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Abstract: A novel maximum power point tracking
(MPPT) algorithm for three-phase grid-connected
photovoltaic (PV) generation systems is presented in this
paper. Reference is made to a conversion scheme con-
sisting in two balanced arrays of PV modules, each one
feeding a standard 2-level three-phase voltage source in-
verter (VSI). The dc-link voltages of each VSI are regu-
lated according with the requirement of the proposed
MPPT algorithm, based on the comparison of the oper-
ating points of the two PV arrays. Inverters are con-
nected to grid by a three-phase transformer with open-
end windings configuration on inverters side. The re-
sulting conversion structure performs as a power active
filter, doubling the power capability of a single VSI, with
the additional benefit of multilevel voltage waveforms.
The proposed MPPT algorithm has been successfully
verified by experimental tests.

Key Words: Photovoltaic power systems/Dual in-
verter/Maximum Power Point Tracker

1. INTRODUCTION

Photovoltaic (PV) energy sources initially have been
started developed for small-power and portable
appliances. However over the last two decades there was
strong trend towards high-power plants with peak power
reached 60 MW [1]. This new field demands specific
topologies and power electronic converters research,
together with new control methods. Multilevel converters
already applied for high-power drives are finding their
way in this PV application, bringing benefits such are
lower dv/dt and reduced harmonic distortion of the
output voltage.

Another indispensable issue for PV plants is
provision of maximum output power. Due to strong
nonlinear characteristic of photovoltaic (PV) cell, a
maximum power point tracking (MPPT) control
algorithm is utilized to maximize conversion of available
solar energy. A considerable number of techniques have
been developed with a particular expansion in the last
decade and the interest of the research community
remains strong. Still, different MPPT techniques suit
different applications depending also on the topology and
the rated power. In this paper, the dual VSI topology [2]
is considered, and a novel MPPT algorithm has been
applied to maximize power injection into the grid,
according to the block diagram of Fig. 1. The two

standard two-level VSI are connected to open-end
primary windings of a standard three-phase transformer.
The whole PV field is shared into two equal arrays, with
each inverter directly wired with one of the PV arrays.
The secondary windings are connected to the grid with a
traditional star (or delta) configuration. Note that the
transformer contributes with its leakage inductance to the
ac-link inductance which is always necessary for the grid
coupling of a VSI. Furthermore, the presence of a low-
frequency transformer enable the direct connection of
high power generation systems to either medium- or
high-voltage grids (10 kV or more). The resulting three-
phase converter is able to operate as a voltage multilevel
inverter, equivalent to a three-level inverter, with
corresponding multilevel benefits.
Strictly speaking, only permanent sweeping of the V-
I characteristic can determine exact position of the MPP
in every instant for all the circumstances (different
irradiance, shading and temperature). However, this
mode of constant perturbation is unacceptable for
application; leading to development of many
“approximate” methods today commonly accepted under
name MPPT. It can be noted that “sweep” can represent
the appropriate method in some cases (e.g. for low-
power applications if performed in regular and not so
often intervals) [3]. Generally, methods can be divided in
two classes, based on type of the applied loop.
1) Open loop control, using a priori model of the
panel behavior (usually eventually updated).

Iy Vy

. A - ;l
Py IIC— >E Vi 7

L "~ _g) 4
meer | v ( ) )
kg N—

Y 7 . Vg ‘
Lo i

VL
: 2-level three-phase ac
PV strings inverters transformer grid

Fig. 1. Block diagram of the dual VSI topology including
an open-winding three-phase transformer.



Basic representatives are

e Application of pilot cells [3],

e Open-circuit  voltage/short-circuit
based methods [4],

e Model (parameter) based methods
particularly “one cycle control” [6].

Closed loop control, since they compare the

current state with previous in order to determine

position of the MPP. Basic representatives are

e Perturb and observe (P&O, sometimes called
“hill climbing”) [7],
Incremental conductance (INC) [8],
Fuzzy logic and Neural network [9], [10],
Ripple correlation control [11],
Load current/voltage maximization [12],

e Sliding mode control [13].

