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Abstract—The power system is experiencing an ever-increasing
integration of photovoltaic power plants (PVPPs), which leads
demand on the power system operators to force new requirements
to sustain with quality and reliability of the grid. Subsequently,
a significant quantity of flexible power point tracking (FPPT)
algorithms have been proposed in the literature to enhance
functionalities PVPPs. The intention of FPPT algorithms is to
regulate the PV power to a specific value imposed by the grid
codes and operational conditions. This will inevitably interfere
the maximum power point tracking (MPPT) operation of PV
systems. Nevertheless, the FPPT control makes PVPPs much
more grid-friendly. The main contribution of this paper is
to comprehensively compare available FPPT algorithms in the
literature from different aspects and provide a benchmark for
researchers and engineers to select suitable FPPT algorithms
for specific applications. A classification and short description of
them are provided. The dynamic performances of the investigated
algorithms are compared with experimental tests on a scaled-
down prototype. Directions for future studies in this area are
also presented.

Index Terms—Active power control, constant power genera-
tion, flexible power point tracking, photovoltaic systems, power
curtailment control, power reserve control.

I. INTRODUCTION

R
enewable energy resources have experienced a drastic

increase in the electricity generation market because

of fast developing economies and industries. Among various

types of renewable energy resources, wind and solar energy

achieved higher growth thanks to their reduced environmental
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impact and abundance. Due to the reduction of photovoltaic

(PV) panels cost, the growth rate of installation of PV power

plants (PVPPs) is greater than that of wind power systems

[1], [2]. The installed PV capacity was increased by 98 GW
in 2017, while it was incremented with additional capacity of

109 GW in 2018 (more than twice the capacity installed in

2015) [3].

The most important concern for both utility and residential

scale PVPP owners is to maximize their revenue, in which

cost and efficiency are critical parameters. It is seen from

the power-voltage (P-V) curve of a PV string in Fig. 1

that there is a unique operating point where the PV array

power is maximized. The P-V characteristics of PV strings

are affected by variations of solar irradiance, temperature, and

aging. Therefore, an algorithm to extract the maximum power

from the PV string is required. Maximum power point tracking

(MPPT) algorithms are normally employed to set the operation

point of the PV string at the maximum power point (MPP, in

Fig. 1) by regulating the PV voltage at vmpp [4], [5]. There

are several MPPT algorithms available in the literature with

their own advantages and disadvantages. Comprehensive com-

parisons and reviews on various MPPT algorithms for PVPPs

have been discussed in [6]–[9]. The most frequently-applied

MPPT algorithms are the perturb and observe (P&O) [10]–[12]

and incremental conductance (INC) algorithms [13], [14]. Key

features of MPPT algorithms include: accuracy of tracking the

MPP, computational complexity, dynamic performance, and

steady-state power oscillations.

Countries with a significant amount of installed renewable

energy sources may face several challenges in the near future.

For instance, if the amount of the generated power from

renewable energy sources exceeds the load demand during

peak power generation periods, the power system may be over-

loaded and subsequently protection devices may be triggered

[2], [15], [16]. In order to ensure the stability and quality of the

power system, power system operators continually update the

requirements for PVPPs for the connection to the grid [17]–

[22], referring to as grid codes and standards, which aim to

reduce the adverse effects of the high penetration of installed

PVPPs in the power system.

A common theme of all new and updated grid codes is grid-

support functionality with flexibility to inject an amount of
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PV power and its maximum available power (Zone 2 in Fig.

2). This enables the PVPP to increase the output power to

the maximum available power (Pavai) if the grid frequency

drops below f2. If the frequency is between 47Hz and f1,

the PV system should inject the maximum power Pavai to

the grid. On the other hand, for frequencies larger than

the upper limit of the frequency band f3, the PV power

reduces based on droop relationship, defined in the standard.

When the grid frequency is larger than 52Hz, the PV system

should cease the power generation and be disconnected from

the grid.

• Zone 3 - Ramp rate constraint. A ramp rate constraint is

used to limit the power ramp rate by which the active power

can be changed. According to frequency-power characteris-

tics, under fast environmental changes, the rate of the PV

power change should be limited to a specific value R∗

r ,

defined by the grid codes. This requirement helps to retain

the stability of the power system.

• Zone 4 - Power limiting control (absolute power constraint).

