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A Novel Topology for Solar PV Inverter Based on an
LLC Resonant Converter With Optimal Frequency
and Phase-Shift Control
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Abstract—In this article, a new topology for a grid-connected
solar photovoltaic inverter for the direct connection to the medium-
voltage grid is proposed. This topology employs an LLC resonant
converter with a high-frequency (HF) isolation transformer in the
dc—dc stage. The output of the de—dc stage is a rectified sine wave
voltage and current at the line frequency. An unfolder inverter in-
terfaces between this dc stage and the grid. A combined phase-shift
and frequency control method is used to control the LLC resonant
converter. The phase-shift angle and switching frequency values of
the LLC resonant converter are regulated to track the reference
current signal for the whole operation range. The Lagrange mul-
tiplier method is applied to find the optimal trajectory to calculate
the optimal phase-shift angle and switching frequency pairs for
any operation condition by considering power converter and HF
transformer losses to achieve the highest efficiency at a varying cur-
rent. The transformer leakage and magnetization inductances are
properly designed to provide a zero-voltage switching (ZVS) for a
wide operation area, and additional resonant inductor requirement
is removed. The LLC converter operates in a ZVS region except in
a narrow band around the zero-current crossings of the inverter
output. Using an HF transformer in the LLC resonant converter,
a bulky line frequency transformer requirement is eliminated, and
thus, a more compact and efficient design is obtained. The proposed
topology is validated by the simulation and experimental results.

Index Terms—Combined modulation, Lagrange multiplier, LLC
resonant converter, medium voltage (MV), solar inverter.

I. INTRODUCTION

N THE last three decades, many studies have been performed
I on inverters used for renewable energy applications [1]. In
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Grid-connected inverters: (a) with LFT, (b) with HFT, and (c) proposed

most cases, line frequency transformers (LFTs) have been used
at the output of the inverters to provide galvanic isolation and
voltage matching as shown in Fig. 1(a). These transformers
are also essential equipment for medium-voltage (MV) pene-
tration of high power renewable energy plants. However, these
transformers increase the cost, weight, and size of the system
and decrease the efficiency. Generally, the transformer core loss
exists even if the inverter is not exporting the power. Therefore,
high-frequency transformers (HFTs) embedded in the dc—dc
converters or dc—ac inverters have been proposed instead of the
LFTs, as illustrated in Fig. 1(b). This topology is also called
high-frequency-link inverter. While the HFT used in this topol-
ogy provides same advantages as the LFT, it decreases the size
and weight, and improves the efficiency due to much lower loss.
This topology has been used for mostly low power applications.
A high-voltage and frequency switching requirement for the
second stage (grid side) inverter limits its applicability for high
power and MV systems. To remove this drawback, the control
of the dc—dc converter can be modified to generate the rectified
sine wave voltage and current at the dc bus as shown in Fig. 1(c).
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Then, the dc—ac inverter stage works as an unfolder circuit and
operates at the line frequency [2]-[5].

Different modular and multilevel inverter topologies have
been investigated for the MV grid penetration of high power
renewable energy systems considering the voltage and cur-
rent limitations of the semiconductor switches [6]. Although,
these topologies can improve the system reliability by replacing
electrolytic capacitors with film capacitors, due to employing
high-frequency isolated dc—dc converters, higher number of
switches limits this improvement and affects the efficiency of the
system. Furthermore, needs for additional balancing circuits and
more complicated control schemes increase the complexity of
the converter. Recent advancements in wide-bandgap semicon-
ductor devices, especially silicon carbide (SiC) devices, allow
direct connection of single-stage converters to the MV grid and
can make the converter topology simpler [3]. However, cost
of these switches and drive circuits are still too high for most
applications.

Isolated unidirectional or bidirectional dc—dc converters have
been commonly used and investigated for high-frequency-link
inverter topologies. Dual-active bridge (DAB) converters have
become a popular technology offering a higher power capability,
lower filter requirement, and ease of realizing soft-switching fea-
tures [7], [8]. The direction and amount of the power can easily
be controlled by controlling the phase shift between the primary
and secondary ports. However, this method can result in a higher
circulating current and a narrow zero-voltage-switching (ZVS)
region. Different modulation schemes such as the trapezoidal
and triangular modulation have been proposed to overcome
these problems. However, a single method cannot fully remove
all the problems. The combinational use of these modulation
schemes can provide a better performance with the expense of
high control complexity with many parameters. Optimization
of these parameters is another complicated process for these
combinational methods [9].

