Integrated ZVT Cell Applied to Decentralized Multi-String PV System
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Abstract. This paper exploits the advantages of using a
cascaded connection of dc-dc step-up stages for a series string of
photovoltaic (PV) panels in a single-phase residential/commercial
grid connected installation. It is demonstrated that when multi-
string PV systems are adopted in order to minimize shadowing
problems, it is required to employ some approach to reduce the
switching losses (turn-on losses of MOSFETSs and mainly diode
reverse-recovery losses) of the dc-dc step-up stages. As a multi-
string PV system is normally comprised by several dc-dc step-
up stages, integrated soft-switching topologies are attractive due
to their compactness, reliability and low cost. Thus, this work
proposes to use an integrated zero-voltage transition (ZVT)
cell, which assists all de-dc step-up stages and employs a very
compact circuit, enabling to minimize the switching losses,
improving the system efficiency. The proposed cell makes use
of a magnetically-coupled auxiliary voltage source
implemented by adding a secondary winding on the input
inductors. In order to wvalidate the proposed topology,
experimental results are presented.

Key words

Multi-string photovoltaic (PV) system, dc-dc step-up
converter, zero-voltage switching (ZVS), zero-voltage-
transition (ZVT).

1. Introduction

Nowadays, there has been a significant growth of the
photovoltaic (PV) market mostly due to the proliferation
of grid connected PV systems [1]. Likewise other
intermittent renewable sources, to optimize the PV array
area and make the implantation of grid connected PV
systems economically viable, it is essential to drain the
maximum power produced by the PV panels, which is
accomplished by means of a maximum power point
(MPP) track algorithm [2]-[3] commonly applied to the
front-end dc-dc stage.

Due to dissimilarities of panel production, different
temperatures and irradiations — due to panel orientation,
aging or partial shading [4] — PV modules cannot produce
identical energy in an array. Hence, in a long string PV
array, this situation may result in the lost of the MPP,
which reduces the overall efficiency of the entire array
and, in some cases, can cause degeneration of the panels
due to the hot spot phenomenon. To ensure the maximum
production of electricity even when shading or other
dissimilarities are present, decentralized PV systems have
been proposed in the literature. Some works demonstrate
that a gain of up to 16% of generated energy could be
achieved with decentralized PV systems [5].
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In general, decentralized PV systems split the maximum
power point tracker (MPPT) stage, which can be dedicated
exclusively to a single or a small group of PV panels.
Decentralized systems can be grouped in three different
approaches, namely module integrated systems [6], string
and multi-string systems [7].

As a multi-string PV system is comprised by several dc-
dc step-up stages, to reduce the turn-on losses of
MOSFETSs and diode reverse-recovery losses of all dc-dc
stage is a quite complex task since the auxiliary circuitry
may increase significantly the converter size, weight and
cost. Additionally, a large semiconductor count could
reduce the reliability of the PV system.

This way, this paper exploits the advantages of using a
cascaded connection of dc-dc step-up stages for a series
string of PV panels in a  single-phase
residential/commercial grid connected installation with an
integrated soft-switching topology [8]. It is proposed the
use of a very compact integrated zero-voltage-transition
(ZVT) circuit, which assists all the dc-dc step-up stages,
enabling to minimize both the turn-on losses of
MOSFETs and diode reverse-recovery losses.

2. Performance of Multi-String MPPT Stages

Multi-string PV systems combine the use of individual MPPT
algorithm with the lower costs of a central inverter PV system
[9], reducing the possibility of shadowing mismatches.

Fig. 1 (a) shows the efficiency comparison of multi-string
PV systems with one through four input dc-dc step-up
stages. The analyzed system makes use of the Hypothetical
Standard Module (HSM) specified in Table 1. The step-up
stage parameters and components are defined in Table II.
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Fig. 1. Decentralized multi-string dc-dc step-up stage
performance. (a) Efficiency of hard switched system.
(b) Semiconductor power loss balance.
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Table I — Parameters for the Simulated Hypothetical Standard Module

PARAMETER
Open circuit voltage, Vpc
(short circuit current, Igc)
Peak power voltage (current)
Panel peak power
(number of panels of the array)

VALUE
219V (8.02 A)
17.6 V (1.39 A)
130 W (3)

Table II — Simulated Input dc-dc Step-up Stage Parameters.

PARAMETER VALUE
Switching frequency, f, 100 kHz
Input filter inductor, L (N of turns) 285 pH (22 turns)
Ferrite core NEE — 65/26
Maximum flux density, By, 02T
Copper wire 3x63x37 AWG (Litz)
Output capacitor, C, 470 pF
Main switch (MOSFET) / Diode IRFP460 / SETH06

It can be seen in Fig. 1 (a) that the efficiency is proportional
to the number of input stages. It occurs because the larger
the number of stages is, the lower the input dc-dc converter
gain is for the same dc bus voltage (defined as 250 V),
reducing the RMS current through the transistor and the
related conduction losses. Additionally, the switching losses
(turn-on losses of MOSFET and diode reverse-recovery
losses) are also minimized because the voltage applied on
semiconductor devices is reduced.

