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A. Pallavee Bhatnagara) and B. R. K. Nema
Department of Electrical Engineering, Maulana Azad National Institute of Technology,
Bhopal 462 051 (MP), India

(Received 11 December 2012; accepted 12 April 2013; published online 13 May 2013)

Maximum Power Point Tracking (MPPT) is a technique employed to extract

maximum power available from a photovoltaic (PV) module under varying

atmospheric conditions. It traces the PV operating voltage corresponding to the

maximum power point (MPP) and operates the panel at MPP. However, if a PV

array is partially shaded, the conventional MPPT techniques track local MPP and fail

to track global MPP. Also, if modules with different optimal currents are connected

in series—parallel local MPPs occur in the P-V curves and conventional MPPT

techniques fail to search global maxima. A lot of literature is available on global

MPPT techniques to increase overall system efficiency. The power conditioning unit

should, therefore, be capable of searching global maximum power point also. This

paper aims at presenting a number of conventional and global MPPT techniques;

these methods are discussed in detail on the basis of certain performance parameters.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803524]

I. INTRODUCTION

The Photovoltaic (PV) panels are semiconductor devices which convert solar or light

energy directly into electricity. With the depletions of conventional energy sources, environ-

mental problems due to conventional energy sources and increase in demand and cost of elec-

tric energy, the renewable energy sources especially photovoltaic (solar) energy is gaining

greater attention by the researchers. It promises several advantages like pollution free, mainte-

nance free, noise free working conditions. Apart from these advantages, they have certain disad-

vantages: overall system cost is high and conversion efficiency is also poor. The operational

characteristic of PV cell or module is non-linear and depends upon solar insolation and

temperature,1–3 as shown in Figs. 1(a) and 1(b). The PV array has only one point on the I-V
curve (knee of the curve) where power is maximum, this point is known as Maximum Power

point (MPP).1 With the change in solar insolation and temperature, this MPP moves. To

increase the efficiency of PV panel, it is required to operate PV panel at this MPP. Several

methods have been reported to operate PV panel at this MPP; these methods are called

Maximum Power Point Tracking (MPPT) methods. This function of MPPT is implemented

using power electronic interface between PV array and load.

To achieve increased efficiency, various MPPT algorithms have been proposed such as

fractional voltage based4,5 and fractional current based MPPT,6,7 look up table,11 curve fitting

MPPT,11 perturb and observation,12–14 incremental conductance,17–19 etc. However, these con-

ventional MPPT techniques are suitable under ideal conditions and are not efficient under shad-

ing condition. If the PV array is partially shaded due to certain reasons, such as shadow of tree,

building, local maximum power points occur on P-V curves. Under this condition, the conven-

tional MPPT may track local maximum power point instead of global (actual) MPP, reducing

overall system efficiency. Several global MPPT techniques are also reported in different litera-

tures to overcome the problem of partial shading such as analog based MPPT,8–10 variable step
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incremental conductance (INC),20 neutral point clamped converter MPPT.31 Different techni-

ques, as discussed in different literatures, have different advantages and disadvantages with

respect to different performance parameters. This paper aims at presenting a comprehensive

review of conventional MPPT techniques as well as an attempt is also made to review different

global MPPT techniques. The performances of different techniques are compared on the basis

of desirable features such as complexity in hardware implementation, sensors required, speed,

and range of effectiveness, traceability under partial shading condition, stability and efficiency

of the system and economics involved.

The paper is organised in the following three sections: Section II presents an exhaustive

review of different conventional and global MPPT techniques along with their advantages and

disadvantages. Section III deals with the detailed analysis and comparison of different conven-

tional and global MPPT techniques on the basis of different performance indices. Finally, con-

clusions are given in Sec. IV.

II. CONVENTIONAL AND GLOBAL MPPT TECHNIQUES

Characteristic curves of PV panels are shown in Fig. 1(a) for different solar irradiances and

(b) for different temperatures. The MPP varies with these atmospheric conditions. The solar

insolation and temperature conditions are very difficult to predict. The Power Conditioning

Units (PCUs), which are usually power electronic converters, are used along with the PV pan-

els. These PCUs perform two functions: first convert DC power from panel to desirable DC/AC

FIG. 1. Characteristic curve of PV panels: (a) different irradiation levels and (b) different ambient temperatures.
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power and second extract maximum power from PV panel. A large number of conventional

MPPT methods are reported in different literatures to perform this second function.

However, if a PV array is partially shaded by tree, building, or cloud, the conventional

MPPT techniques track local MPP and fail to track global MPP. Also, if modules with different

optimal currents are connected in series—parallel, local maximum power points occur in the

P-V curves as shown in Fig. 2, and conventional MPPT techniques fail to search global max-

ima. A lot of literature is available on global MPPT techniques to search global MPPT and

increase overall system efficiency. The PCU should, therefore, be capable of searching global

maximum power point also. This paper aims at presenting a number of conventional and global

MPPT techniques; these methods are discussed in detail on the basis of certain performance

parameters.

