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Abstract—This paper proposes a high gain transformer-less
three-port converter (TPC) for standalone photovoltaic (PV)
systems. The TPC is designed and developed based on a dual-
inductor high gain two-port converter by utilizing one of the
buffer capacitors to derive the third part for PV input. A hybrid
pulse frequency modulation (PFM) scheme unified with a pulse
width modulation (PWM) control strategy is adopted, which
realizes the maximum power point tracking (MPPT) control, load
voltage regulation, and bidirectional energy flow at the battery
port. The proposed TPC offers the unique advantages of high
voltage gain, continuous battery port current, reduced power
semiconductors, lower voltage stresses, the common ground
shared by all ports, low-cost gate driver, and small size of the
rear-end inductor. The working principle, steady-state character-
istics, small signal models and control method, including design
conditions, are comprehensively analyzed. The correctness of the
theoretical analysis is verified by developing a 300W experimental
prototype, which shows the maximum efficiency is 97.7%.

Index Terms—Three-port converter, photovoltaic (PV), stan-
dalone, PWM+PFM, high gain.

I. INTRODUCTION

TANDALONE photovoltaic (PV) power generation sys-

tems have been widely used in rural and remote areas
where utility power is unavailable to provide access to elec-
tricity to end-users [1]. Standalone PV systems are frequently
equipped with batteries storages and regulate energy due to
the intermittent and randomness of PV output to provide
continuous and stable power to various DC loads, including
inverters [2]. A unidirectional converter and a bidirectional
converter are required to balance the voltage levels of PV
cells, batteries, and the load. These two converters can achieve
the maximum power point tracking (MPPT) control of PV
cells and constant load voltage control. The advantage of
this architecture is easy implementation and greater control
flexibility. However, the higher number of devices leads to a
larger size, higher cost, and lower efficiency [3].
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To mitigate the aforementioned issues, the two-port dc-
dc converters can be substituted by a three-port converter
(TPC) with at least one bidirectional current path. TPCs offer
voltage control and power management of each port with a
lower component count, thus effectively reducing the volume
and cost of the system [4]. In general, to further reduce the
cost and improve the conversion efficiency, power density and
reliability, TPCs for standalone PV systems should optimally
satisfy the following performance requirements:

« The continuous battery current with low current ripple to
reduce the requirements of battery port filter [5];

o The high voltage boosting capability without extreme
duty cycle operation to integrate battery with low input
voltage (48V) to dc buses or loads with high voltage,
typically (300V-400V) [6];

« The MPPT control of PV port and constant voltage
control of load port [7];

« Typical operation modes, including dual-input single-
output (DISO) and single-input dual-output (SIDO) to
overcome the intermittence of PV output power;

o The number of components and the independent power
supplies for the driving circuits as small as possible;

« Reduced voltage stress to leverage the low rated voltage
power semiconductors with lower on-state resistance or
forward voltage drop;

« Soft switching ability to reduce the power loss at higher
switching frequency for the requirements of miniaturiza-
tion and high conversion efficiency;

o A common ground for all ports to reduce the complexity
of sampling and control circuits and improve electromag-
netic interference (EMI) characteristics [5].

Several TPC solutions with transformers, including the cou-
pled inductor [6, 8-11], and transformers-less structures [12]-
[24], have been proposed in the literature for standalone PV
systems. The transformer-less TPCs usually have advantages
of smaller volume, fewer components, lower cost, easier con-
trol and parameters design, and higher conversion efficiency
[2]. Moreover, the voltage spikes and EMI problems caused by
leakage inductance discharge of high-frequency transformers
are also eliminated [3]. Hence, the transformer-less TPCs
show better characteristics for applications without electrical
isolation or extremely high voltage gain requirements [8].

By introducing a storage-switch-diode cell into the two-
switch buck-boost converter, a family of wide operation range
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transformer-less TPCs with variable structures can be derived
[12]. These variable structure TPCs can be compact, benefiting
from only one inductor. Inspired by this method, a simple
systematic approach for deriving transformer-less TPCs with
low cost and compact structure from two-port converters is
introduced [13]. However, an additional switch and diode are
mandatory for this type of TPCs to embed the battery port with
a floating ground and pulsating current. To account for a small
internal resistance of the battery, large electrolytic capacitors
are usually needed to avoid the impact of excessive current
ripple on the lifespan of the battery [5]. The capacitance
of electrolytic capacitors in PV power generation systems
is prone to drop under high-temperature conditions [25],
resulting in decreased system reliability.

TPCs can also be derived by sharing the magnetic elements
or semiconductor devices in different two-port converters.
The transformer-less integrated TPC in [14] can reduce the
number of inductors and relieve voltage stress. Nevertheless,
two additional diodes are introduced, the ground is floating,
the current of the battery port is pulsating, and the floating
gate drivers are essential for all switches. Most of these
issues can also be observed in the pulse-width-modulation
(PWM) plus pulse-frequency-modulation (PFM) single-switch
integrated TPC [15]. In [16], an integrated TPC is developed
without introducing any additional semiconductor. However, a
new inductor is added to the battery port to ensure the con-
tinuous current. Ten viable triple-switch dual-inductor TPCs
are derived from a programmable topology derivation method
[17]. Although the power of all ports can bidirectionally flow,
at least one port has floating ground. In the integrated TPC
in [18], the PV cells and battery cannot provide power to the
load simultaneously, and the current spike caused by the buffer
capacitor charging results in considerable conduction loss.

A TPC presented in [19] offers a reconfigurable structure
and more flexible power flow to integrate regenerative loads
into a dc microgrid; however, the voltage stress on devices
is high, resulting in low efficiency. A family of multiport
buck-boost converters is derived based on the dc-link induc-
tors concept in [20]. This method eliminates the bulky dc-
link capacitor requirement, reducing size and cost. Another
family of nonisolated TPC based on dual-input converters
(DIC) and dual-output converters (DOC) is derived in [21],
which features single-stage power conversion, resulting in high
integration and high efficiency. However, all the derivatives of
[20], [21] suffer discontinuous battery port current.

Furthermore, the transformer-less TPCs proposed in [11]-
[21] have the common drawbacks of low voltage gain, high
voltage stress and hard switching operation. In [22] and
[23], the reported TPCs can achieve soft switching of all
semiconductors. In [24], a stacked TPC based on a buck/boost
converter is proposed. It has high voltage gain and low voltage
stress and realizes ZVS of all switches. However, the number
of switches is high (four), and only one switch driving circuit
shares the ground with the three ports.

