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Letters

A Multi-Mode Flexible Power Point Tracking Algorithm
for Photovoltaic Power Plants
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Georgios Konstantinou , Senior Member, IEEE, and Josep Pou , Fellow, IEEE

Abstract—Flexible power point tracking (FPPT) is the control
of active power generated by grid-connected photovoltaic power
plants (GCPVPPs) to provide grid-support functionality. An FPPT
algorithm for the reduction of the extracted power from photo-
voltaic (PV) strings during voltage sags was previously proposed
by the authors. An advantage of this algorithm, compared to con-
ventional FPPT algorithms, was its fast dynamics facilitated by
use of a simple PI controller that dynamically modifies the PV
voltage reference. The previously proposed scheme could only be
employed for the short duration in which the power system expe-
riences a voltage sag. A novel modification to this algorithm with
multi-mode operation is introduced in this letter, which provides
FPPT capability for continuous operation of GCPVPPs. Unlike
the previous algorithm, which was able to only move the opera-
tion point to the right-hand side of MPP, the proposed algorithm
in this letter is able to move the operation point to both right-
and left-hand sides of the MPP that provides the flexibility to
operate in the optimum operation region for both single- and
two-stage GCPVPPs. Experimental results are provided to demon-
strate the performance of the proposed algorithm under dynamic
irradiance conditions.

Index Terms—Active power control, constant power generation,
flexible power point tracking (FPPT), photovoltaic (PV) systems,
two-stage photovoltaic power plants.

I. INTRODUCTION

F LEXIBLE power point tracking (FPPT) algorithms have
been developed in order to provide frequency support

and low-voltage ride-through (LVRT) capabilities for grid-
connected photovoltaic power plants (GCPVPPs) [1]. The prin-
ciples of FPPT are demonstrated in Fig. 1. Unlike maximum
power point tracking (MPPT) algorithms, which always extract
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Fig. 1. Principles of flexible power point tracking in GCPVPPs. (a) Power-
voltage curve under various operation conditions. (b) Algorithm for the
calculation of Δv.

the available maximum power (pmpp) from the PV strings, by
operating at the maximum power point (MPP) in Fig. 1(a), the
FPPT algorithms regulate the PV power (ppv) to a power ref-
erence (pfpp), received from an upper level control system, by
operating the PV strings at points A or B in Fig. 1(a). Further-
more, by applying FPPT algorithms, the injected active power
to the grid can be reduced during grid voltage sags, in order
to provide reactive power injection capability based on the grid
requirements. Additionally, power ramp rate control can be at-
tained by applying FPPT algorithms in GCPVPPs [2]. Various
FPPT algorithms are introduced in the literature with various ad-
vantages and disadvantages [3], [4]. It is noted that GCPVPPs
with FPPT functionality are required to be oversized, compared
to the GCPVPPs with MPPT functionality, but with the added
benefits of grid-support functionality.

Several FPPT algorithms for the operation of two-stage
GCPVPPs (those with integrated dc–dc converters) during volt-
age sags have been proposed in [5]–[7]. The injection of reactive
power to the grid, based on the grid code requirements, may im-
pose a reduction in the injected active power to avoid exceeding
the maximum current rating of the inverter. In these proposed
algorithms, the MPPT algorithm stops its operation during grid
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voltage sags, whereas the control platform records the last cal-
culated voltage reference associated with the MPP, prior to the
detection of the voltage sag. To regulate the PV power to the
required power reference during the voltage sag, the operation
point of the PV strings is moved to the right-hand side of the
MPP, by adding an additional voltage Δv to the last recorded
MPP voltage, as shown in Fig. 1(a). The value of Δv is cal-
culated by a proportional-integral (PI) controller, as shown in
Fig. 1(b). The input of the PI controller is the error between the
PV power ppv and power reference pfpp [6], or the error between
the dc-link voltage and its reference [5], [7].

The main advantage of the algorithms in [5]–[7], compared
to other available FPPT algorithms in the literature [3], [4], is
fast dynamic performance. This is achieved with the use of a PI
controller that adaptively calculates the PV voltage reference. In
conventional FPPT algorithms, such as those based on the per-
turb and observe (P&O) algorithm, a constant voltage-step with
low-frequency calculation bandwidth (e.g. 1–20 Hz in practical
applications) is usually applied. In this case, fast dynamics can
be attained by using a relatively large voltage-step. However,
large voltage-step values result in large power oscillations at
steady state.