A. Fractional voltage (V-MPPT) based MPPT

This is a conventional MPPT technique in which a series switch controlled either by a

microcontroller or digital signal processor (DSP) is used to periodically sample the open-circuit

voltage VOC of the PV panel.4 This open circuit voltage exhibits a linear relation with the maxi-

mum power point voltage VM, as given by the following equation (Fig. 3):

VM ffi Kv VOC; (1)

Kv is the constant called voltage factor which depends on the P-V characteristic of PV panel.5

For all the sampled values of open circuit voltages, maximum power point voltage is calculated

periodically to track MPP.

B. Fractional current (I-MPPT) based MPPT

This conventional method is similar to fractional voltage based MPPT, difference is that

instead of series switch a shunt switch is used which samples the short circuit current ISC of the

PV panel periodically.6 This short circuit current exhibits a linear relation with the maximum

power point current IM as given by the following equation (Fig. 4):6

IM ffi KiISC; (2)

where Ki is a constant called current factor.7 Thus, current at peak power point is calculated

periodically using Eq. (2) for samples of short circuit current and MPP is located.

FIG. 2. P-V curve of PV modules connected in series.
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C. Analog MPPT technique

This MPPT technique is applicable for distributed PV applications.8 It is a global MPPT

technique. Distributed PV application allows overcoming several severe problems caused due to

mismatch conditions (shadowing effects, variation of temperature, and insolation). In this

method, each PV module is connected to individual DC/DC converter; output of each converter

is equalised by varying their inputs.8–10 This MPPT method is advantageous in terms of accu-

racy and tracking speed also in case of rapidly varying atmospheric conditions. The analog

MPPT8–10 has fast tracking speed and maintains high tracking accuracy. Single-chip circuit

implementation reduces power consumption and the high power efficiency of the system is

guaranteed. It can track global MPP with same high power efficiency.

D. Look-up table MPPT method

This MPPT technique requires data related to PV panel material, characteristics at different

atmospheric conditions.11 This data stored is compared with the real time data at the time of

FIG. 4. Linear relation between Isc and Im.

FIG. 3. Linear relation between VOC and VM.

032701-4 A. Pallavee Bhatnagar and B. R. K. Nema J. Renewable Sustainable Energy 5, 032701 (2013)

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  83.212.135.77 On: Fri, 04 Nov 2016

12:36:43



MPP tracking to achieve MPP. This method is very slow; it requires large data storage, and it

fails in case of rapidly changing atmospheric condition; also, it cannot track global MPP during

partial shading condition.

E. Curve-fitting based MPPT

This technique is a mathematical model based technique, which describes the PV character-

istics. Different mathematical equations representing different models of PV panels are used

relating voltage and current of PV panel to track MPP. One of such model is as given in Eq.

(3), where a, b, c, and d are coefficients, which are calculated periodically with the help of

sampled PV voltage VPV , current IPV , and power PPV . Knowing these coefficients, MPP voltage

can be calculated using Eq. (4) and MPP can be located,11

PPV ¼ aVPV
3 þ bVPV

2 þ cVPV þ d; (3)

VM ¼
�b6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 3ad
p

3a
: (4)

Though the method is simple, still it has several disadvantages such as it cannot track MPP

under rapidly varying atmospheric conditions and also it cannot search global MPP.11

F. The perturb and observe (P&O) MPPT

P&O is the most popular MPPT technique. This is based on tracking MPP by comparing

power at different samples and by perturbing voltage or current periodically. The process con-

tinues till peak point (MPP) is reached, where change in power with respect to voltage is zero.

In this method, PV panel output voltage VPV and output current IPV are sensed. Then power is

calculated, P(k), and compared with the power measured in the previous sample P(k-1), in order

FIG. 5. Flow chart of P&O MPPT.
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to get DP as shown in Fig. 5. Then according to the sign of DP and DV, the duty cycle of the

converter is changed to reach MPP as given in Table I.12

At MPP, the voltage oscillates around the MPP instead of being stably positioned on it,

because of continuous voltage perturbation at MPP. This is one of the biggest disadvantages of

this method. Also, periodically considerable power loss takes place due to perturbation.12 So this

method does not give good results under rapidly changing atmospheric conditions as shown in

P-V curve in Fig. 6, also speed of this method is slow as it tracks the MPP in several steps.12

P&O tracks the MPP by perturbing the PV panel voltage or current in fixed step size. This

fixed step size tracking have certain disadvantages like slow speed and large steady state oscil-

lations.12 If fixed large steps are chosen, it will result in faster dynamics but steady state oscil-

lations also increase and efficiency decreases.13 However, if small fixed steps are chosen system

will slow down.14

G. MPPT using advanced technique EPP (estimate perturb-perturb)

As the name suggests, this method uses one estimate for two perturbations as shown in

Fig. 7.15 This method overcomes the problem of rapidly changing environmental conditions and

has high speed with high tracking accuracy. This is an advanced P&O method, where draw-

backs of P&O method of oscillation around MPP due to continuous perturbations under rapidly

changing climatic conditions can be overcome. This increases the speed of tracking without

affecting the efficiency. Also, the method can be used to search global MPPT in case of partial

shading.15

TABLE I. Conventional P&O method.

