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Abstract- This paper presents a merged PWM-resonant
dc-dc converter topology for localized PV energy harvesting.
The topology merges a boost as the front-end converter and
a series-resonant converter as the back-end converter. The
two converters are merged by sharing the switches for their
operation while they are decoupled by separating their
control variables. Merging of the converters is facilitated by
a control scheme that can change both the duty-ratio and
switching frequency. The boost converter provides the ability
to obtain MPPT control by changing the duty-ratio and the
series-resonant converter allows for output voltage
regulation by controlling the switching frequency. By
merging the two power stages, high efficiency is achieved due
to zero-voltage switching that is obtained on both switches
and the component count is reduced. Full analysis and
characteristics of the converter are detailed, and
experimental results using a 400V/240W prototype validate
its operation and features.

I. INTRODUCTION

Among the variety of grid-interactive photovoltaic (PV)
systems, microinverters are an attractive option for modular and
independent energy harvester. This concept disregards any
mismatches among PV modules, provides possibility of
individual PV-module optimal design, and allows independent
maximum power point tracking (MPPT) [1], [2]. In many cases
a PV microinverter is supplied by a single solar panel, with
typical low voltage in the range of 20-30V. In such cases a high
voltage-conversion ratio converter is required to produce the
output’s ac voltage [1]-[3]. Therefore, it is conventionally
achieved by two-stage conversion; a dc-dc converter cascaded by
an inverter is the most common arrangement for such
systems [4]-[10].

The front-end converter that connects to the PV module steps
up the voltage to a level compatible with the grid while
performing MPPT. This compromises the output voltage
regulation capability of the converter since the two control

978-1-5386-1180-7/18/$31.00 ©2018 IEEE

pL pi
a
=

Fig. 1. Merged PWM-Resonant converter (MPRC) topology.

objectives that are distinctly different simultaneously super-
impose on the control command. In the majority of applications,
the tasks are separated for two decoupled converters. One
facilitates MPPT and another regulates the voltage [11]-[12].

The idea of one converter performing a specific task and
another converter obtaining a different objective has been
investigated and implemented in variety of applications such as:
power-factor correction applications and LED drivers [13]-[18].
An interesting and attractive solution is to integrate two stages
into one, as suggested in [19]-[25]. Merging of the two stages
contributes to achieve better power processing characteristics,
high efficiency, lower requirements from the DC link capacitor
and reduced components count at the cost of slightly more
complex control. This has been pursued in this study.

The objective of this study is to introduce a merged PWM-
resonant dc-dc converter (MPRC) topology with high voltage
gain for localized PV energy harvesting. The topology, shown
in Fig. 1, combines a boost front-end with a series-resonant
converter as the back-end. Merging is facilitated by sharing the
MOSFETs for the operation of both converters. Full decoupling
is achieved by separation of the control variables and objectives.
The boost front-end provides the ability to obtain MPPT and is
controlled by variation of the duty-ratio whereas the series-
resonant converter regulates the output voltage by changing the
switching frequency. In addition, the operation of the converter
provides ZVS on both MOSFETs, significantly lowers the power
loss and maintains high efficiency.

The rest of the paper is organized as follows: Section II
describes the MPRC topology and details its principle of
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Fig. 2. Control scheme of the MPRC topology.

operation and control scheme. Primary characteristics and
simulation results of the MPRC are provided in Section III.
Experimental results using a MPRC prototype are given in
Section IV. Section V concludes the paper.

II. MERGED PWM-RESONANT CONVERTER TOPOLOGY

The high conversion ratio required for converting a single PV
module voltage to the input voltage of a grid-tied inverter can be
achieved by variety of ways. For example, a series-resonant
converter (SRC) with high turns ratio of its transformer.
However, to obtain both regulated output voltage and operation
at the maximum power point of the PV module, another degree
of freedom is required. A possible solution to overcome this
challenge is by adding a boost converter between the input and
the resonant converter in order to be able to operate at the MPP
while regulating the output voltage. However, this reduces the
efficiency and results in higher components count.

The MPRC power stage, shown in Fig. 1, combines a
synchronous boost converter that is connected to the PV module
and a SRC that is connected to the input of the inverter (marked
as the load R;). Three components are common for the stages,
these are the power MOSFETSs (Qr and Q;) and the bus capacitor
Chus. Using this circuit, several key benefits are simultaneously
obtained, the use of only two switches (instead of four) and single
bootstrapped gate driver lowers the components count and cost.
In addition, although the boost operates in CCM, the resonant
nature of the SRC provides the ability to have zero-voltage
switching (ZVS) on both MOSFETs, significantly reducing the
switching losses.