In this paper, a novel transformers-less high-gain TPC is
derived from the dual-inductor high-gain converter in [26],
as shown in Fig. 1(a), using one of the buffer capacitors as
the third port (PV port). Furthermore, an additional diode is
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connected in series with the rear-end inductor, and the diode
directly connected to the main power switch is replaced with
a synchronous switch. The front-end and rear-end inductors
work in continuous conduction mode (CCM) and discontinu-
ous conduction mode (DCM), respectively. Hence, the PWM
pulse PFM hybrid modulation strategy [15] can be utilized
to realize the MPPT control and load voltage regulation.
The main merits of the proposed TPC are as follows: i) all
ports share a common ground; ii) the battery port current is
continuous; iii) the count of semiconductors is reduced (two
switches and two diodes); iv) the voltage stresses across all the
power components are almost half of the load port voltage; v)
the voltage gain is almost twice that of the conventional boost
converter; vi) the ZVS of one switch and the natural turn-
off of one diode can be realized; vii) two switches form a
bridge leg and work complementary, hence any commercial
bootstrap drivers integrated circuit (IC) chips can be chosen;
viii) the size of the rear-end inductor is very small due to the
DCM operation and the low average current.

This paper is organized as follows. Section II presents the
derivation process of the proposed transformer-less high-gain
TPC. The working principle and steady-state characteristics
are analyzed in Sections III and IV, respectively. Subsequently,
the TPC control method and implementation conditions are
discussed in Section V. The small signal models are established
in Section VI. The parameters design process is given in
Section VII. Section VIII deals with experimental validation
of the designed TPC. Finally, concluding remarks are provided
in Section IX.

II. TOPOLOGY DERIVATION OF PROPOSED HIGH
GAIN TPC

Fig. 1(a) shows the dual-inductor single-switch high gain
boost converter reported in [26]. Compared to the counterparts
such as the conventional switched inductor boost converter and
the quadratic boost converter, the converter in Fig. 1(a) has
fewer diodes and lower voltage stress. This paper proposes
a high gain TPC capable of achieving the bidirectional en-
ergy flow based on existing topology by adding a minimum
component, as highlighted in Fig. 1(b). The battery source
is connected at the input port, and the terminals of the
buffer capacitors C, can be used as the PV port. The load
is connected to the output port. Meanwhile, the freewheeling
diode D, is replaced with a synchronous switch S,. Thus, the
proposed TPC is able to switch the configuration to charge
the battery by controlling the Sy and S; to operate as buck
converter mode based on the PV port, as shown in Fig. 1(b).
Therefore, when the battery is discharged to the load, the
proposed TPC can be operated as a boost converter by utilizing
the S; and S; to step up the output voltage. The proposed
TPC can partly achieve ZVS since its body diode is forced on
before the main switch is turned on. Since the MOSFETSs S;
and S, are switching complementary, only the duty cycle (d)
of S can be used as a control degree of freedom. However,
two control objectives need to be achieved in the proposed
TPC: the load voltage regulation and the MPPT. Thus, another
control variable is required. If the front-end inductor L; is
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operated in CCM, and the rear-end inductor L, is connected
with a blocking diode D; and operated in DCM, then the
voltage gain of the proposed TPC is closely related to the
switching frequency f;. Consequently, f; can be used as the
second degree of control freedom. Therefore, the PWM+PFM
method can be adopted for the proposed TPC, where d realizes
the load voltage regulation and f is controlled to implement
the MPPT operation for the PV cells.

Battery Port
[
T
il
Load Port

(b)

Fig. 1. Topological evolution of the proposed high-gain TPC. (a) the dual-
inductor high-gain boost converter in [26]. (b) the proposed high-gain TPC.
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Fig. 2. Operation modes. (a) DISO. (b) SIDO. (c) SISO I. (d) SISO II.

ITII. OPERATION PRINCIPLE ANALYSIS

The proposed high gain TPC consists of four main operation
modes: DISO, SIDO, SISO I and SISO II, as shown in Fig.
2. The micro-controller automatically configures various op-
eration modes depending on weather and daylight conditions.

Fig. 2(a) shows the applications where the PV panel is
under partial shading due to the cloudy weather and the load
demands more energy to support. In this case, the DISO mode
is activated by utilizing the battery storage along with the PV
panel to provide sufficient output power P,. The sum of power
P,y and Py, flows to the load, as indicated in Fig. 2(a).
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Fig. 2(b) shows that the intensity of sunlight is strong, and
PV is under full power conditions. In this case, the PV cells
generate sufficient energy to support the battery charging and
load application simultaneously; thus, TPC operates in the
SIDO mode. The flow of Ppy and Py, is shown in Fig. 2(b).

Fig. 2(c) shows the scenarios when PV panels are com-
pletely shut down at night. In this case, the TPC operates
in SISO I mode by utilizing the battery source as backup
storage in order to provide sufficient output power P,. The
unidirectional power flow, Py, to the load, is shown in Fig.
2(c).

Fig. 2(d) shows the proposed TPC enters the SISO II
mode when the PV power P,y sufficiently support the battery
charging with no load condition, analogous to the case of Fig.
2(b).

The proposed TPC shows five stages under steady-state
operation in DISO mode. The operating principle in other
modes is analogous. The equivalent circuit operation in each
stage is shown in Fig. 3. The key waveforms are illustrated in
Fig. 4.

Stage 1 [ty, t1]: This stage begins from fy when S is turned
on, as shown in Fig. 3(a). D, and Dgs; (body diode of S;) are
reverse biased, and the diode D; is forward biased. Meanwhile,
the inductor currents ir; and i1, increase linearly, which can
be expressed as

U,
iu(f)=L—E:(l — 19) + L1 (fo) (1)

Uy — U
iLz(f)=pL—2C1(f — o) + i12(%) 2

where Ug and Upy are the average voltage of battery port and
PV port, respectively, and Uc; is the average voltage across
the capacitor Cj.

Until 71, St is turned off and stage 1 ends. The duration of
stage 1 is expressed as

Aty =11 —tg = dT; 3)

where d is the duty cycle of S| and Ty is the switching period.

Stage 2 [t1, t]: At the time ¢{, as shown in Fig. 3(b), ir|
and part of it » flow into the node a, and Dg; is forward biased.
Meanwhile, both i and i;, decrease linearly, which can be
expressed as

U,y — U,
B ) +in () )

iLi(t)= - L

Uo - Upv .
I (t— 1) +iLa(ty) &)
2

where U, is the average voltage of the load port.

At time 1, Sy is ZVS turned on and the body diode Dg»
is naturally turned off at the end of stage 2. The duration of
stage 2 is Aty=tr-t1=13, where Ty is the dead time.

Stage 3 [ty, t3]: In stage 3, as shown in Fig. 3(c), the
inductor currents ir,; and i;, keep the same changing slope
as those in stage 2. At time ?3, i;, decreases to zero, and Dy
turns off naturally and stage 3 ends. The duration of stage 3
can be expressed as

iLa(t)= -

Atz = 13 — th=d, T (6)
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Fig. 3. Equivalent circuit in each stage in DISO mode. (a) stage 1 [tg, #1]. (b) stage 2 [z, 12]. (c) stage 3 [t2, t3]. (d) stage 4 [t3, 14]. (e) stage 5 [t4, t5].
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Fig. 4. Key waveforms during one switching period in DISO mode.

where d; is the ratio of Af; to the switching period 7.