The distribution of the losses for each de-dc step-up stage is
presented in Fig. 1 (b). It can be concluded that switching
losses in both diode and MOSFET are reduced as the output
voltage of the dc-dc converters is reduced. Thus, two dc-dc
step-up stages are the critical situation for single-phase PV
systems, were a 400-450 V bus voltage is required for the
220 Vs standard inverter stage. It can be seen for the two
MPPT case that both transistor turn-on and turn-off losses
represents about 23% of the semiconductor losses, and the
diode switching losses represents about 35%, confirming the
importance of reducing the switching losses.

3. Proposed Integrated ZVT Cell

According to Section II, large reverse-recovery currents of
the diodes affect the system efficiency. To overcome this
problem, passive [10] and active approaches [11]-[12] have
been proposed for the de-dc step-up converter. Zero-voltage
mode techniques, such as the ZVT, are especially suitable to
overcome the aforementioned drawback because it reduces
the diode reverse-recovery losses by controlling the di/dt
slope of the current during the turn-off of the diode.
Furthermore, it effectively minimizes the switching losses
and also promotes the absorption of the parasitic
capacitances energy of semiconductor devices [13],
minimizing the turn-on capacitive losses when majority
carrier devices such as MOSFETs are employed.

Fig. 2 (a) shows a generic diagram of a decentralized
multi-string PV system employing ZVT cells. It can be
seen that any dc-dc step-up stage presents an individual
ZVT cell. There are several ways to implement the ZVT
auxiliary commutation circuit (ACC), depending on how
the auxiliary voltage source (AVS) of the ACC is
synthesized [11]. Nevertheless, in its simplest way, the
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Fig. 2. Decentralized multi-string ZVT systems. (a) Generic
circuit diagram. (b) Simple auxiliary circuit.
(c) Magnetic-coupled ACC.

AVS is comprised by an inductor and a pole composed by
a switch and a diode, as depicted in Fig. 2 (b). In
converters that present a filter inductor, as the dc-dc step-
up converter, an AVS implemented by a magnetic-
coupling with the filter inductor, as proposed by [14], is
advantageous because the voltage source is implemented in
the same magnetic core of the filter inductor, and the
auxiliary inductor can be implemented by means of the
leakage inductance [15]. This way, these features result in
a very compact topology in that there are no extra magnetic
components, as presented in Fig. 2 (c).

A. The Integration Concept

In order to reduce the ACC component count in
decentralized PV multi-string systems, a new integrated
ZVT cell is proposed, as shown in Fig. 3, which employs
a very compact circuit that can assist all de-dc step-up
stages, as shown in Fig. 3 (a). The proposed integrated
ZVT cell can also assist other topologies, such as the dc-
dc step-up/down stages presented in Fig. 3 (b). The
proposed ACC makes use of a magnetically-coupled
AVS implemented by adding a secondary winding on the
input inductors. The ZVT cell presented in Fig. 3 makes
possible to minimize the diode reverse-recovery losses of
D; to D, by controlling the di/dt slope of their currents,
and to assist the turn-on of S; to S, simply by using a
phase difference of 360°/n among their command

signals, where # is the number of dc-dc step-up stages, or
by synchronizing their turn-on commutations.
B. Integrated ZVT Cell Operation

For simplicity, it is considered only one dc-dc step-up
converter, as presented in Fig. 4, where the coupled-
inductor was replaced by its cantilever model [15].
Furthermore, the input inductor (L;) was approximated by
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Fig. 3. Proposed multi-string PV system with integrated ZVT cell. (a) Decentralized with step-up MPPT stages (boost converters).
(b) Decentralized with step-up/down MPPT stages (buck-boost converters).

a constant current source (I ;) during the switching period.
This approximation can be made if the magnetizing
inductance of the coupled-inductor (L,) is much larger
than the leakage inductance (L) and the ripple of the
current through L in a switching period is small.

Mode 1 (1 <t,) : previous to the ACC operation, S is turned
off and D, is conducting /;;, as presented in Fig. 4 (a) and in
Fig. 5 for ¢ <t,. During this mode, the voltage on Cy; (vs;)
and the current through L, (iz,) are V,; and zero, respectively.

Mode 2 (tO <t< tl) : aiming to commutate [;; from D; to S,
the auxiliary switch S, is turned on at “#.” The circuit
configuration during this mode is represented in Fig. 4 (b) and
the main theoretical waveforms in Fig. 5 for ¢, <t <¢,. The
voltage on Cj; is V,; and the current through L, increases
linearly with a slope given by N (Vo1 -V, ) / L .1t is
important to notice that the turns ratio (V) must be positive in
order to apply a positive voltage on L,. This mode ends at “¢;,”
when Nij(¢) reaches I;; and D; turns off with a controlled
di/dt slope. The time duration of this mode, defined as
At, =t, —t,, can be calculated by (1).

