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RESUMEN

Las configuraciones fotovoltaicas (PV) tradicionales de dos etapas han incre-
mentado su popularidad debido al desacoplamiento entre el voltaje en el enlace-
dc y el voltaje a nivel de médulos PV, agregando flexibilidad para extender el
rango de operacién al realizar el algoritmo de seguimiento de maximo punto de
potencia (MPPT). Sin embargo, el convertidor de-de adicional incrementa el
numero de etapas de conversion de energia, y por ende las pérdidas en la etapa
de conversion. El concepto de convertidores de potencia parcial (PPC), el cual
esta enfocado en reducir la cantidad de potencia procesada en la etapa-dc, re-
duce esta cantidad de pérdidas. Sin embargo, el tipo de topologia, la cantidad
de potencia procesada y el rango de operacion pueden variar de manera signifi-
cante dependiendo del tipo de aplicacién PV. Ademas, el tipo de funcionamiento
de la etapa-dc va a diferir entre operar como etapa de elevacién, en caso de un
modulo PV, o de reduccién cuando el sistema tiene un varios médulos conec-
tados en serie. Esta tesis provee un analisis de las posibles soluciones para
realizar las configuraciones PPC, ademas la aplicacion PV mas adecuada segiin
la configuracion PPC. Para las pruebas se han diseiado tres configuraciones
PPC, considerando las mas interesante para aplicaciones practicas. Los resul-
tados experimentales muestran que los PPC incrementan considerablemente la
eficiencia global del sistema, ain cuando el convertidor dc-dc tiene una baja
eficiencia. Otras ventajas al manejar una potencia menor, es la reduccién del
tamano del convertidor sin perder desempeno del sistema.
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e Energia solar fotovoltaica

e Convertidores de potencia parcial



ABSTRACT

Two-stage photovoltaic (PV) configurations (for microinverters, string or mul-
tistring inverters) have become increasingly popular due to the decoupling be-
tween the inverter dc-link voltage and the PV voltage, adding flexibility to
extend the MPPT range. However, the additional de-dc converter increases the
component count, reduces the volume and power converter losses. The concept
of partial power converters (PPC), which reduces the amount of power handled
by the dc-stage can mitigate this effect. However, the type of topology, its
power and voltage rating, efficiency, and operating range can vary significantly
depending on the type of PV application and scale. Furthermore, the type of
function of the de-dc stage will also differ depending on the PV application.
From boosting with a high step-up ratio for one module in a microinverter, to a
buck mode for larger PV strings when using modern 1500V isolation modules.
This thesis provides an analysis of the possible combinations of connections
and corresponding applications based on the scale of the PV system. The three
most suitable solutions for practical PV systems are further elaborated, includ-
ing simulations and experimental validation. Experimental results show that
the PPC greatly improves the overall PV system efficiency, even when the ef-
ficiency of the isolated dc-dc converter is low. An added benefit is that the
dc-dc stage power rating achieved are only a fraction of the PV system, reduc-
ing size and increasing power density of the power converter without affecting
system performance.

Keywords
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e Photovoltaic energy

e Partial power converters
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Chapter 1

INTRODUCTION

HE sustainable development of the modern world in terms of efficient en-

ergy management, is highly dependent on the role played by the power
electronics. This technology is ushering in a new industrial revolution because
of its participation in the current trends, solving problems found in different
electrical applications [1]. One of the most important areas relying on the
power electronics development is renewable energy applications [2].

An estimated of 303 gigawatts (GW) of solar photovoltaic (PV) global ca-
pacity was installed until 2016, the largest annual increase ever, as shown in
Fig. 1.1. About 1.0% of the global capacity corresponds to the installed capac-
ity in Chile [3]. Some reasons behind this great development are: the growing
environmental concerns, technology development, and the increased competi-
tiveness of PV energy due to the good solar irradiation conditions. Although a
PV system are of multidisciplinary nature, including several engineering disci-
plines, power electronics plays a fundamental role allowing an efficient control of
the system and enabling the generated power transfer to the grid [4]. The main
drivers behind the development of power electronic technologies are oriented
toward more efficient, reliable, lightweight and cost effective power converters.

Considering these approaches, some configurations oriented to work with a
reduced portion of the entire power, have been proposed in the literature. This
can be achieved using dc-dc converters connected in partial power mode, also
known as partial power converters (PPC), which is the focus of the presented
work.

1.1 Overview of photovoltaic energy conversion systems

An example of a generic configuration of a grid-connected PV system is depicted
in Fig. 1.2. In a traditional PV system, the power generation comes from the
PV cells, which can be arranged in a single module, a string of series connected

1
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Figure 1.1: Solar PV global capacity and annual additions, 2006-2016 [3].

modules, or an array of parallel connected strings. The generated dc-current
greatly depends on the solar irradiation, temperature and voltage at the output
terminals of the PV system [5]. The PV system is followed by a passive filter,
which is used to decouple the input voltage and current from the subsequent
stages by reducing the voltage and current ripple at the PV side. The dc-power
is interfaced to the grid by a PV inverter and some additional elements such
as grid connection filter, grid monitor or interaction unit, and a low-frequency
transformer when local regulations demand for it [6].

Some applications require a decoupling between the PV system and the
PV inverter side, hence a dc-stage is included to decouple the PV operating
point and the PV inverter control. Because of this additional stage, the PV volt-
age can be independently controlled by performing any maximum power point
tracking (MPPT) algorithm. Additionally, the dc-stage can elevate the PV volt-
age when it is not high enough for performing grid-connection, or depending
on the de-dc topology this stage can also provide galvanic isolation [4]. De-
spite of the similar generic structure of grid-connected PV systems, they are
not necessarily the same. They can vary in size, power and configuration from
small-scale (a single PV module of hundred of watts) to a large-scale PV sys-
tem (up to hundred of MW). This means that the application will define the
suitable power conversion configuration that better adjusts to the needs of the
PV system.
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Figure 1.2: Generic structure of a grid-connected PV system.

1.1.1 Photovoltaic energy conversion

The photovoltaic phenomenon is an internal effect of some semiconductor mate-
rials, by which the photons of equal or greater energy than the band gap of the
semiconductor material can excite and free the electrons. Basically, the photo-
voltaic cells are made of layers of crystalline silicon devices (mono-crystalline
and poly-crystalline), or by using thin-film devices (copper indium gallium se-
lenide (CIGS), cadmium telluride (CdTe) and amorphous silicon (a-Si)) [7]. The
solar cell can be understood as a specialized semiconductor diode with a large
barrier layer which is exposed to light. It allows forward current to flow from
the p-side to the n-side polarizing directly the diode [8]. When the diode is
exposed to solar irradiation, the photocurrent is generated being proportional
to the solar irradiation.

Some models have been developed to represent the PV behavior. But in
all the cases, the single-diode model shown in Fig. 1.3 (a), which includes a
series and a parallel resistor connected with the diode and a current source, was
selected as the best approach based on a good balance between accuracy and
model complexity [9]. Moreover, this model allows the possibility to express
voltage as a function of the current, and its inverse. Additionally, the single-
diode model can be expressed into two explicit mathematical equations by using
Lambert’s W function, which expresses the PV voltage exclusively in terms of
the PV current, and vice versa [10], [11]. The single-diode model is described
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Figure 1.3: (a) Single-diode model of a PV cell. (b) Operation curve of a PV module.

with the following equation [12]:

Vpv+Rs Ipy Vo + Rel,,
I e —1) _ Lo T Bl (1.1.1)

pv — Iph - [sat (6 Vi Rsh

The electric characteristics of a PV module highly depends on the environ-
mental factors (temperature and solar irradiation). In addition, Eq.1.1.1 shows
the PV current ¢,, as a relation of its output PV voltage v,,, where a number
of parameters of the model are described as follows:

o (ell photocurrent Ip,: This current mainly depends on the solar irradia-
tion, also it is linearly dependent with the temperature 7" and the short
circuit current I2, under standard test conditions (STC) [13]. The cell
photocurrent can be expressed with the following equation:

L = G(Kipy (T — Thep) + I12,) (1.1.2)

where, G is the solar irradiation expressed in (W/m?), T the temperature
in °C, I2, under STC (G=1000W/m?, T=25°C"), and K, is the coefficient

» 7sc
of temperature dependency.

o (ell reverse saturation current I,,: This current increases roughly expo-
nentially as temperature rises, and it is also influenced by the semicon-
ductor characteristics.

o Thermal diode voltage V;: This voltage consider the PV cell temperature
and diode ideal factor (n). The equation is expressed as follows:

KT
v =" qB (1.1.3)

where, Kpg is the Boltzmann’s constant, and ¢ is the charge of an electron.
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Figure 1.4: I-V and P-V curves of a PV module under: (a) Different solar irradiation
at 25°C. (b) Different temperature at 1000 W/m?2.

e Serial and Shunt resistor Ry and Rgj,: The serial resistor depends on the
temperature and irradiation level, it has a significantly influence on the
MPP of the characteristic curve of a solar cell. On the other hand, the
shunt resistor commonly is significantly larger than the serial resistor, for
that reason this parameter is often neglected.

The typical PV current-voltage (I-V) and power-voltage (P-V) curves are
illustrated in Fig. 1.3 (b). The PV module behaves as a dc-current source with
a maximum value when it is short-circuited I,., remaining in an almost constant
value while the voltage at the output terminals increases. When the voltage gets
higher, the current gets lower until it reaches zero at the open-circuit PV voltage
V,e. From the P-V curve it is possible to note that the power rises when the
voltage increases until it reaches a maximum power point. For voltages higher
than the MPP, the power starts to descend. The main objective of the control
system is to find the Vj,pp voltage, which allows to extract the maximum power
of the PV system.

However, the PV curve varies depending on the environmental conditions
(solar irradiation and temperature) as depicted in Fig. 1.4. Working at the
same temperature, as can be seen in Fig. 1.4 (a), the short-circuit current I, is
highly linear-dependent on the solar irradiation. Consequently, the P-V curve
which is obtained by multiplying the axes of the I-V curve, also varies with
three operation features: a constant positive dp/dv > 0 slope equal linearly
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proportional to the generated current, a zero slope dp/dv = 0 in the MPP and,
a negative slope until zero power is reached at the open-circuit voltage v,.. The
slopes of the PV curves can be adjusted by the series and shunt resistances of the
electrical PV cell model to achieve a better representation of the real PV cell.
In contrast, the open-circuit voltage is not affected as much as the short-circuit
current by the solar irradiation, but it varies significantly depending on the
operating temperature. It is shown in Fig. 1.4 (b), where the voltage is reduced

while the temperature increases, leading to a lower power generated by the
PV module.

1.1.2 Explicit model of a photovoltaic cell

The single-diode model of a PV cell (1.1.1), does not express the electrical
behavior through independent terms. For that reason, it is not possible to
express the equation for PV current I, as a explicit function of the PV voltage
Vpu, or vice-versa. However, a explicit solution for the PV current and voltage
can be derived using the Lambert’s W function. It leads to an computationally
efficient model of the PV cell, resulting in significantly reduced calculation times
and improved robustness of simulation [14].

The Lambert’s W function is defined to be multivalued inverse of the func-
tion:

Wiz — xe” (1.1.4)

If z is a real number, as is depicted in Fig. 1.5, then for —1/e < x < 0 there
are two possible real values of W(x). The Lambert’s W function is expressed as
two branches. The branch satisfying —1 < W(x) is denoted by Wy(x), which
is referred as the principal branch being an increasing monotonic function. It
means that a positive real number will have a unique solution. On the other
hand, the branch satisfying W(z) < —1 is denoted by W_;(x).

The applications come from the problem to solve equations where linear and
exponential responses are combined as:

y=1x+ae’ (1.1.5)

By using the Lambert’s W function, it is possible to find the explicit solution
as:

T

(y—z)e ™ =a

(y —x)e? ™" = ae
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Figure 1.5: Lambert’s W function for real values.
y—x = W(ae¥)

r=1y— W(ae¥) (1.1.6)

Moreover, the derivate of the Lambert’s W function can be expressed as:

= S TWE) (1.1.7)

Due to the transcendental nature of the single-diode model describing the
current-voltage relation of the PV cell, the explicit solution can be found by
using the Lambert’s W function.

Explicit photovoltaic current expression

Considering the single-diode model described in (1.1.1), and rearranging the
terms, the expression can be expressed as:

Rs
Vo (585 ) + Rol

Vi (1.1.8)

R
RSRShIsat Bsp Voo VPU(RS“'%S}L)JFRSIPU

+ e RstRsp)Vi e Vi
(Rs + Rsh)‘/t

RsRsh
(Rs + Rsh)v;f

([ph + Isat) =

By considering:
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- RsRsh
Y= (R, + R,

Rs
Vo (Rs+Rsh> + Balp

Vi
a = RsRshIsat 6%
(Rs + Rsh)‘/t
The equation has the form presented in (1.1.5), which can be solved using
the Lambert’s W function as (1.1.6). Then, the PV current can be expressed

as an explicit function of the PV voltage as:

Vi Vi
I, = — —_—
Rs Rs + Rsh
In order to simplify the calculation, a simplified model is derived considering
that R, << Ry, then:

(Iph + [sat)

xr =

[y = W(ae”)] — (1.1.9)

RsRsh ~
Rs + Rsh T
In that case, (1.1.9) can be expressed as:

Vi [Rs(Lpn + Lsar) Tsat Vpu  RsUpp+lsat) Ve
Iy = o | = — Rse™ Vi - 1.1.11
P Rs ‘/;j W ‘/;/ ¢ € Rsh ( )

(1.1.10)

Explicit photovoltaic voltage expression

In the same way, using the Lambert’s W function it is possible to express the
PV voltage as an explicit function of the PV current as:

Rsh

Ryl YevtRslp Voo + Rsl
L+ Ly — I,) = —2hisat = Zpv T sTpy 1.1.12
‘/t ( ph + t P ) ‘/t (& + ‘[t ( )
By considering;:
Rsh
Y= Tt(lph + Isat - ]pv)
Vv
Tz = pv + Rs[pv
Vi
Rshlsat

a =

Vi
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Table 1.1: PV module parameters of Sunmodule SW 280 Mono Black at STC.

Parameter Symbol Value
PV power Poy 280W
Open-circuit voltage Ve 39V
Voltage at maximum power point Vinpp 31.8V
Short-circuit current I, 7.74A
Current at maximum power point sy 7.22
Cell series resistance R, 3mf
Cell shunt resistance Ry, 2.8¢)
Cell reverse saturation current Toat 6.33¢ — 94
Cell photocurrent s 7.7T4A

Then, the PV voltage can be expressed as an explicit function of the PV cur-
rent as:

Voo = Vi [y = W (ae?)] — Ryl (1.1.13)

R, RopLoar Es -
Vi = Vi | =2 (Lo + Luat — L) — W <#e v, Upn+lsat=Ip0) } — R,

Vi Vi
(1.1.14)

As can be seen, now the PV cell is represented by an explicit model. It has
been analyzed in depth in the literature, and the accuracy of the technique also
has been tested [15]. In this presented work, this model will be used in order
to estimate the operation range ot the PV cells, specially under partial shading
conditions.

In order to show the application of the Lambert’s VW function, a commercial
PV module has been modeled using the explicit PV voltage expression. The
PV module parameters are listed in Table 1.1.

The theoretical evolution of the PV curves, under different solar irradiation
changes, are depicted in Fig. 1.6, where the maximum power points are marked.
It is worth noticing that it is possible to obtain an accurate model of the PV
module using an explicit model. Moreover, in Fig. 1.7 it is possible to see the
PV voltage reduction under the variation of the solar irradiation, in this case a
variation between 50 —1000(W/m?) is made. Under this condition, the obtained
results are a PV voltage V,,,,, reduction of 20.9%. This result highlights the effect
of the solar irradiation changes over the PV voltage.



Chapter 1 — Introduction

—
o

101
—~ 8
~ E
Z 6
g4
5 =
o 2
0L ] : ‘ — = \
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Voltage (V) Voltage (V)

(a) (b)
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solar irradiation.

1.1.3 Operation under partial shading

Normally, PV cells have a low open-circuit voltage hence, it is necessary to create
a string of PV cells connecting them in series. Moreover, in order to increase
the power of the PV system, the strings are connected in parallel forming an
array. In the case of identical PV cells operating under uniform conditions
(solar irradiation and temperature), the voltage and current of the PV array
are proportional to the PV cells connected in series, and the strings connected
in parallel. However, the uniform conditions are not always warranted then, the
PV system will have a different behavior depending on module mismatch and
partial shading effect.

The non-uniform conditions are mainly related with short-term effects (clouds
and obstacles) and long-term conditions (snow and soiling effect [16]). These
conditions can reduce the energy yield of the PV system and, it also could lead
in the deterioration of the PV cell because of hot spots [8]. A commercial PV
module is typically made by the series connection of PV cells (60 or 72 cells)
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Figure 1.8: Operation under partial shading. (a) PV module without bypass diodes
under three different solar irradiation levels. (b) PV module with bypass diodes under
three different solar irradiation levels. (¢) I-V curve of the shaded PV module. (d)
I-V and P-V curves of a PV module without bypass diodes. (e) I-V and P-V curves
of a PV module with bypass diodes.

[17], and they are connected in parallel to one diode in groups of 20 or 24
PV cells (3 diodes per PV module) forming small strings inside the PV module.
In a generic case, as is depicted in Fig. 1.8 (a), the shaded strings will have a
reduced photocurrent (depending on the shaded area). In this case when there
are no bypass diodes connected to the PV cells, the current generated by the
other cells flows trough the shunt resistor Ry, resulting in a high negative volt-
age [18]. Since this resistor is usually large, the shaded cell reduces the output
voltage in the PV module instead of adding to it.

This effect is depicted in Fig. 1.8 (c), where the I-V curves are drawn for the
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three different PV strings. In that case, for an operation of the PV module at
point A of the characteristic, due to the series connection, the same current will
flow trough the PV module resulting in a operation at point C for the more
shaded string. It means that those cells will work with large negative voltage
functioning as receptors, which will lead to degradation or destruction of the
PV cells. In order to overcome this problem, bypass diodes are connected in
parallel to a group of PV cells. In that case, the current passes trough the diode
of the shaded group resulting in a semiconductor voltage drop.

In the same way, working with parallel strings the blocking diodes (connected
in series with the string) are required to prevent reverse currents flowing into
the strings with lower voltage. In commercial PV modules the bypass diodes
are already included within the same module, but the blocking diodes have to
be added by the user when the parallel connection is made.

