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PFC Control Signal Driven MPPT Technique for
Grid-Connected PV Systems

Luigi Costanzo ", Guido Rubino

Abstract—In this article, a novel MPPT technique is proposed
and experimentally tested. It is called ‘“‘grid-connected photo-
voltaic (PV) systems maximum power point tracking (MPPT)
technique driven by the power factor correction (PFC) controller”
(CICERONE). It generates, for both single stage (SS) and double
stage (DS) grid-connected PV systems, the bulk voltage reference by
exploiting only the internal (not coming from sensors) PFC control
signal. CICERONE leads to a piecewise ramp bulk voltage whose
slope is updated to maximize the average power injected into the
grid. Experimental results show that CICERONE exhibits better
performance and robustness than the Perturb and Observe MPPT
technique, especially in case of dynamic irradiance conditions. In
addition, CICERONE can be applied without modifications to both
SS and DS grid-connected PV systems. Hence, differently from a
traditional DS system, in a CICERONE based DS system, the dc—dc
converter can be operated with a fixed duty-cycle and can work in
the highest efficiency conditions. Moreover, CICERONE operates
without using external signals coming from sensors and affected by
measuring noise (such as PV voltage, PV current, grid current, or
their derivatives), but it performs the MPPT using only an internal
signal already used for PFC purposes.

Index Terms—Grid-connected systems, maximum power point
tracking, photovoltaic.

I. INTRODUCTION

HOTOVOLTAIC (PV) systems represent one of the most
P important solutions to face the renewable energy demand
of the next years [1], [2], [3]. The connection of PV arrays to
the utility grid is implemented by means of grid-connected PV
systems (GPVSs). Important features of GPVSs are power factor
correction (PFC) and maximum power point tracking (MPPT).
In order to carry out such important features, single stage GPVSs
(SS-GPVSs) and double stage GPVSs (DS-GPVSs) are usually
employed [4], [51, [6], [7], [8], [9].

In both SS-GPVSs and DS-GPVSs a dc—ac converter, used
in order to couple the PV array with the grid, is equipped with

Manuscript received 5 December 2023; revised 19 February 2024; accepted
20 April 2024. Date of publication 24 April 2024; date of current version 20 June
2024. This work was supported by the Universita degli Studi della Campania
Luigi Vanvitelli in the framework of “Piano Strategico di Ateneo 2021-2023—
Azione strategica R1.S2” under Grant SCAVENGE. Recommended for publi-
cation by Associate Editor D. M. Xu. (Corresponding author: Luigi Costanzo.)

Luigi Costanzo, Luigi Rubino, and Massimo Vitelli are with the De-
partment of Engineering, Universita degli Studi della Campania “Luigi
Vanvitelli,” 81031 Aversa, Italy (e-mail: luigi.costanzo@unicampania.it;
luigi.rubino @unicampania.it; massimo.vitelli@unicampania.it).

Guido Rubino is with the Department of Astronautical, Electrical, and Energy
Engineering, University of Rome “La Sapienza,” 00184 Rome, Italy (e-mail:
guido.rubino@uniromal.it).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3393294.

Digital Object Identifier 10.1109/TPEL.2024.3393294

, Member, IEEE, Luigi Rubino

, and Massimo Vitelli

Current

N Current
Sensor

lac Sensor

Voltage
+ Sensor

Grid

DC-AC Lrnrer

Toy o
) =3
buL Tesue | comerer Gure T e
BULK

Wide-bandwidth

Controller

Voltage
+pSensor

H, * Vauix # Low-bandwidth

]D ] Voltage

=) Controller

Hy * Vier

H, " Vi

PV
Array

MPPT
Controller

Hi'lpy

(a)

Current

Voltage

+n_Sensor
peoe |y DE-AC Leres D
| | converter| " BULK Converter| Crurir
= Cauik
Wide-bandwidth
PWM Current
FUM Controller
Voltage
_+ Sensor
[> Hy * Vauix
I | Low-bandwidth | G,
Voltage
= Controller
MPPT Controller H,* Vier
Voltage HeVey PR L
+Sensor \ \
[: External Signals

(coming from sensors)

(b)

Fig. 1. (a) Traditional SS-GPVS and (b) traditional DS-GPVS. The input
signals of the MPPT controllers are external (coming from sensors).

a wide-bandwidth grid current controller that performs the PFC
on the ac side [10], [11]. Moreover, an energy-storage bulk
capacitor bank is placed at the dc side of the inverter for ensuring
the balance between the PV dc power and the average ac power
injected into the grid. To this aim, a low-bandwidth controller
is employed for regulating the bulk capacitor voltage and, at the
same time, allowing its oscillations at the second harmonic of
the grid frequency [12].

