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ABSTRACT. Small solar PV systems mostly residential PV systems are bounded to be low cost. So these systems are required low-cost
processors, and these low-cost processors can only process simple algorithm efficiently. The conventional P&O MPPT algorithm is widely
employed algorithm to control solar PV systems because of its simplicity, low cost, and ease of implementation. During rapid radiation
change condition (RRC) the output voltage of conventional P&O MPPT algorithm is found unstable and suffers oscillations around MPP
at transient and steady state conditions. This paper proposes a simple MPPT algorithm for small or residential solar PV systems to
eliminate such above said drawbacks. The proposed MPPT controls the step size (dD) of the boost converter duty cycle (D) according to
the system input conditions and have the ability to compensate the transient as well as steady-state oscillations around MPP and stabilize
the output voltage under RRC and variable load conditions. To validate the proposed algorithm, a 1kW photovoltaic system model is
simulated using MATLAB/Simulink, and the performance of the system is also investigated under RRC. The performance of proposed
MPPT algorithm is found to be adequate under various insolation patterns. An experimental set-up comprising a boost converter, solar
emulator with dSPACE controller is also used to investigate the performance of proposed MPPT algorithm further.
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1. Introduction these algorithms is found marginal and the tracked power
. may be below the maximum power which results in power

Solar energy is the most popular source of energy among loss (Faranda et al.2008, Esram et al. 2007, Hua et al.

all renewable CHergy resources (Bal}gyln et al. 2.011)' Solar 1998, Hohm et al. 2000, Hussein et al. 1995, and Sera et al.

photovoltaic (PV) systems are environment-friendly, less 2008)

costly and require low maintenance (Li et al. 2011 and 'i‘he Perturb & Observation (P&0) method is a widely

Agorreta et al. 2011) The solar photovoltaic grid-connected
systems are presently commercialized due to ease of
installation process and long module life (Young-Hyok et
al. 2011). Every solar PV system uses a control algorithm,
called maximum power point tracking (MPPT) algorithm
to track maximum power point (MPP) (Bo et al. 2010). The
MPPT ensures that the photovoltaic system always

employed MPPT technique. Perturbation in PV voltage is
done using the reference as present PV power P(K), and the
past PV power P(K-1) is taken as operating power. If the
value of P(K) is greater than P(K-1), then the track of
perturbation is continued accordingly, otherwise, it
reversed (Abdelsalam et al. 2011. Although this algorithm
is simple but under steady state condition, high oscillations

generates maximum power under varying environmental are found around MPP. The performance of the P&0 MPPT
(radiation & temperature) conditions (Serban et al. 2010). technique is dependent on the trade-off between tracking

The efficiency of t he pho.tovoltalc system glso depends on of speed and oscillations around MPP (Masoum et al. 2002).

the MPPT algorithm, simpler the algorithm lesser the . . 7

. . . . On reducing the perturbation value, the oscillations are

implementation time; hence, faster the tracking speed. An . .

MPPT techn; hotovoltai dul n d reduced, but the system goes slow and vice-versa. During
echnique senses photovoitalc module voitage an the rapid change of irradiation the algorithm loses its

current and controls the boost converter duty cycle.to track direction and unable to track the actual MPP (Femia et al.
MPP. Researchers developed many MPPT techniques to . o . .

track MPP with i d offici d tracki d 2005). Under some special conditions like the partial
rac with improved ethiciency and tracking speed are shading on PV modules, this technique often fails to track

present in the literature (Fatahbadi et al. 2017, Athira et the maximum power point (MPP) due to multiple peaks in

al. 2016, Abdelsalam et al. 2011, and Mutoh et a.l. 2006). the P-V curve, and MPPT algorithm is not able to recognize
Most of these methods generally calculate the ratio of the th

. e global peak among local peaks (Patel et al. 2008).
PV voltage and current and intern controls the boost On the other hand, another popular MPPT, i.

converter duty cycle to track the MPP. The accuracy of incremental conductance (IC) technique has a quality not

*
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to lose the tracking direction, but it suffers from oscillation
and speed problems as that of P&O technique. There are
various improved IC techniques available in the literature
having the same trouble (Safari et al. 2011, Yan et al. 2008,
Liu et al. 2007, Liu, et al 2008, Mei, et al. 2011, Tey et al.
2014, Tey et al. 2014, and Safari et al. 2011). Lee et al. in
(2006) tried to minimize the oscillations at MPP, but
during a random change in radiation, the tracking speed of
MPPT goes down which results in loss of power.