The LLC resonant converters have been designed and used for
various applications from a few watts to tens of kilowatts with
their natural ZVS, zero-current-switching (ZCS), and buck or
boost mode operation capabilities [10]-[13]. The LLC resonant
converter provides ZVS at turn ON for primary-side switches.
Turn-OFF loss is independent from the load, and therefore, it can
be kept low. In addition, the circulating current of this converter
can be controlled by the proper design of the magnetizing
inductor of the transformer. The output voltage of the LLC
resonant converter is a function of the switching frequency.
Therefore, the frequency modulation is commonly used for
these converters [14]. The phase-shift control is another control
strategy applied to the LLC resonant converters. In this method,
a phase shift is applied between the full-bridge inverter legs,
and thus, a gain, independent from the switching frequency, is
obtained. This gain can be controlled between 0 and 1 with the
phase-shift angle. This enables limiting the maximum switching
frequency and provides a wider range to select optimal magnetiz-
ing inductance to reduce the circulating current and improve the
efficiency. In the literature, the phase-shift modulation method is
used to limit the inrush current during startup [15], [16], to keep
the switching frequency in vicinity of the resonance frequency
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[17], and to limit the maximum switching frequency for low load
conditions [18]-[20]. In limited number of the studies, these
two methods have been used together [21]-[23]. In [21], the
frequency modulation is applied for normal operation condition.
When the load is lower than a specific value, the frequency
modulation and phase-shift control are applied together. Here,
the phase-shift angle is obtained by using a linear equation of the
load current and the output voltage is regulated by the frequency
modulation method. However, this combined control is only
applied for light-load condition. In [24], a hybrid modulation
technique combining frequency modulation and pulse density
modulation has been proposed. However, these two methods
have not been applied together. The pulse density modulation
is used to limit the switching frequency at a determined limit.
In [25], a lookup table-based optimal phase-shift and frequency
detection method is proposed for a battery charger application.
When the frequency modulation and phase-shift method are
applied together, the same output voltage and current value can
be obtained with different frequency and phase-shift values.
The derived model is used to calculate converter losses, and
optimal phase-shift and frequency values providing the lowest
loss value are determined and saved in lookup tables (one for
frequency and one for phase-shift) for different output voltage
and current conditions. However, only converter losses are con-
sidered, and transformer losses are ignored. In addition, along
with the optimal phase-shift value, to track the reference signal
and remove the error, an additional phase-shift value is obtained
with a proportional-integral (PI) controller, and total phase-shift
value is obtained by adding this value to the calculated optimal
phase-shift value. Thus, the actual phase-shift value applied to
the converter is not the calculated optimal phase-shift value.
Although, efficiency values are only reported for a voltage level,
the maximum reported efficiency is about 91%. This clearly
shows that transformer loss should be also considered. To the
best of authors knowledge, optimal determination of phase-shift
and switching frequency values depending on the operation point
and considering the complete system has not been discussed yet.

In this study, a high-frequency-link photovoltaic (PV) inverter
is proposed. The block diagram of the proposed inverter topol-
ogy is given in Fig. 1(c). Here, the isolated dc—dc converter stage
is controlled to generate the rectified sine wave voltage and cur-
rent at the dc bus. Different from the topology given in Fig. 1(b),
the grid-side inverter circuit operates at line frequency and only
inverts the rectified sine wave voltage and to the ac current. All
the current control and regulation actions are performed through
the dc—dc converter stage. Thus, the high-frequency switching
requirement at the grid side and related switching losses are
removed. This makes the proposed system suitable for the direct
connection to the MV grid. The LLC resonant converter is
designed for this dc—dc converter stage. A combined modulation
scheme employing both frequency modulation and phase-shift
control methods is applied to control the current and to generate
rectified sine waveform at the dc bus. The ZVS boundary and
losses of the power converters and transformer with the proposed
combined modulation scheme are investigated. Then, an optimal
trajectory that gives the optimal switching frequency and the
phase-shift angle values is determined by using the Lagrange

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on March 09,2023 at 20:00:43 UTC from IEEE Xplore. Restrictions apply.



5044

HB inverter 2 LLC & HFT 2
HB inverter I LLC & HFT 1

Rectifier 2
Rectifier 1
= x x

Unfolding inverter 2
Unfolding inverter 1

ek
GLCLITTSEE I e

4}” JEIENEE: B = :
I} 153 11 ]

Detailed circuit of the proposed solar PV inverter.

o |z

En

[

bk ]

—_ L

Fig. 2.

multiplier method and considering the power converters and
transformer losses and the ZVS boundary to achieve highest
efficiency for any operation point. The conventional LFT is
replaced by an HFT, and thus, a high power dense and ef-
ficient system design is obtained. With the proper design of
the transformer, the leakage inductance of the transformer is
used as resonant inductor, additional inductor requirement is
removed, and circulating current and related losses are limited.
The proposed system and effectiveness of the suggested optimal
trajectory is verified with MATLAB/Simulink simulations and
experimental studies.

II. PROPOSED SOLAR PV INVERTER TOPOLOGY

Large-scale PV systems are usually connected to MV grids
through LFTs to step up the output voltage to the MV and provide
galvanic isolation. Since these LFTs have some drawbacks such
as higher cost, loss, and size, a novel concept and topology for
the solar PV inverter connected to the MV grid is proposed in
this study. This topology removes the LFT and instead employs
a medium-frequency transformer embedded into the dc—dc con-
verter. The circuit diagram of the proposed topology is shown in
Fig. 2. This topology enables a direct MV penetration of the PV
system with a higher efficiency, higher compactness, and lower
cost. The LLC converters are used to generate rectified sine wave
voltages and current at the MV dc bus. The current regulation and
control and maximum-power-point-tracking (MPPT) actions are
performed by these LLC converters. They also provide aZVS for
primary-side switches and a ZCS for secondary-side diodes for a
wide operation area and decrease the losses. Besides, the buck or
boost mode operation capability of the LLC resonant converter
extends the MPPT range. The unfolder inverter operates at the
line frequency and only inverts the dc bus current formed by
the LLC resonant converter into the sine wave current. Thus,
the high-frequency switching requirement at the MV side is
removed. Besides, the proposed system provides a more compact
and efficient design by removing the bulky LFT.

A. LLC Resonant Converter

In last two decades, high efficiency and high power density
requirements have increased the number of studies on LLC
resonant converters. These converters are basically in serial
resonance converter structures and widely used in isolated dc—dc
converter applications in consumer electronics. They have supe-
rior advantages among the resonant converters such as operation
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Fig. 3. Simplified model of the LLC resonant converter.

in a boost or buck modes capability, high power density, dc com-
ponent blocking capability, providing wide input voltage and
load ranges, achieving ZVS at primary side switches and ZCS at
secondary side diodes, low electromagnetic interference (EMI),
etc. [26]-[29]. But, the LLC converters have some drawbacks
such as, difficulties on regulating the output voltage at no-load
condition, loosing ZVS at low-load conditions, and difficulties
in analysis [30], [31].