As concerns the MPPT feature, as it is shown in Fig. 1(a), in
a traditional SS-GPVS the PV array is directly connected to the
inverter and, hence, the MPPT control is carried out regulating
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Gp.

the bulk voltage that is coincident with the PV array voltage.
Instead, in a traditional DS-GPVS, as it is shown in Fig. 1(b), a
dc—dc converter is placed between the PV array and the inverter.
Therefore, the MPPT control is carried out by regulating the
PV voltage that is decoupled from the bulk voltage. Hence, in a
traditional SS-GPVS, the reference signal for the bulk voltage,
coincident with the PV voltage, is time-varying and is generated
by the MPPT controller. In a traditional DS-GPVS, while the
reference signal for the PV array voltage is time-varying and
is generated by the MPPT controller, the reference signal for
the bulk voltage is fixed [12]. Hence, in a traditional DS-GPVS
the de—dc converter duty cycle and the corresponding voltage
conversion ratio are time-varying.

A great number of MPPT techniques has been presented and
discussed in the literature with the aim of identifying the optimal
reference signal for the PV array voltage both in SS-GPVSs
and DS-GPVSs. Among them, the Perturb and Observe (P&O)
technique has emerged as one of the simplest but nonetheless
more efficient MPPT techniques and is widely accepted as a
benchmark MPPT technique [12], [13], [14], [15], [16]. In
standard SS-GPVSs and DS-GPVSs equipped with P&O MPPT
controllers, the reference signal for the PV voltage is identified
by using the external (that is coming from sensors) information
on the PV current and the PV voltage for tracking the maximum
PV extracted power. In [16], a novel MPPT technique with a
tracking efficiency comparable to that of the P&O has been
proposed and numerically tested. With respect to the P&O, it
does not need the detection of the PV current, and it auto-
matically takes into account the dc—ac power stage efficiency
profile [17]. However, it has been specifically designed only for
SS-GPVSs and, in addition, it requires the computation of the
time-derivative of the PV voltage.

In this article, grid-connected photovoltaic (PV) systems max-
imum power point tracking (MPPT) technique driven by the
power factor correction (PFC) controller. It is able to generate,
for both SS-GPVSs and DS-GPVSs, the bulk capacitor voltage
reference Vggr by exploiting only the PFC control signal, which
is the internal (not coming from sensors) signal Gp at the output
of the “low-bandwidth voltage controller”. CICERONE leads
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to a Vgrgr waveform characterized by a piecewise ramp profile
whose slope is updated in order to maximize the average power
injected into the grid.

The investigation discussed in this article demonstrates that
CICERONE exhibits better performance and robustness, espe-
cially in case of dynamic irradiance conditions, with respect
to the benchmark P&O technique. In addition, CICERONE is
characterized by the following salient specific features, which
fully justify its novelty.

1) Itcan be applied without modifications to both SS-GPVSs

and DS-GPVSs.

2) Differently from a traditional DS-GPVS, in a CICERONE
based DS-GPVS, the dc—dc converter can be operated
at a fixed duty-cycle and, hence, it is allowed to perma-
nently work in its highest efficiency operating conditions,
which is at a fixed predetermined voltage conversion ratio
coincident with that characterized by the highest power
stage efficiency [18].

3) CICERONE automatically involves the maximization of
the average power injected into the grid instead that the
maximization of the power extracted by the PV array. It is
intuitive to understand that MPPT techniques aimed at the
maximization of the power extracted by the PV array do
not automatically lead to the maximization of the power
injected into the grid due to the shape of the profile of
the conversion efficiency associated to the power losses
caused by connecting cables, dc—dc and dc—ac conversion
stages, sensing devices for protection, monitoring, and
measuring purposes.

4) Another salient feature of CICERONE is that it operates
without using external signals coming from sensors and
usually affected by measuring noise (such as PV voltage,
PV current, grid current, or their derivatives). Instead, it
performs the MPPT using only an internal signal Gp, i.e.,
a signal already used for PFC purposes. Apart from the
fact that no additional MPPT sensors are required, the
use of the internal power factor correction signal means
that such a signal is nearly unaffected by noise and other
disturbances, and hence, the probability of occurrence
of unpredictable MPPT errors due to noise and external
disturbances is nearly reduced to zero.

5) CICERONE does not require either time derivative com-
putations (time derivatives usually enhance high fre-
quency noise and attenuate lower frequencies) or PV
power calculation, which are usually associated to an in-
creased computational burden and possible discretization
errors, which can be reduced only by using ADC sensor
circuits with quite high resolutions and, hence, high cost.

It is interesting to underline that, like the MPPT technique
proposed in [16] and called T4S, CICERONE automatically
takes into account the power stage efficiency profile. However,
while T4S MPPT is devoted only to SS-GPVSs, CICERONE
MPPT can be adopted without modifications for SS-GPVSs
and DS-GPVSs, providing the bulk voltage reference signal for
both kind of systems. Moreover, while as stated CICERONE
only uses the internal PFC signal Gp, T4S in addition to Gp
also needs an external signal (a scaled and low pass filtered
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version of the PV voltage). Another aspect, which is worth
noting is that T4S needs the computation of the time derivative
of both the signal Gp and the bulk voltage, while CICERONE
does not use time derivatives at all. Finally, in [16], only a
preliminary numerical analysis of T4S is reported. In this article,
CICERONE is validated in the laboratory and experimentally
compared with the benchmark P&O technique by adopting the
standard EN 50530 irradiance profile currently adopted just for
testing inverter dynamic efficiency and MPPT algorithms [19],
[20].

