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ABSTRACT This paper proposes a non-isolated three-port converter which integrates the input port, battery
port, and load port into one converter for renewable energy applications. The coupled inductor and switched
capacitor are used to achieve high voltage gain and three power switches can be utilized to realize the power
flows between the sources, the battery, and the load. The energy stored in the leakage inductance is recycled
to reduce the voltage stress of the power switch. In addition, various operating stages are analyzed and design
considerations are presented. Compared to the relevant converters, the proposed converter can realize power
flows and achieve high voltage gain by using few components. Finally, a laboratory prototype of the proposed
converter with input port voltage 24 V, battery port voltage 48 V, and output voltage 400 V with 200 W rated
power is implemented to validate the feasibility and effectiveness of the theoretical analyses.

INDEX TERMS Three-port converter, high voltage gain, coupled inductor, switched capacitor, renewable

energy applications.

I. INTRODUCTION

Renewable energy resources(RESs)are widely used because
of environmental concerns and energy resource diversity.
However, the intermittent nature and unpredictability of RESs
can affect the power system reliability, stability, durability
and power quality [1], [2]. Therefore, energy storage systems
(ESSs) are usually to smooth the output from the RESs [3]. To
improve the efficiency, and reduce the cost, size and complex-
ity of the RESs system, three-port converter (TPC) integrates
converters for transferring among sustainable energy sources,
ESS, and the load to provide an appropriate voltage to meet
the load demand as shown in Fig.1.

The TPC topologies can be classified into three types:
fully-isolated TPCs (FITPCs) [4], [5], partly-isolated TPCs
(PITPCs) [6]-[8], and non-isolated TPCs (NITPCs) [9]-[23].
PITPCs and FITPCs suffer from topology complexity and
low efficiency; the NITPCs are widely adopted in the ESS
resulting in compact size and high efficiency. Since RESs and
ESSs are low voltage, high step-up converters are required to
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FIGURE 1. A typical renewable energy system with the TPC.

increase the voltage gain. ESSs are employed as backup use
for RESs, and the bidirectional converter must be supplied for
the battery port [24].

A NITPC was proposed using two high step-up convert-
ers constructed with two coupled inductors, two switched
capacitors and two active clamp circuits to achieve soft-
switching [9]. However, more component counts are used. A
high integration TPC with a lossless passive snubber circuit
was presented to reduce the voltage stress of the main switch
[10]. However, too many semiconductor power devices are
used. The TPC constructed with a boost converter and a bidi-
rectional buck-boost converter was derived [11]. However,
the voltage gain is very low. A high voltage gain TPC was
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presented using two coupled inductors, and the energy stored
in the leakage inductors is recycled by the active clamp
circuits [12]. However, two coupled inductors limit the power
density. The NITPC can be operated as a step-up converter
or step-up/down converter with a reconfigurable structure,
but the battery port is not common grounded with the input
port [13]. A family of NITPCs based on a dual-input con-
verter and dual-output converter was derived, and a boost
NITPC was presented using PWM for power management to
control the power flows from source(s) to load(s); however,
the voltage gain from sources to load is low [14]. Three
switches and two duty cycles are used to realize the power
flows from the source port(s) to the load port(s), but this
NITPC cannot realize the energy transferring from battery to
load independently [15]. A NITPC with the coupled inductor
technique was presented to obtain high voltage gain from
input to output(s); nevertheless, the power switch suffers from
high voltage stress, because the energy stored in the leakage
inductance is not recycled [16]. A high step-up NITPC was
presented using coupled-inductor with multi-winding and
voltage lift techniques [17]. In addition, the voltage spike of
the power switch is suppressed by the clamp circuits. How-
ever, the battery port cannot transfer energy to the load port.
A NITPC with high voltage gain was presented with a lower
turns ratio, and the voltage stress of the switch is low, but one
inductor and one coupled inductor are used [18]. A NITPC
with single magnetic element was presented to realize high
voltage gain and leakage inductance was recycled to reduce
the voltage stress of the power switches. However, in order
to achieve high voltage gain, more components are used [19].
A fully soft-switched NITPC was presented using coupled
inductors and active clamp circuit, but the battery is always
charged when the PV provides energy to the output. Thus, the
battery suffers from risk of overcharge [20]. Combining boost
and buck/boost, a NITPC with seven distinctive operating
modes was developed [21]. However, the voltage gain is
low, only 1/(1-D). For achieving high voltage gain with few
numbers of devices, two extensible NITPC were developed
to reduce the complexity [22], [23].