A simplified circuit of the LLC resonant converter can be
depicted as in Fig. 3. Here, R, is the LLC converter load
value reflected from the secondary side of thr transformer to thr
primary side and can be calculated as R,. = R,8n*/7?, here,
R, is the actual converter load; V is the output voltage, which
is transferred to the primary side; n is the turn ratio, and L,,
is magnetizing inductance of the transformer. The resonance
frequency (f;1) of this circuit can be written as

fr =1/27\/L,C,). (1)

Then, the voltage equation can be obtained as

Vi, — 5 <t <0
Uinv(t) == { " z = (2)
Vi, 0<t<Z
= 4V,
() = Y k;rn sin (kwst) 3)
k=1

where w; is the angular switching frequency. By using first
harmonic approximation, quite useful and common method, (3)
can be rewritten as follows for kK = 1 [26]:

4Vin .
v (t) = sin (wst). “4)
7T
In addition, the input impedance relationship can be found easily
from Fig. 3 as

ZCT‘ + ZL7'
ZCr + ZL’I" + ZLm//Rac
ZCT‘ + ZLT‘ + ZLm,

for R,.=0
for 0 < Ry < 00
for R, = oc.

Zin =

)
It can be seen from (5) that different resonant tanks occur in
the converter for different operation conditions. When no energy
is transferred from the primary side to the secondary side, L,
and L, are serially connected and resonate with C'., and define
a second resonant frequency value. In other words, during a
switching period, in addition to the f,.;, another resonance fre-
quency is appeared. The effect of the transformer magnetization
inductance and load level determine which resonant frequency
is dominant in the system. This second resonance frequency can
be expressed by the following equation:

fr2=1/@r\/(Ly + L)Cy). 6)

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on March 09,2023 at 20:00:43 UTC from IEEE Xplore. Restrictions apply.



ALTIN et al.: NOVEL TOPOLOGY FOR SOLAR PV INVERTER BASED ON AN LLC RESONANT CONVERTER

Gain

-—
BE0<0:<0 <0< <0,

Inductive region

Frequency

Fig. 4. Relationship between gain and frequency.

The resonant tank impedance that has major effect on the LLC
converter operation can be written as follows by substituting
variables into (5):

"=\e, (L%+f%622 i (L%+f%@2 T >>
@)

It is clear from (7) that the switching frequency, which can be
determined by the designer, and the load are two major param-
eters effective on the resonant tank impedance with assumption
of tank components’ parameters are constant. The effect of the
load is represented by a parameter called quality factor (Q)) given
as follows:

L,
Cr
Q= R (3)

The gain of the LLC resonant converter ( “‘V}?I‘ ), whichis depen-

dent on the resonant tank parameters, the switching frequency,
and the load can be expresses as:

(fa(m —1))
VmfZ =12+ f2(f2 = 1)2(m — 1)2Q?
©))
where m and f,, are the inductance factor and the normalized
frequency values, respectively, and they are defined as follows:

M(Q7m7fn) =

m = 7Lm;; Ly (10)
s

s 11

f frl ( )

It is worth to note that the output voltage is only related to
the input voltage, the switching frequency, and the load value.
Thus, the frequency modulation method based on controlling
the switching frequency have been proposed and widely used to
control the output voltage of the LLC converters [32]. Generally,
the switching frequency is controlled to obtain f,, < 1 for the
boost mode operation and f,, > 1 for the buck mode operation.
However, when the variation of the gain versus switching fre-
quency is plotted for different quality factor, as given in Fig. 4,
it is seen that there are constraints for both operation modes to
obtain required gain values.

The m value is another important factor that defines the
operation characteristics of the converter. The larger m value
refers to a wider region between f.; and f,,. In addition, the

5045

larger m value reduces the circulating current and decreases
the losses. However, the higher m (or magnetizing inductance)
value increase the required switching frequency to provide same
attenuation at the output voltage. Moreover, the higher values of
the magnetization inductance can obstacle to discharging the
switch capacitance (Cy) and even cause to lose ZVS operation
when dead time is not big enough, and increase power loss [33],
[34]. So, the effect of each parameter should be considered.

B. ZVS Analysis

One of the major advantages of the LLC resonant converter
is providing inherited ZVS turn ON for primary-side switches.
Two key factors are effective on achieving ZVS. The first one
is the switching frequency. It is seen from Fig. 4 that there
are three different operation regions depending on the resonant
tank impedance. The inductive resonant tank inductance and the
lagging resonant current discharges the output capacitors of the
switches and provide ZVS for the primary-side switches [35],
[36]. Therefore, the following can be written as a first constraints
of the ZVS

42 272 2p 202 — 2

The second constraint is about the dead-time and transformer
magnetizing current. As mentioned previously, the switch and
parasitic capacitances should be discharged until the end of the
dead-time period by the resonant tank current that equals to
the transformer magnetizing current during this interval [35].
Therefore, the magnetizing current should be high enough (or
in other words, the dead time should be long enough) to dis-
charge the capacitances during the dead time to achieve the ZVS
operation. However, higher magnetizing current values increase
the circulating current and losses. Therefore, its design is very
important. The second condition to achieve ZVS can be written
as follows in terms of switch and parasitic capacitances and
magnetizing charge

¢ = arctan

1
Qm Z chn'os V;n + (Cstray + CW)V;n + ﬁcsecoszvo- (13)

where @, is the charge provided by the magnetizing current,
Chii,, is primary side device’s output capacitance, Cec,, is sec-
ondary side device’s output capacitance, n is the transformer’s
turns ratio, and Cyray and Cyy are the stray capacitance of the
printed circuit board layout and winding capacitance of the
transformer, respectively.