The key principle in the operation of the MPRC is in the
control scheme. The boost’s control variable is the switches’
duty-ratio D while the SRC control variable is their switching
frequency f;. These two control variables can be simultaneously
controlled without having one control variable affecting the
other. Therefore, it allows the boost and SRC to use common
switching devices for their operation, as shown in Fig. 2. It
should be noted that since the current waveforms of the two
converters have different shapes, a small bus capacitor is still
required. The bus capacitor voltage vp,s is unregulated and may
vary depending on the type of MPPT algorithm that is realized.
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Fig. 3. Equivalent circuit of the SRC under FHA.
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Assuming that under variations of the switching frequency the
boost inductor current ripple does not exceed the CCM boundary,
the voltage gain of the boost converter depend on the duty-ratio
and is given by:

_Vbus _ 1

Mhoost(D) _I—D

VP Vv ( 1 )
where D is the duty-ratio of Q.

The SRC’s equivalent circuit under first harmonic approximation
(FHA) is depicted in Fig. 3 and its normalized voltage gain is
given by:

Vuut,ac Sin (”D)
Maae (1 P) =5, = 2 JLIC, (1 f
bus,ac 1 . v r|Js _Jr
*/ Rac [fr .fs] (2)

where Viusae and Vouqc are the first harmonics at the input and
output ports of the SRC, respectively, as illustrated in Fig. 3. f. is

the resonance frequency given by 1/2x, fL,C, and R, is the

resistance seen at the transformer’s secondary side, given by
8R, / 7* [26] and n is the transformer’s turns ratio. Fig. 4 depicts

the expression in (2) for different values of the quality factor O
and D=0.5. It can also be seen in (2) that Mszc depends on D for
the amplitude value. However, since changes of the duty
command are driven from the MPPT controller which varies D
much slower compared to the change of f; by the frequency
controller, D can be considered constant for the dynamic
response of Msgc. A point that needs to be emphasized is that the
resonant tank of the SRC should be designed so that Q is
relatively high (typically higher than 5) for any load condition.
This is necessary so that the current waveforms at the SRC is
sinusoidal, even for cases that D is different from 0.5 as in
conventional SRC operation.
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The total voltage gain of the MPRC is the multiplication of (1)
and (2):

M, e (D7f; ) = @ =My M o

Vev ] (3)
The SRC stage can be considered with varying input voltage and
regulated output voltage (by frequency control regulation). This
varying input voltage is vy, Which depends only on D, governed
by the MPPT algorithm. Since the output voltage needs to be
regulated, in case that the MPPT controller increases D and Mpoost
is increased, the frequency controller increases f; so that Mspc is
decreased and the output voltage remains constant. This way any
input power can be extracted by controlling D while the output
voltage is maintained regulated by controlling f.

III. PRIMARY CHARACTERISTICS OF THE MPRC TOPOLOGY

Due to the inherent differences between currents waveforms
of the boost and the SRC, achieving ZVS on both high and low-
side switches is not immediate. The boost current that enters the
switching node is triangular with a DC offset due to the CCM
operation, while the SRC current at the switching node is
sinusoidal, as illustrated in Fig. 5. A necessary condition to
achieve ZVS on Qy is that the current difference iz = iy - ipoost 18
negative at its turn-on instance, i.e. iy < 0. To achieve ZVS on O,
it is necessary that the current difference will be positive at its
turn-on instance, i.e. is> 0. Assuming a converter efficiency of 7,
a duty-ratio of 0.5 and under FHA, the resonant current i, at the
switching instances can be approximated to

7Yy Lpy sin(4)

=%
nl/{m[ (4)
where ¢ is given by
4= tan” nJL/C, (L_Lj
R{l(/‘ f;’ f& (5)

And the expression for iy is given by

iy

10
)
-10

«—D=0.5—»

Lpoost

————f=125k———>!

Vs

&l zvs VS
20
0
20
ig
10 ;
0 i>0
-10
20 i<
0 ;<0
Vbus
51
47

100 1 08 112

04 1
Time (us)

(2)

20
10
)
-10

—D=0.65—>

Lboost

PE—T Y T—

Vsw
A4 A
40 ; ;
0

20 —i;>0

20 i4<0

Vhus

70 /\
69

100 1

/N

8 112

04 10
Time (us)

(b)

Fig. 7. Simulation waveforms of the MPRC for (a) D=0.5, (b) D=0.65.
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(6)
Using (4)-(6) the necessary condition to obtain ZVS on Qy is

Vor Loy . v,
- %sm(gb) -1, —4£V <0
n out f; s (7)
whereas the necessary condition to obtain ZVS on Oy is
Vo, 1 V,
Trr et sin ()| -1, +-2=>0
20V, ALf, ®

It should be noted that condition (7) holds for any case since at
this point the actual current direction of both currents is always
directed toward the switching node. The more strict condition is
(8) since one current is entering the switching node and the other
is pointed out of it. Taking into account the capacitance between
the switching node and ground Csy and approximating iz to a
constant current source and vy to a voltage source for the dead-
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time period 74 as depicted in Fig. 6, the following conditions are
sufficient to guarantee full ZVS on both MOSFETs:
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Fig. 7 shows simulation waveforms of the MPRC (obtained
using PSIM) for two situations where D=0.5 and D=0.65. It can
be observed that for both cases the two different duty-ratio values
result in different values of v, and therefore it is compensated
by the voltage regulation controller that changes the switching
frequency accordingly to maintain the output voltage constant. In
the case that D=0.5 v, is lower, and therefore f; is lower as well.
Also depicted is iy, and it can be observed that for the two cases
both conditions (7) and (8) hold at the switching instances and
ZVS is obtained.