In this paper, a new NITPC with high voltage gain is
proposed for renewable power applications. The proposed
converter has the following evident features.

1) Only three power switches are included to achieve
power flows among the input port, battery port, and
load port.

2) Input port, battery port, and load port share the common
ground, improving the reliability.

3) High voltage gain with one coupled inductor can be
achieved without extremely duty cycle.

4) The intermediate capacitor circuit can recycle the leak-
age inductance to suppress the voltage spike of the main
power switch.

The rest of this article is organized as follows. The
proposed structure and operating stages are introduced in
Section II. The detailed design considerations, efficiency
estimation, and comparisons are given and discussed in
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Section III. Experiment results are shown in Section I'V.
Finally, Section V concludes this article.
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FIGURE 2. Proposed NITPC topology.

Il. THE STRUCTURE OF PROPOSED NITPC AND
OPERATION STAGES
A. THE STRUCTURE OF PROPOSED NITPC
The proposed NITPC is constructed with one coupled induc-
tor, three power switches, and five diodes as shown in Fig.2.
Vin is sustainable energy source voltage and Vg is the bat-
tery voltage. The capacitor C3 is used to clamp the volt-
age stress of the active switches and recycle the energy
stored in the leakage inductance. The extra voltage gain is
obtained with the additional switched capacitor circuit con-
sisting of a diode Dy, a capacitor C4 and the secondary-side
coupled-inductor Ng.

There are four different operating stages of the proposed
NITPC as shown in Fig.3. In order to analyze the circuit
simply, some conditions are assumed:

NITPC NITPC
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FIGURE 3. Operating stage of the proposed NITPC: (a) SISO-I stage,
(b) SISO-II stage, (3) SIDO stage, (4) DISO stage.

1) The NITPC is operated at steady state under continuous
conduction mode (CCM) conditions.

2) All semiconductor devices are considered ideal expect
body diode, output capacitance of MOSFETs.

3) The turns ratio of coupled-inductor are defined as Np:
Ng = 1: n.

4) The capacitors of Ci,, Cp, C3, C4, and C, are large
enough, so Vi,, VB, V3, Ve, and V¢, can be consid-
ered as constant voltages in one switching cycle.

B. OPERATIING PRINCIPLE OF SISO-I STAGE
In this stage, Vi, provides energy to the load. Switch Sy is
the main switch of the converter, and switches §; and S3
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are always off in this stage. Fig.4 and Fig.5 show the key
waveforms and the current-flow paths of operating modes,
respectively. The operating modes are described as follows:
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FIGURE 4. Steady-state waveforms in SISO-1 at CCM.

1) ModeI(t—11) [Fig.5 (a)]: vgs2 becomes high atz = 1,
irm > 0,irx > 0, and izx < irm. Vin provides energy
to Lx. V3, Ly, and V4 provide energy to the load. This
mode ends when iz, is equal to iry at ;.

2) Mode II (1 — t) [Fig.5 (b)]: vgs2 is high, ipy > 0,
irk > 0, and irx = irm. Vin provides energy to Ly, &
Ly, and ipm & irx increase linearly. Ny, D4, and C4 form
a switched capacitor circuit, and Vg4 is equal to nVi,.
This mode ends when vy is low at f,.

3) Mode III (2 — t3) [Fig.5 (¢)]: vgs2 is low. The output
capacitor Cygsp Of S is charged by the ifm & irk, and
vds2 increases. This mode ends when vy, is equal to
Vs at 3.

4) Mode IV (13 —t4) [Fig.5 (d)]: vgs2 is low. ipm decreases
linearly and V) is clamped at Vc3. Vi, and Ly, provide
energy to C3. V3, Ly, and Vg provide energy to the
load. This mode ends when vy, is high at #4.

C. OPERATING PRINCIPLE OF SISO-II STAGE

In this stage, Vg provides energy to the load. Switch S, is
the main switch of the converter; switch S is always on
and S3 is always off in this stage. Fig.6 and Fig.7 show
the key waveforms and the current-flow paths of operating
modes, respectively. Since the characteristics of SISO-II are
similar to SISO-I, please refer to the operating principles in
the previous stage.