Stage 4 [13, t4]: In this stage, as illustrated in Fig. 3(d), ir;
keeps the same changing slope as that in stage 2. At time 14,
S, is turned off and Dg; is forward biased, and stage 4 ends.
During the turn off of S, the current follows through the body
diode Ds;, hence the voltage across the switch S, is clamped
at zero; thus, its turn-off switching loss can be neglected.

Stage 5 [t4, ts]: In this stage, as shown in Fig. 3(e), ir|
keeps the same changing slope as that in stage 2. At time fs,
Si is turned on and diodes Dg, and D, are forced off. Stage
5 ends at this time and the next period begins. The duration
of stage 5 is Ats=t5-t4=14.

The operation of the proposed TPC in SIDO mode is
analogous to DISO mode, except that the highlighted circuit
works as a synchronous buck, and S; achieves ZVS while S,
operates under hard-switching conditions. The SISO I mode
can be seen as the particular case of the DISO mode that the
current of the PV port is zero. Hence, the operation in both
SIDO mode and SISO I mode is not described here. In SISO
II mode, the load current of the proposed TPC is zero, and its
operation in a switching period can be divided into four stages.
The equivalent circuit corresponding to each stage is shown
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in Fig. 5. It can be seen that its working principle is the same
as the conventional bidirectional buck/boost converter, which
is not repeated in this paper.

IV. STEADY-STATE CHARACTERISTICS

A. Voltage and Current Characteristics

By applying the volt-second balance on L; and L,, the
following relationship can be obtained as

{ dUgT, = (1 - d) (Upy — Ug) Ty )

d (Upy — Uc1) Ts = dyUc1 T

where the dead time 7y is ignored. In addition, it can be
obtained from Fig. 3(c) that

Upv + Uc] = Uo (8)

Then, the voltage relationship between the three ports can
be derived as

Upv:ﬁUB
¥ 9
{ Uo = 20Uy < 2Upy 2

The voltage gain is defined by Uy,/min(Ug, Uy,y), where
min(Ug, Upy) represents the smaller of the two values. Since
Upv>Ug in the proposed TPC, the ideal voltage gain can be
obtained as

U, 2d + d;
Gl=—/ = —"7—7—"7"—— 10
“Us T (I—d)(d+dy) (10)
Since 0<d;<(1-d), the following can be written as
1+d 2
— 11
—a ~9' <124 an

According to the power conservation theorem, the current
relationship between the three ports can be further derived as

_ d+d;
2d+dy

(1-d)d+ dl)IB

12
2d + d; (12)

where I, is the average load current, I,y and Ip are the average
output current of PV cells and the average current of batteries,
respectively.
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Fig. 5. Equivalent circuit in each stage in SISO II mode. (a) stage 1 [#g, t1]. (b) stage 2 [t, t2] and stage 4 [t3, t4]. (c) stage 3 [f2, 13].

B. Voltage Stress

In the proposed TPC, the voltage stresses across S, Sy, Dy
and D, can be expressed as

d+d 1 Up+U,
Usi = Us2=Upo = Upy = 37574-Uo € (3Uo, =557°)

— —_d 1
Up1 = Uo = Upy = 35.3:Uo < 30U

13)

The voltage stress across each capacitor can be expressed

as d |
Uci = 755U, < iUO

Uy = ﬁy e (iu, M) (14)
C2 = 2d+a, Yo = \2Y0 T3
Uco = U,

C. Current Stress

The inductor L, works in DCM, and its current peak can
be expressed as

dQUpy — U,)
I =— - 15
L2.pk Lo, (15)
The average current through L, is obtained as
I d+d dQRUy, — Uy)(d + d
I =L = L2,pk( 1) _ U, o)( 1) (16)

2 2L, f,

The RMS currents of L; and L, can be respectively ex-

pressed as
AI?
— 2 Ll
Irms,Ll - ILl + 13 a7
d+d
Ims, L2 = | =3+ 2,pk

where Al is the peak-to-peak value of inductor current i ;.
The RMS values of the currents through S; and S, are
obtained as

2 2
AL +112 pk Io,pk
Ims,s1 = \/[% + (ILI +==) | d

AL+ ) I 2
Itms,s2 = \/[% + (ILl - %) ] (1-4d)

The average currents through D; and D, are expressed as

19)

(18)

Ipy =Ipo =1,

D. Performance Comparison

The proposed TPC is compared with other transformer-less
TPCs [12, 14-16, 18-24] suitable for standalone PV systems.
Fig. 6 shows the ideal voltage gain characteristics of these
TPC topologies. As can be seen, similar to the TPC in [24],
the proposed TPC shows the advantages of higher voltage gain,
lower voltage stress, soft switching ability, common ground for
all three ports, continuous and bidirectional battery current,
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and fewer power semiconductors, when compared to many
other TPCs.

Since the TPCs proposed in this paper and [24] show
many common advantages, Table II further shows the count
of bootstrap drivers, the control strategies, the circulating
current, and the operation region of the two TPCs under
the same conditions. As can be seen, all switches of the
TPC in [24] can realize soft-switching, hence the switching
frequency can be set higher to optimize the sizes of the passive
components. In addition, the PWM+PSM method adopted in
[24] can realize the decoupling control of each port voltage in
a wider range; however the inherent circulation current poses
challenges to achieve soft-switching within the entire working
range. Hence, GaN switches with higher costs are essential to
achieve high conversion efficiency. Moreover, the TPC in [24]
contains four switches and requires one more bootstrap driver
than the proposed TPC. Therefore, the proposed TPC offers
advantages in terms of cost and converter design. Although
one switch and one diode of the proposed TPC are operated
in a hard switching condition, the power losses of these two
semiconductors are relatively low due to the reduced voltage
stress. Hence, the proposed TPC also obtained high conversion
efficiency, which is experimentally validated in Section VIII.

