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Model-Based Switching Frequency and
Secondary-Side Phase-Shift Angle Matching for
Optimizing Efficiency of PV Microconverters

Qianxiang Shen ", Qiuye Sun

Abstract—In order to fulfill the requirements of high step-up,
wide gain, and high efficiency in photovoltaic (PV) microconverter,
an LCC resonant converter using a hybrid modulation strategy
that combines variable-frequency and secondary-side phase-shift
(VF-SSPSM LCC) is proposed in this article. By proposing a pre-
cise theoretical model, the most appropriate switching frequency
(SF) and secondary-side phase-shift angle (SSPSA) that match the
steady-state gain under the maximum power point (MPP) of the PV
panel are determined, thereby enhancing efficiency while keeping
MPP. First, in order to achieve the optimal matching of SF and
SSPSA, the working principle of VF-SSPSM LCC with PV panel is
analyzed, and three operating states are defined according to the
difference of resonant tank state. Second, the time-domain state tra-
jectory model is built for three operating states, and the boundary
conditions of each state are calculated. Third, the proposed model is
employed to conduct loss analysis and derive the theoretical optimal
efficiency curve, from which the corresponding SF and SSPSA are
determined. Then, a simple efficiency optimization strategy for an
MPP steady state of a PV panel is designed. Finally, a prototype is
built to verify the accuracy and validity of the proposed theoretical
model and optimization strategy.

Index Terms—Efficiency optimization, hybrid modulation, LCC
resonant converter, photovoltaic (PV) microconverter, secondary-
side phase-shift modulation, state trajectory model.

I. INTRODUCTION

HOTOVOLTAIC (PV) microconverters, as a kind of PV
P power generation equipment, have significant potential in
today’s electricity market. Their exceptional reliability, robust
environmental adaptability, excellent maximum power point
tracking (MPPT) capability, and flexible plugging make them
advantageous for enhancing PV penetration [1], [2]. As shown
in Fig. 1, these microconverters offer a solution for grid inte-
gration of PV modules, allowing building up PV installation
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Fig. 1.

starting from a single panel, which can be applied to complex
environments, such as buildings, villages, and hills.

Currently, the output voltage range of a typical PV panel is
10-50V, while in a standard dc distribution architecture, the bus
voltage is 380—400 V, so the microconverters are required to have
ahigh step-up of 40x and a wide gain range of 7.6-40 x. Several
novel dc—dc converter topologies have been proposed to enhance
boostratio [3], [4] and expand gain range [5], [6]. However, these
topologies require additional devices or power transformation
stages, which may lead to problems such as large volume, high
cost, decreased efficiency, and decreased reliability. Moreover,
in the above-mentioned literature, it is also difficult to achieve
high step-up and wide gain range at the same time.

An LCC resonant converter exhibits exceptional boosting
capabilities and has been maturely utilized in ion accelerators
[7], high-energy laser technologies [8], X-ray generators [9],
and other specialized domains. It is worth noting that an LCC
resonant converter has exceptional reliability in short-circuit
scenarios and is easy to implement soft switching. In addi-
tion, the parasitic parameters of the isolation transformer can
be fully integrated into the resonant tank to achieve excellent
power density. The above-mentioned characteristics align with
the requirements of simple structure, high power density, high
efficiency, and high reliability. Therefore, an LCC resonant con-
verter exhibits potential for utilization as a PV microconverter.

As mentioned above, PV microconverters need both high
step-up and wide input voltage range. In order to achieve a
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broader gain range in an LCC resonant converter, the series
resonant inductor should be designed smaller, while the parallel
resonant capacitor needs to be designed larger. However, this
necessitates a higher switching frequency (SF) to ensure zero
voltage switching (ZVS) [10]. Increasing SF will reduce the
impedance value of the parallel resonant capacitor, leading to an
increase in circulating current, which is detrimental to achieving
high efficiency. Consequently, the simultaneous fulfillment of a
wide gain range and high efficiency poses a challenge for an LCC
resonant converter with traditional pulse—frequency modulation
(PEM) [11], [12].

In previous studies on resonant converters, a limited number
of researchers have employed phase-shifting techniques to re-
construct the relation between SF and gain [13], [14]. Among
them, secondary-side phase-shift modulation (SSPSM) stands
out as a highly effective method, enabling an LLC resonant
converter to operate with high efficiency at a series resonant
frequency while maintaining a satisfactory gain range [15], [16],
[17]. However, the existing studies only apply SSPSM at a fixed
SF, which indicates a limitation in the current research. Unlike
an LLC resonant converter, an LCC resonant converter does not
operate at the series resonant frequency. As a result, it lacks
the apparent advantage of constant frequency operation. It is
noteworthy that a hybrid modulation strategy, which combines
variable-frequency and SSPSM (VF-SSPSM), can empower an
LCC resonant converter to possess an exceptionally wide gain
range. This characteristic enables VF-SSPSM LCC to accom-
modate most MPPT strategies [18], which confers significant
advantages as a PV microconverter.

VE-SSPSM is a suitable modulation method when an LCC
resonant converter is used as a PV microconverter, which has
the following potentials.

1) The gain range can be expanded and the gain upper bound
can be improved. The relation between SF and gain can be
reconstructed to reduce switching loss.

2) The SSPSA in an LCC resonant converter provides an
extra degree of freedom, allowing for the optimization of peak
values of resonant tank voltage and current in VF-SSPSM LCC
to reduce core losses and conduction losses.

3) The proposed VF-SSPSM LCC model is utilized to com-
pute the minimum SSPSA, thereby providing a possibility for
the realization of sensorless synchronous rectification in an LCC
resonant converter, which can further reduce conduction losses
[19], [20].

Therefore, if the SF and SSPSA of an LCC resonant converter
can be reasonably matched, the operation efficiency can be
improved. However, there are the following obstacles to achieve
matching: 1) there is no suitable gain model for VF-SSPSM
LCC to support the theoretical analysis and guide the design;
2) the previous experiments have revealed that the impact of
SF and SSPSA on the operational efficiency of an LCC resonant
converter is nonlinear, and their monotonicity remains uncertain.
Therefore, building a high-precision theoretical model of VF-
SSPSM LCC is a prerequisite to achieve the optimal matching
of SF and SSPSA.

There is no rigorous theoretical analysis and mathemati-
cal derivation when both variable-frequency and phase-shift
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modulations are applied to an LCC resonant converter. Among
many converter modeling methods [21], fundamental harmonic
approximation (FHA) is the most prevailing methodology for
analyzing resonant converters. The FHA method is employed
in [22], [23], and [24] to analyze and model an LLC resonant
converter, while in [25] and [26], it is used to analyze an LCC
resonant converter. The accuracy of FHA reaches its peak at
series resonant frequency but diminishes as SF deviates from
series resonance point [27]. Therefore, due to the fact that an
LCC resonant converter does not operate in close proximity to
the series resonant point, the utilization of FHA will result in a
significant error.

The state trajectory method has garnered attention for its
ability to provide a more precise description and analysis of the
operational process of resonant converters. Initially, the state
trajectory method is employed for analyzing and controlling
the transient state of the resonant converter due to its ability
to accurately describe transient processes. In the early years,
Feng et al. [28], [29] have made significant contributions to the
field of state trajectory analysis and optimal trajectory control.
Subsequently, Zhao et al.’s [30], [31], [32], [33] team has
successfully applied the state trajectory method to transient
control in an LCC resonant converter. Due to its high precision
in describing the operational state of a resonant converter, the
state trajectory method has superseded FHA and emerged as
the primary analytical approach in an LCC resonant converter.
Presently, the application of the state trajectory method is no
longer confined solely to transient process analysis and control.
The state trajectory method is employed in [34] to analyze the
steady-state behavior of an LCC resonant converter, eliminating
the obvious error caused by the analysis using FHA, which
introduces a novel perspective for LCC resonant converter mod-
eling. In [35], a state trajectory method is employed to conduct
steady-state analysis and modeling of an LCC resonant con-
verter. By improving the normalization strategy, the established
model becomes more intuitive and facilitates analysis and study.
However, the current state trajectory analysis and modeling of
LCC resonant converters is limited to PFM modes. This model
cannot be utilized for the analysis and design of VF-SSPSM LCC
due to its failure in considering the impact of SSPSA. Therefore,
it is necessary to build a state trajectory model of VFE-SSPSM
LCC under full operating conditions, so as to realize the optimal
matching of SF/SSPSA under high step-up and wide gain.

In this article, the time-domain state trajectory model of VF-
SSPSM LCC is established. Based on this model, the effects of
SF and SSPSA on the operating efficiency of an LCC resonant
converter are analyzed. Thus, the feasibility of VF-SSPSM LCC
to achieve high step-up, wide gain range, and high operation
efficiency simultaneously can be verified from the theoretical
mechanism level. The main work is as follows.

1) The effect of VF-SSPSM on the operating state of an
LCC resonant converter is studied and analyzed. The
operating range of an LCC resonant converter is divided
into three different states: Main Energy Delivery (MED)
state, Auxiliary Energy Delivery (AED) state, and Lacking
Energy Delivery (LED) state. Subsequently, the operation
principle of VF-SSPSM LCC with PV panel is analyzed.
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Fig. 2. Topology of a full-bridge LCC resonant converter.