An absolute power constraint is typically used to protect

the power system against overload in critical situations.

As depicted in Fig. 3, if the available PV power is larger

than the inverter maximum power (Plimit), the PV power

is kept as constant. In addition, the injected power to the

grid remains constant for a longer period of time, which

can improve the quality and reliability of the power system.

Based on the above-mentioned grid requirements, flexible

power control is necessary in PVPPs in order to achieve active

power control and frequency support. The grid requirements

are not limited to active power control. They also govern

reactive power control and voltage support, which is discussed

in the following subsection.

III. SYSTEM TOPOLOGIES

PVPP systems are divided into two categories, as depicted

in Fig. 4. In the single-stage configuration, a grid-connected

inverter is directly connected to the PV strings and all of the
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Fig. 4. Photovoltaic power plant structures: (a) Single-stage, and (b) two-stage
system.

control functionalities are implemented on this inverter [48], as

shown in Fig. 4(a), where the control blocks have the following

functionalities:

• Grid Support provides fault ride-through (FRT) capability,

frequency support, power ramp-up/down control, etc. for

the PVPP. It calculates the active/reactive power reference

(pfpp and qref ) for the inverter, according to the operational

condition and grid requirements.

• Grid Synchronization typically includes a phase-locked-loop

(PLL) to calculate the grid voltage angle and synchronize

the inverter current with the grid.

• PV Voltage Reference Calculation (FPPT or MPPT) calcu-

lates the PV voltage (vdc-ref ), related to the power reference,

as illustrated in Fig. 1(b). It is the main focus of this paper

and different available algorithms will be presented.

• DC-link Voltage Control. In the single-stage PVPP, the PV

strings are directly connected to the dc-link, and thus the dc-

link voltage is equal to the PV string voltage. Consequently,

the voltage reference, calculated by the FPPT block, is used

as the input of the dc-link voltage controller. The output of

this block is the current reference (Idq-ref ), which is fed to

the current controller.

• Current Control. Various current control strategies, like

proportional-integral (PI) controller [49] and proportional

resonant (PR) controller [50] can be implemented in this
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block in order to regulate the inverter current to its reference.

In the two-stage configuration, a dc-dc converter is con-

nected between the PV strings and the dc-link, as shown in Fig.

4(b). The dc-dc converter controls the PV voltage according

to the voltage reference vpv-ref , which is calculated by the

FPPT or MPPT block. The grid support requirements are

implemented in the inverter controller, in which the PV power

reference pfpp is also calculated.

IV. FLEXIBLE POWER POINT TRACKING ALGORITHMS

A short description of the available FPPT algorithms in the

literature is provided in this section. These algorithms can be

divided into two types:

Type A) The controller of the connected converter to the PV

string (dc-dc converter in two-stage PVPPs and dc-ac

inverter in single-stage PVPPs) is modified in order

to regulate the PV power to its reference value [49],

[53], [54], [60]–[65]. In these algorithms, the “PV

Voltage Control” block, shown in Fig. 4(b), is modi-

fied, while a conventional MPPT algorithm is imple-

mented in the “PV Voltage Reference Calculation”

block. In order to achieve the FPPT operation, the

calculated voltage reference by the MPPT algorithm

is modified in the “PV Voltage Control” block.

Type B) Algorithms with the direct calculation of the PV

voltage reference corresponding to the power ref-

erence pfpp. In these algorithms, the “PV Voltage

Control” block, shown in Fig. 4(b), remains as any

conventional voltage control algorithm, while an

FPPT algorithm is implemented as the “PV Voltage

Reference Calculation” block [24], [25], [28], [32],

[58], [59]. The FPPT algorithm calculates vpv-ref
based on the PV power reference pfpp. The PV

voltage controller regulates the PV voltage to its

reference vpv-ref , which consequently regulates the

PV power to its reference pfpp.

The details of these FPPT algorithms are provided in the

following subsections.

A. Type A: Algorithms with Modification of the PV Voltage

Controller

The available algorithms in the literature in Type A can

further be categorized into eight methods (Fig. 5) and detailed

in the following.