The converter duty cycle control is another widely
used method to track MPP of the solar photovoltaic system.
Hill climbing (HC) or direct control technique uses duty
cycle control to track MPP is also available in the
literature. It works similarly as P&O technique except it
continuously revises the operating point of the power by
perturbing the duty cycle of converter instead of perturbing
of voltage or current (Lee et al. 2006, Xiao et al. 2004, and
Xiao et al. 2004). However, the same problems as that in
P&O and IC technique are reported.

Some artificial intelligence (fuzzy-logic and neural
network) based control approaches are also available in the
literature to tackle the oscillating problem around MPP
(Alajmi et al. 2011 and Rai et al. 2011). These MPPT
techniques are quite successful in compensating the non-
linear characteristics of I-V curves. The fuzzy-logic based
system consists of fuzzification, defuzzification, inference
mechanism and storage subsystems. Neural network based
systems also require a large amount of data to train the
system. Thus, these MPPT techniques are very complex
and cannot be implemented using low or medium cost
processors.

Some evolutionary Algorithms (EA) are inspired by
nature has been used by researchers to develop MPPT
techniques for solar PV system, are also found in the
literature. The beauty of evolutionary algorithm
techniques is that it can handle nonlinear objective
functions. There are many EA techniques reported in
literature like PSO, GA, and ACO that can be used to track
MPP. Although these MPPT techniques are accurate but
are not easy to implement due to high-performance
processing system requirements. The power tracking speed
of PSO based MPPT technique seems to be low because it
takes time to search the particles. Due to this, the PSO
based MPPT technique has a large steady state power loss.

The small or residential low cost PV systems do not
have high performance processors to implement all the
above-said MPPT techniques. The processor used in these
types of systems does not have high processing speed. High
performing processing units increase the PV system cost,
but small or residential PV systems are bounded to be
affordable for middle-class consumers. So there is a need
for a new simple and fast MPPT technique which can easily
implement in small or residential PV systems, compensate
steady state oscillations around MPP and stabilize the
output PV voltage during RRC condition efficiently.

Here, a modified P&O MPPT (MP&O) algorithm is
proposed which eliminates most of the drawbacks of
conventional MPPT techniques. The proposed MP&O
MPPT works on control of step size (dD) of the duty cycle
of the boost converter. The speed and accuracy of the MPPT
technique depend on step size (dD). Larger the step size
lesser the accuracy but the MPPT response is fast, and vice
versa and the step size (dD) is fixed (10! to 10-%) in simple
P&O MPPT algorithm (Noguchi et al. 2002 and Ishaque et
al. 2011). This new MP&O algorithm varies the step size
(dD) according to input radiation and load conditions. The

stability of output voltage during RRC condition and
compensation of oscillations at MPP is the major
advantage of proposed MPPT algorithm over conventional
control algorithms during constant or non-fluctuating
radiation conditions.

The performance of both (P&O and Modified MPPT)
algorithms are evaluated under different radiation
conditions. For test purposes, the input radiation data to
the system has been considered from Ministry of New and
Renewable Energy (MNRE) website (rredc.nrel.gov) for the
location of New Delhi, India. This algorithm 1is
implemented on a classical boost converter connected to a
solar photovoltaic simulator. To validate the simulation
results a dSPACE 1104 controller with a TMS320F240
digital signal processor is used to implement the algorithm.

The organization of this paper is as follows. The
basic P&0O MPPT and proposed MP&O MPPT technique is
discussed in section IT & III. Description of PV system used
and simulation with P&O MPPT and proposed MPPT
technique are available in detail in section IV. Simulation
analysis of proposed MPPT technique under fluctuation
and fast transient radiation condition is also discussed in
this section. Section V comprises the experimental
validation of proposed MPPT technique using the dSPACE
controller.

2. P&O MPPT Technique

As mentioned earlier in literature there are various MPPT
techniques are proposed (Salas et al. 2006). Among them
P&O MPPT is most adopted technique to track MPP.