S. No. Change in PV power Change in PV voltage Duty cycle

1 þve þve þve

2 þve �ve �ve

3 �ve �ve þve

4 �ve þve �ve

5 No change No change

FIG. 6. P-V curve showing P&O MPPT.
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H. Adaptive P&O MPPT

This is another modified P&O MPPT technique to solve the problem of oscillations

around MPP due to rapidly changing atmospheric conditions, which occurs in P&O MPPT. It

has advantages of adaptive tracking, no oscillations around MPP during rapidly changing

atmospheric conditions, and also it does not require system dependent constants as in Ref.

16. In P&O MPPT if large perturbations are used, it causes oscillations; however, if smaller

perturbations are used, it results in slower response where perturbations are system depend-

ent.16 In adaptive P&O, however, the perturbations are according to system changes, thus

improving speed of response and reducing oscillations around MPP. In this method, error

between two sampled powers is compared to obtain perturb; at the beginning, perturb steps

are larger which increases speed, and then as it approaches MPP, steps are decreased to

reduce oscillations.16

I. INC MPPT

At MPP change in PV panel output power with output voltage is zero, dPPV/dVPV ¼ 0,

PPV ¼ VPVIPV : (5)

Differentiating PPV with respect to VPV and equating to zero gives

dPPV=dVPV ¼ IPV þ VPVðdIPV=dVPVÞ ¼ 0; (6)

dIPV=dVPV ¼ �IPV=VPV : (7)

Equation (7) is the basis of INC MPPT, where IPV/VPV is the conductance and dIPV/dVPV is

change in conductance.17 In this algorithm, the present and previous values of the solar panel

voltage and current are sensed and are used to calculate the values of dIPV and dVPV as shown

in the flow chart of Fig. 8 on voltage basis. The algorithm is, as shown in Fig. 9, incremental

conductance algorithm that exists for current based as well as voltage based control.18 Thus, in

INC MPPT, the instantaneous panel conductance IPV/VPV is compared with the incremental

panel conductance (dIPV/dVPVÞ: Voltage at MPP is tracked to satisfy dPPV/dVPV ¼ 0, which is

MPP as depicted in Table II.19

INC based algorithm is advantageous over other conventional methods because it is easy to

implement, high tracking speed and better efficiency.19

FIG. 7. EPP MPPT.
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J. Variable step size INC MPPT

The conventional P&O and INC MPPT techniques are very popular techniques of MPPT

but these methods suffer from drawbacks of slow speed and oscillations around MPPT. These

problems can be overcome if variable steps are used instead of fixed step of tracking.20 The

FIG. 8. Flow chart of INC method.

FIG. 9. P-V curve for INC MPPT.
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problem of fixed small or large iteration steps can be resolved if MPPT with variable step size

is used. The algorithm changes the iteration step size automatically according to the PV array

characteristics as suggested in the Variable Step Size INC MPPT algorithm.20 If the point is far

from MPP, the iteration step size increases which enables fast tracking; if the operating point is

near to the MPP, the step size becomes very small so that the oscillations are reduced contribut-

ing to higher efficiency. This technique gives very good results during rapidly changing atmos-

pheric conditions with minimal oscillations and a good compromise between dynamic and

steady state response.20

K. Variable step-size incremental-resistance (INR) MPPT

The disadvantages of fixed step size MPPT techniques are oscillations around MPP and

slow speed; these can be overcome in variable step size INR method.21 To overcome this prob-

lem, variable steps are used, which are usually large when the system is away from MPP giving

faster speed and step size becomes small as system approaches MPP which reduces oscillations

around MPP. Usually, variable step size methods are based on the following equation:

dðkÞ ¼ dðk-1Þ6KðdPPV=dVPVÞ; (8)

where d(k) is the duty ratio at sample k and d(k-1) is the duty ratio at sample k-1 and K is the

step size factor to control step size.21 Variable step size INR method is based on the fact that

slope of dPPV

dIPV
must be zero at MPP as given by the following equation (Table III):

dPPV

dIPV
¼ dðIPVVPVÞ

dIPV
¼ VPV þ IPV

dVPV

dIPV
¼ 0: (9)

Thus as in INR method of tracking, the instantaneous resistance ðVPV

IPV
Þ is compared with incre-

mental resistance ðdVPV

dIPV
Þ and accordingly MPP is tracked.21 This method is based on current

mode control.

L. MPPT using output parameters

In this method, output parameters like output voltage and current are used for MPPT rather

than input parameters.22 Advantage of this method is that only one output parameter needs to

be sensed, reducing cost of system use of output parameters simplifies the MPPT system, irre-

spective of the nature of load. This MPPT technique is based on the fact that output power

TABLE II. INC method.

S. No. dPPV/dVPV dIPV/dVPV PV curve

1 0 ¼ �IPV /VPV MPP

2 �ve <�IPV /VPV Right of MPP

3 þve >� IPV /VPV Left of MPP

TABLE III. INR method.

S. No. dPPV/dVPV

dPPV

dIPV
PV curve

1 0 ¼ � VPV

IPV
MPP

2 �ve < � VPV

IPV
Right of MPP

3 þve > � VPV

IPV
Left of MPP
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increases with output voltage and output current. Thus, maximum power point can be tracked if

maximum output voltage or maximum output current, either of them is tracked.22 At MPP, the

output voltage and output current are maximum. Output parameters based MPPT22 technique

has advantages of track ability using single load parameter reducing hardware complexity, and

simple controller and less computation as no multiplication and derivations involved and most

importantly tracking irrespective of nature of load.