Method 1 (m1): This FPPT algorithm directly controls

the active power [51], [52] (Fig. 5(a)). The instantaneous PV

power is compared with its reference and the error is fed into a

PI controller, which calculates the switching duty cycle of the

dc-dc converter. However, this algorithm is not able to extract

the maximum power from the PV strings. The PV operation

point moves to the right-side of the MPP, which results in

larger power oscillations. This algorithm does not contain the

“PV Voltage Reference Calculation” block and is not able to

track the MPP if the power reference pfpp is larger than the

available maximum power (see Fig. 1).

Method 2 (m2): A multi-mode FPPT algorithm with the

calculation of the PV current reference i∗pv based on the ratio

of the power reference pfpp and instantaneous PV power ppv
was proposed in [53] (Fig. 5(b)). The ratio

pfpp
ppv

is multiplied

by the instantaneous PV current ipv resulting in the PV current

reference i∗pv . With pfpp > ppv , i∗pv increases, which increases

the PV power in the left-side of the MPP; and vice versa.

At steady state, pfpp ≃ ppv , and accordingly, i∗pv remains

close to ipv . A dc-link voltage stabilizer is also implemented

in the dc-dc converter in this algorithm. If the dc-link voltage

is larger than its upper range, the current reference is reduced

by ∆I; otherwise it increases. Finally, the modified PV current

reference i∗pv-1 is compared with its measured value ipv and is

fed to a PI controller to generate the duty cycle D of the dc-

dc converter. The “PV Voltage Reference Calculation” block

is not considered in this algorithm, and as a result, it is not

able to track the MPP while the power reference is larger

than the available power (see Fig. 1). Hence, this algorithm is

applicable for short-term operation of the PVPPs with limited

output power, but it can not properly control the PV power

for long periods (e.g., including normal MPPT operation).

Method 3 (m3): An FPPT algorithm with the calculation

of the current reference of the dc-dc boost converter based on

the power reference pfpp was introduced in [54] (Fig. 5(c)).

The inductor current reference is calculated using two loops,

i.e., the MPPT algorithm and power limitation algorithm.

The smaller value is always chosen as the inductor current

reference i∗l . Under the power limitation operation, the MPPT

algorithm is frozen and the last calculated value of the MPP

voltage is used for the calculation of the inductor current

reference. The inductor current reference is limited to Imax,

which is the summation of i∗l-fpp and a constant current I0
that is set based on the PV capacitor size and the inductor

size. Furthermore, the calculated inductor current reference is

limited to Imax to enable fast dynamics and avoid voltage

drops after switching to the MPPT operation. This algorithm

moves the operation mode to the right-side of the MPP.

Method 4 (m4): With a multi-mode operation, based on a

comparison between the PV power and its reference, the FPPT

controllability was obtained in [55]–[57] (Fig. 5(d)). When

the PV power is smaller than the reference (ppv < pref ),

the MPPT algorithm calculates the PV voltage reference v∗pv ,

which increases the PV power. Subsequently, the duty cycle

is computed using a proportional controller kmpp. If the PV

power is larger than the reference (ppv ≥ pref ), the power

limit control loop is activated and the duty cycle of the dc-dc

converter is calculated based on the error between ppv and

pref . This operation reduces the PV power by moving the

operating point to the left-side of the MPP. This operation

region results in slower dynamics. Furthermore, transitions

between the operation modes are necessary, which increases

design complexity of the control parameters.

Methods 5 and 6 (m5 and m6): The FPPT algorithms in

[58] are achieved by limiting the PV power or current refer-

ences according to the FPPT power reference pfpp, as demon-

strated in Figs. 5(e) and (f), respectively. The MPPT algorithm
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power control with PV power-based delta-voltage control [62].

calculates the maximum power or current under all operation

modes. Subsequently, the input power or current references

to the controller is limited to pfpp or ilimit, respectively. As

depicted in Figs. 5(e) and (f), ilimit is calculated by dividing

pfpp to vpv . The advantage of this algorithm is that it does not

require any state transitions between various operation modes.

However, due to the reduction of the PV power under the

power limit operation, the MPPT can produce instability and

move into the wrong direction. These algorithms are able to

regulate the power under environmental changes, due to the

existence of the “PV Voltage Reference Calculation block”,

that continuously calculates the PV voltage reference with an

MPPT algorithm.