The protection diodes influence the global behavior of the PV system. Work-
ing with no protection diodes, the power characteristic shown in Fig. 1.8 (d),
presents a similar behavior as an uniform condition with the difference that the
global power is reduced because of the shaded string. However, when the diodes
are included, they avoid the decrease of the short circuit current i,. during par-
tial shading. Nevertheless, the power characteristic, depicted in Fig. 1.8 (d),
shows the presence of multiple local maximum power points instead of a single
one. This effect presents a challenge for the control algorithm searching the
global maximum power point, which can affect the power yield of the PV sys-
tem.

1.2 Two-Stage Photovoltaic Energy Conversion Systems

The most common applications where a PV system is implemented are the stan-
dalone configurations and grid-connected systems [19]. The standalone PV sys-
tem has practical values in off-grid areas such as microgrids. However, the power
generation is highly dependent of the atmospheric conditions and normally they
require additional storage devices to balance the energy of the PV system [20].
On the other hand, the grid-connected PV systems do not require batteries
since all the power is directly supplied to the grid for direct consumption [5].
Then, grid-connected systems are more cost-effective and require less mainte-
nance than standalone PV systems.
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1.2.1 Traditional grid-connected PV system architectures

The grid-connected PV systems are not always the same, they can vary in
size and power, from small-scale (a single PV module of a hundred of watts)
to a large-scale power plant (currently up to 1000M W, Kurnool Solar Park,
India [21]). For that reason, several power converter configurations are devel-
oped to address the needs of each PV system. The traditional grid-connected
PV systems can be grouped into four architectures, as depicted in Fig. 1.9:
Central inverter for large-scale PV systems, multistring inverter for large and
medium-scale PV systems, string inverter for medium and small-scale systems,
and microinverter for small-scale systems [22].

Centralized architecture, depicted in Fig. 1.9 (a), is oriented to large-scale PV
systems. The advantages are: high conversion efficiency under uniform atmo-
spheric conditions, simple structure and control system due to the single central
inverter. However, the main drawback is the reduction of the generated power
in case of partial shading. Therefore, the use of protection diodes are required,
leading to power losses because of the external semiconductors [23].

Multistring architecture, depicted in Fig. 1.9 (b), allows individual MPPT
made by the dc-stage and it also provides voltage elevation and isolation if is
required. Therefore, this configuration is implemented in medium and small-
scale PV systems, keeping a high efficiency in case of partial shading conditions.
Among the drawbacks there are the component counts, increment of control
systems and DC-cables losses because of the connections.

String inverter architecture, depicted in Fig. 1.9 (c), uses one inverter per
PV string avoiding the need to add series blocking diodes. The input voltage is
high enough to avoid an elevation stage and a separate MPPT can be applied
to each string. The main drawbacks of this topology are the higher component
counts, and several individual control systems to perform grid connection.

Finally, the small-scale PV systems use the microinverter architecture de-
picted in Fig. 1.9 (d). It has the most flexible architecture among all those
presented previously, since one converter is connected to each PV module in
order to do the MPPT. The main drawback is the low conversion efficiency due
to the high voltage elevation stage required for the grid-connection.

The main features of the traditional grid-connected PV systems are listed
in Table 1.2 [4].

1.2.2 Two-stage configurations

The traditional single-stage architectures (string and central inverters) for sev-
eral years have been a mainstream solution for grid-connected PV systems. The
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Figure 1.9: Traditional grid-connected PV system architectures. (a) Central inverter.

(b) Multistring inverter. (c) String inverter. (d) Microinverter.

Table 1.2: Important features of traditional grid-connected PV system architectures.

Power

Config Advantages Disadvantages
range
. . . Blocking diodes, poor
Central <1.6MW Simple des%gn, hlghe'st O MPPT performance, not
inverter verter efficiency, reliable .
flexible

Strin Good MPPT efficiency, re- High component counts,
. & <10kW duced DC-wiring, trans- several grid control sys-
inverter . .

formerless tems (1 string 1 inverter)

- Flexible/modular high

Mul ’
inxlzlef"iirmg <500kW  MPPT efficiency, low cost Two-stage is mandatory

Microinverter <300W

for multiple string system
Flexible/modular, highest
MPPT efficiency, easy in-
stallation

Higher losses, higher cost
per watt, two-stage is
mandatory

most important reasons are the lower initial cost and lower conversion losses
compared with a two-stage approach. Nevertheless, recently more demanding
grid-codes have been introduced, especially for large PV systems with central
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Figure 1.10: PV curves for one-stage PV systems. (a) Frequency regulation (power
curtailment). (b) Operation under partial shading.

inverters. Omne of these regulations obligate to perform frequency regulation
through curtailment, which forces the PV system to forfeit power and not oper-
ate in its maximum power point [24]. Asshown in Fig. 1.10 (a), the PV system is
saturated to a lower power point Py, operating with a string voltage vy, (Upu,
is avoided because of the steep power slope, and there is the risk to operate at
the maximum allowed PV string voltage). The power limitation is obligatory
in order to have the possibility to increase the power when required according
to the curtailment slope. On the other hand, v,,, must be high enough to be
properly controlled by the central inverter, which requires a voltage higher than
the grid peak voltage. This leaves a little room for MPPT algorithm, reducing
the energy yield of the PV system. This problem becomes even more dramatic
in case of partial shading (presence of clouds, dust, snow) in the individual
strings of the PV array. As shown in Fig. 1.10 (b), there are three different
PV characteristics for the individual strings of the PV array connected to the
central inverter. In that case, the inverter operates in the global MPP in order
to extract the maximum power by the PV system. However, as is depicted in
the figure, this point is far from the individual maximum power points, leading
a reduced energy yield. One solution to address the problem is by introducing
storage from which the extra power for frequency regulation is obtained, the
related problem of that solution is the incremental cost of the entire PV system.

For that reasons, two-stage power conversion systems became increasingly
popular. The additional dc-stage augments the MPPT range, due to the de-
coupling between the inverter DC-link and the PV voltage. Moreover, for small
scale applications where microinverters are installed, the DC-stage is mandatory
in order to elevate the voltage and perform grid-connection [5]. In addition, the
effect of partial shading is mitigated if several DC-stages are used (multistring
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Table 1.3: PV system configurations depending on the number of stages and isolation
requirements.

Single-stage PV system Two-stage PV system

No isolation de e @ de e de . _®
Low-f dc dc dc

Ovivs.ollrsgil(;ilncy ﬂ{ aci‘ g”g _@ ﬂ{ dc H aci‘ §| g _@
A

DC-stage

High-frequency
isolation

architecture), and the energy yield is increased due to the multiple independent
MPPT for smaller strings or arrays [25]. This approach is changing the market
share of the PV industry, where companies such as Huawei are currently lead-
ing the PV industry, by delivering high-efficiency two-stage conversion systems
with up to 4 independent strings [26].

On the other hand, the additional conversion stage leads to an increase of
the component counts, which is translated in an additional initial cost and more
conversion losses. Furthermore, the power density seems not to be a problem
for large-scale PV systems where central inverters are used, but once the two-
stage approach was adopted, the reduction of the converter size and weight to
50kg has became important (weight limit of most labor laws admissible for two
people to carry), besides it has also benefits in shipping costs.

All of these challenges motivate the development of new power conversion
systems, by tackling the two main issues regarding the two-stage power conver-
sion systems (efficiency and power density), without affecting the reliability and
functionality of the PV system. Table 1.3 summarizes all the possible combina-
tions between single and two-stage architectures, which are found in traditional
PV systems depending on the isolation requirements.

1.3 Goals and Contribution of the Thesis

The work made in this thesis, relates to the study of the partial power convert-
ers (PPC) for two-stage PV inverters. The main objective of this thesis is to
analyze the partial power conversion concept applied to PV energy conversion
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systems, design and develop dc-dc converters for different PV applications by
considering the suitable partial power converter configuration. The results are
verified with simulations and experimental measurements from prototypes built
in the laboratory. The contributions of the thesis are listed as follows:

e Increase the efficiency of two-stage grid connected photovoltaic energy
conversion systems, by significantly reducing the amount of power pro-
cessed by the dc-stage, without loss of functionality and performance.

e Analyze the different partial power converter configurations, and deter-
mine depending on the PV applications, the most suitable configuration
to reduce the power ratio of the converter and increase the operation of
the PV system.

e A detailed analysis of the behavior of parasitic components presented in
the isolated dc-dc topologies, and its effect on the converter operation.

e Design, build and test laboratory prototypes of partial power converters
for experimental validation of the presented goals.

e Obtain the conversion efficiency based on experimental measurements,
and compare the increment of efficiency of the dc-stage with the isolated
dc-de converter used to create the PPC configuration.

1.4 Outline of the Thesis

The thesis is oriented to present a comprehensive analysis of the partial power
converters, using as an alternative for the de-dc converter in two-stage PV sys-
tems. Then, in order to give a motivation to investigate the PPC converters in
detail, the fundamental basis and the problems found in traditional PV appli-
cations are presented in Chapter 1.

In Chapter 2 the overview of the partial power conversion concept is pre-
sented, also the solutions found in the literature and the main advantages in
contrast with traditional solutions. Moreover, in the same chapter it is provided
a theoretical validation of the main advantages of the partial power converters
as the increment of efficiency and the power density. Moreover, the explicit
model of the PV voltage is discussed in order to make further analysis in terms
of operation performances.

The importance of isolation and some traditional isolated dc-dc converters,
are presented in Chapter 3. Moreover, some discussions about of the challenges
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working with high-frequency topologies are also found. In addition, some ex-
perimental measurements are presented in order to enhance the validation of
the analysis.

The core of the thesis is presented in Chapter 4. In this chapter the theoret-
ical analysis and the classification of the possible configurations of PPC based
on isolated dc-dc topologies, are discussed. Moreover, it is also discussed the
constraints, limitations and suitable PPC configurations for further evaluations
based on the more practical interest in PV applications.

The detailed mathematical model for each proposed PPC configuration, as
well as the implemented control schemes, are presented in Chapter 5.

Additionally, in order to make a first evaluation of the PPC configurations,
some simulation results are presented in Chapter 6. The importance of this
chapter is to provide a comprehensive evaluation of PPC configurations consid-
ering ideal and controlled scenarios. With this information a clear sight of the
advantages working with PPC is obtained.

In order to evaluate the hypothesis and analyze the challenges found in
real power systems, some laboratory prototypes were built and the results are
presented in Chapter 7. Moreover, the discussion about the efficiency and the
variation of partial power ratio in different operation points are also presented.
Finally, the work concludes with a summary of the main remarkable conclusions
and an outlook of some considerations for future research related with the partial
power conversion.



Chapter 2

OVERVIEW OF PARTIAL
POWER CONVERTERS

HE traditional Full Power Converter (FPC), process the entire power de-

livered by the source P,,, because of the direct path between the PV sys-
tem and the dc-ac converter as depicted in Fig. 2.1 (a). Due to the dc-power
conversion losses Py, the output de-power Py is lower than the input power,
then it flows through the ac-stage leading at the grid-side an output power P,.
even smaller because of the ac-power conversion losses F,.,. The typical con-
nection of a two-stage FPC is shown in Fig. 2.1 (a), where the dc-stage is rated
to process all the power deliver by the PV system. In that case, the dc-stage is
only defined by the dc-dc converter, and the conversion efficiency of the stage
Nac. depends on the dc-dc converter efficiency 74, .

Pdc Pdc

= g, = e Tl 2.0.1
e 1 Pdc + Pdcyl P;m; ( )

Then, the ac-stage efficiency 7n,., depends on the ac-power conversion losses.

PCLC Pac

—_— = 2.0.2
Pac + Pac’l Pdc ( )

nacs =

Relating the two-stages, the global power conversion efficiency of the PV sys-
tem 7, is defined.

Pac
m:P

pv

= NdecsNacs (203)

It means that the total power conversion efficiency depends on the individual
power conversion stages. That is the main drawback working with two-stages
PV applications, so that even when the ac-stage and the dc-stage reach a high
efficiency, the global conversion efficiency will be lower than any of them.

19



20 Chapter 2 — Overview of partial power converters

Voltage regulation \

Figure 2.1: Power flow of a two-stage PV system. (a) Working with a full power

converter. (b) Working with a partial power converter.

Traditionally in PV system the ac-stage reaches higher efficiencies than the
dc-stage [27]. It can be even more significant working with microinverter appli-
cations or small-scale PV systems, so that is mandatory to elevate the voltage
for the grid-connection. It leads to higher dc-conversion losses because of the
magnetic components and high switching frequencies.

2.1 Partial Power Conversion

Among the solutions to increase the global conversion efficiency, one of them
is focused on the reduction of the power processed by the conversion stage,
and provide a direct path for the power flowing to the following stage [28].
This concept is known as partial power conversion and it is characterized for
the power splitting, directing the power into two power paths as depicted in
Fig. 2.1 (b). The dc-stage conversion efficiency 7., is increased if one of the
paths has a higher efficiency. The operation principle is based on the power
biasing, establishing a series path between the input and output side. In that
case, the power handled by the converter is reduced, leading to a reduction of
the conversion losses Py, in the dc-stage.

Pdc va_Ppc Ppc

L=l T e . 2.1.1

Simplifying the expression, the dc-stage efficiency is expressed as:

Ppe
Mie, =1 = 5= (1= lae.) (2.1.2)
pv
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As can be seen from (2.1.2), the dc-stage efficiency does not depend only
of the dc-dc converter efficiency 74, but also it is affected by the ratio of the
power processed by the de-stage P,./P,,. This ratio is a parameter defined as
partial power ratio K,,, and it has the following features:

e A dc-dc converter works as partial power converter whereas the parameter
K, <1

e The dc-stage efficiency 74, increase when partial power ratio K, de-
creases.

e The partial power ratio K, only impacts over the dc-stage efficiency 14, ,
whether the de-dc converter efficiency is different than the unity n4., # 1.

Then the dc-stage conversion efficiency can be expressed as:

Ndes = 11— Kpr(]- - 77ch) (213)

The theoretical efficiencies in a two-stage full power converter and partial
power converter are depicted in the Fig. 2.2. Working with a PPC the efficiency
of the dc-stage 7,.,, varies depending on the partial power ratio K, (2.1.3). If
the converter is designed to work with the half of the rated power K, = 50%
and it has en efficiency 74., = 60%, the efficiency of the dc-stage 74, = 80% as
depicted in Fig. 2.2 (a). It means that the dc-stage efficiency increases 20% at
this condition.

Moreover, the global conversion efficiency 7; also depends on the ac-stage
conversion efficiency 7,.,, as expressed in (2.0.3). In the case of a FPC, the result
is depicted in Fig. 2.2 (b). If the dc-dc converter efficiency is 74., = 50% (in
that case is the same as the dec-stage efficiency 7., ), and the ac-stage efficiency
is 74e, = 60%, then the global efficiency is 1, = 30%. It means that the total
efficiency is even lower than the lower efficiency stage.

On the other hand, the same analysis is made for the PPC to contrast
with the FPC. When the dc-dc converter is sized to the half of the rated power
K, = 50%, as depicted in Fig. 2.2 (c), the global conversion efficiency increases.
If the de-de converter efficiency is n4., = 50%, and the ac-stage efficiency is
Nae, = 60%, then the global efficiency is 17; = 45%. It means that the total
efficiency increases 15% compared with the FPC.

The global conversion efficiency 7, increases if the partial power ratio K,
decreases. As depicted in Fig. 2.2 (d), when the dc-dec converter is sized to
handle 25% of the rated power K,, = 25%. If the dc-dc converter efficiency is
Nae, = H0%, and the ac-stage efficiency is 7,., = 60%, then the global efficiency
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Figure 2.2: (a) Dc-stage efficiency 74, in a PPC in terms of the partial power ratio
K,,. Global conversion efficiency n:: (b) Working with a FPC. (¢) Working with a
PPC and K, = 0.5. (d) Working with a PPC and K, = 0.25.

is n; = 52.5%. It means that the total efficiency increases 22.5% compared with
the FPC, and 7.5% compared with the PPC sized for handling the half of the
rated power.

In general terms it is possible to realize the increased conversion efficiency
by working with a PPC configuration. Moreover, it is directly associated to the
power ratio handled by the converter, which can allows the reduction of the
converter size.

2.1.1 Volume and power density analysis

The power conversion efficiency of the de-stage, the volume and the power den-
sity are related with the power reduction in the dc-dc converter. The simplest
approach to consider a power electronic system is modeling as a cube [29],
where the power losses are dissipated by the surface area A. which scales with
the volume V of the cube as A, = 6V%/3, as depicted in Fig. 2.3.

Considering the dc-dc converter losses Py, the efficiency of the de-dec con-
verter 7g., in a FPC (2.0.1), can be written as:

va - Pdc,l

_— 214
Ndc, Py ( )
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(a)

Figure 2.3: Volume of the dc-dc converter. (a) Working with a full power converter.
(b) Working with a partial power converter.

Rearranging the equation, the power losses Py, working with a FPC are
expressed as:

Pdcyl = va(l — ndcc) (215)

The power losses can only be dissipated as heat over the surface area of the
converter A., then the power losses dissipation pg., in the FPC are:

Pdc,l _ va(l — Nde,)

Pdc,; = (216)
oA 6Viihe
On the other hand, the power losses dissipation pg., in the PPC are:
PC Pc 1 - C,
ey Fpell ~ i) (2.1.7)

Pdc, =
A 6Vibe

In order to keep the identical design of the converter, holding the same dc-

dc converter efficiency, the power losses dissipation py., is considered as equal
for both configurations. Then:

Lyo(L = Nlaee) _ Bpe(l = Tae,)

= (2.1.8)
6Vibe 6Vibe
2/3
Ppc _ (1 B 77ch) <VPPC> / (219)
PP”U (1 - ndcc) VFPC’

Finally, it is possible to relate the volume variation V,,./V,,. when the
power processed by the converter K, changes. The equation is expressed as
follows:
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Vv
VP—PC = K3/? (2.1.10)

FPC

The result of the volume variation is depicted in Fig. 2.4 (a). It is possible
to notice that the volume variation does not follow a linear trend as depicted
with the dotted line. In fact, by considering the point A, if the converter is
sized to handle K, = 45% of the rated power, the volume of the partial power
converter is V., =~ 30%V, ... Thus, the volume of the converter can be greatly
reduced by reducing the power handled by the converter.