2) The trajectory equations are derived separately for three
different operating states. Since the state trajectory equa-
tion in the LED state is a complex transcendental equation
without an analytical solution, the modal analysis conclu-
sion is combined with the linear fitting method to estab-
lish the relation between the duration of shunt resonant
capacitor short-circuit state and SSPSA in this article,
which makes the state trajectory equation of LED state
solvable. The boundary conditions for each operating state
are derived, ultimately yielding the steady-state model of
VF-SSPSM LCC.

3) The peak current of the resonant tank in different condi-
tions is analyzed and calculated based on the geometric
characteristics of the state trajectory built in this article.
Based on this, the loss analysis is implemented, and the
matching relation between the optimal efficiency curve
of VE-SSPSM LCC and SF/SSPSA is derived. Then,
based on the optimal matching, the efficiency optimization
strategy of VF-SSPSM LCC at MPP of the PV panel is
designed.

The rest of the article is organized as follows. Section I
has an introduction. Section II analyzes the operating states of
VE-SSPSM LCC with a PV panel. Section III delves deeply
into the modeling and analysis of VF-SSPSM LCC. Section IV
conducts the loss calculation and designs the efficiency opti-
mization strategy of VF-SSPSM LCC at the MPP of the PV
panel. Section V experimentally verifies the high step-up and
wide gain range of VF-SSPSM LCC, as well as the optimization
for efficiency. Section VI summarizes the conclusion of the study
provided.

II. ANALYSIS OF MODULATING STAGES FOR VF-SSPSM LCC
WITH PV PANEL

The topology of a full-bridge LCC resonant converter oper-
ating in the VF-SSPSM mode is shown in Fig. 2. The output
port is connected to a dc bus with a fixed output voltage and the
input is linked to the PV panel’s output port. The primary side
consists of MOSFETs Q1, Q2, O3, and Q4, while the secondary
side comprises diodes S1, So and MOSFETSs So1, So2, Which can
realize phase-shift modulation. The transformer in this topology
can be designed using magnetic integration technology, allowing
the leakage inductance Ly to serve as the resonant inductor L,
and the equivalent self-capacitance Cy to serve as the parallel
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Fig. 3. Typical waveforms of each operating state. (a) MED state. (b) AED
state. (¢) LED state.

resonant capacitor Cp,. All resonance parameters are equivalent
to primary side, where L, = Ly, and C}, = n?C,. Thus, only
one independent resonant element, series resonant capacitor C;,
is needed.

An LCC resonant converter is connected to the constant-
voltage dc bus via the filter capacitor C,. By controlling SF
and SSPSA, an LCC resonant converter can deliver a control-
lable current /, to dc bus. The operating characteristics of an
LCC resonant converter change with SF and SSPSA, leading
to different analysis and modeling methods. By summarizing
the evolution law of modulating stages during changes in SF
and SSPSA, it is observed that the entire operating range of an
LCC resonant converter can be categorized into three distinct
operating states based on the differences of modulating stages.
For the sake of facilitating subsequent discussions, these three
typical operating states are referred as MED state, AED state,
and LED state. The waveform diagrams illustrating these three
operating states are presented in Fig. 3.

In Fig. 3, an operation cycle of VF-SSPSM LCC is divided
into ten stages as I-X. Vg(-) is the waveform of switching
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Fig. 4. Equivalent circuits for each operation stage of VF-SSPSM LCC under
MED state. (a) Stage I. (b) Stage II. (c) Stage III. (d) Stage IV. (e) Stage V.

pulse signal, while V¢, Vcr, and I1,, in Fig. 3 are the voltage
and current waveforms on the resonant element of the resonant
tank. In addition, /4;—/44 refer to the current waveforms flowing
through S;, S2, So1, and Sy2. To generate state trajectories for
various operating states, it is imperative to formulate distinct
state equations for each modulating stage. The analysis process
of each stage under different operating states is partially repeti-
tive. Therefore, this section focuses on a detailed analysis of the
MED state. By comparing the key waveforms of MED, AED,
and LED states in Fig. 3, it can be found that the key factor to
distinguish different operating states is the voltage state on C,,
when MOSFETs of primary side act. When the MOSFETSs act, if
Vcp is clamped by output voltage, the LCC resonant converter
is in the MED state. If C,, is being charged, the LCC resonant
converter is in the AED state. If V¢, is equal to 0, the LCC
resonant converter is in the LED state.

The equivalent circuits of VF-SSPSM LCC at each operation
stage are plotted in Fig. 4 using MED state as an example, where
the instantaneous polarity of the voltage and the instantaneous
direction of current are marked, corresponding to the typical
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waveform in Fig. 3(a). According to Figs. 3 and 4, the voltage
and current state of each operation stage is analyzed, and the
trajectory equations are subsequently formulated as follows.

A. MED Operating State

1) Stage I: Combined with Figs. 3(a) and 4(a), the voltage
and current statuses of this stage are analyzed. At g, the
negative resonant current iy, (fo) is conducted through the
reverse diode, while the secondary-side current flows into
the bus via switches S,; and S5, and the equivalent output
voltage is —V/, /n. The resonant tank in this stage consists
of C; and L,, the equivalent impedance is Zy = /L, /C,,
and the resonant angular frequency is wo = 1/v/ L, - C,.
The voltage of Cj, is clamped in this stage, and power
is transmitted to the dc bus until ir,.(f) reaches 0. At that
point, the body diode in the primary side is turned OFF,
while Q; and Q4 are turned ON at zero voltage, and the
circuit enters the next stage. The state equations of the
resonant tank in stage I are as follows:

{ dﬂcr(t) — iLr(t)
dt C,
diL(t) _ —vor@)+VatVo/n

dt L,

e))

By substituting the initial state r = ¢, into the differential
equations, the special solution of (1) can be obtained as

ver(t) = ire(to) Zo sinfwo(t — to)]
+ [ver(to) — Vin—Vo/n] cos|wo(t — to)]+Vint+Vo/n
iLr(t) = iLr(tO) COS[Wo(t — to)]
— [ver(to) — Vin—Vo /0] sinfwo (t — t0)]/ Zo-
2)

According to (2), the trajectory equation of stage I can be
obtained as

i7:(8) 25 + [oer(t) = Vie=Vo/n]* = i, (t0) 25

+ [ver(to) = Vie—Vo/n)?. 3)

2) Stage II: In Fig. 4(b), Q1 and Q4 are turned ON when iy ..(¢)
zero crossing occurs, leading to a continuous increase in
irr (7). At this time, the resonant tank consists of C;, L,
and Cp,, and the voltage on Cj, rises from —V, /n until
it is equal to O and enters the next stage. The energy
transfer between the primary side and the secondary side
is absent in this stage, and the equivalent impedance is
Z1 = \/L.(C, + C,)/(C,C,) while the resonant angu-
lar frequency iswy = /(C, + Cp)/(L,C,Cp). The state
equations for the resonant tank in stage II are as follows:

+Cp
dip(t) _ —vor(t)—vop(t)+Vin ' )

{ d[vcr(t);;vcp(t)] = ins(t) Ocr+cp
- L,
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By substituting the initial state t = #; into the differential
equations, the special solution of (4) can be obtained as

ver(t) + vep(t) = ine(t1) Z7 sinfwq (8 — t1)]
+[Ucr(t1) + 'UCp(tl) — Vm] cos[w1 (t — tl)] + Vi
iLr(t) = iLr(tl) cos[wl (t — tl)]
— [ver(tr) + vep(t) — Via] sinfwi (t — 1))/ Z1.

5
According to (5), the trajectory equation of stage II is
17627 + [ves(t) + vep(t) — Val? = i3, (t1) 27

+ [vCr(tl) + vCp(tl) - ‘/1 ]2~ (6)

3) Stage III: In Fig. 4(c), when the voltage over C}, decreases
to 0, ir(¢) is positive. The drive signal of S,; is in a
high level state, and the negative voltage applied to S,
disappears. The loop formed by S,; and S,z short-circuits
C,, in this stage, causing the voltage to remain at 0 until
S,1 1s turned OFF. Subsequently, the circuit transitions into
the next stage. The resonant tank currently comprises C,
and L, with no energy transfer occurring between primary
and secondary sides. Similarly, the trajectory equation of
stage III can be derived by conducting an analysis on the
resonant tank

i1, (0) 28 + [vor(t) — Vi = i1, (82) 25

+ [ver(ta) = Vi®. (D)

4) Stage IV: In Fig. 4(d), when S,; is turned OFF, Cj is
charged by ir,.(¢) until v¢y, reaches V, /n, at which point
the LCC resonant converter transitions into the next stage.
The equivalent circuit of this stage is identical to that of
stage II. According to (4), the trajectory equation for stage
IV can be derived as

i1:(8) 23 + [oee(t) + vep(t) = Vaal® = i3, (t3) 2%

+ [’Ucr(tg) + Ucp(t:;) — ‘/1 ]2. (8)

5) Stage V: In Fig. 4(e), the voltage of C}, is clamped at
Vo /n when v, rises to V, /n. At this time, 1 and S, are
turned ON, while the LCC resonant converter continuously
supplies power to dc bus until Q; and Q, are turned OFF,
transitioning the circuit into its subsequent stage. The
resonant tank in this stage consists of C, and L,, and the
trajectory equation of stage V can be derived through a
state analysis of the resonant tank

Z%r(t)Zg + [Ucr(t) - VEH + VO/n]2 = Z%r(t4)Zg
+ [ver(ts) = VitV /). )

B. AED Operating State

1) Stage I: At ty, a negative resonant current ir.(fy) flows
through the reverse diode. Since the voltage on C}, does
not reach —V,, /n at this stage, i1,,(f) continues to charge
C,. Energy transfer between the primary and secondary
sides is absent until the voltage on C,, reaches —V,, /n and
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transitions into the next stage. At this time, the resonant
tank consists of C;, L,, and Cp,, and the trajectory equation
can be derived as

i1:(8) 23 + [oe(t) + vep(t) = Vaal® = i3, (t0) 23

+ [ver(to) + vep(to) — Vil (10)

2) Stages II-V: In Fig. 3(b), it can be observed that the
waveform characteristics of stages II-V in the AED state
exhibit similarities to those of stages I-IV in the MED
state, allowing for analysis through analogy.