The rest of this article is organized as follows. In Section II,
CICERONE based SS-GPVSs and DS-GPVSs are described in
detail. In Section III, the operating principle of CICERONE
MPPT technique is described. In Section IV, experimental re-
sults are shown. Finally, Section V concludes this article.

II. CICERONE BASED GRID-CONNECTED PV SYSTEM

In Fig. 1, the block diagrams of traditional SS-GPVSs and
DS-GPVSs are shown. Instead, in Fig. 2, the block diagram of
the proposed CICERONE based grid-connected PV systems is
reported. In particular, the block diagram of Fig. 2 is completely
general since it can represent both SS-GPVSs and DS-GPVSs.
In fact, the block “dc subsystem” in Fig. 2 represents the PV
array in the case of a SS-GPVS or the PV array with the de—dc
converter (operating with a fixed duty-cycle) in the case of a
DS-GPVS. The dc—ac converter control circuitry is based on
two control loops: an inner current control loop aimed at the
PFC and an outer voltage control loop aimed at the MPPT [12].
In particular, the internal current control loop must have a wide
bandwidth since it performs the active control of the current
injected into the grid in order to guarantee a power factor ideally
equal to one. The outer voltage control loop employes a low-
bandwidth controller for regulating the bulk capacitor voltage
and, at the same time, allowing its oscillations at the second
harmonic of the grid frequency. A wide variety of approaches
can be adopted in order to accomplish these tasks and the details
about the design of the system control loops are out of the scope
of this article and can be found in [18]. It is possible to state
that there is no conceptual difference among control loops in
Figs. 1 and 2, and they can be designed on the basis of the same
usual approaches [18]. However, by comparing Figs. 1 and 2, it
is possible to observe that they differ for the MPPT control input
signals. In fact, while traditional MPPT architectures (see Fig. 1)
require, as input, signals that are external to the MPPT controller,
only the internal signal Gp, already used for PFC purposes,
is required by CICERONE MPPT controller (see Fig. 2). This
is a salient feature of CICERONE since, while signals coming
from external sensors are usually affected by measuring noise or
other disturbances, internal signals are nearly devoid of those.
Therefore, the probability of the occurrence of unpredictable
MPPT errors due to noise and external disturbances is nearly
reduced to zero.

In order to describe the operating principle of CICERONE
MPPT technique, an ideal working of the internal current loop
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will be assumed, i.e.,
Hj - ige (t) =1irer (t) = Gp (t) - vac (t) (1

where i,.(t) is the current injected into the grid, H; is the gain of
the sensor measuring i,.(t), and irgr(t) is the reference for the
grid current. In order to guarantee a unit power factor, irgp(t)
is obtained by multiplying the slowly time-varying gain Gp (t)
[Q'] with the grid voltage v, (t) = V2 - Vi - sin (27fy - t),
fac 1s the line frequency. Based on (1), the root mean square (rms)
value I, of i,c(t) is equal to

Gp (t)-V
Le = % &)
and, hence, the active power injected into the grid is
Gp (t
P = Ve - Lic = % Vi 3)

Therefore, Gp(t) regulates the average power P, injected
into the grid. Gp(t) is the output of the low-bandwidth voltage
controller and, in order to avoid harmonics in the current injected
into the grid, it must be a slowly time-varying signal [18]. In
any case, the external voltage control loop, which is aimed at
the proper regulation of the voltage Vpuyrx(t), must have a
limited bandwidth in order to allow the oscillation at 2 - f,. of
VguLk (t), which is necessary for power balance purposes. The
objective of the voltage control loop is to obtain the equality
H, - Veuik (t) = Hy - Vrgr(t) where H, is the voltage sensor
gain. The reference voltage H, - Vrgr(t) for Hy - Vpurk(t)
is provided, as shown in Fig. 2, by the CICERONE MPPT
controller on the basis of the operating principle described in
the following section.

III. CICERONE OPERATING PRINCIPLE

As already stated, Gp (t) is a slowly-varying signal [12] that,
as shown by (3), dictates the value of the average power P,.. On
the basis of such a consideration, the objective of CICERONE
MPPT technique is represented just by the identification of the
proper reference voltage H, - Vrgr(t) for Hy - Vpurx (t) that
leads to the maximization of Gp (t) and, hence, of P,.. As it is
shown in Fig. 3, the operation of CICERONE is dictated by the
two intervals of time called AT and Tgnp (With AT < Tgnp).
Tenp is the period of CICERONE and AT is the interval of
time needed to get a steady state operation of Gp in response to
a ramp variation of Vggr. In particular, the operating principle
of CICERONE is described by the following control law:

t

VREF(t) =Vo + /URAMP - sign {AVREF (7’) AGp (T)} -dr
0
)
where V| is the initial value of Vrgr(t), oramp [V/s]is a positive
constant dictating the amplitude of the slope of Vrgg(t). More-
over, V7 € [n- Tgnp; (n+ 1) - Tpnp] withn = 1, 2, 3,.. ., it
is

AVggr(7) = Vrer (0 Tenp) — Vrer (0 — 1) - Tenp+AT)
(5.1
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Fig. 3. (a) Qualitative trend of the waveforms in CICERONE MPPT controller.