Moreover, the power density of the converter (p, .., pppe) is directly related
with the power processed per unity of volume as:

P,,

— 2.1.11
IOFPC VFPC ( )
P,
Pope = (2.1.12)
VPPC

Using (2.1.9) in (2.1.12), the PPC power density p,.,. is expressed as:

P,
Y (2.1.13)
(Ppcv> VFPC’
va va 1/2
= — 2.1.14
pPPC VFPC (Pc) ( )
Using (2.1.11) in (2.1.14),
po\ 12
Pppc = Prpo <P_C> (2'1'15)
pv

The relation between the power density working with the PPC and FPC is
expressed in terms of the partial power ratio K, as:

Perc _ g-1/2 (2.1.16)

pr
pFPC’

As is depicted in the Fig. 2.4 (b), the power density increases with the
reduction of the power processed by the converter. Considering the point B in
the solid line, the converter is sized to handle K, = 40% of the rated power,
the density of the partial power converter is p,,. >~ 1.58p,,..-
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Figure 2.4: (a) Volume variation related with the partial power ratio. (b) Power
density variation related with the partial power ratio.

However, the dc-stage is composed by the power processed by the converter
and the bypass power, then the density of the dc-stage p, related with the
FPC density p,,. is expressed as:

Lies 32 (2.1.17)
pFPC

As is illustrated with the dotted line in the Fig. 2.4 (b), the power density
highly increases with the reduction of the power processed by the converter.
Considering the point C, the converter is sized to handle K. = 40% of the
rated power and the density of the dc-stage is p,. =~ 3.95p,,.

The partial power processing technique allows a reduction of the converter
volume, also increasing the power density. It does not depend of the converter
topology, and compared with a traditional FPC , the cost could decrease because
of the smaller rated semiconductors and smaller heat-sinks.

2.1.2 Review of existing partial power converter applications

The Partial Power Converter (PPC) concept has been around in other applica-
tions such as wind turbines, by using a doubly fed induction generator with an
indirect four quadrant ac-dc-ac converter connected between the rotor windings
[30] and the grid, and an additional direct grid connection to the stator. In this
case the converter is only rated at 30% of the wind turbine power; yet it pro-
vides enough control range to perform variable speed operation and maximum
power point tracking.

The same concept of handle only a portion of the total power also was
expanded to the PV systems in order to curtail the power loss inherent in the
two-stage configurations and improve the conversion efficiency [25]. Then, the
concept was expanded and depending on the connection used for the PPC some
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Figure 2.5: PPC configurations for two-stage PV applications. (a) Step-up converter,
connection at the PV system (Step-Up I). (b) Step-up converter, connection at the
the de-link (Step-Up II). (¢) Step-down converter, connection at the PV system (Step-
Down I). (d) Step-down converter, connection to the de-link (Step-Down II).

different applications were derived.

As was explained before, the configurations are based on a series voltage
connection, and it can be made by using traditional isolated dc-dc topologies
connected as depicted in Fig. 2.5. The PPC configuration based on the con-
nection shown in the Fig. 2.5 (a), where a step-up operation is obtained, was
introduced for a spacecraft application in order to improve the performance
compared with the traditional boost converter [31]. In that work the configu-
ration is named as series connected boost unit (SCBU), and voltage elevation
is obtained because of the specific interconnection scheme. Other applications
based on the same series connection are found in [32] and [33], where a 25kW
prototype was developed. The topology chosen for the experiment was a series
interconnection of four Full-bridge converters, designed to handle 30.7% of the
rated power and achieving an efficiency around 96% working at 33kHz. In
[34], a Buck-Boost PPC was proposed for a 30/ prototype. In that work the
chosen topology is a Flyback converter, and the contribution of the work is the
Full-bridge converter connected at the output side which changes the voltage
regulation, achieving the buck-boost operation. However, for a PV application
the solution is not suitable because of the reverse current obtained when the con-
verter works in Buck operation. Among other applications, it is possible to find
in [35], [36], [37], [38] the especial interest focused on the use of PPC for microin-
verter application. They present an improvement in the conversion efficiency,
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which is commonly a problem compared with other traditional PV application
due to the high voltage elevation required for the grid-connection. In [39], a
non-isolated topology is used to operate as a PPC. The main advantage is the
absence of a transformer to make the connection, and despite of the Buck-Boost
topology the output voltage is always greater than the input voltage. Due to
the absence of a transformer, the converter is not suitable for applications where
a high voltage elevation is required.

It is also possible to achieve a step-up operation using the connection shown
in the Fig. 2.5 (b). In [40], the PPC is named as a PV balancer so that the
converter is used to compensate the voltage differences due to changes in the
solar irradiation. The converter works with a Flyback topology and it reaches
an experimental efficiency between around 89% ~ 97%. The focus of [40] is
the small size of the partial power converter due to the reduced power handled,
and it proposes to use the converter as a replacement of the junction box of a
PV module. However, the configuration has limitations on the voltage elevation
as is explained in [41], where the maximum gain must be less than the double
of the input voltage. Another application is found in [42], where an isolated
Cuk topology is implemented into a powered electric aircraft. The converter is
rated for 26% of the 2.7kW generated power and it achieves an experimental
efficiency above 95%.

Even though PPCs have been presented in the past, they have been focused
on voltage boost operation. However, PV systems with large strings also require
a voltage reduction. Then, based on the connection shown in the Fig. 2.5 (c)
and (d), it is possible to create a PPC configuration working with a step-down
operation. The first connection using the concept of voltage reduction was
presented in [43], where the system is mainly used to charge a battery from a
PV array, reaching high efficiencies due to the reduced power flowing trough
the converter. However, these configurations have not yet been explored for
PV applications, thus this is also one of the focus presented in this work.

As can be noticed, these configurations have received several names over the
years, including Partial Capacity Converter, Partial Power Processing Convert-
ers, Series Voltage Compensation and PV Balancers. However, in essence the
operating principle is to connect a series voltage between the PV system and
the inverter’s dc-link, since this voltage is usually smaller that the other two,
it will process less power. In addition, the PPC is used to control indirectly
the PV system output voltage to ensure MPPT. Therefore, among the different
nomenclatures the name Partial power converter has been adopted in this work.
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Figure 2.6: Operation in a PV system. (a) Positive series connections (step-up oper-
ation). (b) Negative series connection (step-down operation).

2.2 Classification of Partial Power Converters

Based on the different PPC configurations presented above, it is possible to
notice that the connection plays an important role on the converter operation.
So that, the polarity of the compensated voltage by the partial power converter
is chosen by the circuit connection, and it does not depend on the dc-dc topol-
ogy. This connection can be implemented either: (a) adding voltage to the PV
system to reach the de-link voltage, or (b) subtracting voltage to the PV system
until reach out the dc-link voltage required for the grid-connection. The first
connection is useful for microinverters, string or multistring inverters with a
small string voltage (v,, < v4.). The second connection is useful for string or
multistring inverters with large strings (v,, > v4.). For both connections, the
operating principles of MPPT regulation are shown in Fig. 2.6. Note that the
amplitude of the compensated voltage v,., can be regulated to adjust the PV
system voltage v, when the dc-link voltage vg4. remains fixed by the inverter
control.

This work explores four dimensions of the partial power converters, which
are summarized in the Fig. 2.7.

e The topology of the dec-dc converter, which can be made by using an
isolated or non-isolated traditional de-de topology (Flyback, Full-bridge,
Buck-Boost, etc).

e The PPC configuration, which is related to the series connected voltage,
whether it is produced from the PV side or dc-link side connection. Other
sort of connection can be made based on a floating cell used to balance
the PV strings. However, it is neither evaluated nor analyzed, so that it
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Figure 2.7: Classification of the PPC for the traditional PV application.

is out of the scope of the main contribution of the work. For more details

on the subject, readers are invited to have a look on the references [44],
[45].

e The voltage operation, which directly affects the PV system behavior
leading to a step-up and step-down operation.

e Finally, the selection of the suitable application for the PV system, which
is related with the type of configuration more than the topology.

2.3 Summary and Conclusion

From the investigation related with the partial power conversion approach, the
most outstanding advantages are:

o System conversion efficiency: The dc-stage comprises two flowing paths,
where one of them is highly efficient (direct power flow from the PV sys-
tem to the ac-stage), and the another one flows trough the de-de converter
which has a lower conversion efficiency. Then, the efficiency of the dc-stage
increases whereas the power flowing through the dc-dc converter path is
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reduced. It means that the ratio of the power processed by the converter
determines the global conversion efficiency.

Volume reduction: By the assumption that a power converter stage is
a regular geometric body, and the process for designing is the same as
a full power converter, the volume of the partial power converter can
be reduced by reducing the power flowing through the dc-dc converter.
Moreover, since components with lower current and voltage ratings can
be employed, the economic cost of the converter prototype could also
decrease.

Power density: By considering that the density is calculated based on the
power processed by the dc-dc converter per volume unit, the power density
of the partial power converter increases by reducing the power flowing
through the dc-dc converter. Moreover, considering that the dc-stage
comprises not only the power processed by the PPC, but also the power
flowing trough the direct path, it is possible to conclude that the power
density of the dc-stage is highly increased compared with a traditional full
power converter.

As can be realized, the advantages come from the reduction of the power

handled by the dc-dc converter. However, the reduction leads some operation
constraints, especially performing MPPT algorithm, which will be discussed in
the following chapters of this work. Furthermore, after the entire review it is
also possible to note that there are different PPC configurations used depending
on the two-stage PV application. Even though the PPC has been in the focus
of research for many years, there are still no general guidelines on how to select
a suitable configuration for the different traditional PV applications.



Chapter 3

ISOLATED DC-DC TOPOLOGIES
IN PARTIAL POWER
CONVERTERS

This chapter discuss the isolation requirements in PPC configurations. More-
over, it analyzed the traditional isolated dc-dc topologies implemented in com-
mercial PV applications, either microinverter or string inverters. In addition,
the common undesirable effects by working with high-frequency isolated topolo-
gies as ringing effect, are also modeled and analyzed in this chapter. Finally,
some solutions to mitigate this effect and experimental results will be given in
order to validate the theoretical analysis.

3.1 Isolation requirement in PPC configurations

The de-de converter takes the power from the PV system and because of the con-
nection, the series path also takes the power from the same PV system. Then,
in order to avoid a short-circuit, the PPC configurations are made with isolated
dc-dc topologies. In order to understand this requirement, the analysis is based
on a generic structure of a non-isolated full power dc-dc converter as depicted
in Fig. 3.1, where from a high-voltage input source vy, the power is regulated
with a pair of semiconductors in order to get a low-voltage vy at output side.
As was presented before, it is possible to create four PPC configurations as was
depicted in Fig. 2.5. The connections of these four PPC configurations can be
summarized into two cases:

When the PPC connection is made at the PV side (Step-Up I and Step-
Down I PPCs), the generic case is shown in Fig. 3.2 (a). As can be seen, it
is clear to note the conduction path which produces the short-circuit at the
high-voltage side due to the connection between A-B.

31
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Figure 3.2: Possible connections of PPC configurations with non-isolated dec-dc con-
verters.

On the other hand, when the PPC connection is made at the de-side (Step-
Up II and Step-Down II PPCs), the generic case is illustrated in Fig. 3.2 (b).
As can be seen, it is clear to note that there is a conduction path composed by
the series connection between the high-voltage source, the equivalent capacitor
(Chy+Cry ) and the low-voltage source. It means that the converter operation
is useless so that there is not a voltage regulation, neither for the input nor the
output voltage.

3.1.1 Traditional Isolated DC-DC Topologies

Flyback converter

The Flyback topology is commonly used in small power applications (20-200W)
[46], and low voltage because of the simplest control. However, the active com-
ponents of this topology have to support important over voltages due to the
parasitic inductances of the transformer [47]. The voltage of the semiconduc-
tors which is in theory the sum of the voltage at the primary side and the
voltage from the secondary side, is increased in a significant proportion. The
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Figure 3.3: Traditional FPC. (a) Flyback topology. (b) Full-bridge topology.

topology is presented in Fig. 3.3 (a), and the principle of operation is explained
by idealized waveforms of currents and voltages shown in Fig. 3.4. For more
detailed information, the readers are invited to review the bibliography cited in
this work.

Based on the operation in CCM in the Flyback converter, the transfer func-
tion of the voltage gain can be expressed as:

V;lc an
Gy=—= 3.1.1
v ‘/;)U 1 _ d ( )
As can be seen, the converter presents a buck-boost operation mainly con-
trolled by the duty cycle. Moreover, it is worth noticing that in contrast with a
non-isolated topology, the transformer allows a voltage elevation changing the
number of turns ratio. It is mainly helpful to design the converter for operating

with a duty cycle around d = 0.5 for reducing the magnetic losses [48].

Full Bridge converter

The traditional Full-bridge dc-dc converter circuit is depicted in Fig. 3.3 (b).
It is composed by a PWM inverter and a rectifier, which are galvanic isolated
with a HF transformer. The advantage working with HF transformer is the size
reduction of passive components. It will be discussed in detail in the following
sections. The inverter consists of four power MOSFETSs used as controllable
switches, which are driven by non-overlapping voltages that are out of phase
by 7 [rad]. The isolation transformer does not store energy, but its magnetiz-
ing inductance L,, must be larger enough to reduce the current through this
inductance. On the other hand, if the magnetizing inductance increases, the
transformer requires a larger number of turns which increase the physical size.
The Full-bridge topology is suitable for high-power applications, usually from
0.5kEW to several kilowatts. Compared with other traditional dc-dc topologies it
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Figure 3.4: Idealized waveforms of currents and voltages in a Flyback topology. (a)
Gate signal. (b) Voltage in the magnetizing inductance. (c¢) Current through the mag-
netizing inductance. (d) Current trough the MOSFET. (e) Voltage in the MOSFET.
(f) Current trough the diode. (g) Voltage of the diode.

provides the highest power levels, and when the application power rate increases,
the topology is commonly found the with parallel connection of MOSFETSs. The
principle of operation is explained by idealized waveforms of currents and volt-
ages shown in Fig. 3.5. For more detailed information, the readers are invited
to review the bibliography cited in this work.
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Figure 3.5: Idealized waveforms of currents and voltages in a Full-bridge topology.
(a) Gate signals S13. (b) Gate signals Sy4. (¢) Current through MOSFETSs S 3.
(d) Voltage of MOSFETs S; 3. (e) Current through MOSFETs Sy 4. (f) Voltage of
MOSFETSs S24. (g) Voltage of the magnetizing inductance. (h) Current trough the
magnetizing inductance. (i) Voltage of the inductor filter. (j) Current trough the
inductor filter. (k) Current through diode D;. (1) Voltage of diode D;. (m) Current
through diode Ds. (n) Voltage of diode Ds.

3.1.2 High-frequency planar transformer model

Planar High Frequency (HF) transformers presented in Fig. 3.6, have become
attractive in power electronics for applications in which both, power density and
the geometry of the converter are important, such as PV microinverters, PC
power supplies, etc. [49]. In order to achieve high power density supplies, the
planar transformers are designed to work with high frequency power converters
[50]. In PV applications, the interest on the use of planar technology begins
with the high penetration of isolated dc-dc converters to adapt the low voltage
range from a PV panel to the de-bus required by the grid-tied inverter [5].
The research tends are directly toward to obtain the highest possible conver-
sion efficiency, power density and reliability. The most common topologies used
are based on the isolated de-dc converters [51]. However, the behavior of the
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Figure 3.6: Planar transformers. (a) Coilcraft 300W. (b) PAYTON PLANAR 2000W.

transformer can not be precisely predicted by the conventional models, hence
some methods have been proposed based on the geometry parameters and the
parasitic electrical circuit [52].

Hard switching operation

The analysis presented in this section is made working with an isolated dc-
dc Full-bridge converter as shown in Fig. 3.7. The switching performance affects
the behavior of the HF power converters, which also influences on the conversion
efficiency. Therefore, considerations in the selection of the power MOSFET
and the design of the driver circuit, are important keys for better switching
functionality. Besides, the physical location on the printed circuit board also
affects its operation.

In power converters with synchronous switching configuration (S, is the
complementary signal of S,), a ringing effect appears in the switching voltage
node-(A) depicted in Fig. 3.7. It appears due to both, the resonances associ-
ated to the RLC loop formed by the parasitic elements (inductances, resistances
and capacitors), and the reverse recovery of the body diode of the power MOS-
FET. Thus, to improve this inherent switching behavior two approaches can
be considered. The first one consist on reducing the initial voltage peak of the
ringing waveform to a non critical level related to the breakdown voltage of the
MOSFET. The second approach consists on reducing the noise produced by
the ringing oscillation. In this context, different design tips can be taken into
account depending on which behavior is desired. Such as the design of PCB
layout and snubber circuits (for minimize the resonance ringing oscillation),
dead-time delays, turn-on and turn-off gate resistor configurations (to avoid the
initial peak voltage of the total ringing waveform) [53], [54].
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Figure 3.8: (a) Electrical circuit of the high-frequency transformer. (b) Simplified
circuit model with the secondary elements reflected at the primary side.

Planar transformer model

The winding structure of a planar transformer can be modeled by an electrical
circuit which considers its parasitic components [55]. As shown in Fig. 3.8 (a),
the model is composed by an ideal transformer, a magnetizing inductance L,,,
winding resistances R; and Rs, leakage inductances L; and L, intrawinding
capacitances C; and Cy, and an interwinding capacitance C5. The parasitic
capacitances of the MOSFET C), also affect the behavior of the electrical circuit
of Fig. 3.8 (a) hence, they must be considered in the model.

In order to simplify the electrical model considering only the parasitic com-
ponents, a reduced electrical circuit reflected to primary side is presented, as
illustrated in the Fig. 3.8 (b). Where, Ry, = Ry + n*Ra, Ly, = L1 + n®Lo,
C’; = Cy/n? and, ny = ny/ny. It is possible to assume as a first instance that
Ci? = 012.

Depending on the input voltage v;,, the current iy, behaves as expressed in
the equation:
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Illk U)2
=K 9 3.1.2
Vin 52 + 28w,s + w2’ ( )

where K = (C,C,)/(2C, 4 2Cy + C,).
Thus, the natural resonance frequency can be obtained from (3.1.2) which
is expressed as,

201 +2C, + C,
Wy = 7 7 7 7 7 7 ) (313)

and the expression for the damping ratio is,

0.5R,,

Ly, (2C1+2C5+Cp)
20105 +2C1 Cy+2C 5 Co+C o Cpt+CyClyp

¢ = (3.1.4)

By means of (3.1.3) and (3.1.4), its possible to calculate the parasitic effects
on the converter behavior. It generates an oscillatory current, which leads to
undesirable voltage effects.