Methods 7 and 8 (m7 and m8): In the algorithms in

[49], [60]–[62], an extra amount of ∆vpv was added to the

calculated voltage reference from the MPPT algorithm, during

the power limit operation mode (Figs. 5(g) and (h)). During

the MPPT operation mode, the MPPT algorithm calculates

the PV voltage reference, which is fed into the controller

without adding ∆vpv . At the beginning of the power limit

operation mode, the MPPT algorithm disables and the last

calculated vmpp is recorded. In [49], [60], [61], the dc-dc

converter of the two-stage PVPP controls the dc-link voltage

during the power limit operation mode. Accordingly, ∆vpv is

computed based on the error between the dc-link energy v2dc
and its reference value (v∗dc)

2. The algorithm in [62] considers

the power reference pfpp in the calculation of ∆vpv . In this

algorithm, the dc-link voltage is controlled using the grid-

connected inverter during the power limit operation.

All of the presented algorithms in this section require

modifications of the PV voltage controller, which necessitates

a controller design suitable for transition changes. A compre-
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hensive comparison of these algorithms is provided in Section

VI.

B. Type B: Algorithms with Direct Calculation of the Voltage

Reference

Algorithms with direct calculation of the voltage reference

vfpp, corresponding to the power reference pfpp, during the

FPPT operation, are investigated in this section. In these

algorithms, the “PV Voltage Control” block, shown in Fig. 4,

remains unchanged similar to any conventional voltage con-

troller, while the power regulation is implemented in the “PV

Voltage Reference Calculation” block. The Type B algorithms

can be further categorized into three methods, as demonstrated

in Fig. 6.

Method 9 (m9): The algorithms in [32], [34], [56],

[66]–[68] divide the operation modes into the MPPT and

FPPT operation modes (Fig. 6(a)). During the MPPT con-

trol, a conventional MPPT algorithm, e.g., P&O or INC,

is implemented to calculate the PV voltage reference vmpp,

corresponding to the maximum available power. During the

FPPT operation, a power control algorithm is implemented to

calculate the voltage reference vfpp corresponding to the PV

power reference pfpp. In order to achieve an optimum control

in both modes, the voltage- and time-step values of the voltage

reference calculation algorithm are set as different values.

During the MPPT operation, Tstep is set as Tstep-mpp, which

is relatively large (0.1 s to 1 s), while Vstep is set as Vstep-mpp

that is relatively small. This set of parameters leads to small

power oscillations during MPPT operation. On the other hand,

Tstep-fpp is relatively small and Vstep-fpp is relatively large,

in order to obtain fast transients during the FPPT operation.

Method 10 (m10): An algorithm for the calculation of the

voltage-step, based on the operational condition of the PVPP

(i.e. transient or steady-state), was introduced in [24] (Fig.

6(b)). During the FPPT operation, if the grid is under the Fault

condition, a small time-step Tstep-fpp-tr and large voltage-

step Vstep-fpp-tr are chosen in order to enhance the transient

response. Under the Normal operation, the difference between

the amplitude of the power reference pfpp and ppv , calculated

as | dp∗ |=| pfpp−ppv |, is compared with its threshold value

dpth. In this way, the operation mode is divided into steady-

state or transient modes. Furthermore, a hysteresis controller is

implemented to use a large voltage-step Vstep-fpp-tr and small

time-step Tstep-fpp-tr under transients. The main advantages

of this algorithm, compared to m9, include fast transients and

lower power oscillations during the FPPT operation. It can

be seen in Fig. 6 that even though these algorithms apply

different voltage reference calculation algorithms under FPPT

and MPPT operation modes, they use a similar algorithm for

the calculation of the PV voltage reference vfpp.

Method 11 (m11): A general algorithm for flexible power

tracking in PVPPs was introduced in [69] (Fig. 6(c)). One gen-

eral voltage reference calculation algorithm is implemented,

which is able to calculate the voltage reference in both MPPT

and FPPT operation modes. The main advantage of this

algorithm, compared to the algorithms m9 and m10, is the

use of a fixed time-step for all operation modes. This feature

reduces the implementation complexity, as well as facilitates

the tuning process for controller parameters. The use of a

general algorithm for all operation modes eliminates the need

for the transition changes between various operation modes of

the controller. The voltage-step is calculated adaptively based

on the operation mode of the PVPP, being transient or steady-

state, which is identified according to the control algorithm

shown in Fig. 6(c). During the steady-state operation, the

aim is to reduce the power oscillations around the power

reference. Therefore, the adaptive voltage step is calculated

based on the derivation of the power to the voltage for that

specific operation point. During the transient conditions, the

objective is to achieve fast transient response. In this case,

the adaptive voltage step is calculated as a proportion of

the difference between the PV power and its reference. If

the current operation point of the PV string is far from the

reference, the voltage step is proportionally large. Once the

operation point gets close to the reference, the adaptive voltage

step becomes smaller, which ensures the stable operation of the

PV string around the reference. More details of this algorithm

can be found in [69].