Among all the methods most of the focus has been on
P&O and INC method. They practically established
themselves as almost standard methods due to their
simplicity and ease of application. Other methods such
are fuzzy logic and neural networks are more complex to
implement and require field-specific tuning. P&O
usually uses PV power, but it has been shown that output
electric parameters of the converter can be used as well
[12]. The MPPT algorithm proposed in this paper is
based on a forced small displacement in the working
points of the two PV arrays, allowing sharing of data
between them on the basis of instantaneous currents
measurement. Similar MPPT schemes have been recently
presented in [14] and [15], but with reference to different
PV conversion structures.
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2. CONVERTER AND CONTROL SYSTEM

In the present case of PV applications, the proper dc
voltage range can be obtained by adjusting the number of
series-connected modules for each PV array (string),
avoiding the use of intermediate dc/dc choppers. In this
case, inverters regulate dc-bus voltages according to the
MPPT requirements, as explained in the following. With
reference to the scheme of Fig.1, using space vector
representation, the output voltage vector v of the
multilevel converter is given by the contribution of the
voltage vectors vy and v; , generated by inverter H and

L respectively,

\_/:\_/H +\7L

(1)
V=213V (S +Soe’”™ + 83,6™3) (2
VL= —Q2/3)W, (Siy +Sa e 483,67 (3)

where {SIH, Sz[-[, S3H . SlL; SZL: S;L} = {0, l} are the
switch states of the inverter legs.

The conversion system is symmetric, having both
inverters with equal ratings and two equal groups
(arrays) of PV modules supplying them. The dc bus
voltage references generated by the MPPT controller,
Vi* and V;*, are very close one to the other, as discussed
in the next section. Two distinct voltage controllers have
been implemented, according with the block diagram
shown in Fig. 2. In particular, the two dc voltages (Vp,
V) are regulated by two controllers, here called “sigma”
(2) and “delta” (A). The voltage controller X acts in order
to regulate the average value of dc bus voltages, V. (i.e.,
their sum), whereas the voltage controller A acts in order
to set the difference between the dc bus voltages (A V).
The input signals of both voltage controllers, Vs and V,,
can be built by adding and subtracting one from the other
the individual dc voltage errors AV and AV, as follows

VZ=AVH+AVL=(VH+VL)—(V:, +VL*) (4)
Va=AVy —AV, =(Vy _VL)_(V:I _VL*) (%)
being:
AV, =V, -V,
{ V=Vi-Vi ©

The voltage controller X directly generates the current
reference for the dual inverter, /*, corresponding to the
active power injected into the grid, regardless to the
power sharing between the two inverters “H” and “L”, as
shown in Fig. 3. If the ac current is in phase with the grid
voltage, the resulting current space vector reference is
—% BN

i =1v, @)
being ﬁg the unity space vector of the grid voltage. It
can be noted that reactive and/or harmonic compensation
current references can be added to if active power filter
operation is required.

To solve the problem of current control in grid-
connected application a simple proportional controller
with a feed-forward action (grid voltage) has been
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Fig. 2: Schematic diagram of proposed control system.
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Fig. 3. Dual inverter voltage vector plot
in the case Vy =V, = Vy.

adopted, due to its simplicity, good dynamic response
and immunity to harmonic disturbance. In particular, the
reference voltage is calculated as

V=K. i)+, 8)

being Vé the space vector of the grid voltage at the in-
verter side.

Being the converter supplied by two distinct sources,
in several applications it is necessary to regulate the
power flow from the two sources. This requirement can
be demanded in order to equalize the state of charge of
two banks of batteries, or to exploit the different
characteristic of two sources, e.g., generators and
batteries. A possible approach to achieve the power
sharing control is to define the decomposition of the total
reference into two collinear vectors [2]:

—% —*
{vlj kv ) ©)
v, =(1-k)v

The condition (9) allows maximum dc voltage
utilization. Being the output ac current of the two
inverters the same, the coefficient £ also defines the
power sharing between the two inverters. In terms of
averaged values within the switching period, the output
power can be expressed as

(10)

where py and p; are the individual powers from the two
inverters. By combining (9) with (10) leads to

3w
p:EV 1=py+PL

3 % -
pH:EVH'l:kp
(11)
3_* -
pL=3 Li=(-k)p

. % %
Once the inverter reference voltages vy and v; are

determined by (9), they must be synthesized by the dual
two-level inverter and applied to the open-end windings
of the transformer. A SVM providing proper voltage
multilevel waveforms and avoiding double simultaneous
commutations have been presented in [16]. This method
leads to switching sequences that can be implemented in
the sole PWM generation unit of an industrial DSP
which usually provides a unique carrier for all three
phases. It introduces use of asymmetrical PWM in order

to avoid application of different carriers, as mentioned
above. This new algorithm has been adopted here.

