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Abstract

Efficiency and power density of power converters for interfacing photovoltaic panels,
energy storage components such as batteries, and loads in photovoltaic (PV) systems
become more and more important. Compared with individual converter design for
different terminals, power-integrated multiport converters shows obvious
advantages in simplifying the system structure, reducing the component count, and
improving the operation reliability. Originated from the high power-density switched
capacitor topology, a nonisolated switching-capacitor-integrated three-port
converter (SCI-TPC) is presented to achieve single-stage direct power conversion
among three ports. In order to minimize the cross-regulation effect, pulse-width-
modulation (PWM) and pulse-frequency-modulation (PFM) are adopted to realize
the flexible power regulation and achieve power balance among three ports. Main
operation modes, power flow distribution, and power transfer characteristic are
analyzed. With the seamless PWM and PFM hybrid modulation, the current stress
can be reduced and the overall conversion efficiency over a full operating range can
be improved. Main experimental results are provided to validate the effectiveness of
the proposed concept.
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1. Introduction

As one typical renewable source, photovoltaic power exhibits significant fluctuations
in terms of the output power since the characteristics of PV panels are highly
dependent on the weather condition such as the irradiation and temperature
(Subudhi and Pradhan, 2013, Koutroulis et al., 2001, Li et al., 2016). Although
advanced power reserve or constant power generating techniques can be used to
balance the grid changes and the uncertainty in the environmental or load
conditions, energy storage components such as rechargeable batteries are still
required to buffer the power fluctuations from PV panels (Craciun et al.,

2014, Sangwongwanich et al., 2017, Li et al., 2019). Thus, how to integrate

the renewable energy sources, battery, and load while accommodating different
operating modes and achieving high energy conversion efficiency and power density
becomes a challenging design issue (Zubair et al., 2015).

In order to accommodate the charge or discharge operation of batteries, bidirectional
power flow capability becomes essential for the power interface between batteries
and the dc bus (Zhang et al., 2015). Fig. 1 illustrates two structures for the PV/battery
hybrid power system: conventional design with individual dc/dc converters and the
integrated design with multiport converters. As shown in Fig. 1(a), with the
traditional structure, a unidirectional dc/dc converter and a bidirectional de/dc
converter are adopted for the PV panel and battery, respectively, which shows the
limitation of high volume, large size, and low reliability (Liu et al., 2012). In order to
address this issue, a novel PV system structure named as multi-port converter (MPC)
has been discussed intensively, which can interface photovoltaic panels, energy
storage components such as batteries, and loads in photovoltaic (PV) systems with
one integrated converter. Fig. 1(b) illustrates the circuit diagram of the MPC-based
architecture, which can achieve higher power density, efficiency, and system
reliability compared with the conventional structure (Bhattacharjee et al., 2019, Li et
al., 2019).
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Fig. 1. Two PV system structures: (a) Individual converter topology and control; (b)
integrated topology and control.
Recently, many multi-port converters (MPCs) have been discussed, which can be
divided into different categories according to their power flow direction, port
number, control, and isolation characteristics. Fig. 2 shows the classification of
typical MPCs. For instance, taking the power flow direction as the criteria, MPCs can
be divided into unidirectional and bidirectional MPCs, depending on whether the
energy storage component will be involved (Hema Chander and Kumar,
2018, Majeed et al., 2019, Raghavendran et al., 2018). Taking the port number as the
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criteria, MPCs can be divided into the typical three-port converters (TPCs) and MPCs
with more than three ports (Prabhala et al., 2016, Zhao et al., 2015, Honarjoo et al.,
2018, Mira et al., 2017, Zeng et al., 2019, Buticchi et al., 2018). TPCs can be further
divided into different sub-categories, such as the dc-bus integrated converter, the
photovoltaic-energy-storage integrated converter, the transformer coupled converter,
and hybrid-type converters with the combination and integration of both dc bus and
transformers. One typical example of MPCs with more than three ports is the
quadruple active bridge (QAB) converters, which acts as the interface among the fuel
cell, batteries, the super-capacitor bank, and the dc bus of the electrical power
distribution system (Buticchi et al., 2018). With respect the control strategy in MPCs,
PWM duty-cycle control, phase-shift control, and pulse-frequency control can be
individually adopted or integrated to achieve multiple control objective
simultaneously. According to the isolation characteristics, MPCs can be divided into
non-isolated and isolated converters (Lavanya et al., 2016), while isolated MPCs can
be further divided into complete-isolation and partial-isolation converters by using
winding coupled or transformer coupled ports (Nielsen et al., 2012, Zhang et al.,
2012, Zhigang and Fenlin, 2016). However, by using multi-winding transformers, the
isolated MPC exhibits the limitations of large component number, large volume, high
cost, and complicated hardware design and control implementation (Khosrogorji et
al., 2016). Therefore, non-isolated MPCs become more popular recently due to
simple structure, easy control, high power density, and reduced system cost (Ding et
al., 2013, Nahavandi et al., 2015).
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Fig. 2. Main categorization of typical MPC structure.