The analysis of the waveform in Fig. 3(b) reveals distinct
differences between the stages of AED and MED states. 1) In
MED state, the clamping state of C,, voltage is categorized into
two stages: I and V. However, in the AED state, the clamping
state of C,, voltage solely exists in stage II. 2) In MED state,
C,, undergoes charging and discharging processes in stages II
and IV, with an absolute voltage increment —V,, /n. On the other
hand, in AED state, C}, is charged and discharged in stages I,
II1, and V; however, the voltage increment on Cj, in stages I and
V is unknown.

C. LED Operating State

1) Stage I: At 7y, a negative resonant current it (fy) flows
through the reverse diode. Since S, is ON at this time, Cy,
is in a short-circuit state with a voltage of 0 on it, until
So2 1s turned OFF and enters the next stage. The resonant
tank in this stage consists of C, and L,, and the trajectory
equation can be derived through a state analysis of the
resonant tank

i1:(0)Z8 + [vee(t) = Val* = i1,(t0) Z8 + [vcx(to) — V]
(1)

2) Stages II-V: In Fig. 3(c), it can be observed that the
waveform characteristics of stages II-V in the LED state
exhibit similarities to those of stages I-IV in the AED
state, allowing for analysis through analogy.

The analysis of the waveform in Fig. 3(c) reveals distinct
differences between the stages of LED, AED, and MED states.
The short-circuit state of Cj, only occurs in one stage under MED
and AED states, whereas under LED state, the short-circuit state
of Cy, is divided and appears in both I and V stages.

D. Operation Principle of VF-SSPSM LCC With PV Panel

The PV panel used in this article is integrated with MPT15-
150 produced by PowerFilm, and its I-V curve under full sun is
shown in Fig. 5(a). In this figure, V},, and I,,, are the output
voltage and current of the PV panel, while V, is the output
voltage of the PV microconverter. Since the output voltage of
microconverter is fixed, the output power of the PV panel is only
related to the output current of microconverter. The output power
of the PV panel can be adjusted by controlling the output current
of microconverter to realize MPPT. The operation principle of
PV microconverter is described as follows, based on the output
current characteristic curve of VE-SSPSM LCC.
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Fig.5. PV [-Vcurve versus LCC resonant converter output current character-
istics. (a) PV I-V curve. (b) Frequency characteristic curve. (c) Phase-shifting
characteristic curve.

When the secondary-side phase shift is not considered, the
frequency characteristic curves of an LCC resonant converter
with different input voltages Vi, are depicted in Fig. 5(b). By
analyzing the phase relationship between voltage and current in
resonant tank, it can be found that the capacitive working area
of an LCC resonant converter is shown as the shaded area in
Fig. 5(b), and the capacitive working area and inductive working
area are just divided by the inflection point of this series of
characteristic curves. Itis necessary for fy,, to exceed a minimum
SF finin since operating in capacitive working area results in hard
switching. The blue segment is the characteristic curve of MED
state, while the red segment is that of AED state. The intersection
of these two segments is Qr, and SF at this point is f¢, which
signifies the critical frequency between MED and AED state.

The phase-shifting characteristic curves in Fig. 5(c) are ob-
tained by varying SF while keeping the input voltage Vi, fixed
during the modulation of VF-SSPSM LCC. It can be seen that
by appropriately setting SSPSA of the LCC resonant converter,
the inductive region exists even in the slash drawing region
of Fig. 5(¢) (fsw < fmin)- However, the set SSPSA cannot be
too small because if the SSPSA is smaller than «,;,, then the
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LCC resonant converter will enter a capacitive working area,
such as the red shaded area in Fig. 5(c). Therefore, a curve
can be obtained by concatenating «,;, at different switching
frequencies, and the left side of this curve is a capacitive region
and the right side is an inductive region. In this way, compared
with PEM, LCC resonant converter can operate at a lower SF
and achieve a wider gain range.

The blue segment in Fig. 5(c) is the phase-shifting character-
istic curve of the MED state, while the red segment is that of
the AED state and the green segment is that of the LED state.
The transition point of the operating mode from MED to AED
in Fig. 5(c) is Qp,. The phase-shift angle « at this point is o,
representing the SSPSA of the operating mode transition. The
transition point of AED and LED states remains fixed at o = 7.

In Fig. 5(a), there are V,, = 33 V and I,, = 9.21 A at the
MPP of the PV panel. The output voltage of the microconverter
connected to the PV panel is constant at 400 V. According to the
power conservation, the output current of the microconverter
should be 0.76 A. In Fig. 5(b), microconverter fails to deliver a
current of 0.76 A when the input voltage is 33 V, solely relying
on PFM operation. However, by employing VF-SSPSM, this can
be easily accomplished, and the steady-state performance can be
optimized by choosing different SF/SSPSA pairs, as depicted in
Fig. 5(c). It can be seen that VF-SSPSM has a significant effect
on widening the gain range of LCC resonant converter.

III. VF-SSPSM LCC STATE TRAJECTORY MODELING

Based on the stages analysis conclusion from the previous
section, itis necessary to construct VF-SSPSM LCC state trajec-
tory models for different operating conditions due to variations
in stages and resulting differences in state trajectories. The
output current ripple is disregarded in the state trajectory model
construction, as the output is supported by the substantial bus
voltage and the large capacitance and inductance of the output
filter. The excitation inductance of the isolation transformer
can be disregarded during state analysis due to the minimal
excitation current present in the LCC resonant converter. The
total voltage V¢, across C, and C,, as well as the current
I, flowing through L,, are considered as two state variables
of the state trajectory. This allows for uniform and continu-
ous changes in the state variables of each stage, facilitating
easier calculation and analysis. Furthermore, the state vari-
ables need to be normalized in order to enhance the generality
and regularity of the model, ensuring fixed center coordinates
of the state trajectory and making the characteristics of the
trajectory more prominent. The normalization criteria are as
follows:

Vi = V/Vi
12
{IN 1 Zo/Va (12

where Vand I are the voltage and current values to be normalized,
while the voltage and current values after normalization are Vy
and /y. In the following, Veypn and /1,y are the normalized
values of V¢yp, and I,
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A. MED Operating State

The initial states of stages I-V in Fig. 3(a) need to be calcu-
lated first in order to establish the state trajectory model for the
MED state. The trajectory equations of each stage, as presented
in (3), (6), (7), (8), and (9), are derived based on the stages
analysis results discussed in Section II. It should be noted that
the switching point between adjacent stages corresponds to the
intersection of their respective trajectories. Consequently, these
intersection points can be determined by solving the simulta-
neous trajectory equations. As the trajectory equations for each
stage involve two unknowns, the initial value of resonant voltage
Verpo and the initial value of resonant current /7,9, it is evident
that a solution cannot be obtained solely through simultaneous
trajectory equations. Additional equation relations pertaining to
these unknowns must be established.

After re-examining Fig. 3(a), the following characteristics can
be observed from the waveform: In stages I and V, energy is
transferred from the primary side to the secondary side while
the energy in Cj, remains constant. In stages II and IV, energy
exchange occurs solely between resonant tank and PV panel.
During stage III, Cy, is short-circuited and the energy is ex-
changed only between resonant tank and PV panel. According
to charge conservation, the following equation is obtained:

t1 t5
AQ =nl, - 0.5T, =/ |2'Lr(t)|dt—|—/ lir:(t)|dt (13)

to ta
where Ty, is the switching period and A( is the amount of
transferred charge, so the relation is as follows:
nl,
207“ fSW '

The total voltage increment over C, during stages I and
Vis AV = |Vcr(t1) - VCr(t0)| + ‘Vcr(t5) - Vcr(t4)|. Fur-
thermore, due to the relation Vi, (to) = —Ver(ts), it can be
concluded that

AVer = (14)

nl,
2C"T‘J“SW '

The resonant tank in stages II and IV consists of three com-
ponents. In each stage, the voltage increment on C, is V,/n.
Taking stage II as an example, it has

VCr(tl) + VC’r(t4) = -

5)

AV = & [ in(tydt = Yo 06
AV = & [ in(t)dt = Vor(tz) — Vor(t).
Eliminate the current integral term in (16)
CpVo
Ver(ta) — Ver(th) = npic,« (17)
Similarly, in stage IV, the following equation holds:
CyV,
Ver(ta) — Ver(ts) = =22, 18
cr(ta) — Ver(ts) C. (18)

Section II mentions the existence of a,,;, for VF-SSPSM
LCC. The absolute phase-shift angle a.,1,5 is defined as the actual
phase lag between S,; and S, with respect to Q2 and Q;. In
Fig. 6, atmin, Qabs, and o) are marked. Here, vy, 1s determined
by the inductive area, cvaps is the phase angle at which Vg4(So2)
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Fig. 6.  Analysis of SSPSA under MED state.

lags Vyo(Q1, Q4), and o, is the phase angle corresponding to
stage III. Stage III of the MED state is influenced by both aaps
and ayyiy, as depicted in Fig. 6.