Measure V(n), I(n)

D=D+AD [ D=b-ap ][ _D=D+aD | |

Fig. 1. P&OMPPT Algorithm

The P & O algorithm increases or decreases the duty
cycle by a step size called dD according to PV voltage and
current value. At regular intervals of time, the comparison
of PV output power with that of the previous value is done.
If the PV voltage change increments the power, the control
algorithm adjusts the operating point in that direction.
Otherwise, the algorithm moves the operating point in the
reverse direction. The algorithm continues to operate
towards the maximum power point at each perturbation.
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This algorithm is very simple and easy to implement, but
around steady state condition, the operating point vibrates
across the maximum power point (MPP), and hence the
output is oscillatory.

The P&O MPPT technique uses fixed step size
called dD. The value of step size is responsible for the speed
and accuracy of the photovoltaic system. Greater the step
size lesser accuracy and vice versa. Settling time of the PV
system 1is affected by the step size (dD) of the boost
converter duty cycle. Larger step size decreases the settling
time of the PV system and vice versa. However, the
stability of the system also reduced.

3. Modified P&O MPPT (MP&O) Algorithm

The MP&O MPPT technique eliminates the above said
drawbacks of conventional P&0O MPPT technique, the
flowchart of MP&O MPPT algorithm is shown in Fig.2.
This MPPT algorithm regulates the value of step size (dD)
of boost converter duty cycle (D) according to the system
input conditions. Initially, this algorithm reads the value
of instantaneous radiation (Ir), photovoltaic voltage and
current (V, I) and load power (P_Load) at every instant of
time and calculates the differential value of these
parameters. Radiation (Ir) and generated PV power is
compared for accurate detection of RRC which helps to
stabilize the output voltage. During constant radiation
condition this algorithm makes the value of dD at its
highest value which boost up the tracking speed of the
MPPT algorithm. While on increasing/decreasing or RRC
condition this algorithm feeds smallest value of dD to the
boost converter which improves the tracking accuracy of
MPPT algorithm.

In this, the duty cycle of the power converter is
varied and updated periodically at every AT time instant.
The algorithm increases the duty cycle by a factor called
dD, when P(K) > P(K-1) and decreases with P(K) < P(K-1).
This algorithm is expressed mathematically by the
equation 1 & 2.

D(k) = D(k-1) + dD(k), if P(k) > P(k-1) 1)
D(k) = D(k-1) - dD(k), if P(k) < P(k-1) 2)

Where; D(k) is updated, and D(k-1) is previous operating
duty cycle of the boost converter. dD is the step size for
change in duty cycle.

Dk _{ dD(k—1) + D, if dlr <0, dIr # 0
&) =apte—1) - D, if dIr > 0,dP,peq < dP(k)
3)
D(k —1) + dD(k) if dP > 0,dV > 0
D(k—1)— dD(k) if dP > 0,dV < 0

DUY =YDk —1) = dp(k) if dP < 0,dV > 0 @)
D(k—1)+ dD(k)if dP <0,dV <0

dP(k) = {P(k) — P(k— 1)} AT 5)

dPpoad = {PLoad(k) - l:)Load(k—l)} AT (6)

Where: AT is update time.

The step size and duty cycle of boost converter are
illustrated in equation 3 & 4. The step size dD is being
according to set of conditions based on change in irradiance
and load power, this value is to calculate boost converter
duty cycle (equation 4). The mathematical relation of duty

Page | 193
cycle and step size contains all conditions related to
irradiance (Ir), photovoltaic power (P) & load power
(P_Load). This technique is basically a search based
tracking algorithm which updates the measured
photovoltaic power P(k) and load power P_Load(k) at every
instant of time as represents by equation 5 & 6.

4. PV System Design & Simulation Analysis
4.1. System description

In this work, a 1kW PV system is considered to investigate
the performance of P&0O and MP&O algorithm under
different input radiation conditions.