3. PROPOSED MPPT ALGORITHM

The well-known problem of the maximum power
point tracking consists in finding the MPP voltage, Vypp
(or the MPP current, Ijpp), at which the PV field
provides the maximum output power, Ppp. MPP
continuously moves, according to variations in
environmental conditions (i.e. solar irradiation and cell
temperature). Among the numerous known solutions [3]-
[13], one is particularly suitable for the dual inverter
configuration, due to the presence of two identical
groups of PV modules [14], [15]. The algorithm is based
on deliberate introduction of a small difference AV* (in
the order of %) between reference voltages of the two

PV fields V:I and ¥, , as follows
v, =K,V (12)
AV =V -V, =(1-K,)Vy (13)

where the coefficient K, slightly differs from 1 (K, =
0.95-0.98). Due to the particular shape of power vs.
voltage characteristic (P-V curve), the powers generated
by the two PV fields, P, and Py, practically coincide if
the operating points are on the “flat” in neighborhood of
MPP, according to Fig. 4(a). Conversely, on “sloped”
parts of the P-V curve, one of the powers is higher than
the other, or vice-versa, depending on the position of the
operating points with respect to the MPP. In particular,
the following three possibilities occur:

P <P, = V<V
P =P, = V=V;p
P>P, = V>V

(14)

In effect, the difference between Py and P, gives an
estimation of the slope of the P-V characteristic:

d_P:ﬂ:K (P;-P,)

av - (A-K)v, 7* (15
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Fig. 4. Principle of MPPT algorithm.



Hence, reference dc voltages V:, and VL* can be found

as the output of a simple PI-controller acting on the error
between the two powers, as represented in Fig. 4(b).

The choice of a proper value for K, is a tradeoff between
efficiency, which is higher as K, approaches 1, and
immunity to both noise and PV modules asymmetry,
which increase as K, diverge from 1. Obviously, the
proposed algorithm is based on the assumption that the
two PV arrays have the same P-V (or I-V) characteristic.
For this reason, the PV arrays should consist of equal
number and same type of PV modules. In spite of P-V
characteristics of two identical PV modules slightly
differ one from the other (the dispersion is in the order of
few %), when many PV modules are arranged in two big
arrays, their global P-V characteristics are averaged and
practically coincides. On the basis of (2) and (3), the
effects of PI regulators ¥ and A lead to the following
steady-state conditions

Ve=0 = Vy+V, =Vy+V, (16)
Va=0 = V-V, =AV" (17)
4. EXPERIMENTAL RESULTS

To ensure the safety, the system has been

implemented by using only parallel connections of PV
modules, since the presence of a grid-transformer with
the proper turn ratio enables voltage adaptation. The
resulting PV array voltage range is the same of a single
PV module, in the range 20-40 V, allowing use of low-
voltage MOSFETs. These types of switches are cheap,
being widely used in automotive applications, and they
feature good efficiency, since its on-state resistance is a
strong decreasing function of the blocking voltage rating.
The main characteristics of the whole PV generation
system prototype are summarized in Table I, and some
pictures of the experimental set-up are given in Fig. 5.
Reference is made to the scheme presented in Fig. 1,
with the PV module arrays consisting in six PV modules
in parallel, directly connected to the inverters. The
experimental results show the action of the MPPT
controller with reference to opposite starting conditions
and with different values of the MPPT parameters.
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Fig. 5. Arrangement of 6+6 PV modules on the roof-

Table 1. Main parameters of the converter
INVERTERS

configuration (H and L) two-level VSI

MOSFETs (6 in parallel per switch) IRF2807

MOSFETs ratings I;; :S:Sl 37 [Sn[l\é]]’

dc-bus capacitance 23 [mF]

switching frequency 20 [kHz]
TRANSFORMER and GRID

turn ratio 230/24 [V/V]

converter/grid-side winding connection open ends/star

rated power 1500 [VA]

short circuit voltage 6.9 [%]

ac link inductance (converter side) 0.4 [mH]

grid voltage (line-to-line), frequency 250 [V], 50 [Hz]

Figs. 6 and 7 are related to the case of a coefficient K,
= 0.98, leading to a reduced difference between V and
V., about 0.5 V. Figure 6, show the transient to the MPP
starting from the open-circuit voltage, whereas the latter
diagrams, Fig. 7, show the transient to the MPP starting
form the minimum dc voltage. Steady states and settling
times are proving that also with a very small voltage
displacement a satisfactory behavior of the MPPT
algorithm can be obtained, reached without oscillations
in about 40 ms. In all the examined cases, both the
steady-state powers Py and P, practically coincide with
the MPP, proving the effectiveness of the proposed
MPPT algorithm.
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Fie. 6. Exverimental results: transient from no-load to MPP with K., = (.98.
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Fig. 7. Experimental results: transient from minimum dc voltage to MPP with K, = 0.98.

5. CONCLUSION

The proposed MPPT algorithm shows good results
applying considerably low difference between voltages.
Coefficient K, represents a degree of freedom that can be
tuned depending on different conditions or demanded
dynamic response. It is suitable for application for high-
power applications where V-l characteristics of two
groups are expected to be quiet similar by the law of
large numbers. The measuring system might require ini-
tial tuning (calibration). The case of different character-
istics due to partial shadowing is not of importance for
high-power application since the installation is projected
particularly to avoid such a problem.
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