Among different non-isolated three-port converter (TPC) topologies, switching-
capacitor (SC) based TPCs are becoming more popular recently due to their merit in
achieving high power density. With the SC-based topology, the power density can be
several times higher than that of the switching-inductor (SL) based topology
(Sanders et al., 2013, Lei et al., 2018, Midgley and Sigger, 1974, Oota et al., 1983).
Since there are no magnetic components, the voltage regulation capability of SCC is
poor. To solve the shortcomings of poor voltage regulation ability, SCC is usually
employing an additional inductor and complex control strategies to achieve
regulation.

There are different control strategies available for TPCs: pulse-width-modulation
(PWM), phase-shift control, and pulse-frequency-modulation (PFM). However, due
to the power integration design, a single control cannot achieve high efficiency for a
wide voltage range, decoupled regulation of the output voltage, and the flexible
power regulation among three ports. To reduce the cross-regulation effect, SCI-TPC
adopts the hybrid modulation of PWM and PFM to achieve flexible power regulation
and power balance among three-port. Main operation modes, power flow
distribution, and power transfer -characteristics are analyzed. Main experimental
results are provided to validate the advantages of the proposed concept in terms of
minimizing the current stress and improving the overall conversion efficiency over a
full operating range.
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2. SCI-TPC architecture and topology derivation

Fig. 3 shows the circuit diagram of the SCI-TPC, which is the integration of a
switched capacitor converter (SCC), bidirectional buck-boost converter, and series
resonant converter (SRC). Fig. 4 illustrated these key elements and typical
waveforms in the SCI-TPC. As shown in Fig. 4(a), connected three capacitors

in series, six switches are driven by complementary high and low signals (Q1, Q3,
and Q5 are low-side switches, while Q2, Q4, and Q6 are high-side switches). All
capacitor voltages will be automatically unified to Ve due to the circuit
characteristics. Simultaneously, the nodes between the switches of the ladder-type
switch capacitor converter can generate the square-wave voltage in the same phase,
as shown in Fig. 4(a), which will directly act as the driving voltage of the subsequent
bidirectional buck-boost converter and SRC.
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Fig. 3. Complete circuit dlagram of the SCI-TPC.
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Fig. 4. Key circuit elements and typical waveforms in the SCI-TPC: (a) Switched-
capacitor converter (SCC). (b) Bidirectional buck-boost converter. (c¢) Series resonant
converter (SRC).
Considering the merits of the bidirectional buck-boost converter such as a small
number of components, a simple control operation, and bidirectional power flow, it
is selected in the battery port in this SCI-TPC. Fig. 4(b) shows the operation mode of
the bidirectional buck-boost converter. High-side switch Q.». and low-side
switch Q.. will operate alternately to produce square-wave voltages with a peak
voltage of V.. Considering the fluctuation of the voltage V., the battery will be charged
and discharged through the regulation of the inductor current. By adjusting the
square wave voltage duty cycle d, the voltage V. of the battery can be adjusted by the
bidirectional buck-boost converter. Similarly, the high-side switch Q... and low-side
switch Q.. in the series resonant converter are operated alternately to generate the
driving square-wave voltages with a peak voltage of V,, as shown in Fig. 4(c). The
square-wave voltage will drive the L.C. series resonator tank that is composed
of L. and C, and produces a resonant oscillation. By controlling the switching
frequency f., the series resonant converter will adjust the output voltage Vi... The
series resonant converter has the features of lightweight, small size, and flexible
operation.
As shown in Fig. 4, replacing Qx and Q. in the bidirectional buck-boost converter and
SRC with Q,, Q;, and Qs, Qs in SCC respectively, three converters can be integrated
with shared devices. Furthermore, in order to reduce the current stress and realize
soft switching operation of the switch meanwhile reducing the RMS current of each
resonant tank, two resonant tanks are adopted and connected to two different
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switching nodes, Vx and Vy, respectively in the integrated converter. The square-
wave voltages produced by Vx and Vy switch nodes will drive and resonant tanks,
respectively. Vx isalso responsible for the drive of inductance L in the bidirectional
buck-boost converter. Due to the high integration brought by switch sharing and the
circuit simplification, the SCI-TPC shows the merit of high power density, which is
suitable for the applications that require simplified systems and miniaturization such
as satellite power systems.