E. Analysis of Non-ideal Parameters of the Proposed TPC

1) Impact on voltage gain: The parasitics of components,
such as resistors of inductors and MOSFETs and the forward
voltages of diodes, can degrade the voltage gain and the con-
version efficiency. According to the volt-second balance of L;
and L,, the practical voltage gain G,=U,/Ug of the proposed
TPC with component parasitics is obtained as follows

Up=AE+(AC+B+C)(§+ 7%5) +B+C

di = VI[d2(E-C)-F2+8d2F(E—C)-[d*(E-C)~F]
1= 2d(E-C)

(20)

=
N
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Fig. 6. The curves of ideal voltage gain G versus duty cycle d.
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6
TABLE I
PERFORMANCE COMPARISON OF THE PROPOSED TPC WITH OTHER TRANSFORMER-LESS TPCS SUITABLE FOR STANDALONE PV SYSTEM
Device count Voltage stress Voltage Switching Common Ug/Upy/U, Power/switching
Ref. S D L C on switches gain technique ground Battery current V) frequency/maximum efficiency
[12] 3 3 1 0 Upv,Up,Up-Us <1/(1-d) Hard Two ports Pulsating 36/10-50/24 120W/20kHz/95.0%
[14] 33 1 0 Upv,Up, Uy d Hard No Pulsating 250/380/200 500W/70kHz/98.4%
[15] 1 4 2 0 Upv+Up+U, d/(1-d) Hard No Pulsating 12/16.8/17 24W/>20kHz/92%
[16] 31 3 1 U, 1/(1-d) 1 S (ZVS) Yes Continuous 70/80/100 1.2kW/100kHz/97%
[18] 31 2 1 U, 1/(1-d) 2 S (ZVS) Yes Continuous 24/60/48 240W/100kHz/97.3%
[19] 4 5 1 0 UpUsUpUpy-Upy d/(1-d) Hard Yes Pulsating 36/17/24 50W/20kHz/93%
[20] 6 0 3 0 Upv,Up,Us d/(1-d) 3 S (ZVYS) Yes Pulsating 90-110 1000W/100kHz/97.8%
[21] 3.3 1 0 UyUs-UpUp-Upy  =1/(1-d) Hard Yes Pulsating 100/70/100 500W/100kHz/98%
[22] 31 2 0 Uy, U, Uy-Uy 1/(1-d) f IS) (é\C/z; Two ports Pulsating 48/40/220 200W/50kHz/96.0%
2 S (ZVS) . ] .
[23] 2 1 2 0 U, ~1/(1-d) I D (ZCS) Yes Continuous 48/<48/170 250W/ Not given/97.1%
[24] 4 0 2 1 Uy/2 2/(1-d) 4'S (ZVS) Yes Continuous 60/<200/400 1kW/100kHz/97.7%
Proposed 2 2 1 (13) (11 11 IS)(ézgz Yes Continuous 48/160/300 300W/56k-168kHz/97.7%
TABLE II 100
COMPARISON BETWEEN TWO TPCS PROPOSED IN THIS PAPER AND [24] ’%
Performances [24] Proposed U:
Count of bootstrap drivers 2 1 é
Control technique PWM+PSM  PWM+PFM £
Circulating current Yes No 2 ;
Load voltage controllable region full full = — P=100W Y
MPPT controllable region full part § eal Po=200W E i
— - Py=300W \\ i
80 1
0.6 0.7 09 1

where A = U0 B = [ Ry, C = IoRon. E = U +2Up +
I R 2, F = 2Ly fl,. R and Ry, are the winding resistances
of the inductors L; and L,, Ry, denotes the Ryg(on) Tesistances
of MOSFETs S; and S;, Ur is the forward voltage drop of
the diodes D; and D,.

The ideal and non-ideal voltage gains of the proposed TPC
against the duty cycle under different load power are illustrated
in Fig. 7, where Ry 1=9mQ, Ry ,=65mQ, Ron=19mQ, Ur=0.7V,
L,=100uH, f;=56kHz, U,=300V. The voltage gain of non-
ideal TPC is degraded at a higher duty cycle, primarily when
the duty cycle is higher than 0.9, and there is a maximum point
around d=0.97. The proposed converter cannot be optimally
operated under the extreme duty cycle.

60

=== ldeal
— Non-ideal

N
o

Voltage gain G

N
=]

0.6 0.7 0.8
Duty-cycle D

Fig. 7. Comparison of the ideal and practical voltage gains of the proposed
TPC.

2) Impact on efficiency: When the switching losses of
MOSFETs, reverse recovery loss of diode, and core losses are
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Fig. 8. The theoretical efficiency of the proposed TPC.

not considered, the efficiency of the proposed TPC in SISO I
mode can be calculated by [27, 28]:

_&
-2

In SISO I mode, the MOSFET S; operates in hard switch-
ing, and its switching loss can be derived as

m @n

Psw,Sl = %Cossusz]fs"' éUSIfé [ILI,Valtr + ([Ll,peak + ILZ,peak)tf]
(22)
where Co, # and #¢ are the output capacitance, rise time and
fall time of MOSFET, respectively; I va is the valley value
of iL1; and Iy 1 peak and I1o peax are the peak currents of L; and
L, respectively.
The MOSFET S, realizes ZVS, but the reverse recovery of
the body diode Dsy occurs when S; is turned on. Hence, the
switching loss of S, can be expressed as

Poy 50 = O Usa fs (23)

where Q1 is the reverse recovery charge of Dgp.

The diode D; realizes ZCS turn-off, no reverse recovery
loss. The diode D, is turned off with hard switching, and its
switching loss can be obtained as

Psw,Do = erZUDofs (24)

where Oy is the reverse recovery charge of D,.

ee.org/|
Authorized licensed use limited to: University of Tasmania. Downloaded on June 15,2022 at 03:22:59 UTC from IEEI? plore. Restrictions apply.

ublications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2022.3182309

The core losses of L; and L, are expressed as

c1Vel + PeaVeo (25)

Peore =

where P.; and P., are the core loss densities of L; and L,,
respectively; V.1 and V., are the core volumes of L; and Ly,
respectively.

The percentage of switching losses of Sy, Sy, D, and the
core losses of Ly, L, to an input power is obtained as [27,
28]:

P,sw,Sl+Psw,S2+Psw,Do+Pcorc

Moss = IzUg
— PsW,Sl+PSW,SZ+Psw,D0+Pcore
- Upl,Gi

(26)

Therefore, the conversion efficiency of the proposed TPC
in SISO I mode can be calculated as

n =11 = Moss 27

The calculated efficiency against the duty cycle consid-
ering all losses is shown in Fig. 8, where C,s=800pF,
t,=85ns, t#=55ns, Q;1=250nC, Q.»=180nC, Pcl=5kW/m3,
P=20kW/m>, V.1=52.1cm?, Vy=4.16cm’. The efficiency
rapidly decreases when the duty cycle is higher than 0.8.
Hence, the maximum duty cycle dpn.x of the of the proposed
converter is limited to 0.8. Similarly, the proposed TPC
efficiency can be obtained in the other three modes.

V. PWM+PFM CONTROL STRATEGY
A. PWM+PFM Method

For the TPCs in standalone PV systems, the primary control
target is to ensure the output voltage regulation under the
entire operating conditions. The second objective is to achieve
MPPT control of PV cells to maximize the use of solar energy.
The most commonly used MPPT algorithms are disturbance
and observation method, and incremental conductance method.
These algorithms are implemented with dual-loop control. The
outer loop samples the voltage u,y and the current i,y of the PV
port and generates the PV port reference voltage upy,ref through
MPPT calculation. The inner loop regulates u,y, to track its
reference value upy rer, finally reaching the MPP voltage and
ensuring the PV cells’ maximum power output.