3.1.3 Ringing effect, analysis and techniques to mitigate the effect

The operation of an isolated dc-dc converter is affected by the parasitic com-
ponents of both, the HF transformer and power MOSFETS, combined with the
fast turn-on time for the MOSFETSs operation [56]. Due to the energy stored in
the leakage inductance L, a voltage spike and a superimposed ringing occur
at the leading edge of the MOSFET voltage v,, at each transistor turn-off. It
increases the voltage stresses and power loss resulting in a reduced conversion
efficiency.
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Analysis of the ringing effect

The current trough the leakage inductance L, presents a peak value Iy, , and
an oscillatory behavior which can be expressed as,

Z.le (t) = Iszpe_Ut Sin(wdt) (3.1.5a)
Vin Kw?

Ile’p = Wy (3.1.5Db)

wq = woy/1 — & (3.1.5¢)

o= &w, (3.1.5d)

The wave impedance Z, of the electrical circuit leads to an oscillatory volt-
age, which can be expressed as,
vr,, (t) = ZoI,,, e " cos(wqt) (3.1.6)
ZO = wole (317)
The voltage obtained from (3.1.6) is added to the voltage in stationary state
Vin hence, the MOSFET voltage v,, can be expressed as,
U = Vi + ZO[lepe_"t cos(wqt), (3.1.8)

where the peak voltage V,,, is,
Vip = Vin + Zol 1, (3.1.9)

The energy stored in the leakage inductance before the MOSFET turns-off
is expressed as,

1
Wsz = §le[1%

which results in power loss due to ringing depending on the switching frequency

fsw;

(3.1.10)

lkp’

1
Pm'ng = §le][2,lkpfsw (3111)

Considering the information shown before, it is possible to select a solution
which can mitigate the ringing magnitude. They are based on, either passive
snubber circuits or active clamping topologies, as presented in Fig. 3.9.
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Figure 3.9: (a) Passive RCD snubber. (b) Active clamping circuit.

RCD snubber circuit

In order to reduce the ringing effect, the resistor-capacitor-diode (RCD) snubber
circuit shown in Fig. 3.9 (a) is implemented, which is mainly used due to its
simple design [57]. When the MOSFET turns-off, the stored energy in the
leakage inductance flows trough the snubber diode D, in order to charge the
snubber capacitor Cs. When the MOSFET turns-on, the stored energy in the
capacitor is dissipated trough the snubber resistance instead of the MOSFET.
Therefore, it allows a reduction in the magnitude of ringing.

Some considerations related to the component sizing are: the stored energy
in the leakage inductance W7y, , the snubber capacitor voltage which corresponds
to the MOSFET voltage V,,, and the required time to dissipate the energy
trough the snubber resistance, which is related with the switching period.

Active clamping circuit

The clamping circuit shown in Fig. 3.9 (b) is connected to the converter in order
to improve the operation, and reduce the voltage overshoot during switching
commutations [58]. It clamps the high voltage of switches when they are turned-
off, and the capacitor C; absorbs the energy which can be regenerated by an
active switch S,.

The conventional way to calculate the clamp capacitance is based on the
resonant circuit formed between the clamp capacitor and the leakage induc-
tance of the transformer. The resonance period must be greater than half of
a switching period [59], and the loss of the clamp switch decreases according
to the adequate clamp capacitance value. Therefore, the criteria to select a
capacitor is expressed as:
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Table 3.1: Experimental parameters of the planar transformer PAYTON PLA-
NAR 2000W.

Parameter Value Parameter Value

Vi 37.0V Cp 257 pF

Ssw 50 kHz Cs 0.1 uF

ni : Ny 3:24 Rsp 100 Q

Clg 124.29 pF Ccl 10 /,LF

Ry 7.51 Q Lo 4062.2 uH

Ly 63.01 unH

2
Coa > M, (3.1.12)
le

where, Ty is the period of the driving signal per MOSFET, and L is the
transformer leakage inductance reflected to the primary side.

Experimental results

A prototype of the converter is built, based on the topology shown in Fig. 3.7,
which is used to validate the previous theoretical analysis. Besides, the parasitic
components of the planar transformer are obtained using the Keysight-E5061B
Network Analyzer. As underlined in Fig. 3.10, the parameters chosen for the
model correspond to a switching frequency of 50kHz. At this frequency, the
intrawinding capacitances C; and C, and the primary side winding resistor R
can be neglected. The experimental parameters of the planar transformer PAY-
TON PLANAR 2000W, and the parasitic components are listed in Table 3.1.
In order to validate the presented model, the isolated dc-dc Full-bridge con-
verter works at hard-switching operation. Fig. 3.11 (a) shows the transformer
input voltage, where the ringing effect is observed. The figure shows the su-
perimposed overshoot and the oscillation presented in the waveform. The high-
frequency ringing at such high levels will affect transformer performances, and
may cause it to overheat. The conduction losses also increase because a MOS-
FET with higher break-down voltage and a higher on-resistance must be used.
The theoretical results for the resonant frequency f, and the peak voltage
across the MOSFET V,,,,, are 890.06k H z and 55.81V, respectively. On the other
hand, the experimental results, corresponding to Fig. 3.11 (a), are V,,,, = 60V
and f, ~ 893kH z. Compared with the experimental results, the error is 0.31%
and 6.9% for f, and V,,,, respectively. The reason of these differences, is because
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Figure 3.10: Experimental results of parasitic components in the planar transformer.
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Figure 3.11: Experimental results of the transformer input voltage with: (a) Hard-

switching operation. (b) RCD snubber circuit. (c¢) Active clamping circuit.

of the parasitic components related to the experimental Set-up and the PCB,
which are not considered in the theoretical model.

Fig. 3.11 (b) shows the result using the RCD snubber circuit. It can be seen
the reduction of the ringing amplitude, and the suppression of the oscillations.
However, considering that the RCD snubber is a passive circuit, there are some
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problems associated such as: the increase of the converter size for high power
operations, and the lower efficiency compared with other solutions due to power
dissipation trough the resistor.

Fig. 3.11 (c) shows the result using the active clamping circuit. It can be seen
the attenuation of the oscillations, and the reduction of the ringing amplitude.
Some solutions have been presented in the literature in order to achieve a better
reduction of the resonance, which still remains in the waveform. They are not
the central focus of the presented work, however some solutions can be found
in [57], [58] and [59].

3.2 Summary and Conclusion

In this chapter it was discussed the isolation requirements in order to create the
PPC configurations. It is important to note that the proposed PPC configu-
rations require a transformer for the connection in order to obtain an isolated
voltage for series connection between the PV system and the dc-link. It in re-
ality will not provide effective galvanic isolation for the PV system. This might
be seen as a drawback, but considering that the power rating of the converter
is much lower than the total power, and high-frequency transformers are used,
this is not a significant issue. Furthermore, the grounding of the PV system can
be achieved by proper selection of the inverter stage and modulation, as with
traditional transformer-less PV inverters [5].

In addition, the challenges related with the effect of parasitic components
in the converters were discussed. Giving the focus around the effect of ringing,
which is modeled, analyzed and some solutions are also presented, which will
be considered for making the experimental test-benches.



Chapter 4

CLASSIFICATION OF PARTIAL
POWER CONVERTERS

Depending on the scale of the photovoltaic system, the input source can be a
single module, a string or an array. The amount of PV modules in series forming
the string will define the operating voltage range. Hence, the dc-dc converter
must control the input voltage to the desired MPPT voltage reference. Addi-
tionally, the dc-dc converter performs the conversion between the PV voltage
and the inverter dc-link voltage. In a conventional PV system, usually the dc-
link voltage is controlled by the grid-tied inverter to a value higher than the
grid peak voltage. Therefore, depending on the PV source and the inverter
requirements, the PV voltage must be either elevated or reduced by the dec-
dc converter.

This chapter analyses and classifies the partial power converters, based on
the possible connections made by the isolated dc-dc converter. Moreover, de-
pending on the PV application, the voltage and power ratings can be very dif-
ferent, hence an appropriate topology selection should take advantage of each
PPC configuration. In the literature it is possible to find a large number of
isolated dc-dc converter topologies. However, the central scope of this work
is not to evaluate all of them. Rather, the PPC configurations are analyzed
depending on the type of PV application, and two mainstream dc-dc converter
topologies are considered to be evaluated: the Flyback and the Full-bridge con-
verters. All the mathematical analysis are made based on the assumption that
the converters are designed to operate in continuous conduction mode (CCM).

4.1 Step-Up Partial Power Converters

In small scale PV applications, such as microinverters, the de-dc stage is almost
mandatory in order to elevate the voltage of a single PV module (=~ 30V) to the

44
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Figure 4.1: Step-Up PPC with partial connection at the PV-side (Step-Up I).

required dc-link voltage for grid-connection. Moreover, in string or multistring
PV applications, the voltage elevation is a requirement when the PV voltage is
not high enough for performing grid-connection, specially under partial shading
conditions. In these cases, the PPC must compensate the difference adding
voltage in the same polarity to the PV system until reach the dc-link voltage
as depicted in Fig. 2.6 (a).

4.1.1 Step-Up | Partial Power Converter

The voltage elevation does not depend on the dc-de topology, but it is achieved
with the PPC connection. One possible solution is by the power splitting at
the PV side as shown in Fig. 4.1.

Partial power ratio

In general terms, no matter the PPC configuration nor the isolated dec-dc topol-
ogy, the voltage gain G, of the dc-stage is expressed as:

Vdc
= — 4.1.1
Gy v, (4.1.1)

Moreover, considering that the input and output capacitors losses are ne-
glected, the dc-stage conversion efficiency 7,4, is expressed as:

Vcho

. = 41.2
Including (4.1.1) in (4.1.2), then the efficiency is expressed as:
I,
Nac, = Go7— (4.1.3)

I;

By Kirchoff laws, the voltage and current shown in Fig. 4.1 are expressed
as:
Ve = Vo + Vipe (4.1.4)
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In general terms, the partial power ratio K, is defined as:

K. Fe

= 41.6
P va ( )

And, in order to define the operation region of the Step-Up I PPC, the
partial power ratio K, is calculated as:

Vil
K .= pv-pc
P ‘/pv[zn
Ii _Io
K, = (4.1.7)
]in
1
Ky=1--2
P ]zn

In order to express the K, in terms of the dc-stage efficiency and voltage
gain, (4.1.3) is included in (4.1.7) and the partial power ratio is finally defined
as: 0

dcs
K, =1——" 4.1.8
p Gv ( )

Considering that the dc-stage is highly efficiency 74, ~ 1, the partial power
ratio K, varies depending on the voltage gain G, as illustrated in the Fig. 4.2.
Where the shadowed area represents the region of partial power operation.

Analysis of topology

Commercial de-dc converters for PV applications are based on traditional topolo-
gies. Among the criteria for the topology selection are: the complexity of the
structure, the control technique, reliability and efficiency [5]. In this section the
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Figure 4.3: Step-Up I Partial Power Converters. (a) Based on Flyback topology. (b)
Based on Full-bridge topology.

two topologies used for the analysis are the Flyback and Full-bridge, because
of the high applicability in the PV industry [60], [4].

This analysis is based on the operation range, it means that the converter
must have the ability to elevate the voltage and work as a PPC within the
duty cycle range d = [0 — 1]. Moreover, it is also analyzed the importance and
dependence of the transformer turns ratio ny in the operation range.

Working with a Flyback topology for the PPC configuration, and connecting
as presented in Fig. 4.3 (a), the de-dc converter voltage gain G, is calculated
as:

V, TLTd
Gpe = 2 = —— 4.1.9
e (1.1.9)
Applying (4.1.4), the equation can be expressed as:
Vie — Vi d
de — Ypv _ I (4.1.10)

Voo — 1—d

Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:

G 1—-d

(4.1.11)

The voltage gain (4.1.11) depends on the duty cycle d, which is limited to
[0-1], and the transformer turns ratio ny. The operation range is depicted in
Fig. 4.4 (a), where the shadowed area represents the region of partial power
operation.
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Figure 4.4: Operation range of the Step-Up I PPC for different transformer turns
ratio np. (a) Based on Flyback topology. (b) Based on Full-bridge topology.

From this picture it is possible to see that using a Flyback topology for the
PPC configuration, the converter operation is not limited by the voltage gain
but the transformer turns ratio. For example, considering a small voltage gain
(e.g Gy < 2), and a turns ratio ny = 8, the duty cycle range is limited to
d = [0—0.11]. It means that a high resolution in the control platform is needed
to compensate the small variations, which is translated to a more expensive
control design. Instead, with a transformer turns ratio ny = 1, the duty cycle
range increases to d = [0 — 0.5] for the same application. The same analysis
can be applied for higher voltage gains, where the best resolution is achieved
by using a transformer with greater turns ratio.

Working with a Full-bridge topology for the PPC configuration, and con-
necting as depicted in Fig. 4.3 (b), the dec-dc converter voltage gain G, is
calculated as:

Vie
Goe = -2 = np(1 — d) (4.1.12)
Viw
Applying (4.1.4), the equation can be expressed as:
Vc - Vv
Sde T TP — (1 — d) (4.1.13)
Vo

Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:

Gy, =1+ np(1—d) (4.1.14)

The voltage gain (4.1.14) depends on the duty cycle d and the transformer
turns ratio ny. The operation range is shown in Fig. 4.4 (b), where the shadowed
area represents the region of partial power operation.
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From this picture it is possible to see that with a Full-bridge there are even
more limitations in terms of the operation range. The selection of the trans-
former turns ratio limits the maximum voltage gain. For example, considering a
small voltage gain (e.g G, < 2), it is only possible to use transformers with few
turns ratio in order to avoid the requirement of working with control platforms
with high resolutions. But the challenge design is more critical for applications
with higher voltage gains, so that the operation can be only guaranteed with a
selection of transformers with greater turns ratio.

For example, considering a voltage gain (e.g G, > 4), it is only possible
to use transformers with turns ratio higher than ny > 4 to work within the
operation range. However, selecting a turns ratio ny = 4, the voltage gain is
limited to a maximum value of G, = 5 and the operation range is limited to a
25% (d = [0—0.25]). On the other hand, with a turns ratio ny = 5 it is possible
to reach a high voltage gain G, = 9. Nevertheless, if the voltage gain is limited
to the same value GG, = 5 chosen before, then the operation range is reduced to
a 13% (d = [0.5 — 0.63]). It leads a trade-off between the voltage gain and the
operation range, which mainly depends on the design of the PV application.

Discussion and commentaries

The global voltage gain is not only related to the converters considered in this
analysis, they are also found in other traditional isolated dc-de converters (For-
ward, Cuk, Half-Bridge, etc.) [46]. However, the central focus of this work is
not the selection of the optimal isolated dc-dc converter, but the same procedure
of the analysis can be applied for other topologies found in the literature.

A typical PV application where voltage elevation is required is the microin-
verters. These PV applications require a high voltage step-up ratio, since they
are used for a single PV module (=30V) [61]. Moreover, the nominal power
for some commercial PV modules are found around 300W. Therefore, the
Step-Up I PPC shown in Fig. 4.3 (a) is the most appropriate option for this
application, since the partial power operation is not limited by the voltage gain.
Besides, regarding with the topology selection the traditional Flyback converter
is chosen not only due to its simple structure, but also because its operation
features. The same advantages of an interleaved operation with two dc-dc con-
verters can be obtained with a single PPC choosing appropriate parameters.
This is further discussed in the Chapters 6 and 7.

As an example, some feasible parameters for one PV module are an input
voltage V,, = 30V, with a single-phase inverter and a dc-link voltage of V. =
180V, used for a grid connection of V;, = 110V,,,s, a possible solution is to
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Figure 4.5: Step-Up PPC with partial connection at the dc-link side (Step-Up II).

select a transformer with ny = 5 turn ratio in order to work with a duty cycle
around d = 0.5 reducing the magnetic losses [48]. In that case, the partial ratio
varies around K, ~ 83%, which means that the converter power rating can be
reduced around ~ 17%. This result can be improved using different techniques
and connections of the PPCs, for example with input-parallel output-series
(IPOS) connections, which will lead in a reduction of the voltage gain.

4.1.2 Step-Up Il Partial Power Converter

Another option to achieve a voltage elevation is through the PPC configuration
illustrated in Fig. 4.5, where the power splitting is made at the dc-side.

Partial power ratio

Based on the circuit connection presented in Fig. 4.5, the voltage and current

are expressed as:
Vie = Vo + Ve (4.1.15)

Lin = Ipe + I, (4.1.16)

In order to define the operation region of the Step-Up II PPC, the partial
power ratio K, (4.1.6), is calculated as:

Vel
K = clpc
P V;ovj'm
Vdc([in - [o)
K,=—-" 4.1.1
p V;w[in ( 7)
c c[o
Ko | % Vi

- ‘/pv a ‘/pv [m

In order to express the K, in terms of the dc-stage efficiency and voltage
gain, (4.1.3) is included in (4.1.17) and the partial power ratio is finally defined
as:

Kpr = Gv — Nde, (4118)
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Figure 4.6: Partial power operation range of the Step-Up II PPC.
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Figure 4.7: Step-Up II Partial Power Converters. (a) Based on Flyback topology. (b)
Based on Full-bridge topology.

Considering that the dc-stage is highly efficiency 74, ~ 1, the partial power
ratio K, varies depending on the voltage gain G, as depicted in the Fig. 4.6.
Where the shadowed area represents the region of partial power operation. No-
tice that in contrast with the Step-Up I PPC configuration, this partial ratio is
limited by the voltage gain. As can be seen in the figure the maximum value is
limited to the double of the input voltage. This limitation does not allow the
use of this configuration in PV applications as microinverters, where the input
voltage must be highly elevated.

Analysis of topology

Working with a Flyback topology for the PPC configuration, and connecting as
shown in Fig. 4.7 (a), the dc-dc converter voltage gain G, is calculated as:

Vie d
Vie np(l—d)

Goe = (4.1.19)
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Figure 4.8: Operation range of the Step-Up II PPC for different transformer turns
ratio np. (a) Based on Flyback topology. (b) Based on Full-bridge topology.

Applying (4.1.15), the equation can be expressed as:

‘/dc - V})v - d
Vdc N nT(l — d)

(4.1.20)

Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:

Gv . nT(l —d)

=i (4.1.21)

The voltage gain (4.1.21) depends on the duty cycle d, which is limited to
[0-1], and the transformer turns ratio ny. The operation range is illustrated
in Fig. 4.8 (a), where the shadowed area represents the region of partial power
operation.