_ L.XILl
- N2(V1_Vil)

o

Aty (D
Mode 3 (t, <t <t, ) : this mode begins at “¢;,” when D turns

off, and both C; and L, go to a resonant process. The circuit
configuration during this mode is represented in Fig. 4 (c) and
the main theoretical waveforms in Fig. 5 for 7, <¢<¢,. The

voltage on Cj; goes zero during the resonant process. The
current peak through L, can be calculated by (2)-(3).

Vu] — Vn i
VA N
Z = Lx/Csl

+

2
3)

In order to achieve the zero-voltage-switching (ZVS)
condition to S}, it is mandatory that vg;(f) reduces to zero
volt. It can be demonstrated that the restriction (4) must
be observed in order to satisfy the aforementioned ZVS
condition. The restriction (4) implies that the converter
gain must be always higher than two.

le( max) =
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This mode ends at “z,,” when vg;(f) reduces to zero and is
clamped by the antiparallel diode of S;. Thus, the time

duration of this stage, defined as At, =¢, —¢, can be
calculated by (5)-(6).
At, = Larccos Va %)
@, Vi=Va
N
= (6)

a)n V Lszl

Mode 4 (t2 <t< t3): after vg(f) reaching zero at “s,,” the

antiparallel diode of .S; stars conducting, as presented in Fig. 4
(d). The voltage on C,; remains clamped at zero volt and the
current through L, decreases linearly with a slope given by
—NV, /L, .1t is important to notice that N must be positive in

order to apply a negative voltage over L,. The main theoretical
waveforms are presented in Fig. 5 for #, <t <t, . This mode

ends at “#;,” when Ni(f) reduces under [;; and S; starts
assuming gradually 7;;. The time duration of this mode,
defined as At, = ¢, —t,, can be calculated by (7)-(8). S; must

be turned on under ZVS during this mode.
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Mode 5 (t;<t<t,): at “t;” when S, starts assuming

At

O]

. 1
sin(, At2)+# (3)

gradually [7;;, the circuit goes to the configuration
represented in Fig. 4 (e). The circuit operation is similar to
that in the previous mode. The main theoretical waveforms
are presented in Fig. 5 for ¢, <¢<t¢,. This mode ends at

Gy 99

t,,” when iz, (¢) reduces to zero and D,; turns off under a
controlled di/dt slope. It is important to highlight that after
the turn-off of D,;, S, can be turned off under zero-current
switching (ZCS). Thus, an IGBT can be employed as
auxiliary switch. The time duration of this mode, defined
as At, =t, —t, , can be calculated by (9).
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Fig. 4. Operation modes of a single dc-dc step-up stage with the proposed integrated ZVT cell.
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Mode 6 (1, <t<t): after D,, turning off at “z,” S,
conducts I;;. Thus, vg;(¢) and i;,(¢) are both zero. During
this mode, represented in Fig. 4 (f), the pulse-width
modulation (PWM) is implemented. This mode ends at
“ts,” when S; is turned off. The main theoretical
waveforms are presented in Fig. 5 for 7, <t <t;.

Mode 7 (t; <t <t,): this mode begins at “¢s,” when S is
turned off and 1;; is transferred to the snubber capacitor C;.
This way, Cs; is charged linearly with a slope given by
I1,,/C,, . The circuit configuration during this mode is
represented in Fig. 4 (g) and the main theoretical waveforms
are presented in Fig. 5 for ¢ <t < ¢, . This stage ends at “t5,”

when vy, (¢)=V,, and D; starts conducting /;;, clamping

vsi(f) at V,;. Additionally, the time duration of this mode,
defined as At, = t, —t,, can be calculated by (10).

Csl I/01
5= I—

L1

At (10)

Mode 8 (1 <t<t,): this mode only exists due to the

intrinsic capacitance of S, (Cs,). In the following analysis, it
is assumed that the linear charge of Cj; (snubber
commutation) was finished. Thus, the voltage applied over
L;is V, -V, at “t.” This voltage, reflected to the ACC
side, turns D,; on and enables L, and Cs, to start a resonant
process. The circuit configuration during this mode is
represented in Fig. 4 (h) and the main theoretical waveforms
in Fig. 5 for ¢, <t <t,. This mode ends at “;,” when i..(?)
reduces to zero and D,; is turned off. This way, the circuit
returns to the configuration of Fig. 4 (a) (mode 1). The
voltage over S, at “t;” presents the level defined in (11).
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4. Design Methodology

The design methodology for the proposed ZVT circuit
is based on the selection of L, and N in order to satisfy
the restrictions that guarantee the proper ACC
operation and also limit the voltage and current
stresses in the semiconductor devices of the dc-dc
step-up stages. The detailed project methodology is
presented in [16]. Applying this methodology, the
auxiliary circuit parameters have been chosen as
L =71pyHand N =121 in order to satisfy the

restrictions defined in Table III.