It can be noted from (9) that when the battery port voltage
Up remains unchanged, PV port voltage Upy only relies on the
PWM duty cycle d. Combining (9) with (16), the following
can be obtained as

f — dzUvao(zUpv - Uo)
T 2LoPo(Us ~ Up)

It can be seen from (10) that the voltage gain G; of the
proposed TPC is related to d and d;, hence U, can be adjusted
with d. Upy and f; are positively correlated for a given Lo,
P,, Uy, and d, as indicated in (28). Therefore, Upy can be
controlled by f;. Fig. 9 shows the hybrid PFM and PWM
controller design of the proposed TPC. The output signal (i)
of proportional integral (PI) controller 1 (i.e., PV port voltage
controller) is converted to f; by the PFM unit, to regulate
upy and track the PV reference voltage upy ref. The load port
voltage u, is controlled by changing d , which is generated
from PWM unit and is corresponding to the output signal (uy7)
of PI controller 2 (i.e., load port voltage controller).

(28)
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PV port voltage control loop
Upy =
u, Uy f.
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Uo Load port voltage control loop PFM+PWM

Fig. 9. The control system diagram of the proposed TPC.

B. Implementation Condition for PWM+PFM Method

The precondition for the PWM+PFM method is that L,
works in DCM. Hence, the following relation should be
satisfied.

d+d <1 29)

By substituting (9) into (29), the necessary and sufficient
condition for inductor L, to work in DCM can be obtained as

1
Upv < Upv,upp = E(UO + Up) (30)

where Upy,upp is the upper limit of U,y.

If L, works in critical-conduction mode (CRM) or CCM,
the PV port voltage U,y must equal Upy, upp. In other words,
the MPP voltage Uppp higher than Upy, upp cannot be tracked
with the PWM+PFM method shown in Fig. 9.

In addition, due to the limitation of U,/U,y shown in (9),
the lower limit of PV port voltage is obtained as

1
Upv,low = EU() < Upv (3D

Hence, the MPP voltage lower than Upyjow cannot be
tracked and reached because the PV port voltage upy is not
dropped below its lower limit even if the duty cycle d reaches
the maximum.

In theory, as long as Uny,p satisfies the conditions expressed
in (30) and (31), the voltage control of the PV port and
load port can be realized through PWM + PFM method in
the entire load and voltage range. However, the minimum
switching frequency fs min is predefined to avoid the inductor
saturation of L; during the output regulation. If f; is too high,
the switching loss and EMI increase enormously. Therefore,
Js.max needs to be set under the appropriate range, as shown
in Fig. 9. When f; reaches upper or lower limits, the system
switches to the PWM state. Therefore, the proposed TPC can
only realize PWM + PFM control within a certain range.

According to (28), Fig. 10 shows the relationship curves
between upy, and P, under different switching frequencies,
when Up=48V, U,=300V, Py max=300W and L,=100uH. The
PWM + PFM working region for the proposed TPC is depicted
in the blue shaded part in Fig. 10. The lower and upper
boundaries of this region are under curves 1 and 3, which
correspond to fi min=56kHz and f; n.x=168kHz, respectively.
If fimax is set higher, the curve obtained from (28) crosses
the upper limit line of Upy, as shown in curve 4 in Fig. 10.
In other words, the upper boundary of PWM+PFM region
is curve 4 and the line where Uuy=Upyupp. Although the
controllable region can be expanded further, the power loss
increases consequently.
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Fig. 10. PWM + PFM (dual control loop) and PWM (single control loop)
working regions for the proposed TPC.

C. Functionality in Practical Cases

The modulation method and the trajectory of operating point
(Upv, P,) of the proposed TPC in practical cases are analyzed
in this subsection. By assuming that the initial operating point
is dot A in Fig. 10, the following two cases are discussed.

1) Unpp changes and P, remains unchanged.:

a) Umpp increases: The switching frequency f; gradually
rises until fi max with the increase of Uppp. Accordingly, the
operating point slides vertically from dot A to dot B. After
that, if Uypp continues to rise and is even higher than Upy, upp,
Js keeps constant at f; max and the operating point remains at
dot B.

b) Unpp decreases: When load power remains un-
changed, f; gradually decreases until f; min With the decrease
of Umpp. Accordingly, the operating point slides vertically from
dot A to dot C. After that, if Upypp continues to decline and
is even lower than Upy jow, fs remains unchanged at f yin and
the operating point remains at dot C.

2) Umpp remains unchanged and P, changes:

a) P, increases: The switching frequency f; gradually
decreases as P, increases, making Upy track Uppp until
Py=P, max. Accordingly, the operating point slides horizontally
to the right from dot A to dot F.

b) P, decreases: When MPP voltage remains un-
changed, f; gradually increases with the decrease of P, until
Js.max- Accordingly, the operating point slides horizontally to
the left from dot A to dot D. Thereafter, if P, continues to
decline, f; keeps constant at f; max, the operating point slides
from dot D along curve 3 to the decreasing direction of P,,
and U,y gradually decreases. When the load power P, drops
to 0, the PV port voltage is equal to Upy 0w (dot E).

It should be emphasized that the operating point trajectory
and modulation method are only related to the P, and Uppp,
not to the working mode of TPC. In other words, operating
points of TPCs in various operation modes may correspond to
the same dots in the blue area in Fig. 10.

VI. SMALL SIGNAL MODELS OF THE PROPOSED
TPC

This section focuses on the small-signal models of the
proposed TPC to derive the PWM control to output transfer
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function. The small-signal analysis of the proposed TPC based
on the series coupling of the PFM+PWM control scheme is
not analyzed. Due to the simultaneous variation of frequency
and duty cycle to regulate the output voltage, it is challenging
to accurately identify the converter dynamic modeling.

A. Dynamic Modeling in DISO Mode and SISO I Mode

The equivalent series resistance (ESR) rc of the capacitor
C, is considered in the converter dynamic model. According
to the equivalent circuits shown in Fig. 3 of the proposed
TPC during one switching period, the average model can
be obtained by using the state-space averaging method, as
shown in (32). ug(?) and iy () are the input variable, u,(?)
is the output variable, and d(r) is the control variable. The
state variables are the inductor currents iy (¢), i;2(f) and the
capacitor voltages uci (1), uca(t) and ucy(t). The symbol of ()
represents the average value of each variable in a switching
period,(iLz)(d +d,)T, Tepresents the average value of i;» during
the interval of stages 1, 2 and 3.