From this picture it is possible to see that using a Flyback topology for the
PPC configuration, the converter operation is neither limited by the voltage
gain, nor the transformer turns ratio. However, depending on the design con-
siderations, assuming a operation around the duty cycle d = 0.5, a solution can
be to design a transformer with ny = 3 for a partial power ratio K, = 50%.

Working with a Full-bridge topology for the PPC configuration, and con-
necting as presented in Fig. 4.7 (b), the de-dc converter voltage gain G, is
calculated as:

Ve  (1—4d)
Gpe = 22 = 4.1.22
‘/dc nr ( )
Applying (4.1.15), the equation can be expressed as:
Vae ~ Vo _ (1=9) (4.1.23)

‘/dc nr
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Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:

nr

Gv:?’LT—]_—I—d

(4.1.24)

The voltage gain (4.1.24) depends on the duty cycle d and the transformer
turns ratio ny. The operation range is depicted in Fig. 4.8 (b), where the
shadowed area represents the region of partial power operation.

From this picture it is possible to see that working with a Full-bridge the volt-
age gain is limited by the turns ratio selection. Nevertheless, with a transformer
turns ratio ny = 2, the complete partial power operation range is fulfilled.

For example, considering a voltage gain (e.g G, < 1.5), it is only possible to
use transformers with turns ratio fewer than ny < 2 to work within the whole
operation range. However, selecting a turns ratio ny = 1, the operation range
is limited to a 33% (d = [0.67 — 1.0]). On the other hand, with a turns ratio
ny = 2 it is possible to increase the operation range to 67% (d = [0.33 — 1.0]),
which is translated to a more flexible control platform requirements.

Discussion and commentaries

Commonly in string and multistring inverters, the voltage elevation gain is not
the main limitation due to the flexibility to connect in series the PV modules.
Moreover, when the PV system is designed with a voltage elevation G, < 2, the
Step-Up II PPC becomes an alternate solution due to the use of the operation
range. However, considering that the string and multistring inverters, are com-
monly used for medium power applications (F,, > 1kW), the Flyback topology
is not a practical solution. The main disadvantages come from the less efficiently
use of the core, and the higher voltage stress on the switch during the turn-off
operation [46]. For that reasons the isolated Full-bridge topologies become the
most practical solution reaching higher efficiencies in high power applications.

As an example using a Full-bridge topology, some feasible parameters for a
PV string are a series connection made with 8 PV modules V,,, = 240V, and a
single phase inverter Vg, = 360V for a grid of V;, = 220V}, the voltage gain
is G, = 1.5. It is possible to see that the maximum duty cycle range is not
limited when a transformer with ny = 3 is used. In that case, the partial ratio
varies around K, =~ 50%, which means that the converter power rating can
be reduced around ~ 50%. But it does not limit to include more PV modules
connected in series with a higher transformer turns ratio, in order to reduced
the partial power ratio.



54 Chapter 4 — Classification of Partial Power Converters

iP'U Lin " Upe 1o ide

de T

Figure 4.9: Step-Down PPC with partial connection at the PV-side (Step-Down I).

4.2 Step-Down Partial Power Converters

In large-scale solar systems the PV modules are connected forming an array. It
is common to find larger strings to reach higher voltages, and several strings
connected in parallel to increase the power. Currently the most widely available
string voltages are designed for operation under 1000V open-circuit voltage
(800-900V typically), due to the voltage insulation limits of the PV modules.
However, latest PV module development reaches 1500V [62], while the inverter
grid side voltage is usually 690V. For single-stage PV systems it will require
the inverter to work with smaller duty cycles in buck operation forcing the
converter to work in ratings where it is not very efficient. This has become an
issue in desert areas with large temperature fluctuations, with colder mornings
and evenings, in which the PV string voltage is highest. Furthermore, the
semiconductors of the inverter must be rated to operate at such high voltage
level. This is why the two-stage solutions are becoming popular, also considering
the increased MPPT capability.

4.2.1 Step-Down | Partial Power Converter

Based on the PPC configuration shown in Fig. 4.9 a step-down operation can be
achieved. This connection splits the power at the PV-side, which allows a volt-
age reduction at the input side of the dc-dc converter. Then the semiconductor
is sized to commute with this reduced voltage.

Partial power ratio

Based on the circuit connection illustrated in Fig. 4.9, the voltage and current
are expressed as:

Ve = Vi = Ve (4.2.1)
Lin =1, — I, (4.2.2)

In order to define the operation region of the Step-Down II PPC, the partial
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Figure 4.10: Partial power operation range of the Step-Down I PPC.

power ratio K, (4.1.6), is calculated as:

Vel
K L= pclo
P ‘/;)Ull
(‘/pv - Vdc)[o
K, — —pv — Tde)Te 4.2.
P ‘/pvlzn ( 3)
Io cIo
K, =Jo Ve

P [’L ‘/pv Izn

In order to express the K, in terms of the voltage gain, (4.1.3) is included
in (4.2.3) and the partial power ratio is finally defined as:

1
Ky = e, <G— - 1) (4.2.4)

Considering that the dc-stage is highly efficiency n4., ~ 1, the partial power
ratio K, varies depending on the voltage gain G, as presented in the Fig. 4.10.
Where the shadowed area represents the region of partial power operation. No-
tice that in contrast with the Step-Down I PPC configuration, this partial ratio
is limited by the voltage gain, as can be seen in the figure the minimum value
is limited to the half of the input voltage. It might be seen as a drawback,
but considering that the PV design is considered to work within a low partial
power region and due to variations on solar irradiation, the PV voltage will vary
around the dc-link voltage.

Analysis of topology

Working with a Flyback topology for the PPC configuration, and connecting as
depicted in Fig. 4.11 (a), the dc-dc converter voltage gain GG, is calculated as:

‘/pv . an

Gvc: -
Ve 1-d

(4.2.5)
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Figure 4.11: Step-Down I Partial Power Converters. (a) Based on Flyback topology.
(b) Based on Full-bridge topology.

Applying (4.2.1), the equation can be expressed as:

‘/pv o an
‘/p'u_vdc_l_d

(4.2.6)

Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:
G, = T d (4.2.7)

The voltage gain (4.2.7) depends on the duty cycle d, which is limited to
[0-1], and the transformer turns ratio ny. The operation range is shown in
Fig. 4.12 (a), where the shadowed area represents the region of partial power
operation.

From this picture it is possible to see that using a Flyback topology for
the PPC configuration, the converter operation does not present limitations in
terms of duty cycle and voltage reduction. However, the limitation comes from
the partial power region which does not allow a reduction lower than the half
of the input voltage. Nevertheless, using a transformer with fewer turns ratio
(e.g ny < 2) the duty cycle range is limited less than the 50%. On the other
hand, transformers with greater turns ratio allows a wider region of operation
for the duty cycle.

Working with a Full-bridge topology for the PPC configuration, and con-
necting as illustrated in Fig. 4.11 (b), the dc-dc converter voltage gain G, is
calculated as:

V.
Gvc =2
v

p

= np(1 — d) (4.2.8)

o
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Figure 4.12: Operation range of the Step-Down I PPC for different transformer turns
ratio np. (a) Based on Flyback topology. (b) Based on Full-bridge topology.

Applying (4.2.1), the equation can be expressed as:

Vo

— = 1—d 4.2.9
= (=) (4:2:9)

Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:

_nT(l—d)—l

G, = =3 (4.2.10)

The voltage gain (4.2.10) depends on the duty cycle d and the transformer
turns ratio ny. The operation range is presented in Fig. 4.12 (b), where the
shadowed area represents the region of partial power operation.

From this picture it is possible to see that working with a Full-bridge the
voltage gain is limited by the turns ratio selection, being more critical than
working with a Flyback topology. Also depending on the PV application, dif-
ferent advantages can be taken from the configuration.

For example, considering a voltage gain (e.g G, > 0.8), the greater turns
ratio allows the proper operation (ny > 8). It means that whereas the partial
power ratio is reduced (PV voltage closer to the dec-link voltage), then the
transformer turns ratio must be increased in order to guarantee the operation
with a wider range of duty cycle.

Discussion and commentaries

When modern high voltage insulated modules are used in larger strings, the
operation in buck mode is required to perform grid connection. Considering
that these architectures are oriented to medium and high power applications,
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Figure 4.13: Step-Down PPC with partial connection at the dc-link (Step-Down II).

the isolated Full-bridge topology becomes the most practical solution for making
the PPC configuration. Moreover, considering that due to the atmospheric
fluctuations such as the reduction of the solar irradiation, the PV voltage gets
closer to the dc-link voltage. It also leads to the reduction of the partial power
ratio, which is translated in an increment of the conversion efficiency.

As an example with Full-bridge topology, some feasible parameters for a
PV string are a series connection made with 15 PV modules V,, = 450V, and
a single phase inverter V. = 360V for a grid of V, = 220V, the voltage gain
is G, = 0.8 and the partial ratio varies around K, ~ 25%. It is possible to see
that the maximum voltage gain will be G, = 0.93 if a transformer with ny = 16
is used. It shows that in order to increase the voltage gain ratio and reduce the
partial ratio, a transformer with greater turns ratio is required.

4.2.2 Step-Down Il Partial Power Converter

Another connection allowed to achieve a voltage reduction is through the PPC con-
figuration depicted in Fig. 4.13, where the power splitting is made at the dc-link
side. With this connection the voltage at the input side of the dc-dc converter
is reduced, then the semiconductor is sized to commutate with this reduced
voltage.

Partial power ratio

Based on the circuit connection shown in Fig. 4.13, the voltage and current are
expressed as:

Vie = Vo — Ve (4.2.11)

Ly=1I,—1I, (4.2.12)

In order to define the operation region of the Step-Down II PPC, the partial
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Figure 4.14: Partial power operation range of the Step-Down IT PPC.

power ratio K, (4.1.6), is calculated as:

V.el;
Kr _ pctin
P ‘/;nv[m
Voo — Vi
K, =-*_ % 4.2.1
p Vi ( 3)
Vie
K,=1-—
P ‘/;)v

In order to express the K, in terms of the voltage gain, (4.1.3) is included
in (4.2.13) and the partial power ratio is finally defined as:

K, =1-G, (4.2.14)

In that case, the input current I;, is the same for the PV system and the
current trough the dc-dc converter. That is the reason why the term of the
dec-stage efficiency does not appear in (4.2.14). The partial power ratio K,
varies linearly, depending on the voltage gain G, as illustrated in the Fig. 4.14.
Where the shadowed area represents the region of partial power operation.

Analysis of topology

Working with a Flyback topology for the PPC configuration, and connecting as
presented in Fig. 4.15 (a), the de-dc converter voltage gain G, is calculated as:

Vvdc an
G = -2 — 42.15
Applying (4.2.11), the equation can be expressed as:
. d
Ya el (4.2.16)

Voo —Vae 1—d
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Figure 4.15: Step-Down II Partial Power Converters. (a) Based on Flyback topology.
(b) Based on Full-bridge topology.

Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:

TLTCZ
G, = T dlnr = 1) (4.2.17)

The voltage gain (4.2.17) depends on the duty cycle d, which is limited to
[0-1], and the transformer turns ratio ny. The operation range is depicted in
Fig. 4.16 (a), where the shadowed area represents the region of partial power
operation.

From this picture it is possible to see that using a Flyback topology for
the PPC configuration, the converter operation is neither limited by the volt-
age gain, nor the transformer turns ratio. However, depending on the design
requirements, the selection criteria about the transformer turns ratio must be
considered. In cases where the voltage gain is closer to the unity (reduced K,,),
the appropriate solution would be a transformer with greater turns ratio in or-
der to have a higher operation range of the duty cycle. On the other hand, if
the application requires a deeper voltage reduction (higher K, ), the solution
would be a transformer with fewer turns ratio in order to increase the duty cycle
range.

Working with a Full-bridge topology for the PPC configuration, and connect-
ing as shown in Fig. 4.15 (b), the de-dc converter voltage gain G, is calculated
as:

o Vdc

pc

Ge = nr(1—d) (4.2.18)
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Figure 4.16: Operation range of the Step-Down II PPC for different transformer turns
ratio np. (a) Based on Flyback topology. (b) Based on Full-bridge topology.

Applying (4.2.11), the equation can be expressed as:

Vdc

S 1—d 4.2.19
Ty, =me(l-d) (4.2.19)

Rearranging and simplifying the expression, and also considering (4.1.1). Then
the global voltage gain can be expressed as:

nT(l — d)

G”:nT(l—d)+1

(4.2.20)

The voltage gain (4.2.20) depends on the duty cycle d and the transformer
turns ratio np. The operation range is illustrated in Fig. 4.16 (b), where the
shadowed area represents the region of partial power operation.

From this picture it is possible to see that working with a Full-bridge the
voltage gain is limited by the turns ratio selection. Also depending on the
PV application, different advantages can be taken from the configuration.

For example, considering a voltage gain (e.g G, > 0.5), the greater turns
ratio allows a higher voltage gain. It means that the PV system is designed
to operate close to the dc-link voltage, then the partial power ratio is reduced.
Considering a design where the converter is sized to handle the 40% of the
nominal power as a maximum value, the voltage reduction will be as much
the 60% of the input voltage. In that case the appropriate solution is using a
transformer with n = 8 turn ratio, in order to work with a voltage range to
track the maximum power point between 60%-90% of the input voltage.

Discussion and commentaries

Another option to reduce the voltage with a PPC configuration is presented
in this section. Due to the flexibility to connect in series the PV modules,
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Table 4.1: PV system parameters for a grid connection of V, = 220V/,,,,.

PV Parameters PV module PV string 1 PV string 2

PV voltage (V) 30 300 450
Dc-link voltage (V) 360 360 360
PV current (A) 8 8 8

PV power (W) 240 2400 3600
Voltage gain (G,) 12 1.2 0.8

the PV system voltage can be sized to operate closer than the dc-link voltage,
reducing the partial ratio. Moreover, the solar irradiation changes can even
reduce the input voltage allowing an operation closer to the dc-link voltage.
This kind of configurations are oriented to high power applications, which means
that the Flyback topology is not a practical solution for this PPC configuration.

As an example using a Full-bridge topology, some feasible parameters for a
PV string are a series connection made with 16 PV modules V,,, = 480V, and a
single phase inverter V. = 360V for a grid of V, = 220V,,,,, the voltage gain is
G, = 0.75. It is possible to see that whether a transformer with greater turns
ratio is used, the range of the voltage gain increases allowing a reduction of the
partial power ratio (K,. < 25%). It is the appropriate option for this kind of
application, so that the PV voltage can be reduced due to the variation of solar
irradiation.

4.3 Summary and Conclusion

This section provided a comprehensive comparison between the different PPC
configurations for PV systems. As was analyzed, each configuration presents
different advantages and disadvantages depending on the PV application. In
order to summarize the principal features of the PPC configurations analyzed
in this chapter, a case of study is shown in the Table 4.1. The characteristics
are summarized in Table 4.2, only considering the topologies which have more
practical interest for PV systems.
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Table 4.2: Comparison between different partial power configurations.
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Chapter 5

MATHEMATICAL MODEL AND
CONTROL STRATEGY

This chapter presents the mathematical models for the proposed PPC configura-
tions, which will be tested in the laboratory. They are based on state variables
using traditional Flyback and Full-bridge dc-dc converters for the PPC con-
figurations. In addition, the proposed control scheme is discussed, which will
be implemented even in simulation and experimental evaluations. Also it is
presented the modulation scheme used in the experimental platform. All the
mathematical analysis are made based on the assumption that the converters
are designed to operate in continuous conduction mode (CCM).

5.1 Mathematical model

The mathematical model is derived from Fig. 5.1. The PPC configurations
are modeled through state variables, and they are used to find the parameters
for the controllers. Moreover, the dc-dc converters are modulated with a high
frequency carrier signal, therefore it is possible to assume that duty cycle d is
a continuous signal. It takes values from [0 — 1]. The assumption of this model
is that the converter works around the maximum power point, therefore the
maximum power is expressed as (P, = Vpyip,) and the power is considered as
a parameter obtained from the information of the PV system.

5.1.1 Step-Up | Flyback based PPC model using variables of state

Considering the Fig. 5.1 (a), the dynamic equation for the current in the mag-
netized inductance can be derived as:

Vppd — v, d 4+ V(1 — d) — vpe(l —d) —vge(1 —d) =0
64
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Figure 5.1: Topologies selected for simulation. (a) Step-Up I Flyback based PPC.
(b) Step-Up II Full-bridge based PPC. (¢) Step-Down I Full-bridge based PPC.

1—7LTd 1—-d
m:vva_vdc d

(%

dip, 1
dt - I d('Upfu(]- - an) - Udc(l - d)) (511)
Moreover, the dynamic equation for the input voltage in the capacitor Cp,

is calculated by:

lpy — Lin — 10, = 0

. . . . an
UCpy = tpv — UL, — o 1—d

%:L(va_iL _va("Td)) (5.1.2)

dt Cov \ Vpy Vge \1—d
In order to express in variables of state, it is possible to consider the following
representations:
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u=d
x — xl = ZL’m p = Udc
To = Upy
&= fup

A { i ] L%,Lu( 2(1 — nTU) P( —u))
e . e 1 va
T2 C_pv < 9 1_ > y= h(z,u,p)

, = (fz(l —nyu) — p(1 —u))
T = 1 Ppy Py (npu
fo= o (% ()
The equation shown in (5.1.3) represents a non-linear model because there

are multiplications between the inputs with the state variables. Therefore, the
following analysis is performed to obtain a linear model.