The charge provided by the transformer magnetizing current
can be written as follows:

Qm - Imek (V;n)td (14)

where I, (Vin) is the peak value of the magnetizing current,
which is a function of the input voltage Vi, and dead-time .
Also, I, (Vin) can be expressed as follows:

1Vas W
Tim,, (Vi) = L= (15)

T2 Ly, ALnfo
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TABLE I
CORE MATERIAL CHARACTERISTICS

Core Power  Operating Bmaz Cost Market
Material Loss Temp.
Ferrite Low Low Moderate Low High
Si-Steel High  Moderate High Low High
Nanocrystalline Low High High High Low
Amorphous High  Moderate High Moderate High

By combining (14) and (15), the required dead time to achieve
ZVS can be derived as in (16):

o 4merlQm

tdrequirsd - V
1

(16)

C. Medium-Frequency Transformer Design

In the design process, type of the core material, the core
geometry, and the core size are important parameters that should
be considered according to targeted frequency and power level.
As it is well-known, materials such as Ferrite, Nanocrystalline,
Si-Steel, and Amorphous are frequently used in medium- and
high-frequency transformer designs as core materials. Ferrite
and Nanocrystalline are preferred at medium and high frequency
to minimize core losses and to reach higher efficiency. The
saturation level of the Nanocrystalline material is higher than
the Ferrite. However, when the frequency increases, its losses
become higher, and Ferrite becomes more advantageous. A
comparison of the core materials is given in Table I.

The core cross-sectional area (A.) and the window area
(W,) are the basic parameters in core size determination. The
product of the effective core cross-sectional area (cm?) and the
window area (cm?) given as follows (A,) is the basic mechanical
parameter (cm®) for the transformer

S

—10* (17)
KchuBmafo

A, =AW, =
where S is the rated power (VA), K is the waveform coefficient
of the excitation voltage, K, is the window utilization coeffi-
cient of the windings, B,y is the maximum flux density, f is
the operating frequency of the transformer, and .J is the current
density. The induced voltage on transformer windings can be
found via one of Faraday’s Law as follows:

do(t)

o(t) = N9OW _ yy 4B

dt dt (19

where v(t) represents the instantaneous value of the induced
voltage, B(t) is the magnetic flux density, ¢(t) is the magnetic
flux, and N is the number of turns. Solving (18) for B(t) gives
the magnetic flux density

1 FE

(t) = ANAS (19)

Then, the aforementioned equation can be rewritten for partial
square wave with dead time (¢4) to obtain By, and number of
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turns, respectively as follows:

1B (T
T o2NA, \2

_EF (i
KmeaxAcf ™

where T is the period of the switching cycle. As can be seen
from (20) and (21), the number of turns, the frequency, and
the magnetic flux density, and the core cross-sectional area
interact with each other. On the other hand, the frequency and
the magnetic flux density have an impact on core loses. The
Steinmetz’s equation given in (22) is commonly used in the
calculation of core losses of the transformers depending on the
switching frequency, fs as well as flux density, B as follows:

Binax (20)

x N = 1)

P. =k fOB? 22)
where P, is core loss for unit volume, and k.., o, and /3 are core
coefficients that can be found in the manufacturer’s datasheet.
Besides the selection of the core material, the core type must
be specified. Although it is possible to see different types of
core structures, core-type and shell-type structures are com-
monly used. Shell-type transformers have the advantage of lower
leakage inductances, and the core-type transformers provide
thermally better winding arrangement. Since the LLC resonant
converter topology needs a resonant inductance, by appropriate
design, the leakage inductance of the transformer can be used as
resonant inductor, and thus, an additional inductor requirement
isremoved. Therefore, selection of the transformer core type and
determining the desired leakage and magnetization inductance
are important design parameters. However, a tradeoff have to
be made between parameters such as the number of turns,
core cross-sectional area, frequency, and efficiency. For this
purpose, some theoretical analysis and simulation studies have
been carried out through MATLAB as explained in [37]. In
the design phase, along with the other parameters, the leak-
age and magnetizing inductance values are also considered to
remove the additional inductance requirement, and reduce the
circulation current and related power loss. Then, finite-element
analysis (FEA) method-based software are used to simulate
the system. The designed transformer can be simulated with
power electronic converters to achieve more accurate results.
According to the simulation results, the design can be revised.
When desired results are obtained, the designed transformer is
implemented and tested [38]. These details are not given due to
the page limitation. After an extensive study, it was concluded
that the Ferrite MnZn 3C94 material from Ferroxcube is the
best choice in terms of the frequency range, the flux density,
and the total power loss. To achieve the optimum core cross-
sectional area and window area, “U” shape cores U93/76/30 mm
(width/height/depth) are used to build the transformer core. In
order to determine the appropriate conductor cross section area
at high frequency transformer designs, the skin effect has to
be considered. Therefore, a Litz wire is used in transformer
windings. As a result of the calculations, 8AWG Litz wire
has been chosen, which is composed of number of 38AWG
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Fig. 5. Current and voltage waveforms of a phase-shift-controlled LLC reso-
nant converter.

strands. Then, FEA method-based software is used to simulate
the system.

