
Electric Power Systems Research 221 (2023) 109426

Available online 29 April 2023
0378-7796/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

A coordinated control hybrid MPPT algorithm for a grid-tied PV system 
considering a VDCIQ control structure 

Marta Haro-Larrode *, Ángel A. Bayod-Rújula 
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A B S T R A C T   

In this paper, a new coordinated maximum power point tracking (MPPT) algorithm has been developed for a 
grid-tied PV system, whose inverter follows a VDCIQ control scheme. The control objectives of this system are 
shared between 2 converters: a DC boost converter which performs MPPT of the PV plant, and an inverter which 
is responsible for DC voltage setpoint control, specific reactive current injection under request and reduced 
harmonic content of AC grid currents. The proposed algorithm operates upon a proper switching amongst 
conventional MPPT algorithms, namely perturb and observe (P&O) and incremental conductance (IC) algo
rithms, to take advantage of the best characteristics of each MPPT method with a different step size and 
considering the influence of the inverter control constants. Two coordination schemes are proposed for this 
algorithm to prioritise the improvement of different performance aspects over others. The impact of the proposed 
algorithm according to the 2 coordination schemes is evaluated and compared with the impact of conventional 
MPPT algorithms according to the trackability of power, the impact on DC voltage and on the AC grid side. The 
results are analysed by simulations conducted in MATLAB-Simulink.   

1. Introduction 

There are many types of maximum power point tracking (MPPT) 
algorithms that have been explored to improve the efficiency of PV 
power extraction. These can be classified according to different cate
gories such as: bio-inspired [1–11], based on fuzzy logic (FL) [12–15], 
combinations of the previous ones [16–19] or conventional algorithms. 
The advantage of these bioinspired and FL-based MPPT methods is that 
they supposedly increase the efficiency and reliability of MPPT, but at 
the cost of increasing complexity, it turns out that they consume high 
computational resources when implementing them in real applications 
[20,21]. 

Amongst the conventional MPPT algorithms, the perturb and 
observe (P&O) and the incremental conductance (IC) algorithms are the 
most widely implemented algorithms in existing PV systems [22,23]. 
The basic version of P&O algorithm observes DC voltage coming from 
the PV solar panel and perturbs it until the maximum power point is 
reached for a given irradiance level [24]. Its main advantage is the 
simplicity of implementation, and the main disadvantage is the output 
power oscillation around maximum power point (MPP), thanks to which 
it is not suitable for rapidly changing irradiance levels [25]. The IC 

algorithm is based on the incremental comparison of the ratio of the 
derivative of conductance with the instantaneous conductance. The IC 
method overcomes the disadvantage of P&O method, as it reduces MPP 
oscillations during rapidly varying irradiance changes at a certain step 
size level [25]. These algorithms have been tested under dynamic 
environmental conditions and, while IC shows better efficiency than 
P&O, the performance of IC deteriorates more than of P&O for low 
irradiance levels, as concluded in [22]. Anyway, the operation of P&O 
and IC algorithms with fixed step size leads to a trade-off between speed 
of response and maximum steady-state power accuracy, as reported in 
[26]. This leads to the need of adaptive MPPT algorithms that combine 
these basic conventional algorithms with variable step size that enhance 
the tracking speed, reduce the oscillation around MPP and work well 
under deep irradiance level conditions. 

In this sense, there have been several efforts in the literature to use 
conventional MPPT algorithms with a variable step size determined 
according to different techniques [6,7,26,27]. As for the IC method, in 
[6,7] adaptive scaling factors are proposed and estimated, on the one 
hand, via previous intensive simulations and according to different 
irradiance levels[6], and on the other hand, by employing an artificial 
neural network [7]. As for the P&O method, in [26,27], variable step 
sizes are calculated according on the one hand, to fuzzy logic and 
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non-switching zone schemes [26], and on the other hand, according to a 
backstepping algorithm [27]. 

In [28], a coordinated control strategy based on pure P&O control 
and DC voltage regulation algorithm was proposed for a grid-tied PV 
system, but no further innovations were made on the MPPT algorithm. 
The authors in [29] designed a hybrid MPPT algorithm based on con
ventional ones, built upon P&O combined with open circuit voltage and 
short-circuit current that led to the enhancement of the tracking capa
bility and efficiency MPPT process, but neither the impact on DC voltage 
nor the influence of an AC grid was studied. 