M. Ripple correlation control (RCC) MPPT

Single stage topology (DC-AC) is used in this MPPT. Switching ripples in voltage, current

and hence power using filters are used to track MPP instead of using external changes.23 The

time derivative of the time varying power and time derivative of the time varying current or

voltage of the panel is controlled to track MPPT.24 These ripples give information about the

change in power and allow us to track MPP since the instantaneous power pulsates at a fre-

quency which is double the frequency of the grid. If power increases, the time derivative of

power also increases, and the operating point is below MPP. However, if power is decreasing

the time derivative of power is negative than the operating point is above MPP. This method

has various advantages like in this method MPP tracking speed can be very high same as power

converter switching speed. It is very accurate method, though it is complex to implement.24

N. MPPT based on PV module locus characterization

This method uses linear relation that exists between PV module voltage and PV module

current at MPP locus.25 MPP locus is defined as MPP voltage and MPP current expressed as a

function of solar irradiation at a given temperature.25 This MPP locus can be approximated by

a line and can be used to track MPP as shown in Fig. 10. MPP locus is not affected by temper-

ature variations. This method is highly effective, less complex, and is suitable for MPP tracking

at varying atmospheric conditions. This method can be used effectively with all types of con-

verters.25 This method, due to the effect of module series resistance, gives better results in case

of high solar insolation and high power conditions.25

O. Bisection search theorem (BST) based MPPT

The BST is a mathematical method for finding roots.26 This theorem states that any func-

tion y¼ f(x), which is dependent on x, contains a root x* between intervals, such that the func-

tion ðdy
dxÞ ¼ 0 in that interval. Applying this theorem for PV, PPV ¼ f(VPV) is the function and

root VM; lies between interval [Vsc,VOC�where ðdPPV

dVPV
Þ ¼ 0, which is MPP as shown in Fig. 11.

This point, where the function is zero can be obtained using bisection search theorem which

FIG. 10. MPP locus characterization MPPT.
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moves the extreme points closer by having the interval in each step such that the new point is

ðVscþVOC

2
Þ and then checks the sign of the function as shown in Fig. 11.26

From the P-V curve, it can be observed that panel output power is a function of panel out-

put voltage and change in power with respect to voltage, DP¼ðdPPV

dVPV
Þ¼ 0; at MPP also, it can

be observed that when the panel is open circuited VPV ¼ VOC, power output and hence change

in power DP is zero, also when panel is short circuited VPV ¼Vsc¼ 0, power output and change

in power DP is again zero and in between these two extreme points there is a voltage VPV ¼VM

where again DP¼ðdPPV

dVPV
Þ¼ 0. This voltage is tracked using DC/DC converter and changing its

duty cycle. Every time duty-cycle is obtained by halving the sum of previous value and current

value which makes system fast and number of sensors required is also one.26 This technique is

simple in hardware requirement, as it requires no derivative calculations, simple and economic

in implementation as number of sensors required are less and method is fast as compared to

conventional methods.

P. MPPT using golden section search (GSS) algorithm

This is an iterative, non-derivative method of MPPT. This method is based on the fact that

maximum value of any function within an interval can be found out using GSS27 theorem. In

case of PV, if Voc and Vsc are open circuit and short circuit voltages, and power which is a

function of the PV voltage are known at these points and are Poc and Psc. Now (Vsc, Voc) is the

interval where lies MPP. If power at some other point, Vm1, is known, e.g., Pm1, and is greater

than power at Psc, the MPP lies within (Vsc, Voc) Fig. 12.28 If power at some other point, Vm2,

is known, e.g., Pm2, and is greater than power Pm1, MPP lies within interval (Vm1, Voc) and

point Vsc is discarded. If, however, Pm2 is less than Pm1 as in Fig. 12 MPP lies within interval

(Vm1, Vm2) and point Voc is discarded.28 This process is repeated between two sections of equal

width till MPP is reached. This method is very fast as no derivatives required, robust and is

suitable for varying atmospheric conditions.

Q. Slide mode control (SMC) based MPPT method

PV panel characteristics are non-linear. Slide mode control MPPT technique is used for

non-linear systems.29 It uses two stage conversions (DC-DC and DC-AC), where switch of DC-

DC converter as in Fig. 13 is controlled according to slide mode control theory to track MPP

voltage. If D is the switch function of the converter which controls the output power of the PV

panel and D¼ 1 means the switch is close and D¼ 0 means the switch is open. Switch function

S is selected as29

FIG. 11. Bisection search theorem for MPPT.
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D ¼ 0; S � 0

1; S < 0;

�
(10)

SðxÞ ¼ dPPV

dVPV
¼ ðIPV þ

dIPV

dVPV
VPVÞ: (11)

Using Lyapunov function,30

V ¼ 1

2
S2 > 0; (12)

_V ¼ S
dS

dt
¼ dPPV

dDeq
� d

dt

�
dPPV

dDeq

�
: (13)

Two results are obtained:

(1) When S> 0, the system operates on the left of the MPP, D¼ 0, VPV is increasing,

dVPV

dt
> 0; (14)

S
dS

dt
< 0: (15)