(5.1.3)

Az = AAz + BAu+ EAp (5.1.4)
Ay = CAz + DAu+ FAp (5.1.5)
- L 1—nru
Al g ] o] 0 w5
8_:0? 8_552 v UO _Civ _vap;QO
P="Po

oh T =1 —ug;Lm(Izo — Po)
B= ||| 0l - o (vete)
ou 0 _(1*'“0)201711 Po
P = Do
% . _L 1—ug
E=| % ] =20 _ Lm \ o
22 U = Ug Ppo nruo
9 o vapg 1—ug
P =DPo

With the obtained matrix is possible to solve the linearized equations around
an operating point as shown below.

s-Ar = AAz + BAu (5.1.6)
Ay = CAx (5.1.7)
A _G.(si—-A)-B (5.1.8)

Au
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This model is given for a generic variable, hence it can be expressed for
current and the duty cycle by:

Ay = AiLm
C=[1 0

On the other hand, in can be expressed for input voltage and the duty cycle
by:
Ay = Awvy,
R

5.1.2 Step-Up Il Full-bridge based PPC model using variables of state

Considering the Fig. 5.1 (b), the dynamic equation for the current in the induc-
tance can be derived as:

1—-d

nr

Upv+vdc _UL_UdCZO

dip, 1 1-d
% - E (UPU + Vde ( nr - 1)) (519>

Moreover, the dynamic equation for the input voltage in the capacitor Cy,
is calculated by:
ipv — g — Z.C’pv =0
iva = Z‘pv — i

dvp, 1 (P .
KN S (5 TN 5.1.10
it C, <vpv ! > (5.1.10)

In order to express in variables of state, it is possible to consider the following
representations:

u=d
T = 1p =
T = p de
T2 = Upy
€= f(fv,u,p)

1 <PP’U — :Cl) y = h’(]},u,p)
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et ()
i = r s (5.1.11)
f2= Cpo (E - $1>
The equation shown in (5.1.11) represents a non-linear model because there

are multiplications between the inputs with the state variables. Therefore, the
following analysis is derived to obtain a linear model.

Az = AAx + BAu + EAp (5.1.12)
Ay = CAx +DAu+FAp (5.1.13)
of1  0f1 1
A= g_?‘l g_ajp T o 01 1
3_963 ﬁ U= o _va _vaxgo
P =Do
of1 T = _ Po_
— I — Ln
o= |02 - ]
P =Do
% _ 1 1—ug—n
E=| & || _0° = f< nr T)
a—p U = Up O
P =Do

With the obtained matrix is possible to solve the linearized equations around
an operating point as shown below.

s-Ar = AAzx + BAu (5.1.14)
Ay = CAzx (5.1.15)
Ay o -1

This model is given for a generic variable, hence it can be expressed for
current and the duty cycle by:
C=[1 0

On the other hand, in can be expressed for input voltage and the duty cycle
by:
Ay = Awvy,
e
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5.1.3 Step-Down Il Full-bridge based PPC model using variables of state

Considering the Fig. 5.1 (c), the dynamic equation for the current in the induc-
tance can be derived as:

(Vpy — Vac)nr(l —d) — v, — vge =0

v, = Vpunr(l = d) — vge (np(1 — d) + 1)
% = % (vppnr (1 — d) — vae (np(1 — d) + 1)) (5.1.17)

Moreover, the dynamic equation for the input voltage in the capacitor Cp,
is calculated by:

Z‘pv - Zm - iC’pU =0
iva = ip'u - Z'm
dUpv 1 va va .
— = — - 5.1.18
dt Chu (vpv Ve T ( )

In order to express in variables of state, it is possible to consider the following
representations:

u=d
To = Upy
T = flaup)
: Ty % (zane (1 = u) = p(nr(l = u) + 1))

o [ fi=1 (eanr(1 —u) — p(np(l —u) + 1)) (5.1.19)

— 1 (B _ By
fQ_va 2 p +x1

The equation shown in (5.1.19) represents a non-linear model because there
are multiplications between the inputs with the state variables. Therefore, the
following analysis is performed to obtain a linear model.

Az = AAz + BAu+ EAp (5.1.20)

Ay = CAx +DAu+FAp (5.1.21)
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U = ug
P = Do

With the obtained matrix is possible to solve the linearized equations around
an operating point as shown below.

2—;2 2—;"; T = x 0 fnp(l—up)
A= dfs Ofa u=u = 1 Py
Oxr1 Oxza - o Cpo Cpum3g
P =Do
oh r=2x —2L (x99 —
_ =To _ 7, 20 po)
P i i i
P =DPo
oh = —+ (np(1 —ug) + 1
= T
E = ] x Lo = [ L ( ( va O) )

o
oh oo,
Op Cpopp

s-Ar = AAzx + BAu (5.1.22)
Ay = CAz (5.1.23)
Ay - -1

This model is given for a generic variable, hence it can be expressed for
current and the duty cycle by:

e

On the other hand, in can be expressed for input voltage and the duty cycle
by:
Ay = Avy,
0

5.2 Control Strategy

The control scheme implemented for the partial power converters, is based
on cascaded control loops working with linear PI controllers as depicted in
Fig. 5.2 (a). In addition, Fig. 5.2 (b) depicts the gate signals when Flyback
topology is used. It also includes the signal for the clamping circuit S.. Finally,
Fig. 5.2 (c) shows the gate signals working with a Full-bridge topology, where
the signal for the clamping circuit is also considered.



5.2  Control Strategy 71

Tracking Voltage Regulation Current Regulation
vl + i, + Q(f1,f0)

MPPT " L0 — ) —

o _T PI _T PI

Upo g Upv lin

(a)

Qg S o S
— » PWM PWM S,

t NOT Ml XOR E_L L,

(b) (c)

Figure 5.2: Control scheme implemented in the experimental test-bench. (a) General
control loops. (b) Gate signal generation for the PPC Flyback based. (c¢) Gate signal
generation for the PPC Full-bridge based.

The procedure of the control design is the same for all the PPC configura-
tions. In this section, an specific case of study will be developed for providing
a better understanding of the controllers design by using graphical simulation
tools.

5.2.1 Maximum Power Point Algorithm

In order to extract the maximum power from the PV system, a MPPT algorithm
is implemented to get the voltage reference. For this purpose, the classical
perturb and observe (P&O) algorithm was implemented, due to the simple
implementation and effective tracking of the MPP [63]. The flow diagram is
shown in Fig. 5.3, it starts taking the measurements of voltage and current of
the PV module. The power is compared with the last measurement, in order
to know whether the power decreased, which means that the operation point is
far from the MPP. In that case the algorithm changes the voltage reference by
increasing the value, if the last iteration reduced it, or vise-versa. On the other
hand, if the measurement of power is higher than the last iteration, then the
operation point is closer to the MPP. It means that the voltage reference will
continue in the same direction in order to reach the MPP.

As can be seen, this iteration is always changing the voltage reference in
order to obtain observations about the power behavior. It is more clear when
a temperature change is made, where the voltage reference is highly affected
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Figure 5.3: Flow diagram of the P&O MPPT algorithm.
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Figure 5.4: P&O MPPT algorithm in front of temperature changes. (a) V-P curve
depicting the voltage changes. (b) Voltage changes of the input voltage in temporal

domain.

as illustrated in Fig. 5.4 (a). For that reason, the algorithm will produce three
levels oscillating around the MPP as presented in Fig. 5.4 (b), which in terms
of efficiency is not the optimal solution under highly solar irradiation changes.
However, the simplicity has become this algorithm in an attractive and useful

solution.
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5.2.2 Linear Control Loop

After to get the voltage reference from the MPPT algorithm, the PV voltage is
regulated with a linear PI controller. This is the external loop to be designed,
because it has a slower dynamic compared with the controlled current. The
design of this regulator considers the dynamic of the input capacitance, so that
this passive component will be the responsible to regulate the input voltage by
changing its current. Therefore, the output signal of the controller is the input
current. In order to design the controller it is necessary to firstly obtain the
transfer function between the current and the duty cycle. In order to do that it
is required to use the expressions derived from the mathematical model. This
inner control loop has a faster dynamic compared with the voltage loop, for
that reason this controller is designed and tuned firstly solving the expressions
(5.1.8, 5.1.16, 5.1.24). The actuator signal is the reference of the duty cycle,
which then will be modulated obtaining the gate signals.

To provide a better understanding of the controllers design, an evaluation
case is considered for the Step-Down II Full-bridge based PPC. At the beginning
the inner control loop is designed. Based on the model in (5.1.24) the transfer
function is obtained for the following initial conditions which are taken from
the stationary state: x19 = 1.4A, x99 = 231.7V, uy = 0.69, py = 165.3V
and PV power P,, = 1240W. These results were obtained by experimental
measurements. Moreover, from the experimental test-bench the parameters
acquired are: transformer turns ratio: np = 8, input capacitance C,, = 330uF,
output capacitance Cy. = 330uF and inductance L = 2.2mH. The transfer
function is:

Al —2.42€°s — 1.69¢” (5.2.1)
Ad  s2+69.99s — 3.42¢6 o

A PI controller is selected for ensuring zero error in stationary state, and to
improve the dynamic performance even for the current and voltage control. In
order to design the controller, the graphic method based on Matlab® (rltool)
is used for this purpose. The first step is to define the parameters settings,
the damping ratio ( = 0.707, depicted in Fig. 5.5 (a), is selected because it
offers a good compromise between rise time and settling time. Then, the cut-
off frequency is fO0 = 4kHz, shown in Fig. 5.5 (b), it is because the switching
frequency is fq, = 80kH z and with a decade below the response is good enough
in terms of settling time ¢, = 4.3e™*s, and overshoot M, = 20% as illustrated



74 Chapter 5 — Mathematical Model and Control Strategy

(a) (b) (¢)

Figure 5.5: Results of the current control design. (a) Root Locus with ¢ = 0.707. (b)
Closed loop bode diagram. (c) Step response for the closed loop system.

GodeDigom e sipRepeme

L . Ay

(a) (b) (c)

Figure 5.6: Results of the voltage control design. (a) Root Locus with ¢ = 0.707. (b)
Closed loop bode diagram. (c) Step response for the closed loop system.

in Fig. 5.5 (c¢). With these criteria, the current controller is:

7769
Oy, (s) = —0.09331% (5.2.2)

After that, the voltage control loop is design based on the same methodology.
In this case the transfer function is obtained as the relation between the input
PV voltage, and the current trough the input capacitance. Then a feed forward
is implemented in order to obtain the current trough the inductance.

AV, 1
AI.  3.3e s
The same criteria is used for the voltage control loop, only considering that
its bandwidth is lower than the current control loop. For that reason the selected
cutoff frequency is fo = 71H z, which is faster enough for performing the MPPT
algorithm (¢ ~ 25). The results are presented in Fig. 5.6.
With these criteria, the voltage controller is:

(5.2.3)
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s+ 150

Cy,,,(s) = 0.10198 (5.2.4)

This is a classical methodology for designing PI controllers using variables
of state. However, the reviewers are also invited to read [64], where Model
Predictive Control (MPC) is implemented for dc-dc converters. This can also
be an interesting solution for controlling the PPC configurations.

5.3 Summary and Conclusion

In this chapter the mathematical models for the proposed PPC configurations,
which will be tested in the laboratory, are presented. They are based on state
variables using traditional Flyback and Full-bridge dc-dc converters for the PPC
configurations. In addition, the proposed control scheme is discussed, which
will be implemented even in simulation and experimental evaluations. Also it
is included the discussion of the modulation scheme used in the experimental
platform.



Chapter 6

SIMULATION RESULTS

The simulation validation of the different PPC configurations, is made based on
traditional PV applications. On each of them, the more practical topologies are
chosen which are depicted in Fig. 5.1, and they work with the most appropriate
design values in order to take advantage of the configurations. The validation

of the PPC configurations, and the control schemes are performed in software
PLECS®.

6.1 Step-Up I Flyback based Partial Power Converter

In order to analyze the operation of the Step-Up I Flyback based PPC, the
parameters listed in Table 6.1 are implemented in the simulation software. In
order to perform the evaluations, some general considerations are made: (a)
The PV application is a microinverter connected to a single-phase grid (V,,,s =
220V,50H 2z and V. = 360V). (b) A solar irradiation change from 1000 /m?
to 500WW/m? is made at time ¢ = 0.6s.

The implemented MPPT algorithm is the traditional P&QO. For that reason,
it is possible to note from the results shown in Fig. 6.1 (a), the classical three

Table 6.1: Simulation parameters of the Step-Up I Flyback based PPC.

Parameter Symbol Value Parameter Symbol Value
PV power Py 300W Voltage Kp Ky, 0.01
PV voltage Vpvmp 32V Voltage K7 Ky 200
PV side capacitance O 10uF  Current Kp Ky 0.1515
Dc side capacitance Cc 1000 Current K1 K 500
Transformer turns ratio nr 1 Voltage step A, 0.5
Switching frequency fow 200kHz  Time step Ay 1.0
Resistive load Ry 90

76
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Figure 6.1: Results of the MPPT algorithm of the Step-Up I Flyback based PPC. (a)
Voltage results. (b) PV current. (c) PV power.

voltage levels when the system is operating under uniform solar irradiation.
Notice that the results are not placed using the same reference value, it was made
for presentation purposes. The reference value for each signal is included in each
figure. For example, in the voltage waveforms, the dc-link voltage reference is
Vae, = 314V, which gives a result of vg. = 360V. The same operation is made
for all the results illustrated in the following sections. In addition, when a solar
irradiation change is made, the PV current decrease enough as presented in
Fig. 6.1 (b) also reducing the input PV power as depicted in Fig. 6.1 (c). For
that reason, the PV voltage decreases until reach the new MPP, and oscillate
around the vy, given by the tracking algorithm. As also can be seen from
the figure, it shows the voltage at the dc-link side vg., the PV side v,, and the
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Figure 6.2: Currents in the Step-Up I Flyback based PPC with D = 0.89.

compensated by the converter v,.. In order to show them in the same figure
with an appropriate resolution of scale, an offset value was included. As can be
seen, vg. is the addition between the v,. and v,,, which means that the voltage
elevation required to reach the value for the grid-connection is lower than in a
traditional FPC v,. ~ 330V. On the other hand, when the irradiation change is
produced, the voltage decrease in order to reach the new MPP and it produced
an increment on v,, which is translated to a higher converter voltage gain.

Another of the advantage working with a Step-Up I Flyback based PPC is
shown in Fig. 6.2. Due to the connection used to make the PPC configuration,
the input current i;, is the addition between the output current i, and the
current flowing trough the dc-dc converter 7,.. Moreover, it is possible to note
that i,. and ¢, present complementary behaviors, it means that when the Mosfet
is turned-on the Diode is turned-off and vice-versa. For that reason, the input
current presents a continuous waveform and not the traditional switched one, as
in the traditional Flyback topology. It is translated in a lower capacitor stress
for the PV side, and a reduced sized of this one.

The power waveforms are illustrated in Fig. 6.3 (a), it is possible to note
that the converter is handling a lower power (P,. < P,,). Although a solar
irradiation change is made, the converter stills handling lower than the input
power. In Fig. 6.3 (b) the partial power ratio K, is presented. Notice that after
the solar irradiation change, K, increase but without getting handle the entire
input power. Based on this results it is worth concluding that the converter can
be designed to operate at nominal values, so that despite of the increment on
the K, value caused by the irradiation changes, it will not handle more than
the rated power.

It is worth noticing that solar irradiation variations change the voltage at
maximum power point. In order to obtain the PV voltage variation at different
irradiation values, the explicit photovoltaic voltage expression explained in the
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Figure 6.4: PV curves obtained with explicit expression using Lambert’s function.
(a) I-V PV curve. (b) P-V PV curve.

Subsection 1.1.2 is implemented. As can be seen in (1.1.14), the PV voltage can
be expressed as a explicit function of the PV current using Lambert’s function.
Working with a traditional PV module, the parameters are listed in Table 1.1,
and the results are depicted in Fig. 6.4. As can be seen from the figures, the
solar irradiation and the current i . present an almost linear dependence. On
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the other hand, the voltage v,. does not change as much as the current. In
that evaluation case, the voltage variation from (1000 — 500WW/m?) corresponds
to AV, = 0.8V and K, = 91.33% . That is the reason to explain the small
variation in the AK), = 0.22% parameter.

Finally, in order to evaluate the the maximum variation of the partial power
ratio, a irradiation change between (1000 — 50W/m?) is made. In that case,
the voltage changes AV, = 6.7V from the v,, at STC. Moreover, when the
irradiation decrease the partial power ratio increases to K, .. = 93%. It shows
that the Step-Up I PPC keeps the PPC operation despite of the variations of
the solar irradiation.

6.2 Step-Up Il Full-bridge based Partial Power Converter

In order to analyze the operation of the Step-Up II Full-bridge based PPC, the
parameters listed in Table 6.2 are implemented in the simulation software. In
order to perform the evaluations, some general considerations are made: (a)
The PV application is a two-stage string inverter made with 10 PV modules
in series, and then connected to a single-phase grid (V,,,s = 220V,50H z and
Vie = 360V). (b) A solar irradiation change from 1000WW/m? to 500W/m? is
made at time ¢ = 0.6s.

Due to the MPPT algorithm (P&O), it is possible to note from the results
shown in Fig. 6.5 (a), the classical three voltage levels when the system is oper-
ating under uniform solar irradiation. As can be seen, when a solar irradiation
change is made, the PV current decrease enough as illustrated in Fig. 6.5 (b)
also reducing the input PV power as presented in Fig. 6.5 (¢). For that reason,
the PV voltage varies until reach the new MPP, and oscillate around the v,,,,,
given by the tracking algorithm. As also can be seen from the figure, it shows

Table 6.2: Simulation parameters of the Step-Up II Full-bridge based PPC.

Parameter Symbol Value Parameter Symbol Value
PV power o 3000W  Voltage Kp H 0.009018
PV voltage Vpomp 320V Voltage K1 Ky 425.6
PV side capacitance O 330uF  Current Kp ey -0.0504
Dc side capacitance Caec 330uf”  Current Ki K;; 1000
Transformer turns ratio nr 3 Voltage step Ay 5
Switching frequency fsw 80kHz  Time step Ay 1.0

Resistive load Ry 2082 Inductance L 270pH
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Figure 6.5: Results of the MPPT algorithm of the Step-Up II Full-bridge based PPC.
(a) Voltage results. (b) PV current. (c) PV power.

the voltage at the dc-link side vg., the PV side v, and the compensated by the
converter vp.. In order to show them in the same figure with an appropriate
resolution of scale, an offset value was included. As can be seen, vy, is the ad-
dition between the v,. and v,,, which means that the voltage elevation required
to reach the value for the grid-connection is lower than in a traditional FPC
Upe = 40V. On the other hand, when the irradiation change is produced, the
voltage decrease in order to reach the new MPP and it produced an increment
on v, which is translated to a higher converter voltage gain.

Another of the advantage working with a Step-Up II Full-bridge based
PPC is depicted in Fig. 6.6. Due to the connection used to make the PPC con-
figuration, the input current i;, is the addition between the output current 4,
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Figure 6.6: Currents in the Step-Up II Full-bridge based PPC with D = 0.67.

and the current flowing trough the dc-dc converter 4,.. Moreover, it is possible
to note that despite the current flowing at the Mosfet bridge i,. is switched,
the input current i;, is continuous due to the inductor filter connected at the
output of the Diodes bridge. It is translated in a lower capacitor stress for the
PV side C),, and a reduced sized of this one.