In Fig. 6, the green and red curves represent SSPSA equal to
or greater than oy, respectively. The curves in three coordinate
systems from top to bottom in Fig. 6 depict the voltage V¢, of
C,,, the drive signal Vys(Q1) of Q1, and the drive signal V(S52)
of So2. According to the green curve, when aaps = Qupin, the
duration of stage III is zero, the short-circuit state of Cp, does
not occur, and the LCC resonant converter operates in the PFM
mode. When s > Qmin, as indicated by the red curve in
Fig. 6, the duration of stage III is greater than zero. To facilitate
trajectory analysis and formula derivation, the relative phase-
shift angle oy is defined as follows:

lrel
Qre] = 27Ti
SW

(tre] = t3 - t2)~ (19)

The duration of stage III, denoted as t,¢], is used to derive the
following equations for stage II1:

Ver(ts) = Ire(ta) Zo sin(wotrer)

+ [Vier(t2) — Vi cos(wotre) + Vi
ILr(tg) = ILr(tQ) COS(Wotrel)

— [Ver(t2) — Vi) sin(wotrer) / Zo-

(20)

The current state involves five equality relations in (15), (17),
(18), and (20) with six unknowns, necessitating an additional
equality relation. In order to avoid introducing additional un-
knowns, the state trajectory equation for the time period #;-f2
is introduced. This is because at t1, the resonant tank current
I, is 0 and the voltage at C}, is =V}, /n, while at #,, the voltage
at C}, becomes 0. The following equation can be obtained by
simplifying (6):

I3.(t2) 23 + [Ver(tz) — Vial® = [Vor(t1) = Vo /n — Vi) .
(21

The equations for solving state trajectory nodes under MED
state can be derived by normalizing (15), (17), (18), (20),
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and (21)
Vemn(th) + Vorpn(ts) = _207]{;%
Vepn(t2) = Vorpn () = ne x; +Vo/n
Verpn(ta) — Vorn(ts) = nC V +Vo/n
VC’rpN (tg) —1=1InN (t2) Sln(wotl'el)

+ [Verpn(t2) — 1] cos(wotrer)
I n(t3) = Inen(t2) cos(wWotre)
— [Vempn(t2) — 1] sin(wotrer)
13,5 (82) 25 + [Vo(t2) = 17 = [Vegu(t) — 1
(22)

The independent variables in this equation set are the
modulation-related variables fy,, and ;... The dependent vari-
ables are the current and voltage of the resonant tank. The
solution to (22) can be expressed as follows:

Verpn(t1) = Frep-vin (Cr, Cpy Ly Vin, Vo, Loy, fow, tret)
Vern(te) = Fxrep-vi2(Cry Cp, Ly, Vin, Vo, Lo, 1y fow, trel)
VCrpN(t3) - FJWEDthl%(Cra Cpa Lr; VIn, Voa Io n, fsw, trel)
Vern(ta) = Fxrep-via(Cr, Cp, Ly, Vin, Vo, I, 1y fow, trel)
ILrN(t2) - FMEDfth(Cra Cpa Lra ‘/in; V07 05T fswa trel)

ILrN(tB) = FMEDfltS(Cra Cpa Lra ‘/in; V07 05T fswa trel)~

(23)

The complete expression of the solution is not provided due
to spatial limitations. The solutions for the six unknowns are
dependent on f, and a1, while other trajectory parameters can
be derived from these six node states. According to the conclu-
sion drawn in Section II, it can be inferred that under the MED
state, stage I follows a circular trajectory, while stage II exhibits
an elliptical trajectory. I, at the point of intersection between
these two trajectories is zero, and this intersection lies on the
horizontal axis of the coordinate system. After normalization,
the trajectories of stages [-V are centered around (10), thus the
radius of stage I is equivalent to the semimajor axis of stage II.
The radius pp_; of stage I and the semimajor axis p;_o of stage
II can be expressed as follows:

po-1 = p1-2 = |Vopn(t1) — 1. (24)

According to (7) and (8), the radius ps_3 of the trajectory for
stage III and the semimajor axis ps_4 of the trajectory for stage
IV can be expressed as follows:

p2-3 = \/[VCrpN(tz) — 12+ 12,5 (t2) (25)
12 (t3) 2%
p3—4 = \/[chN(tg) — 1+ % (26)
0

By substituting ps_4 into the normalized equation of (8), the
expression for I, N(t4) can be obtained

AP~ Woas(t) — 11

Then the trajectory radius p4_5 of stage V can be obtained

pacs =\ Vemn(ta) — 11 + I3, (1),

Toon(ts) = 27

(28)
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Since (Verpn(ts), Irrn(ts)) is the intersection of stages V
and VI, the trajectory radius of stage VI is equal to py_1, so the
expression for Vo (t5) can be obtained as

(P51 —Pis)

1 (29)

Verpn(ts) =

plus Vopn(to) = —Verpn(ts). At this point, the trajectory
nodes of stages [-V have been calculated, and based on these
nodes and the trajectory equation, the calculation angle for each
stage’s trajectory arc can be determined

01(to) = arccos [(Verpn(ts) + 1) /po-1]

O11(t2) = arccos [(Vompn(t2) — 1) / (Vorpn(t1) — 1)]
O111(t2) = arccos [(1 — Vo (t2)) /p2-3]

0111(t3) = arccos [(1 — Vo (ts)) /p2-3]

Orv (t3) = arccos [(1 = Vorpn(ts)) /p3-a]
Orv (t4) = arccos [(1 = Verpn(ta)) /p3-a
Ov (ts) = arccos [(1 — Verpn(ta)) /pa—s]

v (ts) = arccos [(1 — Vepn(ts)) /pa-s] -

(30)

The subscript of # in (30) is the corresponding stage, for
instance, and 6 (¢¢) is the calculation angle associated with the
state trajectory of stage I at time (.

The complete state trajectory of the LCC resonant converter
under the MED state can be plotted based on (24), (25), (26),
(28), and (30) since the state trajectories of stages VI-X and
stages [-V exhibit symmetry relative to the origin. According to
the periodicity of state trajectory, a relation is established
Tyw

5 =V L,.Cy [01(to) + 0rr1(t3) — Orrr(t2)

+ Oy (t5) — Ov(ta)]

+4/ é ig 011(t2) + 01y (ta) — Orv (t3)] = Q;SW

€1y

After substituting (23)—(30), (31) can be rewritten as a func-
tion with constants Cy, Cp,, L, Vin, V,, and n, dependent variable
1,, and independent variables fy, and #..;. The relation between
trel and auaps can be obtained from Fig. 6 and (30)

L,.C.C
tre+v/ Ly Cy - 91@0)4—“ c, +Cp 911@2)1 .

(32)

Qlahs = 2Trfsw

By replacing .1 in (31) with aaps, the theoretical model of
the LCC resonant converter under the MED state can be derived.

B. AED Operating State

The LCC resonant converter will operate in the AED state
when SF exceeds f(), or when SSPSA is greater than « ) and less
than 7. By analogy with the state trajectory derivation process
of MED state, the normalized trajectory node solution equations
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Fig. 7.  Analysis of SSPSA under LED state.

of AED state are directly given as

Vopn(ta) — Vorpn(t) = —ﬁi‘;vm

Vorpn(ts) — Vorpn(t2) = nCCPX; +Vo/n

—Vern(t) = Vom(ta) = =25 + Vo/n
Verpn(ta) — 1 = I, n(t3) sin(wotre)
+ [Verpn(ts) — 1] cos(wotrer)
Ip,N(ts) = Inen(t3) cos(Wole)
— [Verpn(ts) — 1] sin(wotrer)
12,5 (ts) 5 + [Vorn(ts) = 1> = [Vemn(ta) = 1
(33)

The trajectory parameters and the calculation angle of the
trajectory arc are determined based on the trajectory node, and
by exploiting the periodicity of state trajectories, the following
equation can be derived:

ﬂw LTOTC
2 \/:C'Z[@I(to) = 01(t1) + 0r11(t3)

+ Ov (ts) — Ov (ta)]

1
+ VL Cr (011 (t1) + Orv (ta) — Orv (t3)] = 2fow
(34)

In Fig. 3(b), the relation between #,¢] and o, is as follows:
Qighs = 27rfsw{trel + v L,C, - HII(tl)

L.C,.C,

e,

<[0r(to) — 01(t1) + 9111(t3)]} . (35)
By replacing 7. in (34) with a,ys, the theoretical model of
the LCC resonant converter under the AED state can be derived.

C. LED Operating State

LCC resonant converter will enter LED state when a,ps>7r.
Different from the previous two operating states, the short-circuit
state of C, under LED state is divided into two stages, such as
stage I and stage V in Fig. 7. Here, the durations of stage V and
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Fig. 8. Relation between fr¢] and o under LED state.