AGp (T) = Gp (n . TEND) — Gp ((n — 1) - Tenp + AT) .
(5.2)

Equation (4) states that CICERONE MPPT controller gener-
ates the reference for the bulk voltage by integrating a signal
whose absolute value is the constant oramp and whose sign
is updated every Tgnp seconds according to the sign of the
product between AVggr and AGp. In particular, Vggg(t) is
a ramp function characterized by a slope equal to oramp-

(b)

(b) CICERONE MPPT flow chart.

In practice, as it is explained in the flow chart in
Fig. 3(b), Vger(t) will have a positive slope +oramp
during [n-Tgnp;(n+ 1) Tenp] if  Vgrer(n- Teap) >
VREF((H — ].) - Tgnp + AT) and Gp(n . TEND) >Gp((n—1) .
Tenxp + AT) or if VREF(n . TEND) < VREF((n — 1)
Tenp + AT) and Gp (Il . TEND) < Gp((l’l - 1) - Tenp +
AT). In other words, the slope of Vrgr(t) will be positive
during [n - Tgnp; (n + 1) - Tenp|, only if Vggr and Gp have
both increased or both decreased from (n — 1) - Tgnp + AT
to n- Tgxp. In fact, if Gp (and, hence, P,.) has increased
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with an increasing Vggp, or if Gp has decreased with a
decreasing Vggr, then it means that the operating point is
located at the left of the MPP and the MPPT direction for
Vger (the one leading to an increasing of Gp and, hence,
of P,) is the increasing one. Similarly, the CICERONE
output ramp signal will have a negative slope —oramp during
- Tenp; (0 + 1) - Tenp) if Vrer(n - Tenp) < Veee((n—1) -
Tenp + AT) and Gp(n - Tenp) > Gp((n— 1) - Tenp + AT)
or if VREF(n . TEND) > VREF((H — 1) - Tenp + AT) and
Gp(n-Tenp) < Gp((n—1) - Tenp+AT). In other words,
the slope of Vggr(t) will be negative during
[n- Tenp; (n+ 1) - Tenp), only if Gp has decreased with
an increasing Vggr, or if Gp has increased with a decreasing
VRer. In this case, the MPPT direction for Vggp is the decreasing
one since the operating point is located at the right of the MPP.

As it is shown in Fig. 3(a), at the steady state, in the neigh-
borhood of the MPP, CICERONE leads to a Vggr waveform
characterized by a piecewise ramp profile whose characteristics
are strictly linked to the values assumed by the three parameters:
oramp, AT, and Tgnp. Hence, the choice of such parameters is
of fundamental importance and must be carefully carried out.

AT must be chosen by considering that, after every slope
update of Vrgr(t), it will be possible to begin to measure AVggp
and AGp only when the signal Vgyk (t) has reached a steady
state condition. Therefore, AT must be greater than the settling
time of VBULK(t)’ i.e.,

AT > TROMP (6)

where is the settling time at the €% of the ramp response

T
of the transfer function Wrybuik_vrer(s) between VBULK(S) and
VREF(S) [18]

As concerns Tgnp, it can be chosen on the basis of the
following considerations. Since the external voltage control loop
has a limited bandwidth, as it is shown in Fig. 3(a), the signal
Gp is affected by a residual oscillation at 2 - f,.. Therefore, in
order to avoid errors in the measurement of AGp due to such
an oscillation, the interval of time Tgxp — AT on which AGp
is evaluated must be an integer multiple of the period of the
frequency 2 - f,.. Therefore, it must be

k
T = AT 7
END + 2 1, (7
where k = 1, 2, 3, ... At least in principle, CICERONE is
able to operate even with k = 1 but, in order to gain greater

robustness, k > 1 can be chosen as it happens for the qualitative
waveforms shown in Fig. 3(a).

With reference to orawmp, it is worth noting that, in case of sta-
tionary irradiance conditions, any value of oramp high enough
to overcome the switching noise, makes CICERONE able to
reach the MPP provided that (6) and (7) are fulfilled. Instead,
in time-varying irradiance conditions, the higher oramp the
higher the peak—peak amplitude AV of every ramp of Vgyrk (t)
and, hence, the higher the speed of tracking. However, at the
same time, the higher oramp the lower the MPPT steady state
efficiency (due to higher AV). Therefore, for the proper choice
of oramp, a suitable compromise between speed of tracking
and MPPT efficiency can be identified with reference to the
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desired time-variable irradiance profile. In particular, the value
of oramp can be chosen on the basis of the following additional
considerations.