In the algorithms in [5]–[7], it is assumed that the duration of
the grid voltage sag is relatively short (�150 ms) and that there
is no significant change in environmental conditions (irradiance,
temperature, etc.) during this period, which means that the MPP
voltage remains constant. The following example demonstrates
why these algorithms cannot ensure the extraction of constant
power from PV strings over long time periods, in which pre-
vailing environmental conditions change. In Fig. 1, initially, the
power-voltage (P-V) curve of the PV panel is curve ©1 . The PV
operates at point B, achieved by adding Δv to the last recorded
MPP voltage (vmpp) before the occurrence of the voltage sag.
Due to sudden environmental changes, the P-V curve changes
to curve ©2 . In this condition, the appropriate FPPT operation
point is C, because the maximum available PV power is smaller
than pfpp. However, the algorithms in [5]–[7] cannot track the
voltage of point C. This is because the MPP voltage is assumed
to be constant at vmpp and the error between ppv and pfpp is pos-
itive, which results in a large positive Δv in the output of the
PI controller, as shown in Fig. 1(b). Accordingly, the algorithm
will keep the operation point beyond the open-circuit voltage
of the PV string. Therefore, these algorithms cannot ensure the
continuous FPPT operation of GCPVPPs.

To extend the applicability of these algorithms for contin-
uous operation, a multi-mode-based FPPT is proposed in this
letter. In one operation mode, a conventional MPPT algorithm
is performed to increase the PV power, whereas in the second
operation mode, a PI controller is implemented to reduce the PV
power toward its desired value. The proposed algorithm is also
applicable for both single- and two-stage GCPVPPs, because
it is able to move the operation point to the right- or left-hand
sides of the MPP.

II. PROPOSED MULTI-MODE FPPT ALGORITHM

The control diagram of the proposed multi-mode FPPT al-
gorithm is shown in Fig. 2. There are two operation modes,

Fig. 2. Proposed multi-mode FPPT algorithm. (a) Control diagram of the
algorithm. (b) Demonstration of the multi-mode operation.

depending on the relation between the PV power ppv and power
reference pfpp, as follows.

Mode I (pfpp ≤ ppv): In this mode, the PV power should be de-
creased. To decrease the power, the MPPT algorithm ceases its
operation and the last recorded MPP voltage reference (vfppold) is
used, as illustrated in Fig. 2(a). For the operation in the left-hand
side of MPP, the reduction of the PV power is achieved by substi-
tuting the calculated Δv from vfppold (vf pp = vfppold − Δv). As
shown in Fig. 1(b), Δv is calculated using a PI controller. The
input of this PI controller is the error between the PV power
ppv and power reference pfpp, which is calculated on a high-
frequency calculation bandwidth (e.g., calculation bandwidth of
the control platform). Furthermore, for a relatively large error
value, Δv becomes relatively large, which moves the opera-
tion point toward its desired point in a short time interval. This
feature results in fast dynamic performance of the proposed al-
gorithm. If the PV operation point is close to its reference point,
the error is small, which contributes to a relatively small value
for Δv. Consequently, only small power oscillations around the
operating point are obtained during steady state. It should be
mentioned that PV voltage is adjusted with a high-frequency
calculation bandwidth (the calculation frequency bandwidth of
the controller platform, e.g., 100 kHz) in the proposed algo-
rithm, which results in fast dynamics compared to conventional
FPPT algorithms with relatively low calculation bandwidth.

This mode is demonstrated in Fig. 2(b). At t = KT , where
K is the number of the calculation step and T is the calculation
time step, the PV voltage is vpv(K) at point ©1 . At this point, ppv

is larger than pfpp, hence the proposed algorithm reduces the PV
voltage by subtracting its previous value by Δv, as discussed
previously. As a result of the reduction of the PV voltage, the
operation point moves to point ©2 , which produces less power,
compared to pfpp.

Mode II (pfpp > ppv): In this mode, the algorithm increases
the PV power by activating the MPPT algorithm, as shown in
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Fig. 3. Circuit diagram of experimental verification on a down-scaled two-
stage GCPVPP.