The power waveforms are shown in Fig. 6.7 (a), it is possible to note that the
converter is handling a lower power (P,. < P,,). Although a solar irradiation
change is made, the converter stills handling lower than the input power. In
Fig. 6.7 (b) the partial power ratio K, is illustrated. Notice that after the
solar irradiation change, K,, increase but without getting handle the entire
input power. Based on this results it is worth concluding that the converter can
be designed to operate at nominal values, so that despite of the increment on
the K, value caused by the irradiation changes, it will not handle more than
the rated power.

In order to obtain the PV voltage variation at different irradiation values,
the explicit PV voltage expression is implemented. As can be seen in (1.1.14),
the PV voltage can be expressed as a explicit function of the PV current using
Lambert’s function. Working with a traditional PV module, the parameters are
listed in Table 1.1, and the results are presented in Fig. 6.8 for the PV string. As
can be seen from the figures, the solar irradiation and the current 7. present an
almost linear dependence. On the other hand, the voltage v,. does not change
as much as the current. In that evaluation case, the voltage variation from
(1000 — 500 /m?) corresponds to AV, = 8V and K,, = 15.38%. That is the
reason to explain the small variation in the AK,, = 2.88% parameter.

Finally, in order to evaluate the the maximum variation of the partial power
ratio, a irradiation change between (1000 — 50W/m?) is made as depicted in
Fig. 6.8. In that case, the voltage changes AV,, = 67V from the v,, at STC.
Moreover, when the irradiation decrease the partial power ratio increases to
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Figure 6.7: (a) PV power and power processed by the converter under solar irradiation
changes. (b) Partial power ratio K, under solar irradiation changes.
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Figure 6.8: PV curves obtained with explicit expression using Lambert’s function.
(a) I-V PV curve. (b) P-V PV curve.

Kprow = 42.29%. It shows that the Step-Up II PPC keeps the PPC opera-

tion under the 50% of the total power, despite of the variations of the solar
irradiation.
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6.3 Step-Down Il Full-bridge based Partial Power Converter

In order to analyze the operation of the Step-Down II Full-bridge based PPC,
the parameters listed in Table 6.3 are implemented in the simulation software.
In order to perform the evaluations, some general considerations are made: (a)
The PV application is a two-stage string inverter made with 15 PV modules
in series, and then connected to a single-phase grid (V,,,s = 220V,50H z and
Vie = 360V). (b) A solar irradiation change from 1000W/m? to 500W/m? is
made at time ¢ = 0.6s.

Due to the MPPT algorithm (P&O), it is possible to note from the results
shown in Fig. 6.9 (a), the classical three voltage levels when the system is oper-
ating under uniform solar irradiation. As can be seen, when a solar irradiation
change is made, the PV current decrease enough as illustrated in Fig. 6.9 (b)
also reducing the input PV power as presented in Fig. 6.9 (c). For that reason,
the PV voltage decreases until reach the new MPP, and oscillate around the
Upum, iven by the tracking algorithm. As also can be seen from the figure, it
shows the voltage at the dc-link side vq., the PV side v,, and the compensated
by the converter v, in Fig. 6.9 (a). In order to show them in the same figure
with an appropriate resolution of scale, an offset value was included. As can be
seen, vp, is the addition between the v,. and vg., which means that a voltage
reduction is required to reach the value for the grid-connection, which is lower
than in a traditional FPC v,. =~ 120V. On the other hand, when the irradiation
change is produced, the voltage decrease in order to reach the new MPP and
it produced a reduction of v,. which is translated to a lower converter voltage
gain.

In contrast with the Step-Up configurations, the input current does not
present a ripple reduction. It is because the input current [, is the difference
between the output current I,, and the current flowing trough the diodes I,.

Table 6.3: Simulation parameters of the Step-Down II Full-bridge based PPC.

Parameter Symbol Value Parameter Symbol Value
PV power B 4500W  Voltage Kp Ky, 0.05104
PV voltage Vpvmp 480V Voltage K71 Ky 750.9
PV side capacitance o 330uF  Current Kp e -0.01504
Dc side capacitance Cac 330uF  Current Ki K;; 5010.9
Transformer turns ratio nr 8 Voltage step A, 7.5
Switching frequency Ssw 80kHz  Time step Ay 1.0

Resistive load Ry 2092 Inductance L 1uH
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Figure 6.9: Results of the MPPT algorithm of the Step-Down II Full-bridge based
PPC. (a) Voltage results. (b) PV current. (¢) PV power.

As can be observed in Fig. 6.10, the current i,. presents a continuous waveform
due to the presence of the inductor connected with the diodes. Considering that
the input current i, is commutated, then the output current also presents the
same commuted waveform. In that case it is possible to see that the current
flowing through the diodes and the inductor is the lowest i,., it leads to the
advantage to reduce the filter size and also the current rating of the diodes
bridge.

The power waveforms are depicted in Fig. 6.11 (a), it is possible to note
that the converter is handling a lower power (P,. < P,,). Although a solar
irradiation change is made, the converter stills handling lower than the input
power. In Fig. 6.11 (b) the partial power ratio K, is shown. Notice that after
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Figure 6.11: (a) PV power and power processed by the converter under solar irradi-
ation changes. (b) Partial power ratio K, under solar irradiation changes.

the solar irradiation change, K, increase but without getting handle the entire
input power. Based on this results it is worth concluding that the converter can
be designed to operate at nominal values, so that despite of the increment on
the K, value caused by the irradiation changes, it will not handle more than
the rated power.

In order to obtain the PV voltage variation at different irradiation values,
the explicit PV voltage expression is implemented. As can be seen in (1.1.14),
the PV voltage can be expressed as a explicit function of the PV current using
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Figure 6.12: PV curves obtained with explicit expression using Lambert’s function.
(a) I-V PV curve. (b) P-V PV curve.

Lambert’s function. Working with a traditional PV module, the parameters are
listed in Table 1.1, and the results are illustrated in Fig. 6.12 for the PV string.
In that evaluation case, the voltage variation from (1000 — 5001//m?) corre-
sponds to AV,, = 12V and K, = 15.5% . That is the reason to explain the
small variation in the AK),, = 2% parameter.

Finally, in order to evaluate the the maximum variation of the partial power
ratio, a irradiation change between (1000 — 501%//m?) is made as presented in
Fig. 6.12. In that case, the voltage changes AV, = 100.5V from the v,, at
STC. Moreover, when the irradiation decrease the partial power ratio decreases
to K, = 5.4%. However, with this design the converter cannot work because it
requires a duty cycle lower than 0 to reduce the voltage. For that reason in order
to achieve this level of reduction, a higher turns ratio is needed. The more deep
reduction is needed, the more higher turns ratio is required. Without changing
the parameters, the minimum K, , = 12% to keep the control performances
over the converter. Nevertheless, it shows that in difference with the Step-
Up configurations, the Step-Up II PPC allows a reduction of the K, when
solar irradiation decreases.

6.4 Summary and Conclusion

In this chapter some simulation results were presented using different PPC con-
figurations. They were evaluated in some standard PV applications in order
to make a first approach about the scope of the presented work. From the re-
sults depicted in this chapter, it is possible to highlight the PPC operation were
only a fraction of the power is processed. The PPC configurations are evalu-
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ated in different scenarios in order to show the control performance in terms
of MPPT algorithm. Moreover, the improvement of the input current is also
shown when Step-Up PPC are used, which can extend the lifespan of capacitors.
When the solar irradiation changes, it is worth noticing the variation of the ratio
of power handled by the converter. In the case of Step-Up PPC configurations,
the higher voltage gain the higher power is processed by the converter. On the
other hand, when Step-Down PPC are used the partial ratio decreases when
solar irradiation also decreases.

In addition, the voltage explicit model of the PV current using Lambert’s
function is used, for evaluating the limits of the partial power ratio in terms of
solar irradiation variations. Working with a commercial PV module (SunMod-
ule Sw 285) the maximum voltage variation is around the AV, . = 20%, and
a reduction of the 50% of solar irradiation produces a voltage variation around
the AV}, = 2.5% of the nominal V,,, at STC. From the results the conclusion
is that the PPC configurations are able to operate in partial mode in a wide
voltage range. It demonstrates that the converters do not losses the PPC merits
despite of variations in the PV system.



Chapter 7

EXPERIMENTAL VALIDATION

The experimental validation of the different PPC configurations comprises: the
correct operation of the power topology used for the construction of the PPC,
the functionally of converter evaluating the MPPT algorithm, the analysis of
partial operation and the conversion efficiency. Among the PPC configurations
analyzed and presented in the theoretical sections, only three converters are
selected to be built and tested in the laboratory. The selection criteria was
based on the ones which present more practical interest for PV systems.

It is worth noticing that the voltage and power ratings have been scaled
from typical applications values to laboratory and components availability. The
main reason is that the available HF transformers deprive of choosing traditional
ratings for power and turn-ratio for the corresponding PV applications. Nev-
ertheless, the theoretical analysis and validation still holds, because they are
evaluated as power ratios, voltage gains and duty cycles.

The PV system, is emulated with the programmable dc-Power Supply Chroma
62050H-600S with Solar Array Simulator (600V /5kW). The Flyback based PPC
is chosen to validate the Step-Up I PPC configuration, and two Full-bridge based
PPCs are made to validate the Step-Up II and Step-Down II configurations. The
control platform is composed by a dASPACE 1103 controlling the de-dc convert-
ers, a FPGA Spartan-3E generating the HF PWM signals, and an interface
board between the dASPACE and the FPGA as depicted in Fig. 7.1. The PPC
is used to perform MPPT algorithm controlling the input voltage, and the
output voltage is fixed by the dc-Power Supply Agilent N8762A Technologies
(600V/8.5A). The power delivered by the PV system is dissipated in a resistive
load. The differential voltage measuring probe used in the test-bench is the
Keysight N2790A, 100MHz. Finally, the currents are measured using the probe
Keysight N2783B, 100MHz.

89
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Figure 7.1: Communication diagram and control platform of the experimental test-
bench.

7.1 Step-Up | Flyback based Partial Power Converter

The Flyback topology is widely used in applications handling small power
(< 300W), for that reason it is commonly found in microinverter systems [5].
Moreover, some commercial microinverters like Enphase Energy [60], currently
commercialized by Siemens, work with interleaved connections at input and
output side. Interleaved converters are widely used among power electronic ap-
plications. Such configurations can be adopted for different reasons in view of
the features and benefits of the interleaved scheme. The two main advantages
are:

e Distribution of the power among several converters, then allowing to re-
duce the power rating of the individual converters;

e Ripple reduction at the input and/or output of the converter when phase
shifted carriers are used in the modulation, then allowing reduction in the
filters size.

An additional advantage is the possibility of obtaining higher conversion ra-
tio if input-parallel output-series (IPOS) or input-series output-parallel (ISOP)
schemes are adopted [65]. On the other hand, the main drawback is the increase
in number of the power converters required in interleaved configurations. Simi-
lar features as the classical interleaved operation of two converters are obtained
working with a single Step-Up I Flyback based PPC. More precisely, it operates
as the input-parallel output-series (IPOS) configuration, reducing the current
ripple at the input of the system and dividing the individual converters power
rating.
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Figure 7.2: Circuit diagram of the experimental test-bench for the Step-Up I Fly-
back based PPC.

The experimental test-bench, built to validate the configuration, is shown
in Fig. 7.2. The topology used for the PPC is the Flyback converter, which is
illustrated in Fig. 7.3. The parameters of the experimental test-bench are listed
in Table 7.1.

Firstly, the Step-Up I Flyback based PPC was tested without the clamping
circuit. Measured currents are shown in Fig. 7.4 for the converter working
with a duty cycle D = 0.48. In this figure, it can be seen that the resulting
input current ;, shows a continuous waveform with reduced ripple. It comes
from the connection used for making the PPC configuration so that, both the
current flowing by the Mosfet and the diode are commutated, but they are also

Table 7.1: Parameters of the Step-Up I Flyback based PPC.

Parameter Symbol Value
PV power o 110w
PV voltage Voo 28V
PV side capacitance Gy 10pF
Clamping capacitance C. Sul
Dc side capacitance Cle 1000 F
Transformer turns ratio nr 1
Switching frequency o 200k H z

Resistive load Ry, 90
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Figure 7.3: Configuration of the experimental Step-Up I Flyback based PPC.
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Figure 7.4: Current measurements in the Step-Up I Flyback based PPC without the
clamping circuit and D = 0.48.

opposites each other which allows this mitigation of the commutation effect.

It can be considered as an advantage so that the input capacitor is also
reduced, allowing the using of ceramic capacitors and leading into a small circuit
board. However, in the figure it can also been observed the presence of an
important ringing effect when the main switch turns off. This effect is due to
the presence of parasitic elements in the circuit, combined with the fast rise
and fall times of the devices working at the frequency fs, = 200kHz. Such
phenomenon is not desirable since it implies high stress in the devices resulting
in higher losses.

In order to mitigate the ringing effect, a clamping circuit as represented in
Fig. 7.3 is used. Moreover, the converter has also been verified for a duty cycle
D = 0.28, as presented in Fig. 7.5. As the figure shows, the input current i;, is
continuous despite of the effect of adding the clamping circuit. And this is the
major advantage in contrast to the traditional IPOS configuration operating
with a duty cycle lower than 0.5. So that in the traditional IPOS configuration
made with Flyback converters, the input current i;, is discontinuous for duty
cycle lower than 0.5.
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Figure 7.6: Transformer voltages in the Step-Up I Flyback based PPC.

In order to eliminate the effect of the discontinuity and ripple mitigation in
the input current i;,, the transformer turns ratio must have the same value for
the primary and secondary side ny = 1. The waveform is depicted in Fig. 7.6,
where it is possible to see that both the voltage at the primary and secondary
side are the same.

Under constant solar irradiation the parameters evaluated are the voltage
and current in the system. The voltages are shown in Fig. 7.6, where the P&O
MPPT algorithm presents the classical three levels. In traditional PV applica-
tions the voltage at the dc-link vy, is fixed by the inverter, then due to the series
connection of the PPC, the converter voltage v, is the difference between v,
and vp,.

In the case of the currents it is worth to notice that the waveform also
varies depending on the MPPT algorithm as illustrated in Fig. 7.8. The current
oscillates around the maximum power but, when the voltage increase looking
for the mpp, the current decrease considerably. It is because the operation point
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Figure 7.8: Current waveforms in the Step-Up I Flyback based PPC under constant
solar irradiation.

is located on the PV region where the small variations on voltage correspond
to high variations on the current.

Moreover, in order to evaluate the performance of the MPPT algorithm,
it is made an irradiation reduction to the 60% of the rated value. The result
is presented in Fig. 7.9 and it is possible to see the current reduction when
the change is made. Moreover, due to the implemented MPPT algorithm, the
PV voltage decreases in order to find the maximum power point.

7.2 Step-Up Il Full-bridge based Partial Power Converter

The experimental test-bench built to validate the Step-Up IT PPC configuration
is depicted in Fig. 7.10, and the topology used to evaluate the concept is shown
in Fig. 7.11. It is based on an isolated Full-bridge topology, including an active
clamping circuit to mitigate the ringing effect. The design is based on the
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Figure 7.9: Voltage and current waveforms in the Step-Up I Flyback based PPC under
a reduction of the solar irradiation.
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Figure 7.10: Circuit diagram of the experimental test-bench for the Step-Up II Full-
bridge based PPC.

nominal values of the commercial high-frequency Payton Planar Transformer
(60V/30A) at the primary side, turns ratio n; : ng = 3 : 24. The primary
side of the transformer (Low Voltage LV) is connected to the diodes, and the
secondary side (High Voltage HV) is connected to the Mosfet bridge. The
parameters of the experimental test-bench are listed in Table 7.2.

One of the advantages working with the presented configuration is the re-
duction of the current ripple at the input side i;, because of the connection.
Considering that the current flowing through the Diodes bridge is filtered by the
inductance, and this is the sum between the converter current i,. and the out-
put current i,. Then both currents present complementary waveforms further,
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Figure 7.11: Configuration of the experimental Step-Up II Full-bridge based PPC.

the semiconductors can be sized for a lower current value so that for an input
current I;, = 5.2A, the current flowing trough the Mosfets bridge is around
I,. = 1.5A. These results can be observed in Fig. 7.12, where the input current
presents a ripple reduction if this is compared with a traditional Full-bridge full
power converter, and the mean value is the lowest one.

The voltages at the transformer input and output side are illustrated in
Fig. 7.13. In that case it is possible to see the similar waveforms with the
ratio Vis/Vi, = 8, which is given by the transformer turns ratio. However, it is
worth to notice that the ringing at the Mosfet side HV is lower compared with
the primary side LV. It is justified because the clamping circuit was placed in
parallel with this bridge, and the filter inductance is series connected with the
diodes.

Under constant solar irradiation the parameters evaluated are the voltage
and current in the system. The voltages are presented in Fig. 7.13, where

Table 7.2: Parameters of the Step-Up II Full-bridge based PPC.

Parameter Symbol Value
PV power b 1EW
PV voltage Voo 192V
PV side capacitance O 330uF
Clamping capacitance C. 47uF
Dc side capacitance Cyc 330uF
Transformer turns ratio nr 8
Switching frequency T 80kH z

Resistive load Ry, 350
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Figure 7.13: Transformer voltages in the Step-Up II Full-bridge based PPC.

the P&O MPPT algorithm presents the classical three levels. In traditional
PV applications the voltage at the dc-link v, is fixed by the inverter, then due
to the series connection of the PPC, the converter voltage v,. is the difference
between vg. and v,,. Note the step-up operation where the output voltage
Viae = 200V is higher than the input voltage V,,, = 190V. Due to the connection,
the partial converter voltage is V). = 10V, which is the voltage blocked by the
diodes, and it is lower than the voltage blocked in a traditional FPC. These
values represent the average value of the waveforms depicted in the figure.

In the case of the currents it is worth to notice that the waveform also varies
depending on the MPPT algorithm as shown in Fig. 7.15. However, compared
with the configuration presented before, the current oscillates around the max-
imum power but, it is not enough considerably. It is because the voltage steps
are smaller compared with the rated PV voltage, it means that this variations
are also small in the PV current. As is illustrated in the figure, the mean value
of the currents are I,,, = 5.5A and the output current I;. = 4.5A.
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Figure 7.15: Current waveforms in the Step-Up II Full-bridge based PPC under
constant solar irradiation.