853 RE&PQJ, Vol.1, No.9, May 2011



Table IIT — Converter Specification and Semiconductor

Limitations
PARAMETER VALUE
Input power (P;,) 390 W
Switching frequency (f;) 100 kHz
Input voltage (V;;) / Output voltage (V,;) 52.8V/250V
Max. voltage over Sy (Vsymax) / Dx (Vpymar) | 480V /480 V

Max. current through the ACC (i4ccimar) 13 A
Max. di/dt of D (di/dtp) and D, (di/dtp,) 100 A/us
Snubber capacitor (C,;) 480 pF (Cpss)

5. Experimental Results

In order to verify the effectiveness of the proposed
topology, an experimental analysis is carried out for a
single dc-dc step-up converter employing the integrated
ZVT cell presented in Fig. 3 (a). The semiconductors
employed in the prototype are summarized in Table IV,
as well as some additional ACC specifications.

For this analysis the PV panels were emulated by a constant
voltage source with a voltage level equal to the MPP voltage,
and the MPP current was drained from the voltage source by
adjusting the duty-cycle of the dc-dc step-up converter.

Fig. 6 presents the experimental waveforms of the
converter operating at nominal power. In Fig. 6 (a)-(b) are
presented the stead-state waveforms of the command
signals of both main (vgg(f)) and auxiliary switches
(vgsi(®)), as well as their voltage (vg;(f) and vs(?),
respectively), and the current through the auxiliary
inductor (i, (?)). It is possible to see in Fig. 6 (a)-(b) that
the ACC intervention demands a small portion of the
switching period (due to a project restriction [16]). It must
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Table IV — Semiconductor Devices and ACC Specifications

PARAMETER VALUE NOTE
Main switch (S;) IRFP460 Discrete MOSFET
Main diode (D;) 8ETHO06 Discrete Diode
Aux. switch (Sy) IRG4BC20UD Discrete IGBT
Aux. diode (D)) 8ETHO06 Discrete Diode
Ferrite core NEE — 65/26 —
Cooper Wire 3x63x37 AWG Litz
Input inductor (L;) | 285uH -
Aux. inductor (L,) | 7-1pH Leakage
Turns ratio (V) 121 %g’;lc)) 22227’;31

be noted that the linear rising of i;,(t) (with di/dt controlled
by L,) corresponds to a linear falling of the current through
D, reducing its reverse-recovery losses. It is possible to
see in Fig. 6 (b) that S,; is turned off after i;,(¢) reaching
zero, characterizing a ZCS commutation.

Furthermore, Fig. 6 (c) presents the details of the turn-on
commutation of S;. As can be seen in Fig. 6 (c), the main
switch S; is turned on only after v, (¢) reaching zero,
characterizing a ZVS commutation. For a comparison
purpose, Fig. 6 (d) presents the turn-on commutation of
S; without the ACC assistance.

Fig. 7 shows the measured efficiency of the dc-dc step-up
prototype evaluated experimentally as a function of PV
module power for a set of irradiances defined a priori. It
can be observed that the efficiencies are inversely
proportional to the PV module power, since the conduction
losses increase with the module current. In spite of it, the
integrated ZVT dc-dc prototype presented higher
efficiency for the entire range of powers.
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Fig. 6. Experimental results. (a) Main circuit in stead-state operation. (b) Auxiliary commutation circuit in stead-state operation.
Comparison between the (¢) ZVS and (d) Hard-switched commutations.
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Fig. 7. Converter efficiency in function of solar irradiation in a
range from 600 to 1000 W/m? (powers from 222 to 390 W).

6. Conclusion

This paper presented and analyzed an integrated ZVT cell
that makes use of a magnetically-coupled AVS implemented
simply by adding a secondary winding on the input
inductors of the dc-dc step-up stages. The proposed ACC
assists all the dc-dc step-up converters of a decentralized
multi-string PV system employing a very compact circuit,
reducing the cost and size of the overall system, and
improving its performance by reducing the turn-on
capacitive losses of the main switches and the diode reverse-
recovery losses. Thus, the benefits of using multi-string PV
systems, such as reducing the possibility of shadowing
mismatches and increasing the generated energy are kept
without penalizing the system reliability and cost.

The proposed integrated ZVT topology was analyzed
theoretically and experimentally. The proposed topology
was validated by experimental results obtained from a
single dc-dc step-up converter operating at 390 W and
100 kHz. The experimental results proved the
effectiveness of the converter.
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