I are defined as f#,¢1 1 and #,¢) 2, and the normalized equations
for solving trajectory nodes can be derived as

VCl’PN (t3) - VCrpN (t2) = _#ﬁ‘/jn
C,V,

VCTPN(tl) - VCrpN(t2) = nCI’J,.Vi“ + Vo/n
CpVo

VCYPN (t4) - VCrpN (tB) = ncz')r‘i/i" + VO/TL

Verpn(ts) = Ipen (ta) sin(wotyer_ 1)+
[Verpn(ta) — 1] cos(wotrer 1) + 1

Itrn(ts) = Inen(ta) cos(wotrer 1) — [Vorpn(ta) — 1]
Sin(wotreli]_)

Verpn(t1) = —Irrn(ts) sin(wotrer 2)—
[VCrpN(tS) + ].] COS(thTel_Q) —+ ].
Iten(t1) = —Iprn(ts) cos(wotrer 2)

+[Verpn(ts) + 1] sin(wotrer_2)

12, 5 (ta) 5 + [Vorn(ta) = 1° = [Vean(ts) - 11°
(36)

The duration of Cj, short-circuit state under LED state is
trel = trel 1 + trel 2, as indicated in Fig. 7, while aaps satisfies
Qaps = T + 27trer 2 - fow- Specifically, the complex implicit
transcendental equation expressing the coupling relation be-
tween f,¢] 1 and t,.] o prevents substituting f,¢] With avypg under
LED state. Furthermore, the direct solution cannot deduce the
theoretical relation model between I, and avaps.

The relation curve shown in Fig. 8 can be obtained through a
large number of simulation data. The relation between t,; and
Qapbs in the LED state is approximately linear. Moreover, the
curves under different SF are basically parallel to each other,
so the influence of SF changes on the slope can be ignored.
Therefore, the relation between f, and s is postulated as
follows in this article:

Trel = trei_1 + trei 2 = koups + b (37

where k and b are undetermined coefficients. The intersection
point of the state trajectory of LED and AED states should be
considered, where a,ps = gy = T and ] = tre] st = frel 1 and
trel 2 = 0. Consequently, the value of #,] ¢ can be determined by
employing the theoretical model of AED state. Under the LED
state, as s continues to increase, the duration of stage I1T will
eventually diminish to zero. During this time, /, becomes zero
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and the energy solely circulates within the resonant tank without
being transferred to the output side. Consequently, the waveform
of half a switching cycle in the resonant tank becomes com-
pletely symmetrical, leading to an equivalence between f,¢ |
and t,¢] 2. In other words, the maximum phase-shift angle auyax
of LED state corresponds to /o = 0, tyel 1 = trel 2 = 0.5fe]_ends>
and aubs = Qend = T + 27trel_end - fsw. By considering these
conditions, each trajectory node can be solved, and subsequently,
the calculation angle of each trajectory arc can be determined,
leading to the acquisition of the value of #,¢] eng

L.C.C 1
trel end = 24 ———L (077 (t1) — 077 (t Orv (ts)] — —
I_end C 50, [011(t1) — O11(t2) + Orv (ta)] i
+2v/L,C, [201(to) — 207 (t1) + 0111 (t2)
+ 0y (ts) — By (1)) (38)

The substitution of (avs, tre st) and (Qends trel_end) into (37)
results in

krtb (39)

trel_st =kr+b
t7'el76nd - T27k foy *

By calculating the values of k and b and substituting them into
(36), the theoretical model of the LCC resonant converter under
the LED state can be derived using the same methodology as in
the previous two operating states.

D. Boundary Calculation for Each Operating State

1) Operating state transition point Qf: While maintaining
trel = 0, the duration of stage V in MED state gradually
decreases to 0 and transitions into AED state as SF of
LCC resonant converter increases. At the critical point
of this transition, VN (t4) = Veorpn(ts) is observed. The
combination of (29) and Vrpn (£4) results in the following
equation:

(Pg—l - Piﬁs)
4

The equation contains only one unknown f,, and fg at Q¢
can be determined by solving this equation.

1) Minimum phase-shift angle au,in: The solution to auin
requires the consideration of two distinct situations. When
SF is lower than fg, the minimum phase-shift operating
point is in the MED state. Therefore, i, can be obtained
by substituting t,.; = 0 into (31) and (32). When SF
exceeds f(, the minimum phase-shift operating point is
in the AED state. In this scenario, o, can be obtained
by substituting #,,; = 0 into (34) and (35).

Operating mode transition point Q,: As depicted in
Fig. 4(b), the existence of Q,, is observed solely when SF
is lower than fg. When operating under fixed SF, as the
Quabs increases, the duration of stage V gradually decreases
to zero under the MED state and then transitions into the
AED state. In this scenario, (40) can also be derived, and
Jsw 1s known. Therefore, by substituting f;, into (40) and

Fyep-via = (under MED).  (40)

2

~
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Fig. 9. Peak value of I, when fsy before the switching point Q¢. (a) MED
state. (b) AED state. (c) LED state.

combining it with (32) to determine cvap,s, the g at Qp
can be obtained.

3) Maximum phase-shift angle iy ax: @max 0f LCC resonant
converter corresponds to a,ps at the zero output current
point of the LED state, so there iS dmax = Qend-

IV. CONTROL STRATEGY FOR ENHANCING TRANSIENT
STABILITY

The peak voltage and current of the resonant tank are related
to the transmission efficiency and device selection, which is
one of the key factors affecting the design of the LCC resonant
converter. According to the proposed state trajectory model, the
peak value of the resonant tank of VF-SSPSM LCC can be cal-
culated and its characteristic curve can be drawn. Subsequently,
based on the output characteristics of the converter and the peak
value characteristics of the resonant tank obtained from the state
trajectory model, a recommended design method of VE-SSPSM
LCCis proposed. By analyzing the state trajectory, it is observed
that the peak voltage of the resonant tank corresponds to the
horizontal coordinate where the state trajectory intersects with
the horizontal axis, which can be easily obtained. However, the
variation in the current peak is intricate. This section focuses on
the resonant current peak behavior of VF-SSPSM LCC under
diverse operating states, followed by designing the operation
range of VF-SSPSM LCC accordingly.

A. Before the Frequency Switch Point Qg

The state trajectory of an LCC resonant converter is depicted
in Fig. 9 when f,, is lower than fg. The state trajectories in
Fig. 9(a) are both in MED state, with the a5 of the trajectory in
the inner ring being smaller than that of the trajectory in the outer
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ring. The to—f3 segment of the trajectory becomes longer and the
t,—t5 segment becomes shorter with an increase in «,,s. When
the central angle corresponding to the #;—#3 segment reaches
Zt101t3 < 90°, the peak point of I, falls on the 73—, segment,
and its peak value is equal to the semiminor axis rsp, of the
elliptical trajectory where the 73—, segment is located

rgp = \/ G2[Verpn(ts) — 1)* 4 In(ts)? (under MED). (41)

The ratio G = /C,, /(C, + Cp) is the short-axis to long-axis
ratio of the elliptic trajectory. When Zt10;t3 > 90°, the peak

point of /1, falls on segment t,—#3, where its value corresponds
to the radius length r, of the circular trajectory where the fo—3
segment is located

ro = \/[VCrN(ﬁQ) - 1]2 + ILrN(ﬁ2)2 (under MED) 42)

The condition r3p, = r9 is established at the point of transition
between the two types of current peaks in the resonant tank
under MED state. Subsequently, the transition condition can be
deduced as follows:

1 — Vierpn(t
arctan {ILN(@)} p— {VCPN(B)}
1 — Verpn(t2) 3D
1 -V t 1
— arccos {CWNM} = —7 (under MED).  (43)
T3b 2

The AED state is entered when section 74—t5 in Fig. 9(a) is
shortened to 0. The state trajectory of the AED state is illustrated
inFig. 9(b). As the a1 increases, the length of the #5—7g segment
gradually increases from O while the length of the 7,5 segment
gradually decreases. Throughout this process, the peak point of
I1,» consistently falls on the #3—4 segment and corresponds to a
radius length r3 on its circular trajectory

T3 = \/ [Vepn(ts) — 1)° + Tin(t3)® (under AED).  (44)

When the #,—f5 segment in Fig. 9(b) is shortened to 0, the LCC
resonant converter enters the LED state. The state trajectories in
Fig. 9(c) are both in LED state, with the a,p¢ of the trajectory in
the outer ring being smaller than that of the trajectory in the inner
ring. When a5 increases, the length of t5—#¢ segments extends
from 0, while the f,—f3 segments shorten. When Zt301t5 >
90°, the peak point of I, occurs within the segment #4—5 and
corresponds to a value equal to the radius length 4 of the circular
trajectory where this segment is located

ry = \/[VCrpN(t4) — 1]2 + ILrN(t4)2 (under LED). 45)

When Zt304t5 < 90°, the I, peak value is equal to the
ordinate value Ijn(t5) of the state trajectory at time 75. The
condition /j,N(t5) = 74 is established at the point of transition
between the two types of current peaks in the resonant tank
under the LED state. Subsequently, the transition condition can
be deduced as follows:

Iin(ta)

1- VCrpN(tS):l
————— | +arccos | —————=
1- ‘/brpN(t4):| {

arctan
T4
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Fig. 10.  Peak value of I when fs, after the switching point Q. (a) AED
state. (b) LED state.