V. EXPERIMENTAL EVALUATION

A scaled-down 1.1 kVA two-stage PVPP, as shown in Fig.

4(b), has been implemented experimentally to compare the

dynamic and steady-state performance of the investigated

FPPT algorithms. The system consists of a three-phase grid

connected inverter and a dc-dc boost converterm, as shown

in Fig. 4(b). The PV panel is simulated by using a Chroma

62000H-S solar array simulator, and the grid is emulated

with a Cinergia grid emulator. IMPERIX H-bridge modules

are used to build the two-stage PVPP and the controller is

implemented using the B-BOX RCP control platform from

IMPERIX. The parameters of the experimental setup are

provided in Table II.

In order to obtain a fair comparison between the algo-

rithms, the parameters of each algorithm should be designed

optimally. Due to the non-linear nature of the algorithms, an

analytical solution to find the optimum values of parameters

does not exist. Therefore, the sensitivity analysis tool of

Matlab/Simulink is applied to find the optimum parameters

numerically. A similar circuit topology with same parameters

of the experimental setup is simulated. Based, on the results

of the sensitivity analysis, the response optimization tool is

applied to tune the parameters of algorithms optimally. In

order to evaluate the algorithms the following case study is

implemented. The irradiance is kept as 1000W/m2 and the

power reference is pfpp = 500 W before t = 0.15 s. All

the algorithms reach their steady-state condition at t = 0.1 s.
Accordingly, the steady-state tracking error TEss is calculated

in the following manner:

TEss =

∫

| ppv − pfpp |
∫

| ppv |
× 100. (1)

In order to calculate the steady-state tracking error, the

integrals in the above equation are calculated between t =
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Fig. 6. Type B - FPPT algorithms with direct calculation of voltage reference: (a) Method 9 (m9) - proposed algorithms in [32], [34], [56], [66]–[68] with
constant voltage-step values for MPPT and CPG, (b) Method 10 (m10) - proposed algorithm in [24] with different voltage-step values during transient and
steady-state for MPPT, and (c) Method 11 (m11) - general FPPT algorithm for both MPPT and FPPT operation modes [69].
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Fig. 7. Experimental setup.

0.1 s and t = 0.15 s, in which all the algorithms operate at

steady-state. In order to evaluate the transient performance of

the algorithms, a step-change of the power reference from

pfpp = 500 W to pfpp = 1000 W is implemented at

t = 0.15 s. The transient tracking error TEtr is calculated

between t = 0.15 s and t = 0.22 s, because all the algorithms

reach their new steady-state condition at t = 0.22 s.

The optimum operation of an algorithm is when both the

transient and steady-state error values are minimized. In this

case, a cumulative tracking error TE is defined, as follows

TE =
√

TE2
ss + TE2

tr. (2)

This parameter is used as the optimization parameter for the

calculation of the parameters of the algorithms.

Based on the sensitivity analysis, various trends between

the parameters and tracking error values can be determined in

the algorithms. For example, in m1, the larger values of kP
(the proportional gain of the PI controller, shown in Fig. 4)

result in smaller tracking error values. The same phenomena

can be also seen for kI . As another example, the larger values

of integral gain kI result in smaller values of tracking error

for m3. Furthermore, larger values of voltage step Vstep result

in larger tracking error for m9-R, while by smaller values of

time-step Tstep, the tracking error can be reduced for m10-R.

Based on this optimization strategy, the optimum values of the

parameters of the algorithms are calculated and listed in Table

III.

The performance of investigated algorithms is verified and

compared under a fast change of the irradiance and results

are demonstrated in Figs. 8 and 9. The irradiance increases

from 300W/m2 to 1000W/m2 in the period between t = 5 s
and t = 10 s, and decreases from 1000W/m2 to 300W/m2

in the period between t = 35 s and t = 40 s. Three different

power reference values are considered in the evaluation of each

algorithm, i.e, 75% (case I), 50% (case II) and 25% (case III)

of the maximum available power of the PV string.