(2) When S< 0 the system is operating in right, D¼ 1, VPV is decreasing,

dVPV

dt
< 0; (16)

S
dS

dt
< 0: (17)

The system could reach global stability and the switch function is tending to zero whether the

system is operating in the left or right of MPP. The MPPT speed is faster with the increase in

switching but power output and voltage output fluctuations increase. The efficiency and accu-

racy of this MPPT method is high as compared to P&O and INC MPPT.29,30

FIG. 12. GSS based MPPT.
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R. MPPT using neutral point clamped (NPC) converter

This technique is used for tracking MPP of PV module using NPC converters. The NPC con-

verters are essentially required because of ripples present in the neutral of the converter, which

is used to determine MPP.31 This is based on the fact that power for maximum and minimum

ripples can be determined if the ripple is known. The panels are connected in series and NPC

converter’s neutral point is connected in a way of dividing the array into two half.31 Now the

voltages of both the panels are adjusted to get MPP. The frequency of neutral point voltage is

three times the frequency of the grid, so it is possible to find out the maximum and minimum

value of voltages.

S. Temperature based MPPT

This method is based on the fact that the open-circuit voltage of the solar cell varies with

the cell temperature whereas the short-circuit current is directly proportional to the irradiance.

This MPPT method is simple in implementation; cost wise is also cheaper and above all has a

good tracking factor.32 It uses temperature sensors for tracking MPP as MPP varies with tem-

perature and MPPT algorithm along with temperature function is used to track MPP.32 But this

method suffers from certain disadvantages also, such as PV array temperature is not uniform

throughout and temperature sensor is a problem for measurement which may cause wrong and

slow tracking.32

T. MPPT based on model reference adaptive

This MPPT technique is based on Lyapunov model of reference adaptive control.33 In this

model when the characteristics of PV panel changes with the change in environmental conditions

the adjustable parameters are adjusted by adaptive mechanism to overcome the effect of parameter

changes.33 In adaptive algorithm, the accuracy, feasibility, and robustness are high and Ref. 33

shows that the adaptive algorithm could greatly improve the utilization ratio of solar arrays

U. MPPT using direct search algorithm

This is a novel MPPT technique which uses the dividing rectangles (DIRECT) theorem.34

Power-voltage equation of PV cells is considered as Lipschitz function and global maxima is

this function is searched,35

jPðV1Þ � PðV2Þj � MjV1� V2j 8V1;V2 2 ½a; b�: (18)

Equation (18) is the Lipschitz function35 pplied to PV module with constant M, V is a variable

bounded in interval [a, b]. For different samples with different values of M (large initially and

smaller later), global peak can be searched periodically. Initially, a sample of voltage is taken

at the center of an interval with large step, and then two samples are taken at the center points

FIG. 13. Slide mode control MPPT.
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of left and right intervals. This process is repeated till global peak reached satisfying Lipschitz

function.36 The advantage of this method is its capability of searching global maxima with fast

tracking speed and robustness. The DIRECT algorithm has relatively very good performance

and fast speed even in case of multiple MPP and sudden high level changing of insolation.36

V. Transient based MPPT

This technique uses single stage conversion, where PV voltage or current is controlled by

inverter. It is based on the MPP detection during transient process, introduced according to the

irradiance change.37 Whenever there is a change in irradiance current changes and so changes

the power, only current is required to be sensed. P-V curves for three different insolations and

flowchart are shown in Fig. 14.

As the insolation decreases, the power output also decreases to new operating point which

is not MPP so as reference voltage, and operating point shifts toward left to new MPP. New

power is sampled and compared, once the maximum power is sensed that the reference value

of the voltage is set.

In this method transient is sensed, reference voltage is changed accordingly, and MPP is tracked.

This method tracks MPP and locks it by setting voltage reference hence oscillations in steady state is

avoided, MPP during rapidly changing atmospheric conditions can be quickly and accurately com-

puted. System requirement is simple in this method as only current is sensed.37 Another advantage is

that the transient process need not be triggered frequently when irradiation changes slowly.

W. MPPT using extremum seeking (ES)

This MPPT technique is faster, robust, and requires less sensors and more stable as com-

pared to conventional MPPT methods like P&O and INC. This method is different from con-

ventional methods as it uses the ripples in the inverter.38–40 Hardware used is shown in Fig. 15,

FIG. 14. Transient MPPT flow chart.

032701-14 A. Pallavee Bhatnagar and B. R. K. Nema J. Renewable Sustainable Energy 5, 032701 (2013)

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  83.212.135.77 On: Fri, 04 Nov 2016

12:36:43



LC
d2Ipv

dt2
þ C

@f

@Ipv

@Ipv

@t
þ Ipv ¼ u� C

@f

@G

dG

dt
: (19)

Equation (19) is the basis of extremum seeking MPPT where u is the inverter control current,

Ipv is the array current, LC is the low pass filter between u and i.38 The extremum seeking

MPPT,38,39 compared with other conventional methods gives better results in total power effi-

ciency, and in transient rise-time to the maximum power point. Also, it guaranteed convergence

and stability properties which are ideal for variable weather conditions and system dynamics.