D. OPERATING PRINCIPLE OF SIDO STAGE
In this stage, Vi, provides energy to Vg and the load. Switches
S> and S3 are the main switches of the converter, and S
is always off in this stage. Fig.8 and Fig.9 show the key
waveforms and the current-flow paths of the operating modes,
respectively. The operating modes are described as follows:
1) Mode I (2o —t1) [Fig.9 (a)]: vgs2 & vgs1 become high at
t =1, irm > 0,irx > 0,and irx < irm. Vin provides
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FIGURE 5. Operating processes of the proposed converter in SISO-I stage:
(a) mode I, (b) mode II, (c) mode IlI, (d) mode IV.
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FIGURE 6. Steady-state waveforms in SISO-II at CCM.

energy to L. Vc3, L, and Vg provide energy to the
load. This mode ends when iy, is equal to iz at t1.
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FIGURE 7. Operating processes of the proposed converter in SISO-II
stage: (a) mode I, (b) mode II, (c) mode IlI, (d) mode IV.

2) Modell (t; —12) [Fig.9 (b)]: vgs2 & g1 are high, ipp, >
0, irx > 0, and izx = irm- Vin provides energy to Ly,
& Ly, and iy & ir increase linearly. Ng, D4, and Cy
form the switched capacitor circuit, and V¢4 is equal to
nVin. This mode ends when vy is low at 7.

3) Mode III (t; — t3) [Fig.9 (c)]: ves2 is low. ves3 is high.
The output capacitor Cyssp of S7 is charged by irk, and
vds2 increases. This mode ends when vgyg; is equal to Vg
at 13.

4) Mode 1V (13 — t4) [Fig.9 (d)]: vgs is low. vg3 is high.
irm decreases linearly and i;, > 0. Vi, and Ly, provide
energy to Vg. This mode ends when vyg;3 is low at 4.

5) Mode V (14 — t5) [Fig.9 (e)]: vgs2 & vgs1 are low. The
output capacitor Cos3 of S3 is charged by irg. This
mode ends when vy3 is equal to (Vcz — V) at #s.

6) Mode VI (t5 — 1) [Fig.9 (D]: vgs2 & vgs1 are low. ipm
decreases and ir . > 0. Vg3 is clamped at (Vs — V).
Vas2 is clamped at V3. Vi, and Ly, provide energy to
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FIGURE 8. Steady-state waveforms in SIDO at CCM.

C3. V3, Ly, and Vg provide energy to the load. This
mode ends when vgs» & v are high at 76.

E. OPERATING PRINCIPLE OF DISO STAGE
In this stage, Vi, and Vg provide energy to the load. Switches
S1 and S, are the main switches of the converter, and switch

S3 is

always off in this stage. Fig.10 and Fig.11 show the key

waveforms and the current-flow paths of the operating modes,
respectively. The operating modes are described as follows:

Y

2)

3)

4)

5)

Mode I (tp — 1) [Fig.11 (a)]: vgs2 & vgs1 become high
att = to, irm > 0, izx > 0, and ifx < irm. Since
Vp is greater than Vj,, D is off. Vg provides energy to
Lx. Vc3, L, and Vg provide energy to the load. This
mode ends when irp, is equal to ir g at ;.

Mode II (1 — #) [Fig.11 (b)]: vgs2» and vgs are high,
irm > 0,irx > 0, and irx = irm. VB provides energy
to Ly & Ly, and ipm & ik increase linearly. Ng, D4, and
C4 form a switched capacitor circuit, and V4 is equal
to nVp. This mode ends when v is low at 1.

Mode III (t; — t3) [Fig.11 ()]: vgs2 is high. vgq is low,
iLm > 0, iLx > 0, and irx = irm. Vin provides energy
to Ly & Ly, and ip & iz increase linearly. This mode
ends when vg; is low at 73.

Mode IV (13 — 14) [Fig.11 (d)]: vgs2 & vgs1 are low. The
output capacitor Cogs2 Of S5 is charged through the iy,
and vqs increases. This mode ends when vqy, is equal
to V3 at t4.

Mode V (24 — t5) [Fig.11 (e)]: vgs2 & vgs1 are low. ipy
decreases linearly and iy, > 0. Vg2 is clamped at V3.
Vin and Ly, provide energy to C3. V3, Ly, and Vg
provide energy to the load. This mode ends when vy,
& vgs1 are high at t5.
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FIGURE 9. Operating processes of the proposed converter in SIDO stage:
(a) mode I, (b) mode II, (c) mode Ill, (d) mode 1V, (e) mode V, (f) mode VI.