The auxiliary equation is expressed as

(uc1) — (ucz) (

j = d 33
{iL2)(@+ar, 2L ) (33)
The output equation is described as
d (uco)

(uo) = (uco) +rcC 34

dt
The average value of each variable can be described by the
steady-state component (denoted by upper-case letter) and the
small-signal disturbance (denoted by subscript *), which is
derived as (35).
By manipulating (32)-(35), the small-signal model of the
converter can be obtained as (36) and (37).

fo(s) = fico(s) + srcColico(s) 37

From (36)-(37), the control to output transfer function
Gyqi(s) is derived as (38) and (39).

B. Dynamic Modeling in SIDO Mode and SISO II Mode

Compared to DISO and SISO I modes, the current direction
of inductor L; in SIDO and SISO II modes is opposite, so
the coefficients involving i1 in the state average equation and
transfer function Gyg;(s) take the inverse number, and the other
variables remain unchanged.

When C=C,=C,=20uF, L;=320uH, L,=100uH, rc=
0.01Q, R=300Q, Ug=48V, D=0.7, the theoretical and simu-
lated bode diagrams of Gyqgi(s) and Gyga(s) are plotted in
Matlab/Simulink, as shown in the solid and dotted lines in
Fig. 11, respectively. The theoretical and simulated results are
consistent in the frequency band below 0.2 f;.

VII. PARAMETERS DESIGN
A. Specifications of The Prototype

To verify the feasibility of the proposed TPC and the cor-
rectness of the theoretical analysis, an experimental prototype
is built in the laboratory, and the specifications are listed in
Table III.
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Fig. 11. Bode diagrams of Gyq;(s) and Gygo(s).

TABLE III
SPECIFICATIONS OF PROPOSED TPC

Port Parameters Value
PV PV voltage Upy 160-170 V

PV current Ipy 0-2 A

Battery Nominal battery voltage Up 48V
Load Load voltage U, 300 V
Maximum load power Py, max 300 W

B. Design of Inductors Ly and L,

The design method and selection of capacitors Cg, Ci, C>
and C, are similar to a conventional boost converter; therefore,

i © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.o;qu ublications/rights/index.html for more information.
Authorized licensed use limited to: University of Tasmania. Downloaded on June 15,2022 at 03:22:59 UTC from IEE

it is not described in this paper. However, the design of
inductors of the proposed TPC under PWM+PFM control
is different from the conventional PWM control and hence
explained in detail.

By substituting the parameters listed in Table III into (9)
and (28), the relation curves of switching frequency f; versus
load power P, under different L, and U,, are plotted in
Fig. 12. As can be seen, when L, and U,y are given, f
automatically decreases gradually with the increase of P, to
ensure that L, works under DCM; under the same Upy, both
the upper and lower limits of f; increase with the decrease
of L,. Consequently, the volume and weight of L; and L,
can be reduced, but the switching loss increase accordingly.
For compromise, L, is designed as 100uH and ranging from
56kHz< f;<168kHz.

The decrease of inductance can optimize the volume and
weight of the inductor with the converter dynamic response.
However, the current ripple increases, leading to high power
loss in the inductor and switching devices. Due to the small
internal resistance of the battery, a larger capacitor is required.
In general, an input inductor of the boost converter is designed
to ensure the maximum peak to peak value of inductor
current does not exceed 20%-30% of the maximum average
current. Weighing the constraints of dynamic characteristics,
capacitance Cg, power loss and other factors, the ripple rate

plore. Restrictions apply.
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of no more than 30% under the lowest switching frequency
Js.min and the maximum battery current Iz n,x is selected.

In order to satisfy the above current ripple requirements, the
inductance L; can be calculated as

L UpdT; > UBde,rnax U]% (UPV B UB) (40)
1 = = =
AILl O-3IB,max OO3UOIo,maxfé,minUpv

According to Table III and the minimum switching fre-
quency fs min=56kHz, it can be obtained that L;>320uH, and
L is designed as 320uH.

300 500
U S L,=50uH — —  Up=1700V
ol b t00uH 100 — = UpA1675V
L=150uH | [N e Up=165.0V
200 L:=200uH O am.
i Up=160.0V

0
100 150 200 250 300

0 150 200 250 300

Fig. 12. Relation curves of f; versus P, under different inductance L, and
PV port voltage Upy. (a) Upy=160V. (b) L,=100uH.

C. Design of Load Port Voltage Controller Parameters

Fig. 13 shows the simplified closed-loop control based on
voltage regulation, where H is the load port voltage feedback
coefficient, Gc(s)=kpa+kiz/s is the transfer function of PI
controller 2, and F, is the PWM gain. The closed-loop transfer
function can be obtained as

_ Gc(s)Gud(s)Fm
1+ Ge(5)Gud($)H Fiy

o (s)

(41)

flo,ref ()

Fig. 13. Load port voltage closed-loop control diagram.
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According to the Routh stability criterion and (41), the
stability regions of the proposed TPC with PWM control in
four working modes is obtained and shown in Fig. 14, where
Fn=1/2.4, and H=0.01. As can be seen, the optimized control
parameter are chosen based on the blue shaded area to ensure
the proposed TPC can be stablized for all the operation modes.

1600

_______ DISO and SISO |
—— SIDO and SISO 11
1200
Unstable

<2800 Stable

400

Stable

Fig. 14. Stable regions of the proposed TPC with PWM control.

Due to the strong coupling between the two control loops,
in order to make the proposed TPC operates robustly under
diverse working modes and strict conditions, the parameters
of load port voltage control loop are selected as (k,=0.01,
ki»=20), which are far away from the boundary line in the
stability zone shown in Fig. 14. Fig. 15 shows the bode dia-
grams of open-loop transfer function 7;(s)=FnHG:(s)Gyq1(s)
and 7> (s)=FnHG.(s)Gyq2(s), respectively. The gain margin G,
and phase margin Py, are far greater than zero, indicating that
the selected controller parameters ensure the robustness of the
proposed TPC.