However, the design of an MPPT algorithm for an AC grid-tied PV 
installation should also enhance the compliance with AC grid code re
quirements, as stated in [30]. In this sense, different MPPT algorithms 
could impact better than others on the power quality of AC current 
waveforms, as it was previously explored in [31] with a hybrid MPPT 
algorithm based on artificial neural networks (ANN) and P&O tech
niques. However, the impact of an MPPT algorithm on the AC grid side 
or DC voltage side has not been sufficiently studied in the literature and 
very few authors monitor the impact of the MPPT algorithm on the DC 
voltage [32], on the power quality injected AC current waveforms [31] 
or even on the AC grid frequency behaviour [33]. Therefore, in this 
paper an MPPT algorithm for the DC-DC converter is evaluated jointly 
with the control time constants of the inverter to optimize not only the 
behaviour of the extracted DC power and voltage from the PV plant, but 
also the power quality level of the injected AC currents to the AC grid. 

The paper is organized as follows: in Section 2 the proposed coor
dinated algorithm (CHA) is described, as well as the proposed coordi
nation schemes. In Section 3, the grid-tied PV based system under study 

is described. In Section 4, the impact of the proposed CHA is evaluated 
according to the trackability of DC power, influence on DC voltage and 
impact on the AC grid side. A discussion is achieved amongst the pro
posed CHA and the conventional MPPT algorithms. In Section 5, a 
sensitivity analysis is performed on the time constants of VDCIQ scheme. 
In Section 6, the results are compared with other works in the literature 
and in Section 7 the main conclusions are extracted. 

2. The new coordinated control hybrid MPPT algorithm (CHA) 

In this section the proposed CHA for MPPT is described. Its working 
principle is based on the proper coordination of pure P&O and IC al
gorithms with different step sizes to benefit from the strengths of each 
one. 

A previous comparative analysis was carried out to understand the 
strengths and weaknesses between P&O and IC algorithms with different 
step sizes. However, and since the comparison will be indeed achieved in 
Section 4, this previous analysis has not been included. The timing that 
rules the switching between one algorithm and the following one is 
determined by the variation regime of the irradiance and by the outer 
loop time constant of the inverter, TVDC. Both factors affect the calcu
lation of timing points after one algorithm gets deactivated and before 
the next one is activated. 

From now on, the basic step sizes for slower P&O and IC algorithms, 
i.e. P&O1 and IC1, are defined as hP&O = 10− 4 and hIC=0.1. Larger step 
sizes, i.e. 50*hP&O and 5*hIC, correspond to faster P&O and IC algo
rithms, i.e. P&O2 and IC2. To explore different potentialities of the 
proposed CHA, two coordination schemes (CSs) are proposed to enhance 

Nomenclature 

MPPT Maximum power point tracking 
hIC Step size for (slow) IC1 algorithm 
hP&O Step size for (slow) P&O1 algorithm 
IC1 (Slow) Incremental conductance method with hIC 
P&O1 (Slow) Perturb and Observe method with hP&O 
CS Coordination scheme 
CS1 Coordination scheme 1 
CHA1 Coordinated hybrid algorithm according to CS1 
G1 Old value of irradiance (W/m2) 
δ Magnitude of irradiance change 
TVDC Inverter outer loop control constant (ms) 
fs,inv Switching frequency of inverter (kHz) 
Lf Output LCL filter inductance of inverter (µH) 
Cf Output LCL filter capacitance of inverter (µF) 
Rf Output LCL filter resistance of inverter (mΩ) 
kp,outer, ki,outer Proportional and integral control parameters for 

outer loop of inverter 
kp,inner, ki,inner Proportional and integral control parameters for 

inner loop of inverter 
kp,PLL, ki,PLL Proportional and integral control parameters for PLL 
Lboost DC boost converter inductance (mH) 
Cboost DC boost converter capacitance (mF) 
fs,boost Switching frequency of DC boost converter (kHz) 
IPV Current signal from PV plant 
VPV Voltage signal from PV plant 
mx Modulation index for DC boost converter 
ma, mb, mc Modulation indices for inverter in abc frame 
md, mq Modulation indices for inverter in dq frame 
s1…s6 Gate signals to inverter’s IGBTs 
PCC Point of common coupling 
Vabc, Vdq Voltage signals at PCC in abc and dq frames 
PLL Phase locked loop 

MPP Maximum power point 
5*hIC Step size for (fast) IC2 algorithm 
50*hP&O Step size for (fast) P&O2 algorithm 
IC2 (Fast) Incremental conductance method with 5*hIC 
P&O2 (Fast) Perturb and Observe method with 50*hP&O 
CS2 Coordination scheme 2 
CHA2 Coordinated hybrid algorithm according to CS2 
G2 New value of irradiance (W/m2) 
dG/dt Irradiance change sign 
Ti Inverter inner loop control constant (ms) 
Np Number of PV parallel strings 
Ns Number of PV series modules per string 
N Total number of PV modules 
PT Total installed capacity of PV plant (kW) 
Nc Number of cells per PV module 
VOC, ISC Open-circuit voltage (V) and short circuit current (A) in a 

PV module under 1000 W/m2 and 25 ◦C 
VMPP, IMPP Maximum power point voltage (V) and current (A) under 