3. Operation mode and power characterization of SCI-
TPC architecture

3.1. Operation modes

As mentioned above, the SCI-TPC is controlled by two freedoms, the duty cycle d and
switching frequency f., by using the hybrid PWM-PFM modulation. Their objectives
are to regulate the output voltage and manage the battery charge and discharge
operation of batteries. According to the change of environmental conditions, the
converter can be divided into three working modes, as shown in Fig. 5. A simple
equation can express the power balance: (1) @in=€out+€bat

. .
. Battery
(a) (b)

(c)
Fig. 5. Power flow distribution for different modes: (a) Battery charging mode. (b)

Battery discharging mode. (¢) Maximum power point tracking mode (MPPT).

where Pi,, Po., and P.. represent the input power, output power, and battery charging
power, respectively.

Under the power balance constraint of (1), the SCI-TPC operation can be divided into
battery charging mode, battery discharging mode, and maximum power point
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tracking mode (MPPT) According to the power balance among various ports. Fig.

5 illustrated the power flow distribution for three modes and each mode will be
described as follows:

Battery charging mod: as shown in Fig. 5(a), the power generated by photovoltaic
panels can fully ensure the demanded output power, and the residual power can be
used to charge the battery so that the output voltage is well controlled. In this

mode, Vi and V.. are regulated by two control freedoms, d and f, respectively.
Battery discharging mode: as shown in Fig. 5(b), photovoltaic panels do not
perform power generation operations especially during the night, in which case the
output power of the load is entirely alone supplies by the battery's discharge power,
namely Pout=-Pbat. In this mode, V.. is regulated by two control freedoms, d and f..
MPPT mode: as shown in Fig. 5(c), when the maximum power generated by
photovoltaic panels is controlled by MPPT to be greater than the output power or less
than the output power, the battery shall be responsible for buffering the surplus or
shortage of power from photovoltaic panels in order to ensure that the expected
output power can be reached. In this mode, P.. is regulated by switching duty

cycle d due to MPPT controlled operation, and meanwhile, V.. is regulated by f.. The
charge and discharge of the battery are based on a seamless switch among three
ports while maintaining good power balance.

3.2. Mode operation waveforms

3.2.1. Battery charging mode

In this mode, both the load power and the charging power to batteries are supplied
by the photovoltaic panel. Fig. 6 shows key operation waveforms of the SCI-TPC
during the battery charging mode. The high side switches Q., Q,, Qs and the low side
switches Q,, Q;, Q; are driven in complementary mode. The voltage across the
capacitor 1-3 in SCC for the steady state is set as in/3. For the resonant network, the
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resonant frequency f. can be expressed by:(2)
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Fig. 6. Key operation waveforms of the SCI-TPC during the battery charging mode.
where L, and C. represent the equivalent inductance and capacitor of the resonant
tank, consisting of L., L., C..,, and C...