Let us assume that the irradiance level has a variation AS
during the interval of time with duration Tgxp — AT. In par-
ticular, without any loss of generality, let us consider a starting
value of the irradiance level (att = AT)equal toS; = Sstc =
1000 W/m? and a final value (at t = Tgnp ) equal to S¢ =
Sstc + AS. Given the maximum time derivative dS /dt|y,x of
the irradiance that the system must be able to track, AS can be
written as

dsS ds k
AS (TEND AT) dat VAX 7. fac .

— 8
dt [\ax ®

Moreover, let us assume that the bulk voltage Vgyrk (t), due
to CICERONE MPPT controller, has a variation AV during the
interval of time with duration Tgyp — AT. In particular, without
any loss of generality, let us consider a starting value of Vgyrx
(att = AT)equal to V; = Vypp (the STC MPP bulk voltage)
and a final value (at t = Tgnp ) equal to V¢ = Vypp + AV.
Given the ideal operation of the voltage controller, AV can be
written as

-k
- (Tenp — AT) = ORAMP " X
)
In such a case, in order to guarantee that CICERONE MPPT
technique is not deceived, the variation of Gp thatis due to AV,

called AGp]| Ay» must be greater than the variation of Gp that
is due to AS, called AGp| g, i-e.,

|AGp|ay| > [AGP|ag]-

AV = A Vggr = oramp

(10)

By considering the proportionality, expressed by (3), between
Gp and the active power P, injected into the grid, (10) is
equivalent to

(1)

where AP,c| Ay is the variation of P, due to AV and AP |
is the variation of P, due to AS. The two terms appearing in (11)
can be identified on the basis of the following considerations. It
is possible to write the expression of the variation APpy of the
power provided by the dc-subsystem during the interval of time
with duration Tgnp — AT as

| APuc|ay | > | APuc| s

A Ppy = Ppy (Vg,S¢) — Ppv (V5,S5) . (12)

In particular, it is

Ppv (Vi,Si) = Ppy (Vwmpp, Sstc) = Vmer - Impp = Pmpp
(13)
where Iypp is the STC MPP current at the output of the dc-

subsystem, and it is

Ppv (V,S¢) = Ppy (Vmep + AV, Ssrc + AS) =
= (Vmpe + AV) - (IMPP + Tvpp - 5 ) :
(14)
The expression (14) has been written by considering that,
during an irradiance variation AS, the MPP current only changes
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linearly with S. On the basis of (13) and (14), it can be written

APpy = (Vmpp +-V) - (IMPP + IMPP%) — Pupp =
= AV -Typp + (Ve + AV) - Typp &3

Sstc *

15)
By taking into account the presence of the bulk capacitor
CpuLk it is possible to obtain

BULK

A Pac = APpy — %Taiaﬁ . (Vf2 — Vf) =
= AV -Typp + (Ve + AV) - Iypp g2+ (16)
[(Vier + AV)? — Vi

1_ Cpuk .

2 Tpnp—AT

In the expression (16), it is possible to identify a term that
depends only on AV, which is just APaC|AV, ie.,

(2VMPP + AV) .

A7)
Moreover, in the expression (16), it is possible to identify a
term that depends on AS, which is just APaC\AS, i.e.,

1 C
APulay = AV e — g B

APaC‘AS = (VMPP + AV) . IMPPSA—S. (18)
STC

Hence, on the basis of (17) and (18), and by taking into account

the expression of AV given by (9), it is possible to identify the

minimum value U{QX’MP of oramp that satisfies the inequality

(11). All the values of oramp larger than oRil,, ensure that

CICERONE MPPT technique is not deceived in presence of the

considered time-variable irradiance conditions.

IV. EXPERIMENTAL RESULTS

In this section, CICERONE MPPT technique is experimen-
tally tested, and its performance is compared with that of the
standard P&O MPPT technique in presence of different irradi-
ance conditions. On the basis of the unified modeling of both
SS-GPVSs and DS-GPVSs in Fig. 2, CICERONE can be ap-
plied without modifications to both SS-GPVSs and DS-GPVSs
provided that, in the DS-GPVSs case, the dc—dc converter is
operated with a fixed duty-cycle. Therefore, without any loss
of generality and also due to some laboratory constraints, ex-
perimental tests were carried out on a 60 W nominal power
SS-GPVS. A photo of the experimental setup is shown in
Fig. 4(a) and the details of the laboratory prototype are reported
in Tables I and II. In particular, in order to guarantee a fair
comparison between CICERONE and P&O, a PV emulator was
used instead of an actual PV source, to be able to compare the
performance of the two MPPT techniques exactly in the same
irradiance scenarios. This is of course impossible to obtain by
using real PV sources, since the external climatic conditions
are not controllable [23], [24], [25]. The power versus voltage
characteristics of the emulated PV panel are reported in Fig. 4(b)
for two different irradiance conditions (S = 1000 W/m? and
S = 300 W/m?). As it is shown in Fig. 4(a), the PV emulator
uses a current-controlled linear power amplifier (OPA549) as
the key element to emulate the PV panel.