Ill. DESIGN CONSIDERATIONS, EFFICIENCY ESTIMATION,
AND COMPARISON OF PROPOSED NITPC

To simplify the analysis, it is assumed that the leakage
inductance Ly is ignored and the converter is operated under
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FIGURE 10. Steady-state waveforms in DISO at CCM.

steady-state conditions. D1, D, and D3 represent the duty
ratios of switches Sy, S, and S3, respectively.

A. SISO-I STAGE DESIGN CONSIDERATIONS

When the main switch S, is on, Ly and C4 are charged
through Vi,.

Vim = Vin. (H
Vs =n Vin = Vcs. (2)

When the main switch S is off, the voltage of Ly, is

Vin +nVin — Vo
Vim= —"7—7—. 3
Lm n+ 1 ( )

Using the volt-balance principle of magnetic inductor Ly,
by (1) and (3), the voltage gain can be obtained by (4)

(4 mVi

Vo = 4
=D @)

B. SISO-II STAGE DESIGN CONSIDERATIONS

Since the characteristics of SISO-II are similar to SISIO-I, the
voltage gain can be derived by applying the same technique
discussed above as

(1+n)Vp

Vo= —7—. 5
°="T-p, 5)

C. SIDO STAGE DESIGN CONSIDERATIONS

When S, and S3 are on,
Vim = Vin. (6)
Vs =n  Vin = Vcs. @)
When S5 is off and S3 is on,

Vim = Vin — VB. (8)
115913
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FIGURE 11. Operating processes of the proposed converter in DISO stage:
(a) mode |, (b) mode II, (c) mode IlI, (d) mode IV, (e) mode V.

When S5 is off and S3 is off,
_ Vin +nVin — Vs,

Vim = 9
Lm n+ 1 ( )
Using the volt-balance principle,

Vin + D2V — D3V,

Vo=(n+1) in 2VB 3 B‘ (10)
1—Ds3
D. DISO STAGE DESIGN CONSIDERATIONS
When S5 and S are on,

Vim = VB. (11D
Vns =n VB = V4. (12)
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When S, is on and S is off,
VLm = Vin- (13)

When S; and S are off,

_ Vin +nVe — Vo

Vim = 14
Lm n+ 1 ()

Using the volt-balance principle of magnetic inductor Ly,
the voltage gain can be obtained:

_ Vin+nVg + (Vg — Vin)(nD — nD> + D)
h 1-D,

. (15)

o

E. COUPLED INDUCTOR DESIGN
Based on SISO-I and SISO-II, two different inductance val-
ues are calculated. Under CCM, the circuit performance has
the good dynamic respond, independent on the load, and high
stability. Thus, selecting the larger inductance values between
SISO-I and SISO-II makes the modes to be under CCM mode.
Assuming Vi, is larger than Vg, the inductance Ly, can be
design only in SISO-II.

From Fig.7 (b) in SISO-II, according to KCL, the following
equations can be written as

iB = —icin + iCB- (16)
itk = ipm + nip4. a7
ip4 = —ic4. (13)
ico = —ip. (19)

Also, from Fig.7 (d) in SISO-II, according to KCL, the
following equations can be written as

ik = ip2 = iLm — nip4. (20)
ipy = ic3 +ica. 21
ic4 = ips = ico + lo. (22)

Since Ly, is continuous, the current ripple of Ly can be
derived as follows:

Ve
Al = —DoTs. (23)
Ly,

By using the current-balance principles, the average cur-
rents flowing through the capacitors are equal to zero during
one period time. So the following expression can be obtained
as

IDZ,ave = ID4,ave = IDS,ave = 10- (24)

Moreover, by using charge balance, the average currents of
the diodes during the condition are written as follow;

1,
ID4,ave(0—D2Ts) = D_OQ (25)
1
D2.ave(DyTo—Ty) = ———. (26)
) ( 21 .v) 1 _ D2
1
Ips.ave(DyT,—Ty) = 1 —ODZ' (27)
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By (22), (26) and (27), using KCL. The average current
through the Ly, can be derived as

Im,ave = ID2,ave(D,Ty—T,) + PIDS, ave(D2 T, —Ty)
i+,
To1- Dy
In boundary continuous mode (BCM), the average current
in (28) is equal to a half of the current ripple in (23). Thus,
the following equation can be written as

(28)

ILm,ave = EAILm
_VeDy (1 — Do) T
" 2(m+ D oM
where I, gcm is the load current in BCM.