&
Read
V(K), I(k), Ir(k), P_Load(k)
P(K) = V(K)*I(k)
v

aV = V(K)-V(k-1), dI = I(k) - I(k-1)
dP =d(V) - d(I)
dP_Load =P_Load(k) - P_Load(k-1)
dlIr =Ir(k) - Ir(k-1)

‘ dD(k) = dD(k-1) + Do ‘ ‘ dD(k) = dD(k-1) - Do ‘

@
Yes )\
V<0

No Yes No Yes

[D(k) = o(k-'1) +dD(k)] [D(k) = Dik1)- dD(k)|[D(k) = Dikc1) - 4Dk | [Dk)= o(k-'n +dD(k) |

( )

Fig.2. Modified P&0 (MP&O) Algorithm

Table 1

Specification of PV Modules
Particular Description
PV Module Canadian Solar
No of Modules in series 2 Modules
No of Stings 2 Modules
Module Open Circuit Voltage 37.2 Volts
Module Rated Voltage 30.1 Volts
Module Rated Current 8.3 Amperes
Module Rated 250 Watt
Power
Array Rated 1000Watt
Power

The configuration of proposed PV system with P&O
and MP&O MPPT algorithm are shown in Fig. 3. The
simulated system has a PV array to produce solar power
and an IGBT based 30-60V dc-dc boost converter to boost
up PV voltage to a fixed 1kW dc load. Canadian Solar
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CS6P-250PX solar module of 250W rated power is used to
formulate the PV array in MATLAB/Simulink simulation
environment. The maximum power, current and voltage of
this PV panel at 25°C are given as Pmpr= 250 W, Inpp= 8.3
A and Vwmper = 30.1 V. The PV system considers of two
strings, each string having two modules in series. The
system layout and module characteristics are shown in Fig.
3 (a) & (b) respectively.

DC
SENSOR

70 S DC

LOAD

PV

MPPT

(a)

Canadian Solar CS6P-250PX
T T

6 Eror Voc =-0.25 % 4
ErorIsc=0.02 %

Eror Vmp=0.00 %

Error Imp = -0.02 %

Currant (A)

L
0 5 10 15 20 25 30 35 40
Voltage (V)

Power (W)

0 1 1 1 1 &

0 5 10 15 20 25 30 35 40
Voltage (V)

(b)
Fig. 3: (a) System layout (b) P-V and I-V curve of PV module.

4.2. Simulation analysis

The designed PV system is simulated with two MPPT
control algorithms (P&0O & MP&O) individually. Simple
P&0O MPPT algorithm based system simulated under
constant and RRC conditions and same conditions are also
applied to test the MP&O MPPT algorithm. Radiation and
weather data input is considered from Ministry of New and
Renewable Energy website of New Delhi, India location.

4.2.1. Simulation with P&O MPPT

During the simulation, it is assumed that the operating
temperature is 25°C. Simulation model and Input radiation
curve are shown in Fig. 4 (a) & (b). The measured output
power, voltage, and current using P&O and MP&O MPPT
are shown in Fig.4 (c) & (d). The radiation input data given
to the solar PV system shows that in initial phase the
radiation is constant 900W/m2 up to 3 seconds there after
it is changing according to ramp and then unit step upto 10
seconds. The PV voltage is constant (60 Volts) with less
oscillations but PV current varied according to input

radiation value also having high oscillations during
simulation. When the radiation gets saturated, the PV
power and voltage still have oscillations in the range of 840
to 910 Watt & 58 to 60 volts respectively as shown in Fig.
4(c). It is observed that the photovoltaic voltage, current,
and power have high steady and transient oscillations.

MPPT Controller using Perturbe & Observe technique
MPPT Parameters
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Fig. 4: (a) Simulink PV model (b) Input radiation pattern (c)
Output power, voltage and current using P&0O MPPT (d) Output
power, voltage and current using MP&O MPPT.
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4.2.2. Simulation with modified P&O (MP&O) MPPT
technique

The MP&O MPPT technique increases or decreases the
value of dD according to input radiation conditions. MP&O
algorithm, complete MATLAB/Simulink model are
described in Fig. 3 & 4(a). For the same input conditions as
above, the output of both MP&O and P&O MPPT
algorithms are shown in Fig. 4 (d). It is also observed that
as the radiation decreases or increases the output voltage
is found constant and output current decreases or increases
according to radiation data. During 3 to 8 seconds, the
output voltage and current have fewer oscillations as
compared to conventional P&O MPPT algorithm as shown
in Fig. 4. The output power, current, and voltage are found
stable during simulation with MP&O MPPT technique.
Under the transient conditions, the power fluctuations are
reduced and the system response is fast.