1000 W/m2 and 25 ◦C 
PMPP Maximum power value in a PV module under 1000 W/m2 

and 25 ◦C 
VAC grid AC grid phase to phase voltage (V) 
fAC grid AC grid frequency (Hz) 
SCR AC grid short-circuit ratio 
VDC DC voltage signal measured at the output of the DC boost 

converter 
VDC,ref DC voltage reference 
Id,ref, Iq,ref d-and q-axis current reference 
Id, Iq Measured d- and q-current signals at the output of the 

inverter and before LCL filter 
Vd, Vq Measured d- and q-voltage signals at PCC 
θgrid AC grid phase 
Iabc, Idq Current signals before LCL filter in abc and dq frames  
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different performance criteria with respect to pure P&O and IC 
algorithms. 

On the one hand, the coordinated hybrid algorithm according to CS1 
(CHA1) prioritises the time to reach the full DC power setpoint value 
during sharp rises of irradiance and this value is achieved with less 
overshoot than P&O2 algorithms. Besides, it minimises the error of DC 
output power to the setpoint at steady state conditions and keeps it at the 
lowest value during profound irradiance changes. During deep drops in 
irradiance, the algorithm prioritises the crossing time to the full power 
setpoint with less overshoot than IC algorithms. 

On the other hand, the coordinated hybrid algorithm according to 
coordination scheme 2 (CHA2) prioritises the time to reach the 95% 
value of the DC power setpoint during sharp irradiance rises and this is 
achieved with less overshoot than CHA1 and P&O2. In turn, it provides 
greater error level at the high-level irradiance steady-state value. During 
deep drops, it guarantees lower overshoot than CHA1 but slower 
convergence time. 

The flowcharts of CHA1 and CHA2 are shown in Fig. 1, where the 
sequences of algorithms according to different magnitudes and signs of 
irradiance change are included. 

In this sense, CHA1 and CHA2 act as upper control entities whose 
coordination structure implies the sequence of different basic P&O and 
IC algorithms, whenever the irradiance suffers from changes. The 
sequence of algorithms whenever there is an irradiance change is ach
ieved within a time window determined by the value of the time con
stant of grid-side inverter outer loop, TVDC. Specifically, the time 
window is calculated as the sum of TVDC plus the rise or fall time of 
irradiance, estimated by photodiode sensors. The scheme in Fig. 1 is 
explained as follows. As shown in Fig. 1, the parameter δ is used to 
distinguish between profound and superficial changes, which represents 
the irradiance threshold jump between one instant and the next. If the 
irradiance jump exceeds threshold δ, the change is considered to be 
profound, giving rise to either a sharp rise or a deep drop, depending on 
the sign of the derivative of G. On the other hand, if the jump in irra
diance does not exceed the threshold δ, the changes are considered to be 
superficial. In principle, δ was given a value of 200 W/m2, being this as 
sufficient change to make the difference between the two categories. 

Therefore, CHA1 and CHA2 start receiving the irradiance measure
ment signal, G, and whenever an irradiance change (|G1-G2|) is suffi
ciently small (|G1-G2|< δ), IC2 algorithm is gets activated within both 

CHA1 and CHA2. However, when a sufficiently large change in irradi
ance is detected (|G1-G2|>δ), the sign of dG/dt is calculated and from 
now on, CHA1 and CHA2 follow different sequences of P&O and IC 
algorithms. 

If dG/dt has a negative sign, a deep drop of irradiance is occurring, 
and within CHA1 the sequence of algorithms starts with IC1, and this 
operates during the fall time to the setpoint plus the time delay due to 
the inverter TVDC time constant. Afterwards, CHA1 switches to P&O2. In 
contrast, CHA2 starts with P&O2. This algorithm is active during the fall 
time to the setpoint plus TVDC. Afterwards, IC2 comes into operation. 

In case of dG/dt=0, there would be no variation of algorithm, and 
the operating algorithm in that case would be the last selected one. 

The output of each selected algorithm is connected to the power 
electronic stage, namely to the converter that transforms duty cycle 
inputs to gate signals to control the transistor of DC-DC converter. These 
outputs have not been represented in the diagrams, in view of the visual 
complexity that would involve. However, the basic algorithms (P&O1, 
P&O2, IC1 and IC2) do not exchange information or data with each other. 
The arrows connecting them mean just a sequential order decided upon 
the coordination scheme, according to the irradiance jumps and irradi
ance signs. 

3. Application case 

The grid-tied PV system is divided into a PV side and grid side con
verters, as represented in Fig. 2, and has been implemented in MATLAB- 
Simulink. The PV side includes the PV installation and a DC boost 
converter that carries out maximum power point tracking (MPPT) to the 
PV plant. Thus, the DC boost converter conveys the maximum energy 
extracted from the PV plant to the grid-side converter. The PV plant is 
implemented as an aggregated model composed by a set of individual PV 
modules and strings. The DC boost converter is controlled by means of 
the MPPT controller. The MPPT controller includes the proposed CHA, 
where the basic P&O and IC algorithms have been implemented via duty 
cycle modification in MATLAB embedded functions. 