IV.EXPERIMENTAL RESULTS

To wvalidate the operation of the MPRC topology, a
400V/240W experimental prototype was built and tested. The
components’ parameters and values are detailed in Table I. The
converter was digitally controlled by a dsPIC33F series
microcontroller from Microchip [27], sensing the PV module’s

TABLE I — EXPERIMENTAL PROTOTYPE’S PARAMETERS

Component Value / Type
Input voltage Vpy 20-30 V
Output voltage 7, 400 V

Bus capacitance Cpys 6 uF

Output capacitor C, 10 pF
Transformer’s turns ratio 1:n 1:26
Resonant frequency f; ~107 KHz
Resonant capacitance C, 110 nF
Resonant inductance L, 20 uH

Boost inductor Lp,os 100 pH
Power MOSFETs Oy and O, 100V, 6.6mQ

voltage and current for MPPT control and the output voltage for
regulation, as illustrated in Fig. 2.

Fig. 8 and Fig. 9 show the experimental MPRC’s prototype
waveforms for various load, input voltage and duty-ratios
conditions. The shown waveforms are the switching node, bus
voltage, resonant current, boost current and their difference. Fig.
8 shows the case where the duty-ratio is D=0.65. It can be
observed that the change between different input voltages [Fig.
8(a) vs. Fig. 8(b) and Fig. 8(c) vs. Fig. 8(d)] changes the bus
voltage and to regulate the output voltage to 400V this change is
compensated by variation of the switching frequency. For
example, when Vpy is 26.3V the bus voltage is 73.1V and the
resultant switching frequency is 129.3KHz [see Fig. 8(c)], and
when Vpy is reduced to 22.1V the bus voltage is 62.1V and the
switching frequency is lowered to 124.6KHz [see Fig. 8(d)] to
keep the output voltage regulated. It can also be observed that the
average input current (the mean of ix.0s) is increased when the
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input voltage is decreased, this is since the load in this case is
kept constant. In addition, different load values results in
different frequency variation for the same input voltages due to
different O values as expected by the analysis from Section II.
When the input voltage changes from 26.3V to 22.1V the
switching frequency is reduced from 115.5KHz to 113.5KHz for
a 160W load [high Q — see Fig. 8(a) and Fig. 8(b)] while for a
53W load the switching frequency reduces from 129.3KHz to
124.6KHz [low Q — see Fig. 8(c) and Fig. 8(d)].

Fig. 9 presents the same waveforms for a duty-ratio of D=0.5
with different input voltages. Here the bus voltage values are
lower and therefore the switching frequency values are lower
compared with the cases shown in Fig. 8. In all the presented

95 T T
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Iout [A]
Efficiency measurements of the experimental prototype.

Fig. 11.

cases ZVS is obtained on both MOSFETs due to the polarity of
iq at the switching instance. Fig. 10 zooms in on the switching
instances and depicts the switching node voltage vsy and the
current difference iy to better view the ZVS on the MOSFETs. It
can be observed that when O is turned off iy <0 which charges
the capacitance during the commutation and the body diode of
Qwu conducts before it is turned on. The opposite transition occurs
when Qp is turned off and iz>0 which discharges the capacitance
and the body diode of Q; conducts until it is turned on, as
predicted by the analysis from Section III. Efficiency
measurements of the converter are provided in Fig. 11. As can be
observed, the peak efficiency is 93.4% and above 89% for most
of the load range.
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V. CONCLUSION

A merged PWM-resonant dc-dc converter topology for
localized PV energy harvesting has been presented in this study.
The topology combines a boost front-end converter and a series-
resonant converter as the back-end converter by using common
power switches. Merging of the stages is facilitated by a
controller that controls both the duty-ratio and switching
frequency, allowing for both MPPT control and output voltage
regulation while obtaining high efficiency due to ZVS on both
high and low side MOSFETs. Steady-state analysis and primary
characteristics have been presented, showing the benefits of the
converter. The experimental results of the converter are in
excellent agreement with the theoretical analysis, showing
promising power processing characteristics and making the
converter an attractive candidate for localized PV energy
harvesting.
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