(29)

F. VOLTAGE STRESSES OF SEMICONDUCTOR
COMPONENTS
Diode D, and capacitor C3 are used as the clamp circuits. The
voltage stress of Sy is equal to V3. The follow equation can
be written as
Vin
1—-Dy
In DISO, the voltage stresses of $> and S3 can easily obtain
as

VSZ_stress = VC3 = (30)

VSlfstress = Vg — Vi (31)

Vin
— Vs. 32
—p, '® (32)
The voltage stresses of the diodes can be derived as
follows:

VS 2_stress —

VDl_stress = VB - Vin~ (33)

VD27stress = Ves. (34)
V:

VD3_stress = 1 _sz - VBo (35)

G. CAPACITORS DESIGN

By the voltage ripple on the capacitors, capacitances can be
obtained [25]. By (24), the following equations can be written
as

P
Cy= —° (36)
VOAVCst
P
Cp= —2 (37)
VOAVCZU(:Y
P
Cp= —2 (38)
VBAVcBfs

where AVc3, AVcs, AVep are the voltage ripple of capaci-
tors C3, C4, and Cg, respectively.

H. EFFICIENCY ESTIMATION

Since the proposed converter can be operated in different
stages, only SISO-II is calculated and other stages can use
the same calculation method. And transient time ([f, — #1],
[to — 13]) is very insufficient, the losses can be ignored.
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By using KCL, the following equation in SISO-II can be
written as
itk = —ids1 = ip + icB = iLm — Nic4 (39)

Applying the current-balance principles to capacitors, the
following equation can be written as

Ig = I (40)

Assuming M is the voltage gain, by (5), the input current
IB can be obtain as

Ig = MI, 41)

1) SWITCHES LOSSES

The power switches losses contain conduction losses and
switching losses. During S> on, from Fig.7 and KCL, the
lowest current Is_jow and highest current Is_pigh though the
power switches can be derived as follows:

Al nl

Is tow = Im — 2”” + = (42)
Al

Is_high = Irm — > - 43)

During §> off, the current flowing through S5 is zero. The
current following through S is equal to ipy. By (26), (40),
(42) and (43), the conduction losses on the power switches
can be obtained as

Dy Ty T

1 1
Psi_con = / FA2rdsldt + / ?B2Vds1dl‘ (44)
0 ) D, Ty *

where
Is hioh — 1
A= S_high S_low
D2TS
_ s jow = Is nigh | Is_high — D2ls_jow
B (1 - D2) T 1-— D
A, 21,
(1-Dy)*Tg  (1-Dy)*
D) T

1 (Is_nhigh — Is_1ow 2
PS2_c0n = T I)Q—Tt + IS_low rasadt
s s

t+ ISJ()W

(45)

where rgg1 and rgp are the conduction resistances on the
power switches S| and S5, respectively.

Due to S; always on, only S has the switching loss. By
(30) and (43), the switching loss can be written as

1 1
Py g = EVSZIS_highlon + EVSZIS_hightoff (46)

where 7o and 7o are the rising time and falling time of S,.
By (44), (45) and (46), the switches losses can be written as

PS_loss = PSl_con + PS2_con + PSZ_SW (47)
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2) DIODES LOSSES
By (26), the conduction losses of D, are found as

Pp2_1oss = Vr2lp2,ave + lgz,mmz (48)

where Vy, and rp; are the conduction voltage drop and con-
duction resistance of D;. Using the same method for D4 and
Ds, the total losses of diodes can be written as

PDJoss = PD27]oss + PD4joss + PDSfloss (49)

3) INDUCTOR LOSSES
During S> on, the rms current on the primary side is equal to
rms current through S>. The conduction loss on the secondary
side can be derived as

A I 2
S_high — £S_low
P = e YY) ropdt
Lp_con_on / Ts ( Dsz S_low) Lp
0

(50)

where rp,, is the conduction resistance of primary side. And
the conduction loss on the secondary side can be derived as

DT
1 (21, 21,

2
Prs_con_on = / E <D_2 - D%TS t) rLsdt 1)
0

where rpg is the conduction resistance of secondary side.
When S, is off, the conduction loss on the primary side is
equal to Psa_con_off, and by (44), the following equation can
be written as, (52), as shown at the bottom of the next page.