A dedicated Arduino DUE board continuously senses the
voltage Vgurk(t) across the capacitor Cgy kx and generates

10373

1
Voltage Sensor & Bulk

AC Connection
Circuit

335

VARIAC transformer between
PV system and grid

Capacitor

j S ‘=.
sensor - -
PV emulator § i \ ‘
OPA549 and &= e
Arduino DUE
(a)
1.5
1.25+ 3
1l —1000 W/m
- 2
= —
= 075 300 W/m
_D.
0.5+
0.25 -
0 1
60 T T . . . . . . .
50 + 3 :
40| —1000 W/m |
= —300 W/m?
= 30} 1
(=%
A~ 20+ i
10 - 1
0 T L L I 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55
Yy V]
(b)
Fig. 4. (a) Photo of the experimental setup. (b) Current and power versus

voltage characteristics of the emulated PV panel for two different irradiance
conditions.

TABLE 1
PROTOTYPE COMPONENTS
Name Parameter = Test condition Value
Switch Tjc
= 0
TPH3206PSB Vos [ss . 1s01°c | 00V
180 mQ GaN | Tc =100 °C 10 A
FET ¢ Tc=25°C 16 A
Switch Driver
Si8233 fsw 100 kHz
LriLter 590 uH
Ac side CFILTER 2 uF
Vac_rms 18V
PV side CBuLk 10 mF

an analogue reference for the OPA549 based on the irradiance
intensity level that is set in a LabView program. The OPA549
input voltage is obtained by using the controlled power supply
HP 6035A. Moreover, a NI PXI-6115 was used to acquire the
output of the voltage and current sensors on both the dc and
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TABLE II
TEST SETUP AND ACQUISITION

Name Identifier Properties Nominal Value
HP 6030A | Fixed voltage | 55V
PV OPA549 Current 10 A
Emulator controlled
ARDUINO
DUE Lookup table 10 kHz
LEM Current
Ac side LA25-P sensing 25 A
Sensors LEM Voltage
LV25-P sensing 60 v
. LEM Curr.ent 25 A
PV side LA25-P sensing
Sensors LEM Voltage
LV25-P sensing 60 v
A D?tii 0 NI 4 simultaneous 12 bit
CquISTION - pyy 6115 Al 10 MS/s/ch
system

ac sides. The voltage and current controllers, and the MPPT
algorithms (CICERONE or P&O), run on a Delfino C2000 DSP
board (TMDSCNCD28379D based controlCARD). Oversam-
pling methods and averaging were used to minimize the effects
of the measurement noise. The implemented system was not
directly connected to the main grid but, in order to obtain a
scaled grid voltage with an rms value equal to 18 V, a variac was
placed between the implemented system and the main grid.

The value of the capacitance Cpy, reported in Table I, was
chosen on the basis of the following considerations aimed at
guarantee that the system is not deceived by the oscillation
of Vpyrk(t) at 2 - f,., which is necessary for power balance
purposes and whose peak to peak amplitude is [12]

Pwmpp

AVigo = .
9 Ve - ChuLk - 27hac

19)

In particular, the variation of Gp that is due to AV, called
AGp|y, must be greater than the variation of Gp that is due
to AV g, called AGP|AV100, ie.,

|AGP|ay| > | AGP Ay, |- (20)

By considering the proportionality, expressed by (3), between
Gp and the active power P, injected into the grid, (20) is
equivalent to

| APuc|py | > |APBC‘AV100| (21

where AP, |5y is the variation of P, due to AV and
APaC|AV100 is the variation of P, due to AV7qg.
In order to guarantee both (11) and (21), the following in-

equality can be fulfilled:
|APaC|AV| > |APaC|AS‘ > ’AP&C|AV100| : (22)

Therefore, on the basis of (22), inequality (23) is surely
satisfied

‘APaclAS‘ > } APaC|AV100| . (23)
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The term APy, ,, can be evaluated by substituting AV =
AVigg in (17), obtaining

APyl aviee = AVioo - Ivpp+

CruLk

1
_ZA . ZBULKR
2 A0 T AT ¢

2Vwpp + AVigo) -
(24

The minimum value of the term AP, » 4 can be obtained by
substituting AV = 0 1in (18), obtaining

AS
Sstc’

Hence, by substituting (24) and (25) in inequality (23), it is
possible to obtain the minimum value of Cgyk that is

min __ Impp - Sstc drfye (Tenp — AT) — 1
BULK ™ VMPP . 47Tfac 27rfac . AS (TEND — AT) —|— SSTC(26)
By considering, as it is shown in Fig. 4(b), for S = 1000 W/m?,
Impp = 1.3 A, and Vypp = 45 V and by choosing, on the basis
of the consideration reported in the previous section, Tgnp =
0.35s and AT = 0.15s (sufficiently larger than the system
settling time at the 1%), (26) leads to CHin . = 2.6 mF. Hence,
CpuLk = 10 mF, which is sufficiently larger than CIif . | has
been chosen as reported in Table 1.
In the following sections, the tests that were carried out are
described in details.