1-— VCrpN(t4)

— arccos
T4

] = %w (under LED). (46)

B. After the Frequency Switch Point Qs

When f,, is greater than f(, the state trajectory of the LCC
resonant converter is shown in Fig. 10(a), and the length of the
t3—t, segment increases from O and the 745 segment shortens
as (uups increases. When Zto01t5 > 90° equals zero, the peak
point of I, occurs within the segment #,—5, and its value is equal
to the semiminor axis r4}, of the elliptical trajectory associated
with this segment

Tab = \/G2 [Ven (ta) — 1% + Tin(ts)®  (under AED).
(47)

When Zt501t5 < 90°, the I, peak value is equal to the
ordinate value I1,n(t5) of the state trajectory at time 5. The
condition 4, = I 1N (5) is established at the point of transition
between the two types of current peaks in the resonant tank
under the AED state. Subsequently, the transition condition can
be deduced as follows:

arctan |:ILrN(t3) :| -+ arccos |:1 — VCrpN(t4):|
1 — VCrpN (tg) T3
— arccos |:1 — VCrpN(t3):|
T3
~ arccos {ILN(U} _ arccos [ILNW)]
1+ Verpn(ts) 1 — Verpn(ta)

= —%71 (under AED). (48)

When a,1,s exceeds 7, section #4—t5 in Fig. 10(a) is reduced
to zero, triggering the LCC resonant converter to enter the LED
state. The state trajectory of the LED state is illustrated in
Fig. 10(b). At this time, the /1, peak value is equal to the ordinate
value I1n(t5) of the state trajectory at time 5.

The changes in the peak points of the resonant tank cur-
rent for VF-SSPSM LCC can be summarized in Table I, as a
conclusion. Based on the information provided in Section III,
a phase-shifting characteristic model for the resonator current
peak can be built.
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TABLE I
PEAK CURRENT VALUE OF VF-SSPSM LCC RESONANT INDUCTOR
MED AED LED
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Zt,0,ts 290° Zt,0,ts <90°
After Or I (t5)
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10000 TABLE II
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| —— 100°C
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7
{ % ' where Cr is the core temperature coefficient, and its value is
10 100 1 when the operating temperature is 100 °C. The peak-to-peak
Flux Density B (mT) flux density of the transformer is AByp = Vi [(AN,, fo A1),
where N, is the number of turns of the primary-side coil of the
Fig. 11.  DMRO9S5 magnetic loss density curves at different frequencies.

C. Loss Analysis and Optimal Efficiency Point Calculation of
VF-SSPSM LCC

The VF-SSPSM, in comparison to PFM, offers an additional
degree of modulation freedom, resulting in a decoupling be-
tween output state and SF of LCC resonant converter. The energy
transfer efficiency of LCC resonant converter can be optimized
by appropriately configuring SF and SSPSA. The first step
toward achieving this objective is to conduct a loss analysis of
the LCC resonant converter.

The change of SSPSA can significantly affect SF and the
peak value of current in the resonant tank under the same input
and output conditions. Therefore, this article primarily focuses
on discussing the losses incurred by magnetic components and
power semiconductors as follows.

1) Magnetic Components: The magnetic components in VF-
SSPSM LCC include an isolation transformer and a series reso-
nant inductor. The magnetic core material utilized in this study
is DMRO95 of DMEGC company. Fig. 11 illustrates the magnetic
loss density curves at different frequencies, as provided by the
official data manual. By conducting nonlinear fitting on these
curves, Steinmetz parameters of the material can be derived and
are presented in Table II.

According to Table II, the relation between Steinmetz param-
eters and SF can be determined through nonlinear fitting. Subse-
quently, the core losses of the transformer (Pgore 1) and series
resonant inductor (Pcqre 1) are computed using the following
two equations:

Peore 7 = KCTfSNABg‘ (49)

transformer, At is the effective sectional area of the magnetic
core, and ABy, is the peak-to-peak flux density of the trans-
former, which is ABy, = 2L, I1; max /(4N AL), where Ity max
is the peak current of the resonant tank obtained in the previous
section, Ny, is the number of turns of the resonant inductor, and
Ay, is the effective sectional area of the resonant inductor core.

The conduction loss of the magnetic components increases
significantly as the SF and the current peak of the LCC resonant
converter increase, which is attributed to the skin effect and
proximity effect when high-frequency ac signal flows through
these components. The transformer conduction loss (Peopper T)
is calculated as follows:

2 2
P copper T — I pri_rms Rac_pri + I sec_rms Rac_sec (5 1)

where ;i rms and Isee_rms are the RMS values of current flowing
through primary- and secondary-side windings of the trans-
former, and R, _pri and R, _sec are the equivalent ac resistance
of primary- and secondary-side windings.

2) Power Semiconductors: Power semiconductors refer to
MOSFETS and diodes in LCC resonant converters, and their losses
mainly include conduction losses and switching losses. Since
the LCC resonant converter can achieve zero voltage turn-ON of
the primary side in the whole operating range, only conduction
loss and turn-OFF loss need to be calculated for the primary-side
switches. Taking MED state as an example, according to the
modal analysis in Section IT and Fig. 3, I1,, can be approximately
treated as a sine wave with frequency fi,, and peak I1,; ax, and
the conduction loss from Q1 t0 Q4 (P Q1~4_con) can be calculated

as follows:
fOTHg’ (to) Iy max SN odp
T

PQ1~4_con = 4RQ_0n (52)
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where R on is the ON-resistance of Q1—Qy.

Moreover, since the antiparallel diode conduction of the pri-
mary side of VF-SSPSM LCC at Stage I, the conduction loss of
the primary-side antiparallel diode (P ppyi_con) can be calculated
as follows:

PDpri_con - 2(‘/D_on + RD_on)

s .
f7T+27TToff/Tsw*91 (to) ILr—max Sil (pdg&
Vs

(53)

where Vp oy, is the ON-voltage and Rp o, is the ON-resistance
of the diode, Tof = RgQgd /Vigs miller- The four primary-side
switches have the same turn-OFF loss (P g1~4 of), SO the time 15
in Fig. 3(a) is used as a reference for calculation

V()] -
where Cgys is the drain—source capacitance of the main switches,
R, is the gate resistance, Qgq is the gate—drain charge, and
Vs, miller 18 the Miller plateau voltage. These parameters can
be found in the official datasheet.

Due to the phase-shift modulation in the secondary side, only
So1 and So2 have the ON-OFF action (when no synchronous
rectification is performed), and zero-current turn-ON can be
achieved. Therefore, the losses of the power semiconductors on
the secondary side include conduction loss and turn-OFF loss of
So1 and S, and diode conduction loss of Sy, S, So1, and Sgo.

Among them, the conduction loss of S;1 and So2 (P so1,02_con)
is calculated as follows:

J"911(t2)+9111(ta)—9111(t2)
Or1(t2)

Poica ot = Vot fsw — (54)

I ¢ max Sin dyp

Psol‘og_con = RS_on p

(55)
where Rg oy is the ON-resistance of S,; and S,2.
The turn-OFF loss of So1 and So2 (Pso1,02_off) is calculated as
follows:

1
PSnl,oz_Off = gVo <|ILr(t3)| -

Cds Vo
T

off

) Tofffsw~ (56)

Finally, the diode conduction losses of S, Sa, So1, and Seo
(P Dsec_con) are calculated as follows:

P Dsec_con — (VD_on + RD_on)

Orr(t2)+01r1(ts)—0rrr(ta)

011 (t2) I1x max Sin dp

™
+ 2(VD_on + RD_on)

f:*(h(to)*@v (t5)+0v (ta) Tir max sin pdp

(57)

™

The components listed in Table III are used in the LCC
resonant converter designed in this article, and other parameters
are given in Table IV. Combined with the state trajectory model
and loss calculation formulas of the LCC resonant converter,
the mathematical relation between the power loss and SF and
SSPSA of the LCC resonant converter can be derived according
to the parameters in Table IV and the official datasheet. Accord-
ing to the mathematical relation, SF and SSPSA that match the
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TABLE III
COMPONENTS USED IN THE EXPERIMENTAL CIRCUIT
Component Description
. PQ2625 Material
Resonant inductor L« DMR95(DMEGC)
PQ3230 Material
Power transformer DMR95(DMEGC)
DSP TMS320F28335
Power Transistor STWA30N65DM6AG
Gate driver 1EDJ40[12AFXUMA

TABLE IV
CIRCUIT PARAMETERS OF MICROCONVERTER PROTOTYPE
Description Symbol Parameter
Resonant inductor Lr 10uH
Series resonant capacitor C: 29.7nF
Parallel resonant capacitor Cp 24.3nF
Transformer T 1:4
Output capacitor Co 0.82 uF
Input capacitor Cin 0.2 uF

minimum power loss under a given output current target can be
calculated.

The curves in Fig. 12 depict the calculated power loss of
VE-SSPSM LCC as afunction of SF and SSPSA, where different
curves represent different output current conditions. In this
figure, there are eight loss curves from/, =0.1 Atol, = 1.5 A
in total, and two operating points are marked on each curve. The
operating points marked by blue characters adopt traditional
PFM (PFM point). PFM points on different loss curves are
projected onto the ZX plane to be connected into blue dashed
lines in the figure. The operating points marked by red characters
are the operating points with the lowest calculated power loss
(LCPL point). LCPL points on different loss curves are projected
onto the ZX plane to be connected into red dashed lines in Fig. 12.
Under the same output current condition, the calculated power
loss of points on the red dotted line is lower than that of the
points on the blue dotted line. For more intuition, Fig. 13 is
plotted according to Fig. 12. In Fig. 13(a), the blue and red dotted
lines depict the relation between the calculated power loss and
the output current when the LCC resonant converter operates at
PFM point and LCPL point, respectively. The efficiency curve in
Fig. 13(b) is calculated based on the data presented in Fig. 13(a).
It is evident that the LCPL point exhibits higher efficiency when
the output current is the same.