The AC grid side includes an inverter that receives the energy 
transferred by the DC boost converter and injects it into the AC grid after 
an LCL filter action. The inverter is controlled according to a VDCIQ 
cascaded control structure based on PI regulators. Such structure is 
composed by an outer loop, responsible for the tracking of the DC 

Measure irradiance, G
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No (Superficial changes)

Yes (Deep drop) No (Sharp rise)

IC2 Algorithm
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Fig. 1. New hybrid MPPT according to two coordination schemes (CHA1 and CHA2).  
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voltage setpoint, and two inner loops, in charge of controlling the d and 
q current signals. The AC grid is modelled by means of a wye-connected 
voltage sources characterized by RAC and LAC. As shown in Fig. 2, the 
necessary transformations from abc to dq coordinates are made by Park 
and Clarke transforms. The grid phase angle, θgrid, is captured by means 
of a PLL) scheme that follows a synchronous reference frame (SRF) 
structure [34]. This PLL scheme is selected due to the effective decou
pling of d and q components of grid voltage. 

The complete set of parameters that define the system in Fig. 2 are 
included in Table 1. The units of these parameters are indicated in the 
nomenclature section. 

4. Simulation and impact of the proposed CHA 

In this section, CHA1 and CHA2 are evaluated according to the 
trackability of the MPP, impact on DC voltage control and on the AC grid 
side. Such evaluation is achieved comparatively with conventional P&O 
and IC algorithms. 

4.1. Trackability of the MPP 

The trackability of the DC output power measured at the output of 
the DC boost converter is evaluated under a variable irradiance pattern 

that lasts 1 s. In Fig. 3, the DC output power signal is showed for the 
CHA1 and CHA2 -driven systems, as well as for the PV systems driven by 
conventional algorithms. 

As for sharp rises, it is necessary to carefully analyse the time 
stretches between t = 0 s and t = 0.25 s, and from t = 0.85 and t = 1 s in 
Fig. 3. Within these time stretches, P&O2 crosses the setpoint with 
certain overshoot, but it is the fastest algorithm in reaching the full 
setpoint value as well. Besides, P&O1 algorithm is the one that reaches 
the 95% of setpoint value most rapidly but the convergence to steady 
state value is slower than with P&O2. 

Furthermore, P&O1 presents the greatest steady state error. On the 
other hand, IC algorithms present an intermediate speed of response 
between the P&O1 and P&O1. However, IC2 presents the lowest error 
with respect to the setpoint, and IC1 presents undesired wide amplitude 
steady state oscillations. 

Therefore, CHA1 takes advantage of the fast arrival to full setpoint 
given by P&O2 algorithm but with lower overshoot than P&O2 and from 
the minimised error to setpoint given by IC2 algorithm. However, CHA1 
is slow at reaching the 95% of setpoint value. 

In turn, CHA2 takes advantage of the fastest arrival to 95% of the 
setpoint value given by P&O1 but it presents greater steady-state error to 
setpoint than IC2 and CHA1 algorithms. As for deep drops, it is necessary 
to carefully analyse the time stretch between t = 0.65 s and t = 0.85 s in 

Fig. 2. Grid-tied PV system under study.  

Table 1 
Parameters of the complete system presented in Fig. 2.  

PV module characteristics PV plant parameters Inverter parameters PLL and AC grid parameters DC-DC boost converter 

Nc 60 Np 47 fs,inv (kHz) 10 kp,outer 2 kp,PLL 10 fs,boost (kHz) 5 
VOC (V) 36.3 Ns 10 Lf (μH) 250 ki,outer 100 ki,PLL 50,000 Lboost (mH) 4 
ISC (A) 7.84 N 470 Cf (μF) 100 kp,inner 10 fAC grid (Hz) 50 Cboost (mF) 12 
VMPP (V) 29 PT (kW) 100.18 Rf (mΩ) 1 ki,inner 2000 VAC grid (V) 400   
IMPP (A) 7.35       SCR 10   
PMPP (W) 213.15            
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Fig. 3. P&O1 reaches the setpoint with the slowest speed, but it also 
yields to the lowest overshoot amplitude level. 

However, it also presents the largest error to setpoint during low 
level steady-state conditions. In contrast, IC2 algorithm is the fastest in 
reaching the setpoint, but it presents the largest overshoot amplitude. In 
the middle of these two behaviours lie P&O2 and IC1 algorithms. Both 
present lower oscillation than IC2 and converge rapidly to steady-state 
value. Therefore, CHA1 takes advantage of the lower overshoot ampli
tude of IC1 and of the rapid convergence to steady state with low steady- 
state error of P&O2. In contrast, CHA2 takes advantage of the even lower 
overshoot amplitude of P&O2 compared to IC algorithms and the low 
error of IC2 during steady-state conditions. 