APu[pg = Vmer - Inpp (25)

A. CICERONE Under Stationary Irradiance Conditions

The first part of the experimental tests was carried out
by considering two different stationary irradiance conditions
1000 W/m? and 300 W/m?. CICERONE MPPT technique was
tested with different values of ogavp that lead to different values
of AVramp

A Vramp = oramp - Tenp. (27)

In particular, as it has been shown in the previous section,
on the basis of (17) and (18), and by taking into account the
expression of AV given by (9), it is possible to identify the min-
imum value o 1 of oramp that satisfies the inequality (11). By
considering Tgxp = 0.35s, AT = 0.15s, Cgyx = 10 mF,
Ivpp = 1.3 A, Vypp = 45 V, and dS/dt|y,x = 100 W/m?/s
(the largest used slope in the standard EN 50530 that will be
considered in the dynamic test of the following section), it is
ofin e = 6.6 V/s corresponding to a AVER, 1, = 2.3 V. There-
fore, CICERONE MPPT technique was tested with different
values of oramp both smaller and larger than offify ., leading to
different values of AVramp (ranging from A Vgayp = 0.5V
to A Vramp = 10 V) both smaller and larger than AVEY ..
In Fig. 5, the average power P, is reported for such values of
AVgamp in presence of the two considered irradiance values.

It is possible to observe that, in both cases, there is a range
of values of AVgamp for which the average extracted power
is nearly the same and the highest one. In this optimal range,
the values of AVgamp are small enough to cause a limited
excursion of the operating point (distancing from the MPP) at
the steady state but are high enough to overcome the switching
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Fig. 6. Waveforms acquired in case of a stationary irradiance S = 1000 W/m?
for different values of AVgamp.

noise. Of course, the average extracted power decreases for
very high values of AVgamp, Which unavoidably lead to large
excursions of the operating point at the steady state. In fact, as
it was explained in the previous section, in case of stationary
irradiance conditions, any value of AVgamp high enough to
overcome the switching noise, makes CICERONE able to reach
the MPP. However, the higher AVgayp the lower the MPPT
steady state efficiency.

These considerations are confirmed by Figs. 6 and 7, which
show the waveforms of the instantaneous PV power Ppy and of
the bulk voltage Vgyrk for three different values of AVgamp.
In particular, in Fig. 6 the waveforms acquired in case of a
stationary irradiance equal to 1000 W/m? are reported, and in
Fig. 7 those ones in the case of 300 W/m? are reported. The

10375

‘_PMPP —AVeanp =10V AV =4V — AV =1V

15W

10 1

Viurk V]

Time [s]

Fig. 7. Waveforms acquired in case of a stationary irradiance S = 300 W/m?
for different values of AVramp-

1000 '
900
800
700
600
500
400
300

S [W/m?]

L L L L L L |

0 4 8 12 16 20 24 28 32
Time [s]

Fig. 8. Considered time-variable irradiance profile.

negative effect of the choice of a too large value of AVgamp
is evident. In fact, by increasing AVgamp, even if the system
becomes faster and generally more robust to noise effects, the
excursion of the operating point from the MPP is so large that
the average extracted power is strongly reduced.

This is akind of behavior that is very similar to that of the P&O
but, as it will be shown in the following, CICERONE is generally
more robust. Instead, in time-varying irradiance conditions, as
it will be shown in the following section, AVganmp should be the
result of a suitable compromise between speed of tracking and
MPPT efficiency leading to the choice of AVEL - taking into
account the desired time-variable irradiance profile.

B. CICERONE Under Variable Irradiance Conditions

The second set of the experimental tests was carried out by
considering the time-variable irradiance profile that is shown in
Fig. 8. Such an irradiance profile was chosen according to the
standard EN 50530 for testing inverter dynamic efficiency and
MPPT algorithms [19], [20]. In particular, it is characterized by
two excursions (one decreasing and one increasing) between two
irradiance levels (1000 W/m? and 300 W/m?). Such excursions
have ramp profiles with a slope equal to about 100 W/m?/s,
which is the biggest considered slope in the standard EN 50530.
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Fig. 9. Results of the test in presence of time-variable irradiance conditions.

Also in this case, CICERONE MPPT technique was tested
with different values of AVgamp, and in Fig. 9, the average
power P, is reported as a function of AVgamp. In particular, the
graphs in Fig. 9(black curve) show the results for the complete
irradiance profile (that one in Fig. 8) together with the results
obtained either in the part of the profile characterized by a
decreasing irradiance (from 1000 W/m? to 300 W/m?, blue
curve) or in the part of the profile characterized by an increasing
irradiance (from 300 W/m? to 1000 W/m?, yellow curve).

It is possible to note that, also for the case of the complete
irradiance profile, there are values of AVgamp for which the
average extracted power is nearly the same. This can be ex-
plained with the help of the waveforms shown in Fig. 10. In
particular, with reference to A Vramp = 1V, even if with
such a value of AVgayp smaller than AViiyp the system
is deceived, the excursion from the MPP is so small that the
average extracted power is only slightly lower than the middle
case A Vramp = 4V (larger than AVRIL ). This is verified
also for the decreasing irradiance case, as it is evident from
Fig. 11.