III. CONTROL SCHEME OF THE PROPOSED SYSTEM

As it is seen form (9) that the output voltage of the LLC
resonant converter can be controlled with switching frequency
and input voltage. In this study, the LLC resonant converter is
employed in a grid-connected inverter as given in Fig. 1(c). Since
the grid-side inverter stage is operating at line frequency as an
unfolder, the LLC converter has to regulate and shape the dc bus
voltage and current in a rectified sine wave. Thus, the voltage
gain of the LLC converter has to be reduced down to zero.
This is practically impossible with only switching frequency
control. Therefore, the phase-shift control is also employed.
In this control method, the duty ratio values of the switching
signals are kept as 50%, and a phase-shift () is added between
the switching signals of two legs of the full-bridge inverter as
depicted in Fig. 5. Here, although its waveforms depends on the
tank parameters, the switching frequency, and the phase-shift
angle, the resonant current is assumed as sinusoidal. Similarly,
since the switching frequency is much higher than the line
frequency, the output voltage is assumed as constant dc voltage
when showing the transformer primary voltage. In this control
mode, the fundamental component of the resonant tank’s supply
voltage can be written as in (23) dependent to the phase-shift
angle

a4V, . m™—
sin

Psin (2nfot), 0<p <.

(23)

It is seen that this method brings another component to the gain
function by controlling the input voltage.

As itis explained in previous section, inductive resonant tank

impedance is one of the ZVS constraint. For the traditional LLC

resonant converter with frequency modulation, this condition is

fulfilled if the switching frequency is higher than the resonant

Vinv, = U;(t) = =
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Fig. 6. Block diagram of the proposed control scheme.

frequency. However, in case of phase-shift control, the constraint
should be modified. A higher phase-shift angle may cause alead-
ing resonant current, which means capacitive mode operation
even when the switching frequency is higher than the resonant
frequency value. The resonant tank impedance angle and the
phase-shift angle are two parameters that define the operation
mode as inductive or capacitive. The phase angle between the
resonant current and input voltage is given follows:

0, for p =0
5_{9—§,f0r0<<p§7r 24
where 6 is the phase angle of the resonant tank impedance. It is
clear that the ZVS angle (6) has to be positive to guarantee the
ZVS. In this study, the phase-shift angle has to be controlled from
0 to 7 to generate a rectified sine wave output current. Therefore,
achieving ZVS for whole operation area is theoretically impos-
sible. The ZVS operation range is related about the angle of the
resonant tank impedance, and higher values of the impedance
angle provide a wider ZVS operation range. As it is seen from
(12) that higher m value enables this. However, increasing L,
may also cause losing ZVS according to the second constraint
given in (13).

According to Fig. 5 and (24), around the zero crossings of
the reference current signal, the resonant current starts to lead
the resonant tank voltage. In this condition, the LLC converter
loses the ZVS operation. In past literature, it is mentioned that
leading resonant current may cause MOSFET failures because of
the body diode reverse recovery charges. The reverse recovery
charge has direct relation with the current value and reverse
recovery charge value of the switches. Since the proposed system
only operates with leading current around zero crossings, the
current value at switching intervals is small. In addition, new
generation SiC MOSFETs with a lower reverse recovery charge
also help this operation mode. It is reported that while reverse
body diodes’ recovery charge of the SiC MOSFET is 0.120 [39]
and 0.192 ;C [40], the counterpart Si MOSFET has a 2-1C reverse
recovery charge. These two situations remove the risk of the
MOSFET failures in capacitive region because of the body diodes’
reverse recovery charge.

The block diagram of the proposed control scheme is depicted
in Fig. 6. It is seen that there are two control variables, the
switching frequency and phase shift. The phase shift is calcu-
lated according to the current error by the PI controller. The
Ziegler—Nichols method is applied to determine the PI controller
gains. The output of the PI controller can be expressed as follows:

o(8) = Kpliy(t) = ig(t)'] + K1 [lig(0) ~ iy(0)lat - @9
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where i,4(t) is the system output current injected to the grid
and i4(t)* is its reference signal. Thus, the phase-shift angle
is determined. However, for any instant, various phase-shift
angle-switching frequency pairs are capable of providing same
converter gain. Here, an optimization method can be employed
to calculate the frequency according to the phase-shift angle
to minimize the losses of the converter. The details of the
optimization process and generation of the optimal trajectory are
given in Section IV. The obtained trajectory is used to calculate
the switching frequency for any operating point.

IV. OPTIMAL RELATION BETWEEN THE PHASE SHIFT AND
SWITCHING FREQUENCY

The output power can be controlled with both the phase-shift
angle and switching frequency. This article suggests a method to
find the optimal phase-shift angle and switching frequency pair
in order to keep the overall converter and transformer losses at
possible minimum value. The gain function between the output
voltage and the input voltage is given as follows:

2 )
M:E: nfr(m —1)sin (52) . 26)
Vi mfZ =107+ (7 = DX m — 12Q?
The output power is written in (27). The power is sensitive to the
phase-shift angle and it also varies by changing the switching
frequency especially at the low phase-shift region.
Vi VR
R. R =

In this study, the losses are considered to be sum of conduc-
tive losses (P,), core losses of the transformer (P.), and the
switching losses of the inverter (P;). The resonant current, /,.,
is the input current of the transformer and can be calculated by
(28). The conduction loss of the inverter and the copper loss of

the transformer are calculated from I,. by (29), where R; is the
total resistance.

Pout = (27)

4 — 1 ‘
I = Visin< 2<p) 1 jws Ly R
" (Gt + L) + ()|
(28)
P, = R;I%. (29)

After examining the switching loss data given in datasheet
and switch characterization test results, it is seen that a quadratic
function of the current can be written to describe the switching
loss depending on the switching frequency and the current
as shown in (30). The coefficients of the quadratic equation
obtained from the curve fitting on the loss curves obtained from
datasheets and switch characterization tests.

P, = (aI? + bI, + ¢ fs.