X. Numerical calculations based MPPT

The problem of low convergence speed and low accuracy can be solved using algorithm

based on numerical calculations.41,42 This algorithm uses the parabolic model for PV with volt-

age and current as parameters and using quadratic interpolation method, the voltage at MPP is

calculated at a particular atmospheric condition.41 Let VO, V1, and V2 represent the three volt-

age values at three operating points on the P-V curve, PO, P1, and P2 represent the power val-

ues corresponding to the voltage values as in Fig. 16,

FIG. 15. ES MPPT.

FIG. 16. MPPT based on numerical calculations.
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QðVÞ ¼ QOðVÞPO þ Q1ðVÞP1 þ Q2ðVÞP2; (20)

where Q(V) is the quadratic interpolation polynomial, QO(V), Q1(V), Q2(V), are quadratic inter-

polation basis functions and are given by following equations:

QOðVÞ ¼ ðV � V1Þ ðV � V2Þ=ðVO � V1ÞðVO � V2Þ; (21)

Q1ðVÞ ¼ ðV � VOÞðV � V2Þ=ðV1 � VOÞðV1 � V2Þ; (22)

Q2ðVÞ ¼ ðV � VOÞðV � V1Þ=ðV2 � VOÞðV2 � V1Þ; (23)

and the quadratic interpolation function is expressed as the following equation:41

QðVÞ ¼ ðV � V1Þ ðV � V2Þ=ðVO � V1Þ ðVO � V2ÞPO

þ ðV � VOÞðV � V2Þ=ðV1 � VOÞ ðV1 � V2ÞP1

þ ðV � VOÞðV � V1Þ=ðV2 � VOÞðV2 � V1ÞP2: (24)

At MPP, (dQ(V)/dV¼ 0) is zero.

dQðVÞ=dV ¼ 2ðr1 þ r2 þ r3ÞV � ½r1ðV1 þ V2Þ þ r2ðVO þ V2Þ þ r3ðVO þ V1Þ� ¼ 0: (25)

Calculating the values of r1, r2, and r3, voltage at maximum power point is obtained as

VM ¼ r1ðV1 þ V2Þ þ r2ðVO þ V2Þ þ r3ðVO þ V1Þ=2ðr1 þ r2 þ r3Þ: (26)

This algorithm can calculate the exact voltage value of MPP as it is based on numerical calcu-

lations so it can track the MPP in one step.42

Y. MPPT using one cycle sampling technique

Most of the conventional MPPT techniques use two stages one for MPPT and other for DC

to AC conversion. One cycle sampling MPPT technique uses single stage conversion (full

bridge DC to AC) including buck-boost conversion for MPPT. This single stage injects the si-

nusoidal current in the grid and also performs MPPT. MPPT is achieved with the buck boost

control of capacitor voltage at the input side of the converter.43,44 Whenever there is a differ-

ence in power delivered to the grid and power at the input of buck boost converter, voltage at

the input of buck-boost converter side capacitor is changed. Hardware used is as shown in Fig.

17, while the voltage across the capacitor on the output side of the buck boost converter is

used to define the reference amplitude of the current injected in the grid.43,44 One Cycle

Sampling technique allows the implementation of a discrete and low cost MPPT controller at

low cost and analogue multiplier, instead of the costly DSP.

FIG. 17. One cycle control based MPPT.
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Z. Fuzzy logic control (FLC) based MPPT

In this MPPT, output voltage of the converter is changed according to the error input (volt-

age error, Ve) and change in error input (DVeÞ such that panel output voltage becomes equal to

the voltage corresponding to MPP.45 The voltage error is obtained by comparing the array volt-

age Vpv with the reference voltage Vref; the reference voltage corresponds to the maximum array

voltage Vm at a particular solar insolation at that instant. This maximum voltage changes

according to solar insolation. FLC works in three steps: fuzzification is a process in which the

numerical values (voltage error: Ve and change in error: DVe) are converted into linguistic vari-

able. Then the membership functions for the inputs are chosen in a range of [�1 1].45 In

MPPT, voltage and power are the two variables which are used in describing the control rules

which are to be expressed in terms of fuzzy set with linguistic variables as shown in Fig. 18.

Then the input variables namely change in voltage and change in power

The rule base corresponding to fuzzy inputs and outputs are derived from the system

behaviour in the form of IF-THEN rules. Rule base tables are obtained which gives several pos-

sible combinations of the degree of supports with varying strengths to the corresponding rules,

to satisfy different conditions.

In this process, the linguistic variables are converted back to numerical variables as the

output of fuzzy controller based on the membership function.

The terminal voltage and reference voltages are sampled periodically and voltage error

Ve¼Vref �VPV , and change in error are computed, then the fuzzy controller determines the

control action and computes the desired change in the control voltage for the pulse width mod-

ulation (PWM) generator which further changes the duty ratio of the converter to bring the

operating point to MPP.

