied to the real PV module with the
real DC/DC converter.

5.4 Experimental results

The presented system as deployed in our laboratory is currently used
for further developments and experimentations. Fig. 8 shows the
results logged from running the conventional and proposed
algorithms at different steady state and implemented within the
system. For each algorithm, the maximum power is calculated
using the PV model and directly from the data logged using the
solar radiation meter and temperature. It is also verified using the
MPP discovery technique from the previous subsection. The figure
reveals that the MP&O algorithm has less oscillation and more
accuracy. It is also obvious that the MP&O algorithm is more
robust. Table 3 shows the summary of steady-state experimental
operation of both algorithms. From results of Fig. 8 and Table 3 it
can be seen that the maximum power with its associated voltages
and currents of the MP&O algorithm is more accurate, stable,
reliable and less oscillating than conventional P&O algorithm.

6 Conclusion

This paper proposed a MP&O algorithm that is based on load
technique to track MPP under rapid change of weather and
minimise steady-state oscillation. The MP&O algorithm is
simulated and verified experimentally using a 80 W PV module.
MP&O is implemented using an embedded microcontroller-based
real-time with combined of HIL and actual radiation/temperature
measurements. Simulation results show the ability of MP&O
algorithm to extract an accurate maximum power due to rapid
changes of radiation with quick and high response. The extracting
maximum power has minimum oscillations at steady state that is
causing increase in the efficiency and accuracy of PV system
performance. In addition, the high response of the MP&O
algorithm within a short time to such variations result in the
avoidance in energy loss compared with the conventional P&O
algorithm. This energy loss occurs from conventional P&O
algorithm due to fail tracking of maximum power and oscillation
around MPP at steady state. Experimental results show that the
MP&O algorithm is more stable, reliable and has less oscillating
than conventional P&O algorithm.
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