Table 1 show the detailed current flow of the SCI-TPC during the battery charging
mode. Due to the characteristics of SCC, the voltage across the capacitor will be
automatically unified to in/3. Besides, the inductor L of the bidirectional buck-boost
converter and the resonant tank of SRC will be driven by the square-wave voltage

of V. and V, switch nodes, respectively. In order to clearly show the operation of the
SCI-TPC during this mode, four sub-modes are divided and their detailed operations
are analyzed in Table 1:
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Table 1. The Detailed Operations Of Sci-Tpc During The Battery Charging Mode.

Sub- Current Flow Turned VoltagesVxand Current Currenti
Mod -On Vy i Lr
e Switche
S
Sub- ~Q2,Q4, High level Increase  Positive
Mod 1 Q6 linearly
el
i
Sub- i) ~Q2,0Q4, High level Increase  Zero
Mod P e i i Q6 linearly
e?2 , A
i
v
Sub- ] ~.Q1,Q3, Low level Decrease Negative
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e3 - s e | |
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3.2.2. Battery discharging mode

In this mode, the photovoltaic panels are not generating power especially during the
night. The load power is provided entirely by the discharge power of batteries. Fig.

7 shows key operation waveforms of the SCI-TPC during the battery discharging
mode. In order to clearly show the operation of the SCI-TPC during this mode, four
sub-modes are divided. The detailed current flow of the SCI-TPC for four sub-modes
and their detailed operations are analyzed in Table 2:
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Fig. 7. Key operation waveforms of the SCI-TPC during the battery discharging mode.
Table 2. The Detailed Operations Of Sci-Tpc During The Battery Discharging Mode.

Sub- Current Flow

Turned Voltages Vxand Current Current

Mod -On Vy i I
e Switch
es
Sub- .. Q2,Q4, High level Increase  Positive
Mod [ Q6 linearly
el
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Mod Q5 linearly
e3

3.3. Operation criterion

During the battery charging mode, considering that the SCI-TPC is composed of a
bidirectional buck-boost converter and SRC, the main concern is the couple effect
since the control variable d in PWM may affect the variable f; in PFM. As illustrated
in Fig. 6 and Table 1, SRC will not be involved in Sub-Mode 2 and Sub-Mode 4,
indicating that SRC is not affected by the duty cycle under certain conditions. In
order to implement Sub-modes 2 and 4 throughout the operating period, half of the
resonance period (1/2) must be shorter than and 1-. Based on the limitation, the
relationship that the f,, f;, and d need to meet can be expressed by:(3)12<12<1-
(4)2<<1-2

During the battery discharging mode, the battery energy will provide power to the
load through the bidirectional buck-boost converter and SRC. Therefore, V... will be
regulated by both d and f.. For the convenience of research and discussion, the ratio
of f. to f; is defined as F, the expression is given by:(5)=/

Then, the function of F with d can be obtained and illustrated in Fig. 8. It can be
clearly seen that F reaches its peak when =o0.5and decreases linearly as d moves away
from o.5.
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Fig. 8. F as a function of d in battery charging mode.

3.4. Battery voltage conversion ratio

The SCI-TPC is only controlled by PWM to realize the battery voltage regulation.
According to Fig. 6 and Fig. 7, it is evident that the node voltage V. fluctuates
between 2/3in and 1/3in. According to the voltage-second balance on the

inductance L, the battery voltage Vi« and the battery voltage conversion ratio M. can
be derived as:

3.5. Output voltage conversion ratio

During the battery charging mode, the SCI-TPC uses PFM to control the switching
frequency f: in order to adjust the output voltage in SRC. Due to the

constaint (4), fc must be set less than or equal to f. to ensure the regular operation of
resonant converters. As shown in Fig. 6, considering that two resonant tanks have
the same peak-to-peak voltage in/3, therefore, a simplified analysis on one resonant
tank is selected by neglecting Sub-modes 2 and 4. Fig. 9 shows the simplified circuit
and typical waveforms of SRC in the SCI-TPC.

Fig. 9. Simplified circuit and typical waveforms of SRC in the SCI-TPC.

