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1. Introduction

This chapter presents the Behavior Matching technique (Casaro & Martins, 2007; Casaro &
Martins, 2008). It is based on DC-DC converters” input I-V characteristics. When a DC-DC
converter employs the technique, its duty-cycle and frequency are optimal fixed values. It
don’t use a control loop for MPPT, but the maximum power point is fastest tracked for rapid
solar irradiation changes. A minimal amount of sensors and only one microcontroller are
required for PV system operation. There are many options of technique-compatibles DC-DC
converters to achieve high frequency isolation and high efficiency. To continue, a brief
explanation about how a DC-DC converter can be inserted in a PV system is introduced.

1.1 PV systems

Distributed PV generation systems use switching inverters to extract the maximum power

of photovoltaic modules and inject this energy into grid. Grid-current control and MPPT are

carried out by inverter in different ways. The following topics explain the state of the art

about inverters topologies (Carrasco et al., 2006).

e Single-stage inverter: in one processing stage, MPPT and grid-current control are
handled.

e Dual-stage inverter: a DC-DC converter performs the MPPT and a DC-AC one is
responsible for the grid-current controlling.

e  Multistage inverter: various DC-DC converters are used for the MPPT and only one
DC-AC converter takes care of the grid-current control.
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Fig. 1. Inverter without a DC-DC converter.
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3. Low power DC-DC converters connected to strings and one large DC-AC in the grid

interface.

The

inverters previously showed give an idea about the control and the DC-DC converters’

application. It is worth discuss in more details how the PV modules are connected with
inverters and these are connected with the grid. There are four configurations commercially
accepted:

Central-plant inverter: usually a large inverter is used to convert DC power output of
PV array to AC power. In this system, the PV modules are serially string and several
strings are connected in parallel to a single DC bus. A single or a dual-stage inverter can
be employed. Fig. 4. illustrates this configuration.

Multiple-string DC-DC converter: each string has a DC-DC converter, which can be
galvanically isolated. There is a common DC link, which feeds a transformerless DC-AC
converter. As Fig 5., only the multistage inverter can implement this configuration.
Multiple-string inverter: several modules are connected in series on the DC side to form
a string. The output from each string is converted to AC through a small individual
inverter. Many such inverters are connected in parallel on the AC side. A single or a
dual-stage inverter can be employed, as Fig. 6.

Module-integrated inverter: each module has a small inverter. Once more, a single or a
dual-stage inverter can be used. Fig. 7. shows this configuration.
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Fig. 4. Central-plant inverter. Fig. 5. Multiple-string DC-DC converter.
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Fig. 6. Multiple-string inverter. Fig. 7. Module-integrated inverter.

1.2 Considerations
The high efficiency is one of the most important characteristics of a PV inverter. Thus,
whenever possible, these inverters are nonisolated electronic circuits, since a transformer
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imposes an efficiency drop. This efficiency drop is 2% larger for a low than for a high-
frequency transformer (Yuan & Zhang, 2005.). Hence, when grid-isolation is mandatory, the
incorporation of a high-frequency transformer is a trend (Carrasco et al., 2006.).

As important as high efficiency, it is the inverter cost. Carrasco et al. (2006.) indicate the
centralization of inverter for reduced cost, according to plant showed in Fig. 4.

To satisfies the previously argumentation, the dual-stage inverter configured in a central-
plant is the solution. However, the MPPT will not be carried out by DC-DC stage. The
system will be more cost-effective if it is able to track the MPP using the variables already
available for the grid-current control. Some sensors would be avoided. Fig. 8. illustrates this
simple idea. This implementation is discussed in the next section.

\I PPy MPPT
L9 4
J ﬂ"'\_ Al AC Grid
PV Array DC-DC Stage DC-AC Stage
— f‘b

Fig. 8. Modified dual-stage inverter.

2. Behavior matching

The Behavior Matching Technique’s purpose is to take a dual-stage inverter to perform the
MPPT in the DC-AC stage, so that the control structure is simplified and the MPPT is
improved. Normally, the DC-DC stage performs the MPPT in this type of PV inverter
topology. From a didactic intent, the buck converter, showed in Fig. 9., is adopted to
constitute the DC-DC stage. However, applying the Behavior Matching technique, all switch
S parameters are constants. Therefore, duty cycle and switching frequency don’t change
during normal operation conditions.

lifav) R ,ﬂvl}-w._

S — vn
Vi '/;Ll —l_ D <i>17 DC-AC Converter

Fig. 9. DC-DC Buck converter.

The DC link voltage, V,, is regulated by DC-AC stage. The feedback from V, is compared
with a reference defined by the MPPT algorithm. Hence, the controlled variable by the
MPPT strategy is the DC link voltage.