D. Efficiency Optimization Strategy for VF-SSPSM LCC With
PV Panel

In this section, based on the VF-SSPSM method and efficiency
calculation in the previous section, a simple efficiency optimiza-
tion control method based on the LCPL point is proposed. The
control method can improve the efficiency of VF-SSPSM LCC
with the PV panel and shorten the time of the transient process
when the PV panel status changes.

In order to facilitate the verification of the proposed optimiza-
tion strategy, the perturbation and observation method is used to
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Fig. 13.  Loss and efficiency curve of the VF-SSPSM LCC control method.
(a) Loss curve. (b) Efficiency curve.

realize PV MPPT. Considering the particularity of the PV panel,
when the PV panel output voltage and current are determined, the
output current of the microconverter is also uniquely determined.
In this case, each SF must uniquely correspond to an SSPSA.
Therefore, according to a pair of matching SF and SSPSA

Current Sense
Amplifier

1 Sol /‘\n:

To
Tor | ePWM fev
Tg; Module Vey
T4
(b)
Fig. 14. Control block diagram of the VF-SSPSM LCC control method.

(a) Power circuit. (b) Control block.

calculated in advance to maximize the efficiency, as long as
SSPSA is set to the calculated value and SF is controlled through
an output current closed-loop, SF will inevitably stabilize at the
theoretically calculated value.

The designed efficiency optimization control method shown
in Fig. 14 includes five steps as follows.

Step 1: The MPPT module executes the MPPT algorithm to
obtain the reference output current /¢ of the LCC resonant
converter.

Step 2: fsw 1s regulated by a PI controller to stabilize output
current I, of LCC resonant converter at [..r. The transfer
function of the PI link used in this article is as follows:

Fo = Fhitial
™ (Iref - Io) : (Kp + Kz%) + Iinitial

(58)
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Fig. 15.  Prototype board of designed LCC converter with an LC output filter.

where Finitial =380 000, Kp = 0113, Ki = 427, and Iinitial =
0.869.

Step 3: The MPPT algorithm module determines whether the
PV panel MPP has been reached. If so, proceed to Step 4. If
not, go back to Step 1 and continue with MPPT.

Step 4: When the value of I, has been stabilized at I, the
closest LCPL point is determined according to the PV panel
port voltage VPV and I, at this time, and the given value of
Quaps 1s reset according to the LCPL point. Then f,, is adjusted
by PI and a new steady state is entered.

Step 5: When the change of PV output is within the specified
threshold, the current state will be maintained. When the PV
output situation changes beyond the specified threshold, a new
round of MPPT will be carried out from Step 1.

V. EXPERIMENTAL VERIFICATION

A. Model Accuracy Validation

In this section, a PV microconverter prototype based on
VE-SSPSM LCC is designed. By modeling this prototype, the
accuracy of the proposed theoretical model is verified. The input
of the microconverter prototype is connected to a PV panel
with port voltage varying from 10 to 50 V, and the output is
connected to a 400 V DC bus. The prototype’s parameters are
designed to ensure an output current range of 0.1-1.5 A, and an
SF below 430 kHz, a resonant tank voltage peak below 190 V,
and a resonant tank current peak below 10 A. The parameters of
the resonant tank component, the isolation transformer ratio, and
the output filter component are designed in Table IV. Accord-
ing to the component parameters, the designed microconverter
prototype is shown in Fig. 15.

The input voltage is set at a fixed value of 33 V in this
section to validate the accuracy of the theoretical model.
Fig. 16 illustrates the output current characteristic curve plot-
ted based on the model, wherein six specific operating points
are designated and their coordinates are provided as follows:
A(1.8987,1.5)[314 kHz], B(2.5225,1.5)[311 kHz], C(3.783,0.1)
[319 kHz], D(7,0.1)[385 kHz], E(1.48,0.463)[393 kHz], and
M(2.812,0.575)[340 kHz]. Among them, the f,i,, which is
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Fig. 16.

Operation range of the microconverter prototype.

311 kHz, is achieved at point B. The «a,;, is achieved at point
E, which is 1.48 rad. The ay,ax is achieved at point C, which is
3.783 rad. Point D is the state switching point of AED and LED
at 385 kHz and point M is the state switching point of MED
and AED at 340 kHz. The proposed theoretical model in this
article is validated by conducting experiments at points A, B,
C, D, E, and M. The waveforms of resonant tank voltage, cur-
rent, output current, and switching voltage are observed during
stable operation to determine if they align with the predefined
conditions.

In Fig. 17(a), when the microconverter prototype is operating
at point A, a,ps 18 set to the minimum value of 1.8987 rad at
314 kHz in the shaded region. At this operating point, oy is
0 rad, the microconverter prototype operates in MED state, and
the actual output current /y reaches the maximum of 1.495 A,
which is basically consistent with the theoretical calculation
result. When turning OFF the primary side switch Q», the parallel
resonant capacitor Cj, is in a clamped state, as shown by point
S marked in Fig. 17(a).

In Fig. 17(b), the microconverter prototype operates at point
B with f;,, set to a minimum of 311 kHz in the shaded region.
At this operating point, the microconverter prototype operates in
MED state too, and the actual peak voltage of the resonant tank
reaches the maximum value of 191 V, which is consistent with
the theoretical calculation result. The actual output current / is
1.497 A, and the percentage error with the theoretical calculation
result is 0.2%.

In Fig. 17(c), the microconverter prototype operates at point C
and aaps 1 set to a maximum of 3.783 rad in the shaded region.
At this time, the microconverter prototype operates in the LED
state, and the actual peak current of the resonant tank reaches
the maximum value of 10.1 A. The actual output current /j is
0.103 A, which is slightly larger than the theoretical calculation
result 0.1 A. As shown by point S in Fig. 17(c), when turning
OFF the primary side switch Q2, C}, is in the short-circuited state,
and point S divides the relative phase-shift angle into two parts:
Qlrel_1 and Qlre]_2-

In Fig. 17(d), the microconverter prototype operates at point D
with a,ps set to 7. Referring to Fig. 16, it can be observed that at
this operating point, the microconverter prototype is positioned
at the switching critical point between LED and AED states.
Notably, point S coincides with the termination of a short-circuit
state in the parallel resonant capacitor and marks the initiation
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Measurement waveform of microconverter prototype at different
vertices. (a) Point A. (b) Point B. (¢) Point C. (d) Point D. (e) Point E.
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MED AED LED

5

4,
<3
Z2

15— Theoretical model

X Real measuring point
0 I I 4
1.8 22
Alpha(rad)
(a)
3.9 MED AED LED MED AED LED
3. g ! e ! 2.7 , , RO ;
%}\7 I~ 2 6
| g 2 5
— Theoretical model = 2 4 = Theoretical model
X Real measuring point | - 23 X Real measuring point
22 26 3 34 38 T8 22 26 3 34 38
Alpha(rad) Alpha(rad)
(b) (©

Fig. 18. Comparison of theoretical curve and measurement results under all
operating states. (a) Output current. (b) Peak value of resonant tank current.
(c) Peak value of resonant tank voltage.

of the charging process. The actual output current /; at point D
measures 0.103 A, and the percentage error with the theoretical
calculation result is 3%.

In Fig. 17(e), the microconverter prototype operates at point
E with a maximum SF f,,, of 393 kHz and an «,ps set to
1.48 rad. Within the shaded region, the microconverter prototype
reaches its minimum resonant tank peak voltage and current
at point E, and ay is O rad. The actual output current [, at
point E is negligibly different from the theoretical calculation
result of 0.463 A, measuring at 0.464 A. The actual peak
voltage and current of the resonant tank closely align with their
respective theoretical calculation results, measuring at 153 V
and 4.75 A.

The microconverter prototype in Fig. 17(f) operates at point
M with an f;, of 340 kHz and an avaps set to 2.812 rad. Based on
Fig. 16, it can be observed that this point is the critical transition
between MED and AED states. As depicted in Fig. 17(f), at point
S, the parallel resonant capacitor has just completed charging
and entered the clamped state.

According to the above experimental results, the vertices
and critical points calculated based on the proposed model are
consistent with the actual measurement results. Subsequently, a
comprehensive analysis is conducted to scrutinize the error be-
tween theoretical calculations and experimental measurements.