4.2.3. Performance evaluation under Rapid Radiation
Change Conditions (RRC) with MP&OMPPT

The performance of P&O and MP&O MPPT algorithm is
also evaluated under rapid radiation change conditions.
The test solar radiation is varied in step and impulse type
of sequence for the duration of 10 seconds as illustrated in
Fig. 5 (a). The output power, voltage and current of a
photovoltaic system with P&O MPPT and MP&O MPPT
control algorithm under the defined radiation conditions
are shown in Fig. 5 (b) &(c). During the transient and
steady state conditions, the MP&O MPPT has fewer
oscillations in the output voltage and current as compared
to the P&O algorithm. It is observed that during the rising
phase of radiation, the algorithm acts a bit faster. Also, the
output power has lesser oscillations as compared to falling
radiation conditions.

4.2.4.

Under variable load condition the load associated with PV
system is varied according to time as described in Fig. 6(a).
In the duration of 3 to 5 sec, the load is stepped down from
1kW to 400W and after 5 sec it is retained back to its
maximum value. The output voltage is found stable;
however, the output current decreases according to load
during this period of time. The output current and voltage
are found stable during transient as well as steady state
conditions which are basic requirement of a PV system as
shown in Fig. 6(b).

Performance under variable load condition

5. Experimental Validation

The photovoltaic system model operation with the MP&O
MPPT algorithm is also experimentally verified. The
developed PV system consists a power electronic converter,
a chroma Solar Array Simulator 62000H-S which considers
two stings each with two PV modules connected in series.
The classical boost converter is implemented using new
generation SiC Mosfet CAS300M12BM2 based module.
The proposed MPPT algorithm is implemented using the
dSPACE 1104 controller and a TMS320F240 digital signal
processor. dSPACE controller is also used to generate the
PWM pulses for SiC Mosfet based boost converter. The
same radiation pattern as shown in Fig. 5 (b) taken as
input of PV simulator. The radiation level changes from 0
to 1000W/m?2 in 3 s after then the radiation level is
saturated at 1000W/m? up-to 8 s. Then after, the radiation
level ramps down.
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Fig.5: (a) Fluctuating radiation pattern (b) Output power, voltage
and current using P&O MPPT (c) Output power, voltage and
current using MP&O MPPT technique.
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Fig.6: (a) Variable Load Condition (b) Output Voltage and Current
under Variable Load condition.
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The output powers, voltage, current and switching
signal for this transition sequence are shown in Fig. 7 (a).
It is observed that the system is stable in steady state. The
boost converter has a fast-transient response, reaches the
MPP in 150 ms as seen in Fig. 7(b). It is also seen that
proposed control system predicts and tracks MPP very fast;
in steady state, the oscillations are minimized. Thus, the
efficiency of the algorithm is high.

Tek stop

VOLTAGE

NERE

\
_— F———1 ~—

|
i

100ps 100MS/s 2 7 |16 Aug 2017
(R 100k points 4.00V J(19:29:08
(a)

Tek Stop

; T Py - »}-w T A Y ]
100ms 100kS/s @ 7 |[16Aug2017
10000005 100k points 165 v |\ 19:31:21

(b)
Fig.7. (a) Output power, voltage, current and duty cycle of
experimental setup under uniform radiation. (b) Output power,
voltage, current, and duty cycle of experimental Setup under step
increasing radiation.

6. Conclusion

In this research work, an MP&O MPPT algorithm is
developed with the capability to minimize voltage
oscillations around MPP in transient as well as steady
state condition and stabilize the output voltage during
RRC and variable load conditions particularly for small or
residential PV systems. The proposed algorithm is
validated on a 1kW photovoltaic system, and its
performance is investigated under various insolation
patterns. The tracking speed of the algorithm 1is
significantly fast as compared to a conventional P&O
method and also incorporates all the advantages and
features of other complex algorithms which require high-
cost converter controllers. Due to the simplicity of this
algorithm, it can be easily implemented using a low-cost
microcontroller making it versatile, inexpensive and
affordable to middle class consumers.
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