It should also be mentioned that to obtain a fair comparison

between various FPPT algorithms, the rest of the controllers in

the two-stage PVPP are considered identical. The PV simulator

ensures providing similar PV curves in all the cases.

TABLE II
PARAMETERS OF THE EXPERIMENTAL AND SIMULATION SYSTEMS

Parameter Symbol Values

DC-link voltage Vdc 250V

Grid voltage (line-to-line) Vg 110V

PV maximum power* Pmpp 1100W

PV maximum power voltage Vmpp 150V

PV capacitor Cpv 0.51mF

dc-dc boost converter inductor Lboost 2mH

dc-dc switching frequency fsw-boost 10 kHz

Grid-connected inverter filter Linv 5mH

Inverter switching frequency fsw-inv 10 kHz

* Irradiance = 1000W/m2 and Temperature = 25 ◦C.

The algorithms m1 and m2 do not contain the “PV Voltage

Reference Calculation” block (see Fig. 4) and cannot regulate

the PV power under environmental changes, and hence none of

them are evaluated in this experimental study. The algorithms

m3 and m4 are based on a multi-mode operation and result

in similar performance under environmental changes, and

therefore, only m4 is tested. Between the algorithms m5 and

m6 with limitation of the power/current reference, the method

m6 is implemented. The algorithms m7 and m8 are not able to

regulate the PV power under environmental changes, because

they assume that the MPP voltage remains constant during

the FPPT operation, which is not true under environmental

changes. As a result, these algorithms (m7 and m8) are not

analyzed in this case study. The algorithms m9, m10 and m11

are able to move the operating point to both the left- and right-

side of the MPP and consequently the performances on both

sides are evaluated. It should be remarked that the performance

of m10 is similar to m9, and accordingly, m9 is only evaluated.

It should be noted that the parameters of the inverter (like grid

current and grid voltage) are not the main focus of this paper

and they are not included in the results.

The performance of the algorithm m4 under the above-

mentioned test condition is evaluated and results are illustrated

in Fig. 8(a). Before t = 5 s, the available power is extracted

from the PV string in the Cases I and II, while the PV power is

regulated at 25% of the maximum power in Case III. During

the interval between t = 5 s and t = 10 s, the irradiance

increases and, accordingly, the PV power increases up to its

reference. In Case III, there is a relatively large deviation of the

PV power from its reference after the increase of irradiance,

although the error is reduced in steady-state operation. The

tracking error values in all cases are relatively large, compared

to other algorithms. The operating point of the PV strings

under all of the cases are illustrated in the right-side of Fig.

8(a). It can be seen that m4 moves the operating point to

the right-side of the MPP. Under the fast decrease of the

irradiance, the operating point goes close to the open-circuit

voltage of the PV string, which can destabilize the system.

The performance of the algorithms m6, m9 and m11 with
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Fig. 8. Performance comparison of various FPPT under fast changes of irradiance - PV power and its references (left-side) and PV operating point (right-side)
for algorithms (Irr - irradiance): (a) m4, (b) m6, (c) m9 with operation at the right-side of the MPP, and (d) m11 with operation at the right-side of the MPP.
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Fig. 9. Performance comparison of various FPPT under fast changes of the irradiance - PV power and its references (left-side) and PV operating point
(right-side) for algorithms (Irr - irradiance): (a) m9 with operation at the left-side of the MPP, and (b) m11 with operation at the left-side of the MPP.

TABLE III
DESIGNED PARAMETERS OF THE INVESTIGATED ALGORITHMS.