Fig. 2. Any conventional MPPT algorithm can be deployed. In
this study, P&O MPPT algorithm is implemented. It is based on
a step-change of the PV voltage (Vstep) in each calculation-step
and determination of the direction of the next voltage change,
based on the PV power change. The parameter Δv is not added
to the voltage reference calculated by the MPPT algorithm in
this condition. Hence, the MPPT algorithm increases the PV
power toward pfpp. This operation is shown in Fig. 2(b). At
t = (k + 1)T , vpv = vpv(K + 1) and the operation point is at©2

with ppv < pfpp. Accordingly, the proposed algorithm operates
in Mode II and the MPPT algorithm increases the PV power
by adding a voltage-step Vstep to the PV reference voltage. As
a result of this action, the operation point moves to ©3 , with
higher power than pfpp, as shown in Fig. 2(b). It is noted that
implementing an MPPT algorithm in Mode II does not mean
that the operation point is moved to the maximum power point.
It simply means that the PV power is increased by moving the
operation point toward the maximum power point (point ©3 ).

The multi-mode operation feature of the proposed algorithm
facilitates continuous operation capability. Unlike the algo-
rithms in [5]–[7], the MPPT operation is not ceased during
the FPPT operation and instead, it is implemented as one of the
operation modes. If the PV power becomes smaller than pfpp,
due to environmental changes or variations in pfpp from an up-
per level controller, Mode II is activated, which increases the
PV power via the MPPT operation.

The proposed algorithm is also able to move the operation
point to the right-hand side of the MPP. The only difference is
that during Mode I operation, the value Δv should be added to
vfppold, instead of being subtracted from it. It should be men-
tioned that the selection of the optimized operation regions
should be performed by a higher level controller and is not the
main focus of this study. The FPPT operation in the right-hand
side of MPP provides faster dynamic performance compared to
the left-hand side of MPP, because a small change in the volt-
age results in a large change of power. On the other hand, the
operation in the right-hand side of MPP results in larger power
oscillations compared to the left-hand side of MPP. This should
be considered in the design of the PI control parameters.

III. EXPERIMENTAL EVALUATION

The performance of the proposed multi-mode FPPT algo-
rithm is evaluated on a scaled-down two-stage GCPVPP. The
circuit diagram of the system is shown in Fig. 3. It consists

of a dc–dc boost converter with FPPT functionality and a
grid-connected inverter, which regulates the dc-link voltage to
its desired value and complies with grid code requirements.
The power reference pfpp is calculated with the controller of
the grid-connected inverter. The PV panel is simulated us-
ing the Chroma 62000H-S solar array simulator. The maxi-
mum power of the PV panel at irradiance of Irr = 1000 W/m2

and temperature of T = 25 °C is pmpp = 800 W (vmpp = 110 V
and impp = 7.3 A). The grid voltage (vrms = 70 V) is synthesized
using a Cinergia grid emulator. The dc–ac inverter and dc–dc
converters are implemented using Imperix full-bridge modules.
The dc-link voltage is 170 V and the controller is implemented
on the Boombox control platform. Two case studies with the
movement of operation point to the right- and left-hand sides of
the MPP are performed under fast irradiance changes.

In order to verify the performance of the algorithm proposed
in this letter (referred to as Method 1), the results are compared
with the algorithm of [3], [8], and [9] (referred to as Method 2).
In Method 2, the PV voltage reference is calculated directly
via an FPPT algorithm, which is based on the modification of
the P&O algorithm. The same voltage-step (Vstep = 1 V) and
calculation time-step for MPPT and FPPT algorithms (Tstep =
0.2 s. i.e., the calculation bandwidth of the FPPT algorithm is
5 Hz) are considered in all of the case studies to provide a fair
comparison. To obtain a numerical comparison between the
performances of these algorithms, two parameters are analyzed
in the experimental results: first, settling time of the controller,
which is the time elapsed between when the available PV power
is equal to or larger than pfpp to the time that the PV power enters
and remains within a 5% error band of its reference value; and
second, average tracking error in percentage of the total energy
yield (T.E.), which is calculated as follows [2]:

T.E. =
∫ |ppv − pfpp|∫ |ppv| × 100. (1)

Case I: The performance of the proposed algorithm for the
movement of the operation point to the right-hand side of MPP
is evaluated in this case study and results are presented in Fig. 4.
Initially, the irradiance is Irr = 300 W/m2 and the maximum
available PV power is pavai = 240 W. From t = 5 s to t = 7.8 s,
the irradiance increases linearly from 300 to 1000 W/m2 . Cor-
respondingly, the available PV power rises from 240 to 800 W.
Subsequently, the irradiance remains constant at 1000 W/m2 for
a duration of 25 s until t = 32.8 s, in which it starts to reduce to
300 W/m2 for a transient period of 2.8 s.