TABLE IV
POWER STAGE PARAMETERS OF PROTOTYPE

Device Chip model or parameter
S1.S2 IXFP72N30X3M, 300V/19mQ
D, STTHS803, 300V/0.8V/30ns
D, VS-8ETU04S-M3, 400V/0.94V/35ns
Cg, C1, C2, Cy  20uF/100V, 20uF/250V, 20uF/250V, 20uF/400V
L, 320uH, EE55/28/25, Ry 1=9mQ
L, 100uH, EE28/10/11, Ry ,=65mQ

VIII. EXPERIMENTAL VERIFICATION

An experimental prototype for the proposed TPC was built
and tested to verify its feasibility. The design parameters of
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Fig. 15. Bode diagrams of 7j(s) and T5(s).

the power stage are shown in Table IV. The polypropylene film
capacitors with low ESR are leveraged for Cg, C;, C; and C,.
The power stage attains a power density of 380W/Lit without
mounting any heat sink. The laboratory setup is shown in Fig.
16. The detailed schematic diagram for the analog control is
shown in Fig. 17. The DC voltage source Us is connected
in series with resistor Rpy is used to emulate the PV cells
with the maximum power point voltage 0.5Us. The variation
of temperature and irradiance can be emulated by adjusting
the Us and Rpy. The battery stack contains four Panasonic
lead-acid battery cells of 12V and 28Aeh in series. Since
this research aims to evaluate the feasibility of the proposed
TPC and control method, hence the MPPT calculation part
shown in Fig. 9 is ignored in the experiment and the PV
port voltage reference value of upy rer is given directly. The
load port voltage reference value of u, rr is set as 3V. By
increasing the collector current of the triode S9013 in Fig.
17, the frequency of the PWM signal generated by the PWM
control chip SG3525 can be decreased. f; max and fs min are set
with the voltages Ussupp and Uss 10w in Fig. 17, respectively.
In addition, the Uy max is used to set the maximum duty cycle
dmax=0.8.

Figs. 18 and 19 demonstrate the steady-state opera-
tion of experimental waveforms in DISO mode (Upy=160V,
Py, =80W, P,=300W) and SIDO mode (U,,=160V, Pp,=320W,
P,=200W), respectively. Figs. 18(a) and 19(a) illustrate that
the inductor currents i ; and i;» are in continuous and discon-
tinuous states, respectively. The inductor current ip; flows in
positive direction in DISO mode, indicating the discharging
state of the battery. The negative current direction in SIDO
mode reveals the charging state of the battery. The duty cycles
are d=0.71 and d;=0.11 and the voltage gain is measured as
uo/ug=300V/48V=6.25. These measured values are consistent
with the theoretical analysis and verify the high voltage step-
up capability of the TPC. As can be seen from Fig. 18(b),
the drain-to-source voltage ugs s2 of Sy drops to zero before
applying the PWM driving signal ug s> and begins to rise
after 250ns dead time, which indicates that switch S, realizes
ZVS turn-on and turn-off. However, switch S; is operated in
hard-switching. The switching states of S; and S, in SIDO
are opposite to that in DISO, as demonstrated in Fig. 19(b).
From Figs. 18(c) and 19(c), it can be observed that before the
diode D is reverse biased, its current ip; is dropped to zero,
hence D; is ZCS turned off. The voltage stresses across Si,

i © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.o;é;/ ublications/rights/index.html for more information.
Authorized licensed use limited to: University of Tasmania. Downloaded on June 15,2022 at 03:22:59 UTC from IEE

»
|
i

; |

=]

Lead-acid USNJ
batteries

Control
circuit

Fig. 16.

Ly

b eoh

lgs 51

)l

u, Load port voltage control loop 1K 0.47u

Uanax
100k
| Inv Comp) =L
I T e =~ . s < v
I ek 2l Noninvi  Vec LS
1 0pa2228p 5 P S 510
o= T v () | veli3
N _
= i dC Shutdown X o
! - 12 Vee
. o sl Gnd {124):
6
N 2aLd 10 |, ouputs [
600K| } Ut — ;%,ak—‘:"*["“"omput AllL
—L22n Softstart |-&
Ugss2
Uy, 100k [ | 1= L
o] ) I SG3525 %‘100»
— PV port voltage control loop PFM = PWM =
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S, and D, are 160V, which are consistent with the theoretical
analysis. The transient voltage ringing across the diode D; can
also be observed. This phenomenon is caused by the resonance
between the junction capacitance of D; and the inductor L,
when D; is turned off, and is an inherent issue of the method
using blocking diode to achieve discontinuous inductor current
(DCM) [29]. Although S; (DISO mode), S, (SIDO mode) and
D, working under hard switching, their voltage stresses are
reduced to half of the load voltage. Therefore, MOS transistor
with low on-state resistance, ultrafast recovery diode with
short reverse recovery time, and even Schottky diode can be
employed in this prototype, thus switching loss and conduction
can be reduced further.

The dynamic responses of source voltage variation of
battery and PV are shown in Fig. 20. In Fig. 20(a), the
voltage up is changed gradually in the range of 56V to
40V over several hundreds of milliseconds, when Us=320V,
Rpv=320Q, upy rer=1.6V and P,=200W. It is observed that the
load voltage and the PV voltage approximately at 300 V and
160V, respectively, due to the adjustment of the voltage loop
PI controllers. In Fig. 20(b), the PV reference voltage upy,ef is
directly changed from 1.6V to 1.4V, representing the variation
of Unpp from 160V to 140V. As can be seen, when P,=200W
and upy er=1.6V, the operating point is dot A, located in the
PWM+PFM region shown in Fig. 10. When u,y 1. changes to
1.4V, i1, remains in DCM, the switching frequency is clamped
at fomin and upy is controlled at 156V. This indicates the
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operating point changes from dot A to C, as shown in Fig.
10. However, the load port voltage u, is regulated at 300V.
Fig. 20(c) shows the PV reference voltage upy et is directly
changed from 1.6V to 1.8V, representing the variation of Uppp
from 160V to 180V. When upy rf changes to 1.8V, i;, remains
in DCM, the switching frequency is clamped at f; max, Upy is
controlled at 167V, indicating the operating point is dot B at
the upper boundary, as shown in Fig. 10. The feedback control
of the proposed TPC is capable of regulating the load port
voltage at 300V.

Fig. 21(a) shows the dynamic responses of load chang-
ing from 0 to 200W step, where Us=320V, R,y=80Q, and
Upy rer=1.6V. It can be seen that when the proposed TPC is
under no load, u, is maintained at 300V and up, at 150V.
The operating point corresponds to dot E in Fig.10. i, and ig
are 0 and -1.5A, respectively, indicating that it works in SISO
II mode, as shown in Fig. 2(d). After the load step change,
upy and u, are controlled at 160V and 300V, respectively.
The settling time is t;=44ms, the undershoot of u, is about
13.3%, and i, and ig become 0.62A and 2.5A, respectively.
These results indicate that the proposed TPC enters DISO
mode and realizes voltage regulation of load port and PV port
simultaneously.

Fig. 21(b) shows the load transient response of the proposed
TPC, where the load power step changes from 300W to 100W
while Ug=320V, R,,=120Q and upy r=1.6V. It can be seen
that after the load is suddenly decreased, upy and u, are
able to maintain at 160V and 300V within at #,=26ms; the
overshoot of u, and undershoot of u,, are about 4.3% and
5%, respectively; i, changes from 1A to 0.4A, ig changes
from positive to negative, and the proposed TPC switches the
operation mode from DISO to SIDO.

i © 2022 IEEE. Personal use is permitted, but republication/redistribution
Authorized licensed

o» iL1 and i12. (b) ugs, s1, Ugs,S1, Uds,s2 and Ugs 52. (C) UDo, iDos Up] and ipj .