As for superficial changes, it is necessary to carefully analyse the time 
stretches between t = 0.25 s and t = 0.65 s in Fig. 3. P&O algorithms 
present greater overshoot during setpoint changes than IC algorithms. 
Apart from this, IC1 algorithm, despite its fast convergence time to set
point, presents a high content of wide-amplitude oscillations during 
steady-state regime. This has also been observed within sharp rises. 
Therefore, IC2 is the one that best performs during these superficial and 
rapid changes in irradiance. CHA1 and CHA2 take advantage of several 
features provided by IC2, such as the fast convergence time to steady 

state value, the low steady-state error, and the low content of steady- 
state oscillations. 

4.2. Impact on DC voltage 

In Fig. 4, the DC voltage signals of the PV systems driven by the 
different MPPT algorithms, namely, IC1, P&O1, IC2, P&O2, CHA1 and 
CHA2 are compared. It can be visibly noted that IC1 presents the highest 
content of steady-state DC voltage ripple, in comparison to the other 
algorithms. This jointly with the high content of steady-state oscillations 
in DC power makes IC1 algorithm inadequate for steady-state conditions 
at high irradiance levels and only feasible for transient conditions of 
deep drops and low irradiance levels where no steady state oscillations 
appear. 

In contrast, P&O1 presents the lowest content in DC voltage ripple 
during the whole simulation. P&O2 presents the highest overshoot 
during irradiance changes and the second largest DC voltage ripple 
magnitude. In turn, IC2, CHA1 and CHA2 present a lower DC voltage 
ripple than P&O2 and IC1, but higher than P&O1. Overall, CHA algo
rithms present a low level of ripple amplitude but higher than the value 
provided by P&O1 algorithm. 

Fig. 3. Output DC power signals of DC boost converter with different MPPT algorithms.  

Fig. 4. Output DC voltage signals with different MPPT algorithms.  
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4.3. Impact on the AC grid side 

Overall, the impact of the proposed CHA1 and CHA2 on the transient 
behaviour of AC grid voltages and currents is very similar. For this 
reason, the current and voltage signals of only the CH1-driven system at 
different points on the AC grid is shown in Fig. 5. 

In Fig. 5(a) and (b) the current signals in abc stationary frame before 
LCL filter and at PCC, respectively. In the zoomed area of Fig. 5(a), 
distorted waveforms are shown, while in the zoomed area of Fig. 5 (b), 
the distortion of waveforms is much lower than in Fig. 5(a). In Fig. 5(c), 

the voltage signals in abc coordinates at PCC are shown and the voltage 
waveforms present negligible distortion. 

However, the harmonic content of current signals differs from one 
algorithm to another. In Fig. 6, total harmonic distortion (THD) is 
calculated for current waveforms at the output of the inverter (before 
LCL filter) and at PCC. 

According to Fig. 6(a) and (b), there are two main peaks located 
around the instants 0.65 and 0.85 s of simulation, which correspond to a 
deep droop and sharp rise, respectively. 

Both CHA1 and CHA2 exceed the 5% of THD of current signals before 

Fig. 5. Current and voltage signals in abc stationary frame at the AC side: (a) Current signals at the output of the inverter and before LCL filter, (b) Current signals at 
the PCC and (c) Voltage signals at the PCC. 
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LCL filter around the instant at t = 0.65 s by reaching values around 
10%. During deep irradiance changes, P&O algorithms exceed the 5% 
threshold by much margin than CHA1 and CHA2, by obtaining more than 
40% of current THD in the worst case. Nevertheless, at around t = 0.85 s 
both CHA1 and CHA2 keep the current THD before LCL filter much below 
the 5% threshold. On the contrary, P&O2 algorithm widely exceeds the 
5% threshold at the sharp rise by reaching almost the 25% of THD value. 
In Fig. 6(b), every THD current value after LCL filter present values 
below the 5% threshold. However, P&O algorithms get closer to the 
threshold in the surroundings of the sharp rise, whereas CHA1 and CHA2 
and IC algorithms present much lower values of THD during the sharp 
rise. 

The different duty cycle manipulation achieved by P&O and IC al
gorithms and step sizes are responsible for the different THD level on the 
PCC current waveforms. Besides, since CHA1 and CHA2 include 

dynamics originated from coordination schemes, one may think that 
CHA1 and CHA2 algorithms could imply worse harmonic distortion on 
current waveforms during sharp rises and deep drops of irradiance. 
However, and as seen in Fig. 6, CHA1 and CHA2 do not have worse 
impact on harmonics than basic P&O and IC algorithms. Around t =
0.85 s, the algorithms that imply worst THD impact are P&O1 and P&O2. 
In contrast, hybrid CHA1 and CHA2 and basic IC1 and IC2 lead to lower 
harmonic distortion. Therefore, the hybridization of P&O with IC al
gorithms is beneficial, since the THD level of current waveforms is 
reduced due to the influence of IC algorithms. 