Moreover, in order to evaluate the performance of the MPPT algorithm,
it is made an irradiation reduction to the 55% of the rated value. The result
is presented in Fig. 7.16 and it is possible to see the current reduction when
the change is made. Moreover, due to the implemented MPPT algorithm, the
PV voltage start decreasing the value in order to find the maximum power
point.

7.3 Step-Down Il Full-bridge based Partial Power Converter

The experimental test-bench built to validate the Step-Down II PPC configu-
ration is depicted in Fig. 7.17, and the topology used to evaluate the concept
is shown in Fig. 7.18. It is based on an isolated Full-bridge topology, including
an active clamping circuit to mitigate the ringing effect. The design is based
on the nominal values of the commercial high-frequency Payton Planar Trans-
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Figure 7.16: Voltage and current waveforms in the Step-Up II Full-bridge based
PPC under a reduction of the solar irradiation.
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Figure 7.17: Circuit diagram of the experimental test-bench for the Step-Down II Full-
bridge based PPC.

former (60V/30A) at the LV side, turns ratio ny : ng = 3 : 24. In that case, the
LV side is connected to the Mosfet bridge, and the HV side is connected to the
Diodes. The parameters of the experimental test-bench are listed in Table 7.2.

In contrast with the Step-Up configurations, the input current does not
present a ripple reduction. It is because the input current [, = 5.78 is the
difference between the output current I, = 6.9, and the current flowing trough
the diodes I, = 1.12. As can be observed in Fig. 7.19, the current ¢,. presents
a continuous waveform due to the presence of the inductor connected with the
diodes. Considering that the input current i;, is commutated, then the output
current also presents the same commuted waveform. In that case it is possible
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Figure 7.18: Configuration of the experimental Step-Down II Full-bridge based PPC.

to see that the current flowing through the diodes and the inductor is the lowest
ipc, it leads to the reduction of the filter size and also the current rating of the
diodes bridge.

The voltages at the transformer input and output side are illustrated in
Fig. 7.20. In that case it is possible to see the similar waveforms with the ratio
Vis/Vip = 8, which is given by the transformer turns ratio. However, it is worth
to notice that the ringing at the Mosfet side LV is lower compared with the
secondary side HV. It is justified because the clamping circuit was placed in
parallel with this bridge, and the filter inductance is series connected with the
diodes.

Under constant solar irradiation the parameters evaluated are the voltage
and current in the system. The voltages are presented in Fig. 7.20, where
the P&O MPPT algorithm presents the classical three levels. In traditional
PV applications the voltage at the dc-link v, is fixed by the inverter, then due

Table 7.3: Parameters of the Step-Down II Full-bridge based PPC.

Parameter Symbol Value
PV power b 1.2EW
PV voltage Voo 230V
PV side capacitance O 330uF
Clamping capacitance C. 47uF
Dc side capacitance Cyc 330uF
Transformer turns ratio nr 8

Switching frequency T 80kH z

Resistive load Rg. 2802
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Figure 7.20: Transformer voltages in the Step-Down II Full-bridge based PPC.

to the series connection of the PPC, the converter voltage v,. is the difference
between vy, and vg.. In that case the step-down operation is noted by the
measurements, where the output voltage V;. = 167V is lower than the input
voltage V,, = 230V. Due to the connection, the partial converter voltage is
Vpe = 63V, which is the blocking voltage withstood by the Mosfets, and it is
lower than in the case of traditional FPC. These values represent the average
value of the waveforms depicted in the figure.

In the case of the currents it is worth to notice that the waveform also varies
depending on the MPPT algorithm as shown in Fig. 7.22. However, compared
with the Step-Up I PPC configuration, the current oscillates around the maxi-
mum power but, it is not enough considerably. It is because the voltage steps
are smaller compared with the rated PV voltage, it means that this variations
are also small in the PV current. The important feature is that for the same
design used also in the Step-Up II PPC | the input current presents a higher rip-
ple. The reason is that this PPC configuration does not present the advantage
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Figure 7.21: Voltage waveforms in the Step-Down II Full-bridge based PPC under
constant solar irradiation.
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Figure 7.22: Current waveforms in the Step-Down II Full-bridge based PPC under
constant solar irradiation.

of input current ripple reduction as was explained before. Regarding with the
measurements, the mean value of the currents are I,, = 5.3A and the output
current I;, = 7TA.

Moreover, in order to evaluate the performance of the MPPT algorithm, it
is made an irradiation reduction to the 67% of the rated value. The result is
illustrated in Fig. 7.23 where it is possible to see the current reduction when
the change is made. Moreover, due to the implemented MPPT algorithm, the
PV voltage start decreasing the value in order to find the maximum power
point. The stationary value is around V,, = 225V".

7.4 Analysis of Efficiency

In order to obtain the experimental efficiency, the power is calculated using
the modulated and sampled values of voltage and current (neglecting the high-
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Figure 7.23: Voltage and current waveforms in the Step-Down II Full-bridge based
PPC under a reduction of the solar irradiation.

frequency of commutation). The measurements are taken from the whole power
conversion system (PPC configuration), and the isolated de-dc converter used
to make the configuration (Flyback and Full-bridge). These measurements are
made for the Step-Up and Step-Down configurations.

Step-Up | Flyback based PPC

Considering the Step-Up I configuration, the experimental efficiency waveforms
are presented in Fig. 7.24. The global conversion efficiency of the dc-stage, based
on the measurements at the output side (1,, Vi) and the input side (1, Vpy),
is obtained under different power and partial power ratios K,.. When the
converter is operating below K, < 80% of the total power, the global conver-

sion efficiency varies between 70% ~ 90%, as depicted in Fig. 7.24 (a). On

Table 7.4: Experimental evaluation points

Parameters Step-Up I Step-Up II  Step-Down II
System Power (W) 99 821 822
Dc-dc Power (W) 19.8 52.5 110.1

K (%) 20 6.4 13.4

PV voltage (V) 27.9 190.4 182
Dc-link voltage (V) ST 200 153
Converter voltage (V) 4.8 9.6 47
Global Voltage gain G, 1.17 1.05 0.84
Dc-dc Voltage gain G, 0.15 20.83 0.31
Dc-stage efficiency ng., (%) 90 98.5 97.5

Dc-de efficiency nge, (%) 59 82 78.9
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Figure 7.24: Curve of experimental efficiency: (a) Total power conversion system.
(b) Isolated dc-de converter in the Step-Up I Flyback based PPC.

the other hand, the conversion efficiency of the de-dc converter varies between
35% ~ T7%, as shown in Fig. 7.24 (b) where it is possible to note the experi-
mental points obtained from measurements and the curve fitting. This can be
understood in the sense that the Flyback converter is handling a low power,
in comparison for which it was designed. Moreover, considering that the con-
figuration is oriented to microinverter applications, the total voltage gain will
be high because of the low PV voltage. It leads to understand that in that
case, the global conversion efficiency is highly dependent of the de-dc converter
efficiency.

Nevertheless, in order to enhance the analysis of efficiency, Table 7.4 illus-
trates an experimental operating point for the configuration. As can be seen,
the PV system is rated at P,, = 99W but it is handling a K, = 20% of the
total power. The partial power ratio K, is related to the global voltage gain,
which is G, = 1.17. However, due to the series connection, the voltage at con-
verter side is very small V,,. = 4.8V, which leads to a high voltage gain for the
isolated Flyback dc-dc converter G, = 0.15. That is the reason because of the
low efficiencies reached with the Flyback converter. However, from the point
of view of the whole system it is not a problem when the partial ratio is low,
because the dc-dc converter is handling a low power. Therefore, the power loss
related to the de-dc conversion is Py, = 8.12W, which represents the 8.2% of
the global system losses.

Moreover, as can be realized the dc-dc converter works as buck converter
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Figure 7.25: Curve of experimental efficiency: (a) Total power conversion system.
(b) Isolated dc-dc converter in the Step-Up II Full-bridge based PPC.

despite of the step-up operation. It means that the topology operation does
not define the operation of the PPC configuration. For that reason, for this
application it is important to select a topology with a buck-boost operation in
order to compensate the required compensated voltage v,.. That is also the
reason to justify the selection of the Flyback instead of the Full-bridge topology
as the suitable solution for this application, so that with a turns ratio ny =1
the voltage gain is not limited because of the inherent buck-boost operation.

Step-Up Il Full-bridge based PPC

The experimental efficiency waveforms for the Step-Up II configuration, are il-
lustrated in Fig. 7.25. In the measured range, with the converter operating
below K, < 10% of the total power, the global conversion efficiency varies
between 98% ~ 99%, as presented in Fig. 7.25 (a). On the other hand, the con-
version efficiency of the de-de converter varies between 70% ~ 94%, as depicted
in Fig. 7.25 (b) where it is possible to note the experimental points obtained
from measurements and the curve fitting. This can be understood in the sense
that the Full-bridge converter is handling a very low power, in comparison for
which it was designed. Moreover, in order to enhance the analysis of efficiency,
Table 7.4 illustrates an experimental operating point.

As can be seen in that case, the PV system is rated at P, = 821W but
it is handling K, = 6.4% of the total power. As was explained before, the
partial power ratio K, is related to the global voltage gain, which is G, = 1.05.
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Figure 7.26: Curve of experimental efficiency: (a) Total power conversion system.
(b) Isolated dc-de converter in the Step-Down II Full-bridge based PPC.

However, due to the series connection, the voltage at converter side is very small
Vpe = 9.6V, which leads to a high voltage gain for the isolated Full-bridge dc-
dc converter GG, = 20.83. That is the reason behind the low efficiency reached
by the Full-bridge converter. However, it does not represent a problem for the
whole system, due to the low power the converter is handling. Therefore, the
power loss related to the de-de conversion is Py, = 9.45W, which represents
the 1.15% of the global system losses.

Step-Down Il Full-bridge based PPC

The same analysis is made for the Step-Down II configuration, and the experi-
mental efficiency waveforms are shown in Fig. 7.26. In the measured range, with
the converter operating below K, < 25% of the total power, the global con-
version efficiency varies between 90% ~ 99%, as illustrated in Fig. 7.26 (a). On
the other hand, the conversion efficiency of the de-dc converter varies between
72% ~ 93%, as presented in Fig. 7.26 (b).

As it can be seen in the Table 7.4, the PV system is rated at P,, = 822W
but it is handling K, = 13.4% of the total power. In that case, the global volt-
age gain is G, = 0.84. Nevertheless, due to the series connection the voltage
at converter side is V. = 47V, which leads to a different voltage gain for the
isolated Full-bridge dc-de converter G, = 0.31. This deep step-down operation
impacts the efficiency reached by the Full-bridge converter itself, which is rela-
tively low. Therefore, the power loss of the dc-dc conversion is Py, = 23.23W,
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Figure 7.27: Experimental partial power ratio for the Step-Up I Flyback based PPC.

which represents 2.83% of the global system losses.

7.5 Analysis of the Partial Power Ratio

In order to evaluate the ratio of power processed by the converter, the voltage
and current are measured at the Mosfet bridge, and the mean value is multi-
plied in order to obtain the converter power FP,.. Then, it is divided by the
input power P, in order to obtain the partial power ratio K,,. The experi-
mental results are shown with points and the theoretical value is shown with a
continuous line.

The experimental result for the Step-Up I Flyback based PPC is depicted in
Fig. 7.27. Tt is possible to notice the increase of K, when the voltage gain is also
increasing. The behavior fits with the theoretical result in (4.1.8). Nevertheless,
it presents a small bias but it can be explained in the sense that the theoretical
analyzed was made considerer a global efficiency n4., = 1. Nevertheless, the
important fact is the validation of the dependence between the voltage and
gain and the power processed by the converter.

Considering the Step-Up II Full-bridge based PPC, the experimental result
is shown in Fig. 7.28. It is possible to notice the linear increase of K, when
the voltage gain also increases. The behavior fits with the theoretical result
in (4.1.18). Nevertheless, it presents a small bias but it can be explained in
the sense that the theoretical analyzed was also made considerer a global ef-
ficiency n4., = 1. In this case, the voltage gain was not evaluated until reach
a higher value, it is because the converter is oriented to PV applications with
a large number of PV modules per string. So that they will be sized close to
the dc-link voltage and the PPC converter will only compensate the variations
produced by the MPPT algorithm, or the solar irradiation changes.
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Figure 7.28: Experimental partial power ratio for the Step-Up II Full-bridge based
PPC.

Finally, the experimental result for the Step-Down II Full-bridge based PPC
is illustrated in Fig. 7.29. It is possible to notice the linear reduction of K,
when the voltage gain increases. The behavior fits with the theoretical result
in (4.2.14). Nevertheless, in contrast with the configurations discussed before,
it does not present the bias between the theoretical and experimental results.
It is because the converter is processing the input current 4,, (without con-
sidering the losses in the input capacitor C,,), which is flowing directly form
the PV side. It is the difference with the Step-Up PPC configurations, where
the current processed by the converters is ¢,. which represents the difference
between i;, and i, measured in the node of connection. In this case, the voltage
range was extended in order to show the advantage of the configuration. Con-
sidering that the PV application is sized to a higher value compared with the
dc-link voltage, the input voltage v, will be reduced in case of a reduction of
the solar irradiation. It means, that the converter will handle a lower power in
case of changes of atmospheric variations.

7.6 Summary and Conclusion

In this chapter the experimental results of the PPC configurations built in
the laboratory were presented. It is important to highlight that the laboratory
prototypes were not optimized in their design in terms of efficiency for the power
rating in which they operate. They were designed based on the commercial
availabilities and the laboratory facilities. Consequently, it is expected that
for commercial developments, which are optimized in terms of efficiency for a
power rating and specific PV applications, similar or improved efficiencies can
be obtained.
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Figure 7.29: Experimental partial power ratio for the Step-Down II Full-bridge based
PPC.

From the results obtained by the measurements, it is concluded that the
proposed PPC configurations process a fraction of the power. Furthermore,
the partiality ratio can vary depending on the voltage difference between the
PV voltage and the dc-link voltage. The main feature comes from the fraction of
power handled by the converter, which reduces the total converter losses in the
system. The analyzed topologies and configurations show that the PPC concept
is sufficiently flexible to be implemented for step-up PPC dc-dc stages, which
are suitable for microinverters and small PV strings, or for step-down PPC dc-
dc stages for larger PV strings. The results show that despite the limitation
of processing only a fraction of the power, the converter is capable of retaining
the MPPT performance. Moreover the PPC connection used in Step-Up con-
figurations, adds new benefits such as input current ripple reduction, which can
extend the lifespan of capacitors.

On the other hand, the operation of the converter depends on the turns ratio
of the transformer and the selected topology, all of which also affect the system
efficiency. It is also worth mentioning that since the converter efficiency varies
depending the power rating, a particular PPC configuration that operates at
a lower fraction of power not necessarily translates to higher system efficiency,
since it may force the converter to operate at low power ratings where it may
not be at its most efficient point. This means that it is necessary to optimize
the converter design for a particular partiality given by the system parameters.
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CONCLUSION AND OUTLOOK

In this thesis, the partial power dc-dc converters are presented as possible solu-
tion for two-stage PV applications. The benefit of process a reduced portion of
the whole power, makes the PPC as an attractive solution in order to increase
the conversion efficiency without compromising control performance.

As in all power electronics systems, there is an inherent trade-off between
the different performances achieved. The partial power conversion approach,
employs traditional isolated dc-dc converters within the dc-stage in order to
allow a series connection of active power sources, avoiding short circuits in
different switching states. However, the galvanic isolation is lost because of the
bypass connection. In addition, the partial power operation (step-up or step-
down), does not come from the dc-de topology but the connection made to built
the configuration. Nevertheless, the limitations in terms of converter operation
depends on the turns ratio of the transformer and the dc-topology, all of which
also affect the system efficiency.

From the investigation related with the partial power conversion approach,
the most outstanding benefits obtained from theoretical analysis, simulations
and experimental evaluations are:

o System conversion efficiency: The dc-stage conversion efficiency increases
due to the lower power processed by the converter, so that the losses are
related with the efficiency of the isolated dc-dc topology, and the power
processed by it. Then, even if the de-dc converter presents low efficiency
in some operation points, specially when high voltage gains are required,
the complete efficiency will be higher. On the other hand, the ratio of
the power processed by the converter determines the global conversion
efficiency.

e (Control performance: The main objective of a two-stage conversion, be-
sides of decouple the power between the PV and dc-side, is to control inde-
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pendently the PV voltage to work at the MPP for increasing the maximum
power extracted from the PV system. Therefore, the PPC must operate
in partial mode without loosing the MPPT performance, it means that in
front of solar irradiations changes the converter must process a reduced
power.

o Volume reduction: From the theoretical analysis, assuming that a power
converter stage is a regular geometric body, and the process for designing
is the same as a full power converter, the volume of the partial power
converter can be reduced by reducing the power flowing through the dc-
dc converter. Moreover, since components with lower current and voltage
ratings can be employed, the economic cost of the converter prototype
can also decrease. It is also worth noticing that the transformer could be
considered as a drawback, however due to the reduced power and high-
frequency operation, the transformer size can also be reduced.

e Power density: By considering that the density is calculated based on the
power processed by the dc-de converter per volume unit, the power density
of the partial power converter increases by reducing the power flowing
through the dc-dc converter. Moreover, considering that the dc-stage
comprises not only the power processed by the PPC | but also the power
flowing trough the direct path, it is possible to conclude that the power
density of the dc-stage is highly increased compared with a traditional full
power converter.

From the experience obtained starting from the design of the converters, un-
til the evaluation in experimental test-bench. It is worth giving some commen-
taries which can help to follow the research and extend the presented converters
in other applications. First of all, in terms of the prototype construction, the
commercial facilities of high-frequency transformers are limited. As was dis-
cussed, there is a direct dependence between the turns ratio and operation
range, which means that depending the PV application, either larger or fewer
turns ratio are required, but in all cases it is better to have a wide voltage range
so that this is the series connected voltage source.

In addition, the EMI effects would be considered for further PCB designs of
HF dc-dc converters. In this thesis one problem was the interference produced
by the switching frequency, specially in the voltage and current sensors. The
external filters were not a solution because the frequency of the interference was
always located at the sampling frequency.
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Finally, in this presented work the main focus was the evaluation of the
partial power conversion concept in PV applications. After that, the next step
is the improvement of the prototypes design. It should include a further eval-
uation of topologies so that it would help to improve the performance of each
PPC configuration, leading to reach even higher conversion efficiencies.
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