According to the fundamental harmonic approximation, the square-wave voltage

on V. and V,, and the square-wave voltage on the rectifier bridge can be transformed
into sinusoidal waveform V; and V. and their amplitudes can be obtained as:(8)
where V;represents the forward voltage drop of the diode, V.. is the voltage of the
capacitor Ci..
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Then, considering the total resistance of the resonant tank R..., the current amplitude
of i.x, Im, can be expressed as:(9)

Meanwhile, the charge quantity of C, in Sub-mode 1 and Sub-mode 3, Qc, can be
expressed as:(10)

Since the SCI-TPC has two resonant tanks, the average output current I.. can be
expressed by:(11)

Combining (9), (11), the expression for the output voltage can be derived as:(12)
From the equation (12), it is interesting noted that the output voltage is only related
to the ratio of resonant frequency f. to switching frequency f; and is independent of
the switch duty cycle d. The equation indicates that the SCI-TPC can adopt any
switching duty cycle once the switching duty cycle d satisfies the constraint (4).
Define the ratio of R.. to R. as R, the expression is given by:(13)

Combining (5), (12), the output voltage gain M can be obtained as:(14)

Then, the theoretical gain can be calculated and illustrated in Fig. 10.
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Fig. 10. Theoretical input-to-output voltage gain with respect to F.

4. Hybrid PWM/PFM control for SCI-TPC architectures

4.1. Inductor rms current oriented optimization

In order to minimize I.. rus and maximize power conversion efficiency, the two
control freedoms, d and fs must be optimized. I.. rus during the battery discharging
mode can be expressed as:(15) Then,(16) The expression for the optimal d can be
derived as:(19)

Thus, the relationship between 1. rus and fs can be obtained for a given P.., as shown
in Fig. 11:
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Fig. 11. Theoretical relationship between ILr_RMS and fs.

It can be seen from Fig. 11 that I.. xus will decrease with the switching frequency fs.
However, in order to ensure that the normal operation of the resonant tank, the
switching frequency cannot be greater than the resonant frequency. In other words,
the switching frequency fs can only reach the resonant frequency fr at most. It can be
calculated that when o.5and, I.. rus is minimum. At this point, the inactive periods in
SRC are completely eliminated to achieve the minimum I rus. It can be seen that due
to the elimination of inactive period, the I... rus current in SRC decreases, which
means the joule loss in SRC decreases, so that the efficiency of this converter will be
improved. With the exception of the special cases where =0.5 and = where+o0.5and
making or 1-/equal to 1/2, one inactive period can be eliminated to reduce I.. rus and
Joule loss in the SRC.

In this paper, in order to reduce the current stress and improve the overall
conversion efficiency over a full operating range, a seamless PWM and PFM hybrid
modulation is adopted. Specifically, in the selection of key variables f, f., and d, the
following relationship is adopted:(20)

Thus, the relationship between d and fs must satisfy the formula to ensure the
optimal operation of the resonant tank and achieve the lowest I rus.

4.2. System control diagram

Fig. 12 shows the system control diagram of the hybrid PWM/PFM control,

where V... and Vi« are adjusted by PI Controllers. In all operating modes, V... is only
regulated by the switching frequency f;, because V... must pass through SRC. Once
the switching frequency f: is determined, V. or Pi can be adjusted by the duty cycle
of the active switches, d. Specifically, in the battery charging mode, a PI Controller is
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adopted to directly regulate V... by adjusting the variable d. However, in the battery
discharging mode, considering the coupling relationship between f; and d, the hybrid
PWM/PFM algorithm will adopt the equation to determine the variable d from the f,,
which is determined by the PI control of the output voltage, V... In MPPT mode, the
variable d is obtained by implementation of the MPPT algorithm according to the
measured Vi, and Ii.. Finally, the maximum power yield can be ensured for PV panels
under various operating conditions. In this paper, a classical perturbation and
observation (P&0O) MPPT algorithm is implemented to achieve maximum power
point of photovoltaic panels (Lavanya et al., 2016). Fig. 13 shows the detailed
flowchart of the P&O MPPT algorithm.
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Fig. 13. Flowchart of the MPPT algorithm.