The maximum available PV power under this condition is
shown in Fig. 4(a). The power reference for the FPPT algorithm
(pfpp) is 500 W in this case study. The PV power curves under the
implementation of the proposed algorithm (ppvm1) and Method 2
(ppvm2) are illustrated in Fig. 4(a). If the available PV power is
smaller than pfpp, the algorithms extract the maximum power
from the PV strings. The PV power overshoot by the implemen-
tation of the proposed algorithm is relatively small, whereas
the overshoot under Method 2 is relatively large. The superior
performance of the proposed algorithm is achieved because the
PV voltage is adaptively calculated through the PI controller.
Furthermore, the FPPT algorithm in Method 2 is updated every
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Fig. 4. Performance of the proposed algorithm under fast environmental
changes with the movement of the operation point to the right-hand side of
MPP (Case I). (a) PV power. (b) PV voltage.

0.2 s (FPPT calculation time step), as the lower limit for the
time step is determined by acceptable oscillation in steady-state
conditions, whereas the PI controller in the proposed algorithm
adjusts the PV voltage reference every 10 µs (the controller plat-
form calculation time step). The settling time of the proposed
algorithm (TSm1) is 0.9 s, whereas it is equal to TSm2 = 6.4 s
for Method 2. The tracking error (T.E.) is calculated over the
time interval that pavai > pfpp (in this case between t = 6.3 s and
t = 34.3 s). It is seen that the tracking error of the proposed
algorithm (Method 1) is smaller than Method 2 by 8.2%. These
two parameters verify the faster dynamics of the proposed al-
gorithm under fast increments of irradiance, compared to the
conventional algorithm. The PV voltage curves for both of the
algorithms are shown in Fig. 4(b). The PV voltage is increased
during the FPPT operation, which implies the operation in the
right-hand side of the MPP.

Both of the algorithms have similar performance under a fast
reduction of irradiance, because the proposed algorithm mostly
operates at Mode II in this condition. Since the same MPPT
algorithm (P&O) is implemented in both methods, similar per-
formance is achieved. It should be noted that the performance
under fast increase of irradiance is more important and challeng-
ing, compared to the fast decrease of irradiance. This is because
the excess of energy extracted from the PV panels under irradi-
ance increase can be stored in the dc-link capacitor and increase
its voltage beyond the nominal limit.

Case II: The performance of the proposed multi-mode FPPT
algorithm in the left-hand side of the MPP is compared with the
conventional algorithm and results are shown in Fig. 5. Similar
test conditions as Case I are implemented in this case study.
The PV voltage during the FPPT operation is decreased, which
implies operating on the left-hand side of the MPP. The over-

Fig. 5. Performance of the proposed algorithm under fast environmental
changes with the movement of the operation point to the left-hand side of
MPP (Case II). (a) PV power. (b) PV voltage.

shoot of the PV power under fast irradiance increase is smaller
in the proposed algorithm, compared to the conventional algo-
rithm. Consequently, the settling time of the proposed algorithm
is improved compared to the conventional algorithm, whereas
the tracking error remains equal for both of the algorithms, as
shown in Fig. 5(a). This confirms the fast dynamic performance
of the proposed algorithm in both left- and right-hand sides of
MPP.

IV. CONCLUSION

A multi-mode FPPT algorithm for GCPVPPs has been in-
troduced in this letter. The operation mode of the proposed
algorithm is selected based on comparing the PV power with
the desired power reference. If the PV power is larger than the
power reference, an additional value Δv is added to the voltage
of the MPP to facilitate operation on the right-hand side of the
MPP. Similarly, Δv is subtracted from the voltage of the MPP
to facilitate operation on the left-hand side of the MPP. Since
the additional voltage value is calculated based on the error
between the PV power and the power reference, fast dynam-
ics are obtained. If the PV power is smaller than its reference
value, a conventional MPPT algorithm is applied to increase
the PV power by moving its operation point toward the MPP.
The main advantage of the proposed algorithm, compared to the
conventional algorithms, is its fast dynamics and low power os-
cillations during the steady state. Furthermore, it is able to move
the operation point to the right- or left-hand sides of MPP, which
makes it applicable to both single- and two-stage GCPVPPs to
operate in the optimum region. Experimental results illustrate
the fast dynamic performance of the proposed algorithm under
fast environmental changes.
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