4.4. Discussion 

The algorithms are now compared under sharp rises, deep drops and 
superficial changes by using numerical data enclosed in Table 2 and 

Fig. 6. Total harmonic distortion (THD)signal of current waveforms measured at: (a) the output of inverter and before LCL filter and (b) at PCC.  
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Table 3. These data are also presented in polygons in Fig. 7, where the 
central positions (0–2) indicate better performance than those positions 
on the peripheral marks (5–6). As seen in Tables 2 and 3, and Figs. 7 and 
8, CHA1 and CHA2 improve the performance over basic algorithms ac
cording to:  

• THD in current waveforms before LCL filter (%). Within the sharp 
rise, CHA1 and CHA2 reach 0.59% and 1%, respectively, against the 
maximum of 24.45% reached by P&O2. Within deep drops, CHA1 
and CHA2 reach 12 and 11.65% for of THD, respectively, against 
42.43% reached by P&O1. Within deep drops IC algorithms reach the 
lowest harmonic content with 6.45% of THD. Within superficial 
changes, while CHA1 and CHA2 present a lower value of 0.42%, 
P&O2 algorithm reaches the highest THD value of 0.72%.  

• DC voltage ripple amplitude and period. During the sharp rise, the 
DC voltage ripple amplitude is improved from 12.2 V, achieved by 
IC1, to 0.16 V, achieved by CHA2. Within deep drops, CHA1 and CHA2 
reach an amplitude of 0.025 V against 1.3 V reached by IC1 algo
rithm, and present a period lower than 0.1 ms, against 2 ms reached 
by IC1 algorithm. Within superficial changes, though CHA1 and 
CHA2 present a low DC voltage ripple amplitude value of 1.6 V, P&O1 
algorithm present an even lower value of 0.09 V. As for the period, 
within the sharp rise and the deep drop, CHA1 and CHA2 get the 
lowest ripple period compared to the rest of algorithms. Within su
perficial irradiance changes, CHA1 and CHA2 present a period of 0.7 
ms compared to 6 ms reached by P&O2 algorithm.  

• DC power oscillation amplitude and period. Within the sharp rise, 
while IC algorithms present up to 400 W of power oscillation 
amplitude, CHA1 and CHA2 only present 70 W. Besides, these oscil
lations present period of up to 2.5 ms against 6.5 ms reached by 
P&O2. For a deep drop, the six MPPT algorithms behave similarly, 
reaching 30 W of amplitude value and an oscillation period lower 
than 0.1 ms  

• DC power positive or negative overshoot amplitude. Within a sharp 
rise, CHA1 and CHA2 reach a positive amplitude up of 1 kW and 0 

kW, respectively, compared to 3.5 kW reached by P&O2; and a 
negative amplitude of 7 kW and 11.6 kW respectively, compared to 
18 kW reached by P&O2. Within deep drops, CHA1 and CHA2 reach 
an amplitude up to 3.75 and 3.5 kW respectively, against 4.5 kW 
reached by IC2. Within superficial changes, CHA1 and CHA2 present 
an overshoot amplitude in DC power of 21.6 kW, compared to P&O2, 
that presents 27.5 kW.  

• DC power steady-state error. Within the deep drop, CHA1 and CHA2 
reach 1.3% value, against 7.5% reached by P&O1. 

There is just a pair of criteria within superficial irradiance changes, 
where a basic MPPT algorithm, P&O1, achieves better performance than 
CHA1 and CHA2. P&O1 reaches the lowest DC voltage ripple period and 
THD level within superficial irradiance changes, but with no significant 
difference with respect CHA1 and CHA2. Aside of this exception, CHA1 
and CHA2 behave better in the remaining criteria. 

Besides, CHA1 and CHA2 are distinguished from each other in the 
following criteria:  

• Time to cross 95% of DC power setpoint value. Within the sharp rise, 
while CHA2 reaches the lowest time value, 0.0427 s, CHA1 and P&O2 
reach the highest value, 0.0472 s. Within the deep drop, while CHA1 
reaches a lower time value, 0.0357 s, CHA2 reaches a higher value, 
0.0371 s. However, IC2 is the fastest algorithm with a time mark of 
0.0347 s. Within superficial changes, CHA1 and CHA2 reach the 95% 
value in 0.11 s, compared to P&O2, that reaches it in 0.124 s  

• Time to cross 100% of DC power setpoint value. Within the sharp 
rise, CHA1 and P&O2 cross the 100% value of setpoint by 0.1114 and 
0.1164s, respectively, whereas the rest of algorithms do not reach 
this value. Within a deep drop, a similar rank is obtained.  