5. Simulation evaluation

In this section, main modes of the SCI-TPC, including the battery charging, battery
discharging, and MPPT mode, are simulated by establishing simulation models in
MATLAB. All simulation conditions are shown in Table 3, where the current source
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and voltage source are regulated as the output and input ports, respectively. For
example, in the battery charging mode, the output ports include both the battery and
load, which is emulated by the current source, and the PV panel is adopted as the
input port, which is emulated by a voltage source. Table 3 listed the simulated results
of main circuit parameters during differernt modes.

Table 3. Simulated Results of Key Circuit Parameters During Different Modes.

Parameter Battery Charging Battery Discharging MPPT
Vi[V] 45 - 45
I.[A] - - 0.89
l[A] 1.395 1.395 1.395
Vo[ V] 43 43 43
Via[V] 22 22 22
loaA] 0.91 - -

d 0.5 0.6 0.5

F 0.49 0.8 0.49

Simulated results of the current stress for all active power devices are listed in Table
4, which indicates the maximum current of these switches is different for different
operation modes and the highest current stress of each switch is labelled with yellow.
Since the input port in the battery charging mode will provide the power to the
battery port and the load port, all input currents reach the highest, such as high
current stress in 4-6 for this mode. For the battery discharging mode, the current is
mainly concentrated in 1-3 since the battery will provide power to the output port

through discharging on low-side devices.
Table 4. Simulated Current Stress of Main Power Devices.

Switch Battery Charging [A] Battery Discharging [A] MPPT [A]
Q. =55 14.1 3.7

Q. —6.1 12.2 2.8

Q: 6.3 9.1 4.3

Q. 12.2 -9.5 5.4

Qs 18.9 -15.3 15.0

Qs 14.4 2.0 7.6

The key waveform and current flow in the MPPT mode should be the same as those
in the battery charging mode. In addition to regulate V... through the PFM, during
the MPPT mode, the PWM control will be adopted to reach the maximum power
point of input power P;, of photovoltaic panels through the regulation of the switch
duty cycle d. Depending on the power balance between three ports, the battery will
buffer the different power through the charging or discharging operation. The
seamless power flow switching operation among three ports during the MPPT mode
is illustrated in Fig. 14.
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Fig. 14. Simulated output power results during different modes.

6. Experimental results

6.1. Prototype

In order to verify the effectiveness of the hybrid PWM/PFM, an 80-W prototype of
the SCI-TPC was built, as shown in Fig. 15. Main parameters for the built prototype
include , and the resonant frequency f. was 164 kHz. Considering the current stress
difference, a dual MOSFET IRF7905 with low on-resistance Ruson, 21.8 and 17.1mQ
for the upper and lower device respectively, was used for the prototype. The
photocoupler TLP250 was used in the gate driving circuit to improve the driving
reliability. In the practical design, 188 pF ceramic capacitors were used for, and 140
uF, 70 uF and 110 pF ceramic capacitors were adopted for Ci., Cow and Car,
respectively. For the resonant network 0.47 uH inductor and 2 pF capacitor were
used and connected in series. A schottky diode D« and D, with the forward

voltage =0.39 and a 33 puH inductor L (9x95) with low on-resistance 30 mQ at
100 kHz were adopted for the 80 W prototype. All components list is shown in Table

DC Electranic Load

I

Fig. 15. Picture of the experimental test bench with the built 8o W prototype.
Table 5. Components List.
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Components Value
Q.- Qs Dual MOSFET IRF7905, R, 21.8 and 17.1mQ for the upper and lower switches
Gate Driver ~ TLP250