Fig. 21(c) shows the transient response of irradiance step
change which can be emulated by switching Ry, from 80
to 320Q and upy,rer=1.6V, Us=320V, P,=200W. The output
voltages of load port and PV port are stabilized at 300V and
160V with stable operation. ipy changes from 2A to 0.5A, i
changes from negative to positive, indicating the the proposed
TPC is switched the operation mode from SIDO to DISO.

Fig. 21(d) shows the response of R,y switching from 320Q
to infinity and upy,ref changing from 1.6V to 1.5V (as emulated
transition from daylight to night time) at P,~200W. Before
R,y switching, I,y=0.42A and Ig~3A, upy and u, are 160V
and 300V, respectively, showing the proposed TPC operates
in DISO mode. After Ry is step changed, u, and u,y stabilize
at 156V and 300V, respectively. At this time, I,y=0 and Ig~5A,
indicating that the TPC enters SISO I mode.

Fig. 22 shows the theoretical power losses distributions of
the proposed TPC under the four main operation modes, where
Pcon,s and P, s denote the conduction loss and switching
loss of the active switches, respectively; Peon,p and Py p are
the conduction loss and reverse recovery loss of the diodes,
respectively. In addition, Peop and Peore are the total copper
loss and total core loss of the inductors, respectively. The
operation conditions are described as follows, respectively.
(a) DISO mode: Ug=48V, U,=300V, U,y=160V, P,,=300W,
P,=300W; (b) SIDO mode: Up=48YV, Uy,=300V, U,y=160V,
Pyy=300W, P,=250W; (c) SISO I mode: Ug=48V, U,=300V,
Upy=160V, Ppy=0, P,=300W; (d) SISO II mode: Up=48YV,
Uy=300V, U,y 150V, P,,=300W, P,=0. The ESRs of Cg, Ci,
C, and C, are very small and the gate driver and control circuit
are powered by the auxiliary switching power supply, hence
their losses are not included in calculating system efficiency.

Under the working conditions of DISO mode and SIDO

2 requires IEEE permission. See https://www.ieee.o;qu ublications/rights/index.html for more information.
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Fig. 22. The power losses distributions of the proposed TPC under the four
main operation modes.

mode, the switching frequency and the battery port current
are relatively low; therefore, the losses of switches are re-
duced, resulting in the high theoretical efficiencies, which
are 79.06% and 98.06%, respectively. Under the operating
condition of SISO I mode, the PV power P,,=0, the load
power is completely provided by the battery. Therefore, the
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voltage from 56V to 40V. (b) Step change of PV voltage from 160V to 140V.

current /g is larger, and consequently, the conduction loss and
switching loss of the switches are higher, resulting in slightly
low theoretical efficiency (about 96.88%). Under the operation
condition of SISO II mode, although the load power P,=0 and
the losses of diodes are approximately zero, the maximum
switching frequency and the large battery port current Iy will
cause higher switching losses of switches than those in SISO I
mode. Hence, the theoretical efficiency is reduced to 95.61%.

Fig. 23 shows the efficiency curves of the proposed TPC
under different operation modes. The efficiency calculation
formulas are expressed in Table V.

TABLE V
POWER STAGE PARAMETERS OF PROTOTYPE

Operation mode  State of battery Efficiency formula

DISO discharging 1 = Uolo/(UpyIpy+UpIB)
SIDO charging m2 = [Uolo+(-1g)U] /(Upy Iy)
SISO 1 discharging 73 = (Uol,)/(Uglp)
SISO 1II charging 14 = (-IgUB)/(UpyIpv)
98.0 9.0
7
sl - Max:97.6§ 9.0 W y
Boag| E 7| Eoacf Max-98.13
= Max:95.05 | < Min:94.03
2 920 2920
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Fig. 23. Efficiency curves of proposed TPC. (a) DISO mode (P,=300W). (b)
SIDO mode (Ppy=300W).

In DISO and SISO II modes, U,=300V, the load power
is P,=300W and P,=0, respectively, and the PV power P,y
varies from 50W to 300W by keeping Us constant at 320V
and changing the value of R,y. From Fig. 23(a), it can be seen
that the maximum measured efficiencies in DISO mode and
SISO I modes are 97.69% and 95.05%, respectively, which
finds good agreement with the predicted efficiency results.

In SIDO and SISO I modes, the PV power is P,,~300W by
keeping Us=320V and R,,~85Q, respectively, U,=300V, and
the load power P, varies from 50W to 250W (SIDO mode)
and 300W (SISO I mode), respectively. From Fig. 23(b), it
can be seen that the maximum efficiencies in SIDO mode and
SISO I modes are measured as 97.55% and 96.13%, respec-
tively, which are consistent with the prediction efficiencies.
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The results demonstrate that the proposed TPC realizes high
conversion efficiency.

IX. CONCLUSION

This paper uses a simple construction method to develop
a ZVS transformer-less high gain TPC from a single-switch
dual-inductor high gain boost converter. The proposed TPC
is comprehensively analyzed and tested under different oper-
ation modes to verify the theoretical analysis and practical
feasibility. The research results demonstrate that compared
to existing TPCs, the proposed TPC has the advantages
of high voltage conversion gain, equal to almost twice the
conventional boost converter, continuous and bidirectional
battery current, fewer power switches (only two) and reduced
voltage stress. In addition, the proposed TPC port shares a
common ground for all three ports, and two complementary
switches, forming a phase-leg, can be deriven by any off-
the-shelve bootstrap gate driver. The proposed TPC shows
a stable output voltage with the source voltage variation of
battery and PV, as well as step load change. The dynamic
results are consistent with the small-signal model. Further, the
proposed TPC simultaneously realizes MPPT control at the
PV port and constant voltage control at the load port using
the hybrid PWM+PFM modulation strategy. The proposed
TPC can realize constant load voltage control throughout the
entire operating range. However, if the operating conditions
are outside of the PWM+PFM region, the practical operating
point is limited to the boundary, and the switching frequency
is clamped at fimax Or fsmin. thus entering PWM mode.
With the application of the third-generation power electronic
devices, the maximum switching frequency of the proposed
TPC can be lifted while maintaining high conversion efficiency
to obtain a wider PWM+PFM controllable region. The voltage
stress on power devices is curtailed to almost half of the load
port voltage. Besides, the synchronous switch and diode D
can realize the soft-switching operation. Therefore, the power
losses are significantly reduced, resulting in higher conversion
efficiency. The prototype shows a peak efficiency of 97.7%
in the laboratory. Therefore, the proposed TPC is suitable for
standalone PV power generation systems with low cost, high
efficiency, and high power density requirements.
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