AA. Particle swarm optimisation (PSO) based MPPT

PSO is an intelligence based algorithm; it has many advantages when applied to PV applica-

tions for MPP tracking like it requires very few parameters for MPP search, it can search global

MPP and is very simple.46,47 In PSO, the position and speed of all the particles are initialized in a

random way in solution space, where particles position denotes the result of objective function and

speed denotes the direction and speed of particle. The information is transferred from optimised par-

ticle to other particles in the solution space this iteration continuous to achieve the goal.46

In PV application, it is mostly applied where exhibits multiple local MPP. When the termi-

nal voltages for two PV modules one shaded other un-shaded are different giving total output

power which is not maximum power. PSO can be applied to obtain global MPP by considering

individual voltages and controlling them individually as N dimensional row vector.46 The PSO

method46,47 is a simple and effective method that can be applied to a multivariable function

optimization having many local optimal points, with less cost. This approach can search global

MPP even under complex partial shading conditions.

AB. Complex particle swarm optimization (CPSO) MPPT

CPSO MPPT solves the problem associated with PSO (particle swarm optimization) of pre-

mature convergence problem by quickly searching local optimal point.48 The two major

FIG. 18. FLC based MPPT.
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disadvantages of PSO MPPT as given by Ref. 48 are: first, in case of complex problems it is

incapable of searching maxima; second, local convergence accuracy is not high. These two

problems can be overcome using CPSO MPPT. This method does not require gradient of the

objective function so it is simple and cheaper. It requires reflection, contraction, and expansion

to obtain MPPT.48 First, all vertices are find out for maxima, then vertex with good performan-

ces are used for next search this process is repeated till MPPT reached.

AC. Artificial neural network (ANN) based MPPT

The ANNs are new emerging technology used to solve complex problems. ANN are used

for the on-line estimation of the insolation–dependent reference voltage, since MPP voltages

nonlinearly related to the solar insolation linear function approximation techniques are not

suitable.49 ANN uses feed-forward neural network. Input of ANN consists of solar irradiance

and cell temperature. The information moves from input, hidden, and to output layer only in

one direction. The offline ANN can be used to estimate this maximum voltage at a particular

insolation. The ANN has an advantage that they do not require detailed information of the

system. PSO is another intelligent control technique used nowadays in maximum power point

tracking.49 This method is mostly used where multiple maxima are found in P-V curve it

works efficiently under partial shading condition.

AD. MPPT using OIF-Elman network

This MPPT method is based on OIF (Output-Input Feedback)—Elman neural network.50 This

method has an advantage of tracking MPP at a very fast speed, during rapidly changing atmos-

pheric condition along with its simplicity. This method uses Cuk-converter, duty cycle of which is

changed to obtain MPPT.50 It uses feedback from hidden nodes as well as from output nodes.

AE. MPPT based on dual-carrier chaotic search

This MPPT is based on chaos search theorem on dual carrier.51–53 The advantage of this

method is its high efficiency and that it can solve the problem of multiple MPP with faster con-

vergence speed and accuracy. The chaos according to Ref. 51 means randomness, chaos varia-

bles are used to search MPPT because of its regularity and sensitivity. It uses iteration formula

to obtain MPPT producing Chaos variables in continuous variable space. The dual carrier

approach improves the accuracy, efficiency, and precision.

It is based on Eq. (27),51

max f ðxiÞ; i ¼ 1; 2; 3;……::; n xi 2 ½ai; bi�; (27)

where x is the optimization variable f(x) is the objective function in case of PV it is panel out-

put power.

AF. Switched capacitor (SC) based MPPT

This is a novel MPP tracking method very efficient specially under partially shading condi-

tion.54 It matches the input resistance of the SC dc-dc converter to the output resistance of the

array to achieve MPPT. SC converter consists of capacitors to buck or boost power from PV

source to load without use of inductors and transformers.54–56 Thus, from the P-V curve the re-

sistance of the PV array is calculated which is then matched with the input resistance of the SC

converter by controlling the frequency of switching and PWM.

AG. MPPT based on hysteresis comparison and optimal gradient

In this method, first the power Pn at a particular sample is determined then based on opti-

mal gradient method perturbation steps are determined.57 Next the voltage, current, and hence
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power (Pnþ1 and Pn�1) on both sides of the point, where sample taken is determined. Now the

DC side capacitor disturbance voltage reference is set as57

If Pnþ 1 � Pn > Pn� 1;

the reference for the next cycle is set as Vk�1.

If Pnþ 1 � Pn > Pn� 1;

the reference for the next cycle is set as Vkþ1.

For all other conditions, the reference is set as Vk. This way MPP can be tracked quickly

and with reduced oscillations around MPP.57

AH. Linear–prediction based MPPT

This MPPT method is better than other conventional MPPT methods with respect to

response speed, accuracy, and steady state and dynamic response. This works in two parts: first,

searches the MPP by using linear prediction with improved speed; second, error correction with

improved accuracy.58 The method is based on principle that the non-linear I-V curve of PV

panel consists of a constant current region and a constant voltage region, assuming any one pa-

rameter either voltage or current constant the PV power will depend on the other parameter,

thus linear prediction is applied to determine MPP.