In addition, as it can be seen from Fig. 5, the instantaneous value
of the resonant current (converter current) at switching interval
depends on the angle () between the inverter output voltage and
resonant current. According to (12) and (24), § also depends
on the switching frequency and phase-shift angle. Therefore,
the switching frequency and phase-shift angle have effect on

(30)
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switching losses and have to be considered. Consequently, (30)
is modified as as follows:

P, = (aI’l‘(f87¢)2 + bIr(fsv¢) + C)fs'

Furthermore, as explained in (24), the ZVS operation during
turn ON can be achieved if § > 0. For higher values of the
phase-shift angle (around the zero crossings of the grid current),
the ZVS operation is lost. Therefore, the proposed LLC resonant
converter would have different switching loss characteristics.
In the optimization process, the ZVS boundary that depends
on the resonant tank parameters, the switching frequency, and
the phase-shift angle is defined and considered in switching
loss calculations. The Steinmetz’s equation, given in (22), is
commonly used in calculation of core losses of the transformers
depending on the switching frequency as well as the flux density.
However, B depends on the voltage applied to the transformer,
which varies with frequency and phase-shift angle. According
to Faraday’s Law (V' = - Nd¢/dt), the maximum flux density
for the proposed modulation strategy can be obtained as

€2y

Vi gin (752)

s

B =
max T o f N A,

(32)
where B,y is the maximum value of the flux density, A, is the
core cross-sectional area, and NV is number of turns. The total
loss (Pjoss) of the system is given as follows:

Boss:Pw+Ps+Pc~ (33)

Components of the losses and the total loss, the ZVS boundary
and the ZVS angle (§) are depicted in Fig. 7. Here, the maximum
value of the switching frequency is limited depending on the
switches’ and core’s operating frequency limitations. As seen
previously, the core losses and switching loss both depend on
phase-shift angle and switching frequency values. Therefore, for
a given operating point, different phase-shift angle and switching
frequency values can give the same total gain with different loss
effects.

Since the converter gain has to be reduced down to 0, and
this is only possible with phase-shift control, first the phase-
shift angle is determined by the current controller to track
the reference signal. Then, an optimum switching frequency
value for this phase shift is searched. The total loss given in
(33) is defined as the objective function, which is needed to
be minimized. To find the optimal trajectory of the switching
frequency for the whole range of power or phase-shift angle,
the Lagrange multiplier method, which is an excellent tool to
find the minimum/maximum of an objective function subject to
satisfy the constraint, is used. Based on the Lagrange multiplier,
an objective function f (¢, fs) = Ploss,» and a constraint function
(@, fs) = Pou, both in terms of independent variables ¢ and
fs can be written as

A(Qov fsa )‘) - }Dloss + )\Pout (34)

where A is Lagrange multiplier variable. To find Lagrange equa-
tion, which is the trajectory of the optimum curve on the ¢ — f;
plane, the partial derivative of the optimization function should
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be equal to zero.
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. = of +A8fs =0. (35b)

To find Lagrange equation, A should be eliminated between
the first and second equations to find the relation between ¢ and
fs. The optimal trajectory of Fig. 8 is obtained after eliminating A
in (35). It suggests a switching frequency value to keep the losses
at the minimum for any phase-shift determined by the controller.
It is seen that, the optimal trajectory offers keeping switching
frequency at lower limit (30 kHz), because the phase-shift angle
at this point is low and the system can achieve ZVS turn ON with
this frequency. However, after a certain value of the phase-shift
angle, the switching frequency should be increased to sustain
the ZVS turn ON as seen in the figure. As explained before,
to achieve ZVS turn-ON operation, the angle (J) between the
resonant current and resonant tank input voltage, given in (24),

Switching Loss (P,)

>

| M\m |

L
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Winding Loss (P}
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15 2 25 3 35 f, (kHz) 0 o 05
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(b) (©

2VS Angle 5 (°)

© (3]

(a) Core losses. (b) Switching loss. (¢c) Winding and conduction losses. (d) Total loss. (e) ZVS boundary. (f) ZVS angle.

should be positive. However, achieving ZV S for whole operation
range is impossible as depicted in Fig. 7(e). Here, while “1”
is representing the soft-switching region, and “0” represents
the hard-switching region. Increasing frequency extends the
ZVS range, however, because of the switches and core material
limitations, a maximum frequency limit has to be determined.
Even after ZVS is lost, a higher switching frequency helps to
keep the phase angle around the zero crossings of the voltage
and current signals lower. This results with a lower current
value at the switching intervals and leads lower switching losses.
Therefore, the switching frequency is kept at its maximum value
for a while after the ZVS is lost. After a certain value, because
of the increase in the switching loss, the optimization algorithm
offers to decrease the switching frequency. At this point, since
higher switching frequency increases losses, lower switching
frequency provides a better efficiency. The proposed optimiza-
tion process is tested for different input voltage conditions, and
optimal trajectories for 0.5V},, V,, (nominal voltage), and 1.5V,
are also depicted in Fig. 8. As it is seen from the figure, the first
(30-kHz region) and second (variable frequency region) parts of
the optimal trajectories are the same for all three input voltage
values. The only difference is the starting point of the third part
(60-kHz region). It is clear that an additional compensation can
be easily added to the switching frequency calculation to add
input voltage adjustment. This also proves that the proposed
system is suitable to use in wide input voltage range applications.