• DC power steady state error. Within the sharp rise, CHA1 reaches the 
lowest error, around 0.3%, jointly with IC algorithms. In turn, CHA1 
and P&O algorithms reach the highest error values, up to 0.61%. For 
a superficial drop, CHA1 and CHA2 present a steady-state error of 
− 0.5% against − 0.25% presented by P&O algorithms. This is seen as 

Table 2 
Numerical values for each performance criterion during sharp rises and deep drops of irradiance.  

Performance criteria Sharp rises Deep drops 
P&O1 IC1 IC2 P&O2 CHA1 CHA2 P&O1 IC1 IC2 P&O2 CHA1 CHA2 

Time to cross 95% of DC power setpoint (s) 0.0427 0.0469 0.046 0.0472 0.0472 0.0427 0.0383 0.0357 0.0347 0.0371 0.0357 0.0371 
Time to cross 100% of DC power setpoint (s) – – – 0.1114 0.1164 – 0.04363 0.0398 0.0384 0.0413 0.0398 0.0413 
DC power negative/positive overshoot 

amplitude(kW) 
17 11.2 11.2 18/3.5 7/1 11.6/0 3.7 3.9 4.5 3.555 3.75 3.5 

Maximum DC power point (kW) at t = 0,19 s, 
0.79s 

99.39 99.7 99.61 99.417 99.645 99.39 18.5 19.74 19.74 19.74 19.74 19.74 

DC power steady-state error (%) 0.61 0.3 0.39 0.583 0.3 0.61 7.5 1.3 1.3 1.3 1.3 1.3 
DC power oscillation amplitude(W) 70 400 70 200 70 70 30 30 30 30 30 30 
DC power Oscillation period (ms) 2.5 4.7 2.5 6.5 2.5 2.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
DC voltage ripple amplitude(V) 0.16 12.2 2.2 2.5 2.2 0.16 0.025 1.3 0.4 0.025 0.025 0.025 
DC voltage ripple period (ms) <0.1 4.25 0.7 6.7 0.7 <0.1 <0.1 2 <0.1 <0.1 <0.1 <0.1 
THD in current waveforms before LCL filter (%) 2.9 0.95 1 24.45 0.59 1 42.43 6.45 6.45 12.83 12 11.65  

Table 3 
Numerical values for each performance criterion during superficial changes of irradiance.  

Performance criteria Superficial changes 
P&O1 IC1 IC2 P&O2 CHA1 CHA2 

Time to cross 95% of DC power setpoint (s) 0.124 0.114 0.11 0.124 0.11 0.11 
Time to cross 100% of DC power setpoint (s) – – – – – – 
DC power negative/positive overshoot amplitude (kW) 21 21.6 21.6 27.5 21.6 21.6 
Maximum power point (kW) at t = 0.39 s and t = 0.59s 80.2 99.3 80.4 99.6 80.4 99.4 80.2 99.4 80.4 99.6 80.4 99.6 
DC power steady-state error (%) − 0.25 0.7 − 0.5 0.4 − 0.5 0.4 − 0.25 0.6 − 0.5 0.4 − 0.5 0.4 
DC power Oscillation amplitude (W) 80 150 80 80 80 80 
DC power Oscillation period (ms) 3.2 2.4 3.2 3.2 3.2 3.2 
DC voltage ripple amplitude (V) 0.09 6.9 1.6 1.6 1.6 1.6 
DC voltage ripple period (ms) <0.1ms 2.72 0.7 6 0.7 0.7 
THD in current waveforms before LCL filter (%) 0.38 0.45 0.42 0.72 0.42 0.42  
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an advantage as it maximizes output power. For a superficial rise, 
CHA1 and CHA2 present an error of 0.4% against 0.7% reached by 
P&O1. 

5. Sensitivity analysis for the proposed CHA MPPT algorithm 

The response of the CHA1 -driven system under a different VDCIQ 
control structure is tested in Fig. 8(a) and (b), where the influence of 
TVDC on the DC power and voltage is revealed, respectively. The 

Fig. 7. Comparative polygons for CHA1, CHA2, P&O and IC algorithms during: (a) sharp rises, (b) deep drops and (c)superficial changes of irradiance.  
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behaviour of CHA2-driven system has not been shown, due to the sim
ilarity with the dynamics in Fig. 8. Those TVDC values greater than the 
inner loop time constant, Ti =5 ms, but lower than 80 ms guarantee an 
adequate DC power and voltage responses. The case of TVDC =5 ms 
provides the fastest dynamics, but with large oscillations, which com
promises stability.The best cases for outer loop TVDC constants are the 
design value, 20 ms. and 10 ms, as they yield to lower overshoot in DC 
voltage and power, and they turn to be greater than Ti. However, large 
TVDC constants such as 50 ms or 80 ms yield to a slow response with very 
poor tracking capabilities. 