It is well known that the ideal static gain of the Buck converter is given by V, ‘=D-V;. Being
V, constant and V; variable, the input average current, i), goes to infinite when D-V; >V, .
For realistic input I-V characteristic, all Buck losses were represented by resistance R. Then,
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this input I-V characteristic become inclined, as presented in Fig. 10. PV module’s typical
curves are in the background. For each irradiation level there is a MPP locus.

The DC-DC converter input I-V characteristic can fall together with MPP loci at various
solar irradiation levels. Then, the convergence time of conventional MPPT algorithms is
accelerated for rapid changes on insolation conditions. At the limit, no control action would
be needed.

As noted in Fig. 10, a control action can shift the DC-DC converter input I-V characteristic
for left or right, keeping its shape. Then, temperature variations of the PV module can be
compensated with adjusts of the V, value.
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Fig. 10. DC-DC Buck converter input I-V characteristic on PV module curves.
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Fig. 11. Behavior Matching principles.

Fig. 11. shows simulation results where it can be seen that the PV array behavior,
represented by i) x Vi, is reproduced on the DC-DC stage output terminals, represented by
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Io@o) x V,. From the controller point of view, Iouy) x V, is similar to Iiu) x Vi. Thus, MPPT task
is to extract the maximum power of the DC link, or, to inject the maximum power in the
grid. The strategies are different, but the result is the same: both tune the DC-DC stage input
I-V characteristic to the PV array MPP.

The Behavior Matching Technique brings significant advantages for the PV system always
that the DC-DC converter input characteristic curve lies on closest the MPP loci, for all
MPPT range. Step-down DC-DC converters with similar input Buck behavior are eligible to
integrate a modified dual-stage inverter.

3. DC-DC stage

The isolated ZVS Full-Bridge is usually used at power levels above 750W (Carrasco et al.,
2006). Commonly, its efficiency ranges from 92% to 93% under a 45% to 100% load
condition. With a nonisolated version, this efficiency can be increased within 96% to 98%
(Lee et al., 2008). As an alternative to single-phase Full-Bridge based converters, the three-
phase conversion has some advantages (Ziogas et al., 1988), such as:

e Reduced switching stresses of the power semiconductor devices.

e Reduced size and ratings of associated reactive components.

e  Better transformer copper and core utilization.

The topic of this chapter focuses on the application of the three-phase isolated DC-DC series
resonant converter (SRC3), proposed by Jacobs et al. (2004), in a dual-stage inverter. Despite
the galvanic isolation, the measured efficiency of this DC-DC converter was above 97%
under a 45% to 100% load condition.

The SRC3 topology is presented in Fig. 12. This three-phase DC-DC converter was evaluated
about its efficiency in different input power levels, components number, EMI emission,
performance under unbalanced conditions and power range. It seems to relate the best
characteristics among others converters with soft commutation.

[||.n_|
e

DC-AC Converter
MPPT

"M

Array

Fig. 12. Three-phase DC-DC Series Resonant Converter connected to a photovoltaic array.

The switches are gated by six phase-shifted signals. Neglecting the deadtime between two
switches in each inverter leg, all switches are turned on exactly half a period.

When the switching frequency, fi, is equal to the resonance frequency, f,, the converter
operates in ZCS mode. If f; > f,, the converter operates in ZVS. In this condition, the
efficiency is much reduced for low-power transfer. Then,

1
= —_— 1
h=f =5 (1
6 ,
Ii(uv) = 72_2 ‘Rl (Vz _VO ) (2)

0S8
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Where:

L, - leakage inductance of the transformer;

C, - resonant capacitor;

V' - output voltage of the three-phase bridge rectifier, referred to the primary side;

Riess - takes all losses into account: conduction and switching losses of the switches and
diodes, the dielectric losses of the capacitors, the copper and iron losses of the three-phase
transformer and the conduction losses of wires and connections.

The turns ratio transformer can be defined by : N =N, /N .

The efficiency of the SRC3 strongly depends on the implemented deadtime and switching
frequency. Beyond the designed values for them, the efficiency abruptly decreases.
Consequently, these variables should not vary. Thanks the Behavior Matching, this is
exactly the operation condition imposed to the converter.

The PV array consists of two parallel strings, each with ten KC200GT modules from
Kyocera. Its nominal power is P; = 4kW, with V; = 263V and I; = 15.2A. The estimated
efficiency for the DC-DC stage is 11 = 97%. The switching frequency of the SRC3 is f; =
40kHz. The grid has 220V of phase voltage.

The three-phase transformer is constructed with three single-phase transformers, in wye
connection. The measured leakage inductances were L, = 3.6pH. These result in resonant
capacitors of C, = 4.4pF, for ZCS operation. Polypropylene capacitors were adopted.

The nominal DC-link voltage is calculated with (3) and the converter losses with (4).