V. SIMULATION AND EXPERIMENTAL RESULTS

The validation of the proposed LLC resonant converter-
based solar PV inverter is performed by simulation and exper-
imental studies. The proposed system is modeled with MAT-
LAB/Simulink. The additional resonant inductor requirement
is removed, and the leakage inductance of the transformer is
used as a resonant inductor by the proper transformer design.
Besides, since the major control variable for adjusting the gain
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Fig. 9. Designed prototype.
TABLE II
SYSTEM PARAMETERS
Symbol Value
Resonant Inductor, L, S8uH
Resonant Capacitor, C 4uF
Magnetizing Inductance, L, 250uH
Supply Voltage, Vi, 200V
Transformer Turn Ratio,n 1:1.1
Switching Frequency, fs 30 — 60kHz
Grid Voltage and Frequency, Vy, fq 110V, 60H z

is the phase-shift angle, bigger m value is targeted to limit the
circulation currents and reactive power, and achieve a higher
efficiency. The resonant frequency and switching frequency
range is determined to be suitable for medium power systems.
The resonant capacitor is selected according to the resonant
frequency target and resonant current value. The turn ratio of
the transformer is selected as 1.1 to provide voltage matching
between the dc voltage and the grid voltage level by considering
the voltage drops on power switches and transformer wind-
ings. The evaluation of the input signals, control actions, and
pulsewidth modulation (PWM) generation were implemented
by using Altera FPGA. The analog signals were read by AD7328
analog-to-digital converter (ADC) chips (IMSPS, 12-bit, eight
input channels), current transformers, and resistive voltage di-
viders. The voltage and current transducer and ADC chips are
selected according to the switching frequency range, voltage,
and current amplitudes. The designed prototype, rated to 3.8 kW,
is shown in Fig. 9 and its main parameters are given in Table II.

In the proposed system, both the phase-shift and the switching
frequency values are controlled at any instant to regulate the
dc bus current by modulating the resonant current. While the
controller determines the phase-shift angle to track the reference
signal and generate the rectified sine wave current at the dc
bus, the optimal trajectory determines the optimum switching
frequency value depending on the phase-shift angle to control
the dc bus current with optimum efficiency. The simulation and
experimental results of the grid voltage (v,), the current injected
to the grid (i4), resonant current (4,.), and the dc bus current (4q4.)
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Fig.10.  Simulated and experimental waveforms of vy, 4, i,, and iqc, resonant
current, and dc current. (a) Simulation. (b) Experiment (CH1 (vg4): 100 V/div,
CH2 (4.): 200 A/div, CH3 (i4): 50 A/div, and CH4 (igc): 50 A/div).

are shown in Fig. 10. It is clearly seen that the proposed converter
topology and control scheme with optimal trajectory generates
a rectified sine wave current at dc bus, and injects sinusoidal
current to the grid. The total harmonic distortion (THD) level of
the current injected to the grid is measured as 2.62%. It provides a
good control performance in terms of power quality, which is an
important performance index defined by international standards
for grid-connected inverters.

In Fig. 11, the simulation and experimental results for the grid
voltage, the resonant current, and the dc bus current generated
by the LLC resonant converter are shown. The PWM signals
for both inverter legs captured form experimental set up are also
given. An abrupt change is applied to the reference current signal
and its value is increased from 40% to 100% of its rated value
to test the dynamic response of the system. It is clearly seen
from both simulation and experimental results that the dc bus
current tracks its reference value with a fast response and without
any oscillations and overshoot. It is worth to note that besides
efficiency optimization, the proposed system also provides a
good dynamic response. The resonant current waveforms are
also given in Fig. 12 for different phase-shift angle values.

The ZVS turn-ON capability of the proposed system is also
investigated. As mentioned before, achieving ZVS for whole

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on March 09,2023 at 20:00:43 UTC from IEEE Xplore. Restrictions apply.



ALTIN et al.: NOVEL TOPOLOGY FOR SOLAR PV INVERTER BASED ON AN LLC RESONANT CONVERTER

| L I Il
0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

1 I
0.03 0.04

| | | L I | I |
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

50 T T T T T T

IL‘L‘ (a)

| | | I | | I
003 004 005 006 007 008 009 0l 01 012
t(s)

(@)

@ 100A @ 2504 wlmoms

”I 00MS/S

® s 3 SAW
Yook potnts) |

15 May 2019
22:32:02

(b)

Fig. 11.  Simulated and experimental responses of ¢4. and %,. for a step change
in ¢4c from 20 to 50 A. (a) Simulation. (b) Experiment (CH1 (vg1), CH2 (vao):
10 V/div, CH3 (i,.): 100 A/div, and CH4 (i4c): 25 A/div).

operation range is impossible but by appropriate design of the
transformer inductances and frequency control, the ZVS opera-
tion range can be extended. As explained with (24) and depicted
in Fig. 7(e), the ZVS boundary varies with the switching fre-
quency and it is possible to extend it with increasing frequency.
While the highest phase-shift value that the ZVS turn ON can
be achieved is around 60°, it is increased to around 120° by
increasing the switching frequency to 60 kHz. This gives 0.49
gain within the ZVS boundary. Besides, the frequency modu-
lation (increase in frequency) provides another gain, which is
around 0.505-0.0445 depending on the () value. Combinational
use of these two methods provides around 0.3 gain at the ZVS
boundary. Fig. 13 shows the grid voltage (v, ), the drain-to source
voltage (vpg) of one of the upper switch, and the grid current
(7¢) and the resonant current (¢,) waveforms around this ZVS
boundary. Three different instants are given to see the inductive
and capacitive current situations. The oscillation on vpg appears
at the turn-OFF instant of other upper switch and is not related
about the ZVS status. As explained in Section II-B, the inductive
current is one of the ZVS constraints. In this mode, the resonant
current should change its polarity before the switch is turned ON.
One can easily see that while the resonant current is capacitive
and the ZVS is lost in Fig. 13(a), the inductive resonant current
condition is obtained and ZVS turn ON achieved in Fig. 13(c).
The instant given in Fig. 13(b) is almost the ZVS boundary
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condition. In Fig. 14, experimental waveforms of PWM signals
for inverter upper switches, resonant network voltage, and dc
bus current are shown. The experimental waveforms shows the
transition from ZVS operation to hard switching operation. It can
be seen that whereas ZVS operation is achieved at the beginning,
after a couple periods, the ZVS is lost and hard switching begins.
The current level is about 15 A, which corresponds to 0.3 gain.
The switching loss characteristics of the system is different
before and after this boundary. This proves the analysis.