C.-GCs 188uF Ceramic Capacitors

Ce 140puF Ceramic Capacitors

Cou 70uF Ceramic Capacitors

Coa 110puF Ceramic Capacitors

Cu, Co 2uF Ceramic Capacitors

L., L, 0.47 pH

L 33 uH (on-resistance 30 mQ at 100 kHz)
D., D, Schottky diode,

6.2. Experimental results for different modes

In order to verify different operation modes, main experimental results of the built
SCI-TPC prototype during the battery charging mode and battery discharging mode
were obtained and shown in Fig. 16(a) and Fig. 16(b), respectively. As shown in Fig.
16(a), during the battery charring mode, the measured node voltage V. is a square
wave, fluctuating between 1/3inand 2/3in, while V, is a square wave with the
fluctuation between 2/3in and in. The measured resonant current i exhibits distinct
four submodules: sinusoidal waveforms for submodule 1 and 3, while the
corresponding waveforms within submodule 2 and 4 are zero. Besides, the measured
current i, was changing linearly. Specifically, i. will be linearly increased for the
submodule 1 and 2, while the corresponding current i, for the submodule 3 and 4 will

be linearly decreased.
. «
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Fig. 16. Measured waveforms during different modes: (a) battery charging mode, (b)
battery discharging mode.

6.3. Decoupling control evaluation

In order to analyze the interdependence between the bidirectional buck-boost
converter and SRC of the SCI-TPC during the battery charging mode, the variations
of Vi« and V... were measured with respect to two control variables: F or d. Main


https://www.sciencedirect.com/science/article/pii/S0038092X21003108#f0080
https://www.sciencedirect.com/science/article/pii/S0038092X21003108#f0080
https://www.sciencedirect.com/science/article/pii/S0038092X21003108#f0080
https://www.sciencedirect.com/science/article/pii/S0038092X21003108#f0080
https://www.sciencedirect.com/topics/engineering/node-voltage
https://www.sciencedirect.com/topics/engineering/sinusoidal-waveform
https://www.sciencedirect.com/topics/engineering/measured-waveform

experimetal results are shown in Fig. 17, which are consistent with the simulation

results and the theoretical calculation results by equations (6), (12). According to Fig.

17, it can be concluded that V... is dependent on F and independent of d, while Vi« is

dependent on d and independent of F. Furthermore, V... and Vi« can be well adjusted

by the hybrid PWM/PFM algorithm.
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Fig. 17. Experimental characteristics of Vout and Vbat with respect to key control
variabls: (a) fixed d, and (b) fixed F.

Fig. 18 shows the experimental transient response under the changing conditions

of L: and Ir... With the step change of L., Vi« is not affected by the change of L., as
shown in Fig. 18(a), which proves that V.. controlled by PWM and V... controlled by
PFM can be decoupled and controlled independently. Similarly, V... is not affected by
the step change of I,., as shown in Fig. 18(b). These transient response results prove
that the hybrid PWM/PFM can achieve a satisfactory control decoupling regulation

performance for the SCI-TPC.
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Fig. 18. Experimental transient response under different conditions:

(a) Iout changed ,and (b) Ibat changed.

6.4. Power conversion efficiency
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The power conversion efficiencies of the SCI-TPC during the battery charging mode
and the battery discharging mode are defined as:(22)

where P.., Psa, and Pi, represent the load power, the battery charging or discharging
power, and the input power, respectively.

The measured power conversion efficiencies during the battery charging mode

at in=45, out=43 and bat=22 are shown in Fig. 19(a), which indicates that the
measured efficiency at a full load of out=60 and bat=20is close to 95%. As shown

in Fig. 19(a), with bat=0, the bidirectional buck-boost converter will not be involved
and the measured efficiency is low especially for the light-load condition. However,
with out=0, the SRC converter will not be involved and the measured system
efficiency reaches about 94% at the beginning, as shown in Fig. 19(b). Thus, it can be
concluded that the efficiency of SRC is not as high as that of the bidirectional buck-
boost converter. Thus, with the increase of the output power, P..., the measured
efficiencies of the SCI-TPC is slightly decreased. Specifically, as shown in Fig. 19(a),
with a fixed P, the higher ratio of the SRC power involved in the total power, the
lower efficiency will be observed. The measured power conversion efficiencies of the
SCI-TPC during the battery discharging mode are shown in Fig. 19(c). With the
optimized PWM/PFM hybrid modulation, the measured efficiency is found a few
percent higher than that without optimization, which indicates that the optimized
switching strategy based on equation is effective in improving the system efficiency.
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Fig. 19. Measured power conversion efficiencies during different modes: (a) the
battery charging mode (fixed Pbat), (b) the battery charging mode (fixed Pout), and
(c) the battery discharging mode.
During the battery charging mode, the measured efficiency of the SCI-TPC will
change with respect to the switching frequency, as illustrated in Fig. 20. Thre results
indicate that when the switching frequency is equal to the resonant frequency,
the I.. rus is the smallest and the efficiency is the highest.
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Fig. 20. Measured power conversion efficiencies with different switching frequencies.