V) '=n, -V, =255V 3)

5 (v-v)=0320 4)

4 'Ii(av)

The voltage V,’ is raised to V, = 816V by N = 3.2. This turns ratio keep the DC-link voltage
above 600V for all MPPT range.

A SK20GDO065 Semikron IGBT module was used. The diode bridge was made with six ultra
fast recovery rectifiers FFPFO5U120S, of 1200V and 5A.
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Fig. 13. DC-DC converter’s input I-V characteristics.
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The inclination of the SRC3 input I-V characteristic, for all Vo operation range, is given by
(5), obtained from (2). Fig. 13. shows experimentally measured points of SRC3 prototype
input I-V characteristic.

dl.
19y ®)
i T 'Rloss 14

The DC-DC converter’s input characteristic has a propitious behavior to MPPT algorithm.
Putting Fig. 13. (V, = 816V) on the PV array I-V characteristic curves, the proximity between
the DC-DC converter’s input characteristic and the MPP loci can be established, as shown in
Fig. 14. This collaborates with the MPPT performance for fast changes in atmospheric

conditions.
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Fig. 14. Crossing between SRC3 and PV array characteristic curves.

4. Performance of the adopted DC-DC converter

A compare unit pertained to a peripheral of the Texas TMS320F2812 controller was
configured to generate six gate pulses for SRC3, with duty cycle of 50% and deadtime of
640ns. The same DSP carried out the grid-current control and the MPPT.

Fig. 15. shows the resonant currents. Obviously, the leakage inductances of each phase are
not exactly the same. These unsymmetries cause small differences in resonant currents
amplitudes. However, this has a negligible impact on the SRC3 operation.

Figs. 16. and 17. present the DC-DC stage input and output currents for different power
conditions. These currents have a low ripple and a frequency of six times that of the
switching frequency, resulting in a continuous power flux. These features are not common
among three-phase DC-DC converters and lead to reduced filter devices. The PV array
parallel capacitor is of only 680nF, for example. The voltage ripple on it is showed in Fig. 18.
This ripple was produced by the current I; of Fig. 17. It has a negligible impact above PV
array efficiency.

The ZCS commutation is shown in detail by Fig. 19. Unfortunately, the commutation losses
drastically increase at low power levels, according to Fig. 20. Fig. 21. shows the SRC3
efficiency.
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Fig. 15. Resonant currents under nominal conditions.

Fig. 16. DC-DC stage input and output currents and collector-emitter voltage, under
nominal conditions.
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Fig. 17. DC-DC stage input and output currents and collector-emitter voltage, with P, = 500W.
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Fig. 18. PV array output voltage for P, = 500W.

Fig. 20. Resonant current and collector-emitter voltage, for P, = 500W.
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Fig. 21. SRC3 efficiency.

The impact of voltage harmonic components on the resonant current depends on the
resonant circuit quality factor, presented in (6).

Lr

Q=27 f- (6)

loss
The requirement of large impedance for frequencies that are different of the resonant
frequency is fulfilled when the quality factor Q is high. The value of Q is high in nominal
conditions, such as Fig. 19. On the other hand, for low SRC3 output power rate, the Q value
is low too, according to Fig. 20. This occurs due increasing of Rj.ss for output powers below
of approximately 1700W. Fig. 21 points to decreasing of efficiency below this power. Larger
L, could reduce the power from which Rj, rises. The efficiency would be more flat.

5. Conclusion

This chapter proposed the Behavior Matching technique applied to grid-connected
photovoltaic systems composed of dual-stage inverters. A dual-stage inverter contains DC-
DC stage and DC-AC stage. Through the Behavior Matching, the DC-DC stage operates
with constant frequency and duty cycle and the DC-AC stage becomes responsible for the
maximum power point tracking and grid-current control. The I-V characteristic of PV array
was reproduced at output of the DC-DC stage, without any control. Some sensors could be
avoided because the grid-current control apparatus produces the variables needed for the
MPPT. In addition, only one digital controller can generate gate pulses for all transistors of
PV system, which results more simple and cheaper. It was demonstrated if a propitious
converter composes the DC-DC stage, the MPPT convergence remains faster for rapid
changes in solar irradiation power. Among various soft switching three-phase DC-DC
converters, the Series Resonant was selected for practical analysis. It added a lot of
advantages for PV system. Its efficiency is highest for a specific frequency and its duty cycle
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cannot change. Thus, Behavior Matching optimized it along all operation range. This input
I-V characteristic matched with MPP loci, without any control action. The converter can
switch with high frequencies, 100kHz or more, becoming very compact, i.e., its transformer
and capacitors. An insignificant capacitor was used on implementation of PV array parallel
filter. Two factors mainly contributed with this advantage: the continuous current flux with
low ripple and the barrier formed by the resonant circuit to electrical perturbations on DC
link, that did not affect the primary side voltage bus. Finally, the Series Resonant Converter
features a robust operation under unbalanced conditions.
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