III. MPPT TECHNIQUES: EVALUATION AND COMPARISON

Around 34 different MPPT techniques are discussed in this paper. These techniques vary in

control strategies, variables, hardware implementation, and circuitry used by them. Each method

has its own advantages and disadvantages with respect to these parameters. Fractional voltage

and fractional current based method discussed in Sec. II are conventional, old but very popular

MPPT techniques. Tracking speed of both techniques are high, as no derivatives are to be com-

puted, sensors required are less and are practical method for MPP estimation.4,5 But both the

techniques suffer from loss of power during sampling of short circuit current and open circuit

voltage. I-MPPT requires hardware which is more complicated and expensive as shunt switch is

required and has more losses as compared to hardware V-MPPT of same rating. Accuracy of

I-MPPT is more compared to V-MPPT, whereas voltage based technique is more efficient and

has fewer losses.6,7 The advantage of V-MPPT is that it is simple and economic and uses only

one feedback loop, but disadvantage is that it is not effective in varying temperature and insola-

tion conditions. Also, this method cannot be applied in the battery energy storage system.

The P&O and INC methods are most popular conventional MPPT methods. But P&O tech-

nique faces severe problem of oscillation around MPP, due to which there is considerable loss

of power.12 Also, the response of P&O algorithm is slow under fast changing environmental

condition as pointed out in Ref. 13. adaptive P&O,16 variable step INC,20 EPP,15 and variable

step size incremental resistance method INR21 are few methods discussed to overcome disad-

vantages of P&O and INC MPPT.

The analog MPPT8–10 has fast tracking speed and maintains high tracking accuracy.

Single-chip circuit implementation reduces power consumption and the high power efficiency

of the system is guaranteed. It can track global MPP with same high power efficiency.

RCC method has certain advantages over P&O methods and is discussed in Refs. 23 and

24. Slide mode control technique is proposed in Refs. 29 and 30. Temperature method of

MPPT is also presented in Ref. 32. This method has certain advantages, it is very simple in

implementation and cost is also less.

Locus characterisation MPPT25 is highly effective, less complex, and is suitable for MPP

tracking at varying atmospheric conditions. This method can be used effectively with all types

of converters.25 This method, due to the effect of module series resistance, gives better results

in case of high solar insolation and high power conditions.25

Apart from this, there is another method called Bisection Search Theorem based MPPT is

reported in Ref. 26, which is mostly used when PV array exhibits two or more MPPs under
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varying climatic conditions where use of other techniques is a difficult task. However, the BST

is simple in hardware requirement as it requires no derivative calculations, economic in imple-

mentation as number of sensors required is less and fast in MPP tracking. GSS MPPT27,28 is a

novel technique has advantages of fast response, robust (it does not require derivatives), and

guaranteed convergence.

The DIRECT algorithm36 has relatively very good performance and fast speed even in case

of multiple MPP and sudden high level changing of insolation. The advantage of this method is

its capability of searching global maxima with fast tracking speed and robustness.

The transient based method37 is different from other conventional methods as it does not

contain energy buffer stage DC/DC, also it is based on the MPP detection during transient pro-

cess introduced according to the irradiance change but is not based on continuous perturbation.

The extremum seeking MPPT,38,39 compared with other conventional methods, gives better

results in total power efficiency, and in transient rise-time to the maximum power point. Also,

it guaranteed convergence and stability properties which are ideal for variable weather condi-

tions and system dynamics.

The conventional MPPT algorithms like P&O and INC cannot track MPP in one step as

these are iterative approach which senses, calculates, and perturbs periodically so the tracking

is slow and not stable at MPP. The problem of speed, stability, and accuracy can be solved

using this MPPT algorithm based on numerical calculations.41,42

One cycle sampling technique allows the implementation of a discrete and low cost MPPT

controller at low cost and analogue multiplier, instead of the costly DSP. In adaptive algorithm,

the accuracy, feasibility, and robustness are high and Ref. 33 shows that the adaptive algorithm

could greatly improve the utilization ratio of solar arrays

FLC45 and ANN49 are intelligent methods of MPPT tracking, these methods have the

advantage of working with imprecise inputs, not needing an accurate mathematical model and

handling nonlinearity and they are more robust than conventional nonlinear controllers. The

PSO method46,47 is a simple and effective method that can be applied to a multivariable func-

tion optimization having many local optimal points, with less cost. This approach can search

global MPP even under complex partial shading conditions.

Output parameters based MPPT22 technique has advantages of track ability using single

load parameter reducing hardware complexity, and simple controller and less computation as no

multiplication and derivations involved and most importantly tracking irrespective of nature of

load.

IV. CONCLUSION

Around 34 different MPPT techniques for photovoltaic applications are discussed in Sec. II

of this paper along with their advantages and disadvantages. Selection of a particular MPPT

technique for a particular application forms such large number of existing techniques is a diffi-

cult and confusing task, since each technique has certain advantages and disadvantages. To

overcome this problem, many literatures are available which present comparative study of dif-

ferent MPPT algorithms.

This paper also aims at discussing problem MPPT under partial shading condition which

reduces system efficiency even with MPPT controllers. A comprehensive review of different

global MPPT techniques is also made in this paper. This review paper discusses MPPT techni-

ques (conventional and global) on the basis of variables and algorithm used. Further, it provides

a comparison of MPPT techniques based on the number of control variables involved, types of

control strategies, circuitry, and cost of applications, which is possibly useful for MPPT users

and researchers in selecting MPPT technique for specific application. The comparison presented

in Sec. III of the paper should be helpful in choosing appropriate MPPT technique, on the basis

of sensors used, cost, complexity, application, accuracy, and speed.
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