In Fig. 18, the theoretical phase-shift characteristic curves of
normalized output current /j, resonant tank current peak I LN
and voltage peak Ve, under three operating states when fgy, =
325 kHz are compared with the actual measurement results of
the microconverter prototype. The average error of each data
under different operating states is recorded in Table V. For
the output current characteristic curve, the phase-shift error is
calculated. The actually measured phase-shift angle o, and the
theoretically calculated phase-shift angle a4 at each measuring
point of the microconverter prototype in Fig. 18(a) are recorded,
and the relative percentage error between «s and ays can be
defined as follows:

|atps — ous|

error = —2 %0 % 100%. (59)

Olps
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TABLE V
AVERAGE ERROR BETWEEN THEORETICAL CALCULATION AND EXPERIMENTAL
MEASUREMENT RESULTS

MED AED LED
/A 2.47% 1.08% 0.967%
Tir-max/A 0.21% 0.41% 0.77%
Ver-max/V 0.54% 0.38% 0.62%

For the peak value characteristic curve of the resonant tank,
the error of peak voltage and current is calculated. The ac-
tual measured current(voltage) peak I Lr,ps(f/cr,ps) and the
theoretically calculated current(voltage) peak I erts(VCrfts)
at each measuring point of the microconverter prototype in
Fig. 18(b) and (c) are recorded, and the relative percentage error
can be defined as follows:

Ierps - IL'r‘fts

x 100%

€Iror —

_ (60)
Ierps

VCrfps - VC'rfts

x 100%. ©61)

error = =
VCT—ps

The relative percentage error is computed at all measuring
points, and the average error for each operating state is separately
calculated, as illustrated in Table V.

Combined with Fig. 18 and Table V, it shows good con-
sistency between the microconverter prototype and theoretical
model under all operating states. The proposed model in this
article not only achieves an average error of less than 5% under
all operating states but also accounts for states with SSPSM.
Compared to the LCC resonant converter model in [36], [37],
and [38], the accuracy and applicability have been significantly
improved. It is worth noting that the model is capable of ac-
curately predicting the peak values of voltage and current in
the LCC resonant tank, with an average percentage error of less
than 1% under all operating states, which helps to accurately
calculate the losses. Even under light load conditions, the error
does not increase significantly.

Furthermore, as the output current decreases, the relative
percentage error displays a decreasing trend. The proposed state
trajectory model, therefore, has good accuracy under various
operating conditions, which is helpful for the high-precision
design of LCC resonant converter.

B. High Step-Up Wide Range PV Generation Experimental
Verification

Two PV I-V curves are plotted in Fig. 19. Here, the solid curve
is the PV [-V curve of the series PV panel under irradiance of
1000 W/m?, and the dotted curve is the PV I-V curve of the
parallel PV panel under irradiance of 250 W/m?. It can be seen
that the MPP of the solid curve has Vpy = 33 V and Ipy =
9.21 A, and the MPP of the dotted curve has Vpy = 15 V
and Ipy = 4.2 A. PV microconverter prototype is controlled
to reach two MPPs respectively, and the measurement results
are as follows.
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In Fig. 20(a), the series PV panel works under irradiance
of 1000 W/m?2. Before 1,1, Iy is stable at 0.7 A. At t1, Lot =
0.76 A is given, and at fo, Iy reaches the trigger threshold. At
this time, the PV panel reaches MPP under the present condition
and the microconverter switches to LCPL mode with V;, =
33 V and Iy = 0.76 A. In Fig. 20(b), the parallel PV panel
works under irradiance of 250 W/m?. Before #1, I, is stable at
0.3 A. At 11, Iof = 0.325 A is given, and at fo, I reaches the
trigger threshold. At this time, the PV panel reaches MPP under
the present condition and the microconverter switches to LCPL
mode with V;, = 15 Vand I = 0.325 A.
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Fig. 21. Comparison between different topologies.

AsinFig. 20, when I,¢ given by the MPPT algorithm changes
at t1, I, of PV microconverter is controlled to track /,.¢. After
1, enters the trigger boundary and after a certain time delay, the
PV microconverter switches LCPL mode at #o. Subsequently, /,
again tracks I, and stabilizes within the trigger boundary until
the next MPPT behavior occurs.

It can be seen that the PV microconverter designed in this
section can achieve MPPT under both series PV panel irradiance
of 1000 W/m? and parallel PV panel irradiance of 250 W/m?.
The port voltage adjustment range of the PV panel covers 10—
50V, and the maximum voltage gain reaches 40x (the net gain
without a transformer is ten times). Moreover, it can be seen
from Fig. 20 that after switching to LCPL mode, the amplitude
of Ir,; is significantly reduced, which can improve the efficiency
of the microconverter at MPP.

C. LCPL Point-Based Efficiency Optimization Control

To compare the performance of the proposed VF-SSPSM un-
der LCPL and existing methods, several traditional modulation
strategies and the methods proposed in [14], [15], [16], and [17]
are implemented to perform some additional tests on the LCC
prototype, respectively.
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Fig. 22.  Valid phase-shift range and voltage gain range comparison between

different modulation strategies.

In Fig. 21, the topology complexity, control complexity, and
voltage gain range of the proposed VF-SSPSM LCC converter
are compared with those proposed in several references. Among
them, Altin et al. [14] combined PSPSM and PFM to optimize
the efficiency of the LLC resonant converter but it is for buck
application scenarios. The authors in [15], [16], and [17] adopted
SSPSM with fixed frequency to modulate LLC resonant convert-
ers. In Table VI, the performance of various modulation strate-
gies is compared for wide gain range applications. Combining
Table VI and Fig. 21, the proposed VF-SSPSM LCC has obvious
advantages in the voltage gain range and soft-switching range
despite its ordinary circuit complexity, control complexity, and
application range.

In order to further verify the advantages of the proposed
method in increasing voltage gain range, it is implemented
on the same prototype with traditional SSPSM and PSPSM,
and the voltage gain range of three modulation strategies is
compared. Fig. 22 shows the valid phase-shift range and the
corresponding achievable gain range of the prototype when dif-
ferent modulation strategies are applied. The traditional PSPSM
has a narrow voltage gain range, which cannot achieve a large
voltage gain, and requires a large phase-shift angle variation
range (0-2.27 rad corresponds to 0-2.5x gain). The traditional
SSPSM has more than twice the voltage gain range compared
to PSPSM, and the required phase-shift angle variation range is
also much smaller (2.2-4.14 rad corresponds to 0-6.7x gain).
The proposed VF-SSPSM under LCPL further expands the volt-
age gain range and requires only a smaller range of phase-shift
angle variation (2.4-3.7 rad corresponding to 0—10x gain) due
to the cooperation of frequency change.

Based on loss analysis, VF-SSPSM under LCPL can effec-
tively reduce the transformer and switch conduction losses. In
order to verify the theory, the input voltage of the prototype is
fixed to 50V, and the output current is adjusted. The prototype is
modulated by PFM, SSPSM, PSPSM, and the proposed method,
respectively, and the operating efficiency under different output
currents is measured and compared. In Fig. 23, the proposed
method can maintain relatively high efficiency over the whole
output current range. At a small output current, the efficiency
is increased by 2.3% compared with PSPSM and 5.8% com-
pared with SSPSM. At a large output current, the efficiency is
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TABLE VI

PERFORMANCE COMPARISON OF DIFFERENT MODULATION STRATEGIES FOR WIDE GAIN RANGE APPLICATION

Modulation Gain Range ZVS for ZVS for Additional Circuit Application

Strategy Primary Secondary MOSFET Complexity Range
PFM Medium Yes No NA Low Very Wide

PSPWM Narrow Yes No Two Medium Narrow
SSPWM Medium Yes No One High Narrow
APWM Medium Yes No NA Low Wide
PSPSM Narrow Limited No NA Low Wide
SSPSM Wide Yes Half NA Medium Medium

VI;f_ %%(;fggq Very Wide Yes Half NA Medium Medium
V=50V states, the error is approximately 1.1%. The error of peak voltage

Efficiency(%)
>

80 —#Traditional PFM 1
—#—Traditional PSPSM in [14]
—#—Traditional SSPSM in [17]
75 —a—Proposed VF-SSPSM under LCPL
02 04 06 08 ] 12 14
Io(A)
Fig. 23. Operating efficiency comparison between different modulation
strategies.

increased by 2.5% compared with PSPSM and 0.6% compared
with SSPSM. This is because when the input and output voltages
are fixed, at a small output current, the SSPSM strategy will
cause a large circulating current at the secondary side due to a
large SSPSA, while the proposed method alleviates this problem
by cooperating with the regulation of SF. At large output current,
the efficiency of the PSPSM strategy is affected because of the
large phase-shift angle and even enters the capacitive region.
Therefore, the efficiency of the SSPSM strategy and the pro-
posed method is higher than that of the PSPSM strategy at large
output current. Therefore, the proposed method can improve
efficiency at a small output current compared with SSPSM and
can improve efficiency at a large output current compared with
PSPSM.

VI. CONCLUSION

In order to design a PV microconverter with high step-up,
wide gain range, and high efficiency, this article proposes an
LCC resonant converter model covering variable-frequency and
secondary-side phase-shift based on the state trajectory method.
By using this model, the loss analysis of VF-SSPSM LCC is
completed, and the efficiency optimization control method of the
PV microconverter based on the LCPL pointis designed. Finally,
the experimental results demonstrate a consistent agreement
with the theoretical design, validating all critical points designed
by the theoretical model. In the MED state, the maximum
percentage error of output current is 2.47%. In AED and LED

and current of the resonant tank is less than 1% in all three states.
The PV microconverter, based on VE-SSPSM LCC, features an
adjustable input voltage range of 10-50 V and a maximum volt-
age gain of 40 (the net gain without transformer is ten times).
Compared with SSPSM and PSPSM, the proposed method can
improve the operating efficiency of the prototype by 5.8% and
2.5% at small and large output currents, respectively.
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