Algorithm Parameters

m1 kP = 0.11, kI = 11.5

m2 kP = 0.4, kI = 4.5

m3 kP = 0.5, kI = 25

m4 kmpp = 0.05, kFPPT = 0.008

m5 kP = 0.16, kI = 3.3

m6 kP = 0.16, kI = 3.3

m7 kP = 0.018, kI = 50

m8 kP = 0.018, kI = 50

m9-R Vstep-fpp = 1.5, Tstep-fpp = 0.001

m9-L Vstep-fpp = 6.9, Tstep-fpp = 0.001

m10-R Vstep-fpp-st = 1.5, Vstep-fpp-tr = 5.2, Tstep-fpp = 0.001

m10-L Vstep-fpp-st = 1.5, Vstep-fpp-tr = 25, Tstep-fpp = 0.001

m11-R Vstep = 1.5, Tstep = 0.001, k1 = 0.006, k2 = 0.05

m11-L Vstep = 3.1, Tstep = 0.001, k1 = 0.001, k2 = 0.085

the operation in the right-side of the MPP are also provided

in Fig. 8. Each algorithm results in different tracking errors,

which can be considered as a comparison parameter between

the algorithms. The tracking error is larger for smaller power

reference values, due to the large power oscillations at the

right-side of the MPP. In order to tackle this problem, the

algorithms m9 and m11 are proposed in the literature (see

Fig. 6), which are able to directly calculate the PV voltage

reference, at the left-side of the MPP. The performance of these

algorithms under fast change of the irradiance is illustrated in

Fig. 9. It is seen that the tracking error for the algorithm m11

with the operation at the left-side of the MPP is smaller than

all other algorithms, for all the three case studies. One of the

reasons for such a performance is the existence of relatively

low power oscillations by operating at the left-side of the MPP.

Another reason is the adaptive calculation of the voltage step

based on the operating point and operation mode (i.e., transient

or steady-state). This fact is visible by comparing the results

in Fig. 9, in which Fig. 9(a) uses a constant voltage step in m9,

and an adaptive voltage step is utilized in Fig. 9(b). Based on

the performance under fast irradiance changes with different

power reference values, it is seen that m11, which operates at

the left-side of the MPP, shows a better performance compared

to the other algorithms. Different features of these algorithms

are analyzed and discussed in the following section.

VI. COMPARISON OF VARIOUS FPPT ALGORITHMS

This section provides a comprehensive comparison of the

above mentioned FPPT algorithms. Several aspects of these

algorithms including: i) ability to track the maximum power

point, ii) multi-mode transition, iii) operating region in the P-

V curve, iv) dynamic response, v) power oscillations in steady

state, vi) performance under environmental changes, and vii)
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TABLE IV
COMPARISON OF TRACKING ERROR INDICES OF THE ALGORITHMS.

Algorithm TEss (%)
TEtr1

(%)

TEtr2

(%)
TE (%)

m1 5.8 3.2 63 6.6

m2 4.4 4.5 52 6.4

m3 0.5 3.1 15.4 3.2

m4 6.8 4.5 20.3 8.2

m5 4.9 3.4 18.7 6.1

m6 4.8 3.5 17.5 5.9

m7 0.6 0.6 66.8 0.9

m8 0.5 0.6 72.5 0.8

m9-R 5.2 7.1 11.3 8.8

m9-L 6.0 8.9 14.6 10.7

m10-R 5.1 2.6 10.8 5.7

m10-L 1.1 4.2 10.5 4.4

m11-R 4.0 1.7 10.7 4.4

m11-L 2.1 2.9 9.2 3.6

tracking error as well as the main demerits of each algorithm

are analyzed in Table V.

Four indices are also defined to compare the algorithms, as

follows:

• Steady-state tracking error (TEss): This index is calculated

for the steady-state operation of the algorithms, in which

pfpp = 500 W and irradiance is Irr = 1000W/m2.

• Transient tracking error (TEtr1) under step change of the

power reference: This index is calculated for the transient

operation of the algorithms, in which the power reference

increases as a step from pfpp = 500 W to pfpp = 1000 W
and irradiance is kept constant at Irr = 1000W/m2. The

period of the calculation of this index is set equal to the

longest period in which all the algorithms reach their new

steady-state value.

• Cumulative tracking error (TE) is calculated based on (2)

with including TEss and TEtr1.

• Transient tracking error (TEtr2) under ramp change of the

irradiance. Since some of the algorithms are not able to track

the power reference under environmental changes, this index

is defined to differentiate the performance of the algorithms

under environmental changes. The power reference is con-

sidered as pfpp = 750 W, while the irradiance reduces

linearly from Irr = 1000W/m2to Irr = 400W/m2in a

period of 0.1 s.
All the algorithms are implemented and the above men-

tioned parameters are calculated and tabulated in Table IV.