The variation of the switching frequency and phase-shift angle
values versus inverter current is shown in Fig. 15. The switching
frequency value is calculated by using optimal trajectory to
minimize the losses and improve the efficiency. As a results,
the phase-shift and switching frequency values are continu-
ously controlled to track the reference signal and to extend the
ZVS operation range and improve the system efficiency. The
efficiency of the converter is also investigated. Fig. 16 shows
the system efficiency curve obtained from theoretical calcula-
tions for different output power levels. The measured maximum
efficiency is obtained as 97.4% from simulation and 97.2%
from experimental studies. In the battery charger application
using a lookup-table-based optimal phase-shift and frequency
detection method by only considering power converter, 91%
efficiency is obtained [25]. Although it is working at wider
output voltage and current ranges, the proposed system provides
higher efficiency. In addition, the proposed control scheme with
the proposed optimization approach is compared with some
other possible control approaches. In Fig. 17, losses of the
unfolder inverter, HF transformer, and LLC resonant converter
obtained from multiphysics software are given for four control
approaches. In the first and second approaches, the switching
frequency is kept constant at 30 and 60 kHz, respectively. In third
one, the switching frequency is sinusoidally modulated with the
sinusoidal current reference. While, the switching frequency is
minimum at the zero crossings of the reference current, itis at its
maximum value at the peak value of the reference current. The
forth one is the proposed method, and the switching frequency
is calculated by using the optimal trajectory. As it can be seen
from the figure, the proposed approach provides lower losses for
the HF transformer and the LLC resonant converter, and thus,
a higher efficiency can be obtained. The loss of the unfolder
inverter is almost same for all four approaches.

The proposed approach is composed of three single-phase
units as depicted in Fig. 2. Therefore, for instance, for a
1-MW power level, each unit should be at 1/3-MW power. As
it is known, high-frequency SiC devices have higher switch-
ing frequencies. Their current/voltage level are quite high and
continues to increase. Today, since the primary-side voltage
level is at low-voltage level, SiC full modules (e.g., Mitsubishi
FMF800DX series), capable to reach this power level, are avail-
able in the market [41]. On the other hand, the leakage inductor
of the transformer is used as a resonant inductor of the LLC
converter, thus an external inductor is not used. Therefore, the
same path can be followed in a high-power design. In terms of
transformer cores, amorphous or nanocrystalline cores can be
used at relatively low frequencies. In addition, ferrite cores are
also sufficient to reach the mentioned power level with higher
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frequency values. For example, cores with BFM8 and BFM9
material, which can be produced as large volume ferrite cores
(E cores up to E480, U-cores up to U320), can be produced in
bigger and even custom sizes. These core sizes quite enough
to reach that power level with a high frequency. In terms of
resonance capacitor, high current and compact size capacitors
are available in market. Moreover, it can be easily paralleled
when necessary. Therefore, I-MW power level even beyond can
be archived with commercially available components.
Furthermore, the commercially available PV inverters with
LFTs are searched to compare with the proposed system. It is
seen that the proposed system provides about 19X reduction
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Fig. 15. DC current, phase-shift angle, and switching frequency waveforms
obtained from simulation studies.
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in volume and weight. Since the proposed system replaces the
LFT in the conventional designs with the HF one, it provides
an important reduction in size and volume. The peak efficiency
of the commercially available products is in 94%-97.5% range.
Although, the peak efficiency values are close to each other, pro-
posed system’s efficiency at low load conditions is better than the
existing technologies because of the reduced core size and core
losses. In addition, at megawatt scale, the LFTs are generally
connected to the grid even at night when the PV system is not
working, and this causes additional power losses. In the proposed
system, since the transformer is the part of the power converter,
the transformer does not stay connected to the grid when the
system is not running, and thus, this power loss is removed. Since
the general control approach is very similar to the conventional
grid-connected inverters, the proposed system can provide these
advantages without any additional computational burden.

VI. CONCLUSION

In this study, an LLC resonant-controller-based inverter topol-
ogy is used to regulate the sinusoidal output current of the
grid-connected inverter. The ZVS analysis for the general LLC
converter is presented and limitations about the proposed op-
eration mode is explained. Furthermore, since the traditional
frequency control method is not suitable for generating rectified
sine wave current signals at grid frequency, the phase-shift angle
control method is adopted. The ZVS analysis for the phase-shift
control is presented and relation between the ZVS boundary,
the phase-shift angle, and the switching frequency is explained.
A PI controller is employed to control the converter output
current and calculate the phase-shift value. Besides, a Lagrange
multiplier method is used to determine the optimal trajectory
to define the optimum switching frequency values according
to the phase-shift angle to obtain a higher efficiency. It is seen
from both simulation and experimental results that the proposed
system successfully generates rectified sine wave currents at
the dc bus and injects sinusoidal currents to the grid. The high
quality waveforms with less harmonic components is obtained.
The THD level of the current injected to the grid is measured as
2.62%. 1t is shown that the proposed control system employing
phase-shift control and frequency control schemes provide a
fast response and good dynamic behavior. It is also seen that the
ZVS operation range is extended and efficiency is improved by
both proper transformer design and optimal controlled switching
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frequency. Thus, the maximum efficiency of the system is ob-
tained as 97.2%.
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