With reference to the case of an increasing irradiance profile,
since in that case the irradiance variation tends to increase the
extracted power, the system is less robust. This is exactly the
same situation that happens for the P&O, as it will be shown
in the following section. In particular, as it has been shown
in the previous section, in order to avoid MPPT errors, the
variation of the extracted power, which is a function of AVgamp,
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Fig. 11.  Zoom of Fig. 10 showing the waveforms in case of decreasing
irradiance profile from 1000 to 300 W/m? for different values of AVgawmp.

must be greater than the variation of the extracted power due
to the maximum irradiance variation. This is verified only for
values of AVgaup that are larger than AVE .. Moreover, as
it is expected, an optimal range exists because when AVgamp
assumes too large values, even if the system is very fast and
not deceived, the excursion from the MPP is so big that the
average extracted power is reduced. All these considerations
are confirmed by Fig. 12, showing that for A Vramp = 1V
the system is completely deceived and for A Vgamp = 10 V the
power excursion is too big even if the system is not deceived. The
case A Vramp = 4V can be considered a good compromise:
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Fig. 13.  Results of the test in presence of stationary irradiance conditions.

the excursion of power is enough large so that the system is not
deceived but it is enough small to have good power performance.

C. Comparison of CICERONE and P&O

CICERONE MPPT algorithm can be inserted in the group
of the “hill climbing” MPPT algorithms. In such a group, the
P&O is one of the simplest but nonetheless more efficient
and is widely considered as a benchmark for the other MPPT
techniques [21], [22]. Therefore, the last set of experimental tests
was carried out for comparing the performance of CICERONE
with that of the P&O. Therefore, the previous results obtained
with CICERONE were compared with the results obtained with
the P&O, both in the case of stationary irradiance conditions and
in the case of the time-variable irradiance profile (see Fig. 8).
The performances of the two techniques are summarized and
compared in Fig. 13, with reference to the stationary irradiance
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Fig. 14.  Results of the test in presence of time-variable irradiance conditions.

values, and in Fig. 14, with reference to the dynamic irradiance
conditions. In particular, such figures show (left vertical axis) the
average extracted power P, for the two MPPT techniques and
for different values of A Viese = AVgamp for CICERONE and
A Vi = AVRger (amplitude of the step perturbation of Vggg)
for the P&O. Moreover, in the same figures also the percentage
power gain Pgay that can be obtained with CICERONE with
respect to the P&O is reported as a function of AVig. In
particular, such a power gain is defined as it follows:

P —P
ac_CICERONE ac_P&O . 100%

Poaw = (28)

PaC_P&O

where P, cicerong is the average extracted power with CI-
CERONE and P, pgo is that with the P&O.

By looking at those figures it can be observed that, being
both CICERONE and P&O hill climbing techniques, they are
characterized by similar trends of P,. versus AV . However,
it can be noted that for every irradiance condition, CICERONE
is characterized by a greater robustness as concerns the choice
of AVie. In fact, it is characterized by a larger range of values
of AV ey for which the extracted power is nearly maximized.

Moreover, it is also evident that the behavior of CICERONE
in dynamic irradiance conditions is better than that of the P&O,
especially with reference to the most challenging case of in-
creasing irradiance profile (see Fig. 14, yellow curves).

It is well known that, in presence of time-varying irradiance
profiles, smart P&O strategies adapting the step size provide
improved performances [26], [27], [28]. Similar strategies can
be adopted also with reference to CICERONE adapting the ramp
slope value. Undoubtedly, the possibility to choose the slope
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value in a quite large range represents a valuable advantage of
CICERONE in terms of robustness.

A summary of all the tests is shown in Fig. 15, where the
optimal point of CICERONE is compared, for every considered
irradiance condition, with the optimal one of the P&O. It can be
observed that, in terms of extractable power the two techniques
are nearly comparable in stationary irradiance conditions. CI-
CERONE is, instead, able to extract a higher power in case of
variable irradiance conditions with a maximum gain of power
equal to about 9% in case of increasing irradiance.

V. CONCLUSION

In this article, a novel MPPT technique has been proposed. It
is called CICERONE and it allows the tracking of the maximum
average ac power automatically taking into account the dc—ac
power stage efficiency profile in case of both SS and DS-GPVS.
A very important feature of CICERONE is that it operates
without using external signals coming from sensors and affected
by measuring noise. Itis able to perform the MPPT very robustly,
exploiting only an internal signal already used for the necessary
PFC control. Experimental tests have been carried out in order
to compare the performances of CICERONE with those of the
well-known and widespread used P&O, in different stationary
and time-variable irradiance conditions. It is possible to state
that CICERONE and P&O are characterized by similar trends of
P, versus AV s with comparable values of ac extracted power
in stationary irradiance conditions. CICERONE is, instead, able
to extract a higher power in case of variable irradiance conditions
with a maximum gain of power equal to about 9% in case of
increasing irradiance. Moreover, for every irradiance condition,
CICERONE is characterized by a greater robustness as concerns
the choice of AV, with a larger range of values for which the
extracted power is nearly maximized.
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