Algorithms m1 and m2 are not able to extract the maxi-

mum available power if the available power is smaller than

the power reference pfpp. Hence, these algorithms are not

suitable for the FPPT operation during a long period with

environmental changes. Algorithms m3 and m4 require multi-

mode transitions and large power oscillations occur during

these mode transitions. Algorithms m5 and m6 can only im-

plement some specific MPPT methods with current reference

calculation. In these algorithms, an accurate design of the

MPPT algorithm is required because the current reference

calculated by this algorithm is modified in the controller,

which can confuse it to move the operating point to the wrong

direction. Algorithms m7 and m8 cannot be implemented for

the FPPT operation for a long period. These algorithms freeze

the operation of the MPPT algorithms and use the last recorded

MPP voltage. Hence, it is assumed that the environmental

conditions (irradiance and temperature) are not changed, which

makes them applicable for a short period. In summary, each

of the benchmarked algorithms with the modification of the

voltage controller, as shown in Fig. 5, have several demerits

for the FPPT operation. Accordingly, the algorithms with the

direct calculation of the voltage reference, shown in Fig. 6,

are proposed in the literature.

The main advantage of the FPPT algorithms with direct

calculation of the voltage reference corresponding to pfpp is

that the voltage and current controller of the dc-dc converter

remains the same as any conventional control algorithm and

re-design and tuning of the controller is not required. The

only difference between the MPPT and FPPT operation is

that instead of calculating vmpp, as shown in Fig. 1, vfpp is

calculated and fed into the voltage controller of the converter.

Accordingly, the implementation of these algorithms leads

to less complexity compared to the algorithms in Fig. 5.

The algorithm m9 uses a constant voltage-step during the

FPPT operation. In this case, the selection of a relatively

large voltage-step results in high power oscillations during

the steady state, however a small voltage-step on the other

hand results in slow dynamics. This problem is solved in

m10, which imposes two different voltage-step values during

transient and steady state operation modes. The main demerit

of m10 is that it can have large power oscillations during

the steady state, according to the operation point of the PV

string. In order to enhance the performance, the algorithm m11

implements the adaptive voltage-step calculation structure,

based on the operating point and operation mode of the PV

string. This algorithm achieves fast dynamics in combination

with low power oscillations during the steady state operation.

Another advantage of the algorithms with the direct calcula-

tion of the voltage reference is the ability to move the operating

point to both right- and left-sides of the MPP. As demonstrated

in Section V, for relatively small power reference values, the

operation in the right-side of the MPP results in larger power

oscillations and the operation can become unstable under

fast reduction of the irradiance (i.e., the operating point goes

beyond the open circuit voltage of the PV string). On the other

hand, moving the operating point to the left-side of the MPP

achieves low power oscillations, while fast dynamics can also

be obtained by using an adaptive voltage step, as implemented

in the algorithm m11. The tracking error values, illustrated in

Section V, prove the superior performance of the algorithm

m11 compared to other available algorithms in the literature.

Hence, among all the investigated algorithms, m11 obtains a

better performance across most of the aspects. Its main demerit

lies in relatively high complexity of calculations, although it
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can easily be implemented on readily-available digital signal

processors.

VII. CONCLUSION AND FUTURE DIRECTIONS

An overview of several FPPT algorithms in the literature

has been presented in this paper. A short description of the

algorithms has been provided, while their features have been

comprehensively compared. Experimental results have also

been illustrated to analyze the dynamic performance of these

algorithms. The comparison reveals that the FPPT algorithms

with direct calculation of the voltage reference, corresponding

to the power reference, provide better performance in most

of the aspects. These algorithms do not necessitate multi-

mode transitions, while they are flexible to move the operation

point of the PV string to the right- or left-side of the MPP.

Fast dynamic response and low power oscillations in the

steady state can also be achieved by adaptively calculating

the voltage-step in these algorithms. Furthermore, they do not

compel any change in the voltage control block of the PVPPs.

The following aspects can be regarded as future directions

of this study:

• Investigating novel FPPT algorithms with the capability to

operate under partial shading conditions, which is a practical

problem in PVPPs.

• Estimation of the maximum available power during the

FPPT operation to adjust the power reserve, without dis-

torting the extracted power from the PV strings.

• Implementing virtual inertia and frequency response meth-

ods by considering the FPPT operation and reduced energy

storage size.

• Investigating the performance of FPPT algorithms on mi-

croinverters.
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