6. Comparison with other works in the literature 

In [18], a comparative analysis of MPPT algorithms was achieved, 
considering P&O, FL and ANN techniques, under others. The authors in 
[18] implemented a similar irradiance pattern but their PV plant present 
much lower power capacity, 14 PV modules and 3430 W for maximum 
power point, compared with 470 modules and 100.18 kW of maximum 
power point in this paper. Time responses up to 29.16 ms are claimed in 
[18], lower in comparison with the values obtained in the present paper, 
namely up to 42.7 ms during a sharp rise, and up to 35.7 ms during a 

deep drop, achieved by CHA2 and CHA1 algorithms, respectively. 
It is important to note that in [18], only a DC side connection is 

included, and no AC-side converter control influence is considered. 
Besides, the switching frequency of the DC converter in [18] is 50 kHz, 
which much greater in comparison with 5 kHz used for the DC converter 
in the present paper. Considering that the inverse of the switching fre
quency represents a time delay, this is an influencing factor that affects 
the final time response of each MPPT algorithm. In the present paper, 
two commutation frequency values of PV-side and grid-side converters, 
5 kHz and 10 kHz, respectively, have been considered. These lead to 
commutation delays of 200 and 100 μs, respectively. According to [29], 
a digital time delay of a basic processor would imply just low micro
seconds, which can be considered very low compared to the commuta
tion delay of PV-side converter considered in this paper, 200 μs. A 
similar conclusion is obtained when comparing the present paper with 
[15]. 

As for the accuracy of algorithms, the authors in [18] claim errors up 
to 3.81%, while in this paper CHA1 and CHA2 reach 1.3% in deep drops, 
0.3 and 0.61% respectively in a sharp rise. The range of errors given in 
[18] for a P&O algorithm span from 0.95% to 1.34% and for FL algo
rithm, from 0.59% to 3.84%. Therefore, the range of steady-state error 

Fig. 8. Influence of outer loop time constant on the: (a)output DC power and (b) output DC voltage of the DC boost converter for the system driven by 
CHA1 algorithm. 
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of the proposed CHAs improves the range obtained in [18]. In contrast, 
in [31], a more similar installation is considered with 432 PV modules 
and both DC-DC converters and AC-grid side inverter. The authors in 
[31] claim an efficiency of 98.26%, which corresponds to an error of 
1.74%. In the present paper, the errors oscillate within a range, 
depending on the variation regime of irradiance. In [31], measurements 
have been achieved based on superficial changes of irradiance, being 
irradiance changes 200 W/m2 wide. In our paper, the errors during 
superficial irradiance jumps range from 0.4 to 0.5%, during sharp rise, 
between 0.3% and 0.61%, and during a deep droop around 1.3%. 

Different harmonic peaks exceeding the 5% threshold were also 
pinpointed in the current waveforms before LCL filter during deep 
irradiance changes in [31]. In the present paper, during similar deep 
irradiance changes, THD values around the 10% are obtained for CHA1 
and CHA2, but P&O algorithms always get worse results. Anyway, the 
current waveforms after the LCL filtering stage in the present paper 
present levels lower than 5% regardless of the considered irradiance 
regime. 

As for the implementation cost, CHA1 and CHA2 do not involve more 
complex operations than those involved by the cited methods in other 
papers, such as in [29]. As for the number of sensors, the proposed al
gorithms would imply having photodiodes to measure irradiance sum
med to the usual voltage and current sensors required in these 
installations. Anyway, these implementation needs would be compen
sated with the advantages provided by the proposed algorithms over the 
basic ones. Such investment would be justified due to the capacity of the 
PV plant, which is 100 kW. 

7. Conclusions 

In this paper a coordinated control MPPT algorithm has been pro
posed to extract the maximum power of a grid-tied PV installation by 
means of the proper switching between basic MPPT algorithms. The 
prioritisation of different features that shape the DC power behaviour 
has yielded to 2 coordination schemes, CHA1 and CHA2, upon which the 
hybrid algorithm is constructed. The results indicate that CHA1 and 
CHA2 improve the overall efficiency of the system and improve rising 
and falling time responses either to the 95% or full DC power setpoint 
values. Besides, the DC voltage and power ripple amplitude, period and 
the THD level in output current waveforms are overall decreased by 
CHA structure compared to P&O algorithms during deep irradiance 
changes. The hybridization of P&O with IC algorithms has been shown 
to be beneficial, since the THD level of current waveforms is reduced due 
to the influence of IC algorithms. Besides, the influence of inverter 
control constants has been assessed. 
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