6.5. Loss breakdown analysis

The loss breakdowns analysis of the SCI-TPC during the battery charging mode is
illustrated in Fig. 21. It is obvious that the conduction loss of the schottky diode (DH,
DL) and the switching losses of Q; and Qs located in the highest group account for a
significant portion of the Joule loss. With a fixed Pe«, the total loss will increase
rapidly with respect to P.., as shown in Fig. 21(a). On the other hand, when P,. is
fixed, the total loss increases with respect to Ps.. will increase slowly, as shown in Fig.
21(b). The results indicate that SRC and SCC account for a major part of the total
power loss Fig. 21. Loss breakdown analysis of the SCI-TPC during the battery
charging mode; (a) at fixed Pbat = 20 W, and (b) at fixed Pout = 60 W.

7. Comparison

The SCI-TPC and MPC of the same power level are compared in terms of number of
devices, control scheme, conversion ratio, inductor size, prototype volume, efficiency,
and power density. The results are shown in Table 6. By comparison, it is found that
SCI-TPC has great advantages in inductor miniaturization, converter volume
reduction and power density increase due to the use of SCC structure. This will be
very attractive for applications that require miniaturization of circuits, such as

satellite power systems.
Table 6. Comparison of Main MPC Topologies.

Type Component  Control Conversion Ratio Inductance Volume Light-Load Pr
Count Scheme Efficiency D
QC LT Battery Voltage PV-Load
Conversion Voltage
Ratio Conversion
Ratio
FPI-TPC 4 4 2 0 PWM/PS High Middle Middle 0.!
(Sato et al.,

2020)
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Type Component  Control Conversion Ratio Inductance Volume Light-Load Pc
Count Scheme Efficiency D
QC LT Battery Voltage PV-Load
Conversion Voltage
Ratio Conversion
Ratio
MI-TPC 2 4 0 1 PWM/PFM Small Large  Low 1.
(Unoetal.,
2018)
C-TPC 3 4 2 0 PWM High Middle Middle 0.
(Nagata)
SCI-TPC 6 10 3 0 PWM/PFM Low Small  High 2.6

8. Conclusion

In this paper, a nonisolated switching-capacitor-integrated three-port converter
(SCI-TPC) is presented by integrating a switching capacitor converter, a series
resonant converter, and a bidirectional buck-boost converter to achieve single-stage
direct power conversion among three ports: PV panels, batteries, and loads. With the
SCI-TPC architecture, the square wave voltage generated on the switching node of
the switching capacitor converter is used to drive the resonant tanks in SRC and the
inductance in the bidirectional buck-boost converter, which can simplify the system
structure, reduce the component count, and improve the operation reliability. A
PWM/PFM hybrid control is adopted to realize the flexible power regulation for
different operation modes and achieve power balance among three ports. During the
battery charging mode, the output voltage and the battery voltage are regulated
respectively so that the photovoltaic panel power generation can meet both the load
power and the battery charging power. During the battery discharging mode, the
output voltage is regulated so that the battery discharge power provides the output
power separately. Moreover, the optimized PWM/PFM can reduce the current stress
and improve the overall conversion efficiency over a full operating range. In order to
validate the effectiveness of the optimized PWM/PFM for the SCI-TPC, an 80 W
prototype was built and tested experimentally. The measured voltage conversion
demonstrated that the output voltage and the battery voltage can be independently
controlled by PFM and PWM without interference during the battery charging mode.
Moreover, the measured efficiency of the prototype under a rated output power will
be high up to 94%.
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