During §> off, the current flowing through secondary side
is equal to the current flowing through Ds. The conduction
loss on the secondary side can be derived as

PLsfconfoff
Ts 5
1 21, 21,
= — S - —t) rdt (53)
Ts \(1 =Dy)* (1 —D2)"Ts
Dy Ty

The total losses of inductor are obtained as

P L_loss = P Lp_con_on +P Ls_con_on +P Lp_con_off +P Ls_con_off
(54)

4) CAPACITORS LOSSES

In mode IV of SISO-II, it is a dynamic process for capacitor
charging and discharging. For the convenience of analysis,
the charging time and discharging time each account for a
half for C3. By (25), (26) and (27), the conduction losses of
capacitors can be written as

Pc3toss = Ips ave(po1,—1,)7C3(1 — D) (55)
2 2
Pcatoss = Ipg ave0—p,r1,)" 40 + Ips avep,1,~1,) 41 = D)
(56)
2
Pco_loss = 13VC0D + (IDS,ave(DzTS—TS) - Io) rco(l1 — D)
(57)
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where rc3, rca, and rc, are the parasitic resistances of Cs,
C4, and C,, respectively. The total losses of capacitors are
obtained as

PC_loss = PCS_loss + PC4_loss + PCo_loss (58)
The theoretical efficiency of the proposed converter can be
expressed as
_ P()
Po + PS_loss + PD_loss + PL_loss + PC_loss

where P, is the output power of this converter.

n (59)

I. COMPARISONS

A comparison study between the proposed NITPC and the
revealed structures is illustrated in Table 1. The number of
devices, voltage gain, voltage stress on the power switch,
and the maximum full load efficiency are selected as the
comparison. Moreover, in order to compare voltage gain per
number of components [22], the voltage gain per component
counts is shown based on the given input and output voltages,
and according to Table 1, the proposed NITPC utilizes few
components for achieving high voltage in comparison with
other revealed structures.

IV. EXPERIMENTAL RESULTS
In order to verify the feasibility of the proposed converter,
a 200 W laboratory prototype is built and tested to verify
the theoretical analyses and the system specifications of the
prototype are shown in Table 2.

<
g

No

Pip>t

SISO-II No PP >
Po=P l

S; always off DISO No Yes
S, always on PotP~Po Pp>Py gy
S, regulates output voltage LIS :)
S5 always off
S and S, regulate output SIDO
oltage
volag Pi=Pg+Po

SISO-I
Pi=P,

S, and S; always off

S, regulate output voltage

FIGURE 12. Control flow-chart of the proposed converter.

S, always off
S, regulate output voltage
S; regulate battery votage

Pg g ¢ full charged

Based on the power of input port, battery port and load
port, the control flow-chart is shown in Fig.12. When the Pj,
cannot provide energy, the converter is operated in SISO-II
stage. When Pj, provides less energy than P, requiring, the
converter is operated in DISO. When Pj, can provide more
energy than P, requiring and Pg is not full charged, this
converter is operated in SIDO; otherwise in SISO-I.

Under different turns ratio, the voltage gain versus the duty
cycle D; in SISO-I and SISO-II are shown in Fig.13. Since
D53 should be larger than D, in SIDO, n is chosen as 4 to
obtain high efficiency in SISO-I and SISO-II and avoid D3
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TABLE 1. Comparison between proposed NITPC and reveled structures.

Tovolo Converter Converter Converter Converter Converter Proposed
pology in [9] in [10] in [14] in [18] in [20] converter
No. of switches 4 3 3 3 4 3
No. of diodes 5 7 3 5 4 5
No. of inductors 2 2 1 2 1 1
Component counts 11 12 7 10 9 9
Voltage source 1 (V) 36 40 35 24 20 24
Voltage source 2 (V) 72 48 70 48 24 48
Output voltage (V) 400 400 100 400 200 400
Rated output power (W) 150 200 500 300 125 200
Voltage gain 11.1 10 2.86 16.7 10 16.7
Voltage gain per 1 0.83 0.41 1.67 11 1.86
component counts
Voltage stress on power V., V., V., V., V., Y
switch 1-D 1-D 1-D 1-D 1-D 1-D
The maximum full load
efficiency (%) 95.8 93.9 98 95.8 96 95.8
20 T TABLE 2. System specifications and key parameters.
S 157 7 Parameters Values
?0 SISO-II Voltage of input port (¥in) 24V
g 10* ; i R ; Voltage of battery port (V) 48V
i: =2 Rated Voltage of the load (V) 400 V
5 —n=3 | Maximum input port power (P, max) 220 W
S
— n=5 Maximum battery port power (Pg, max) 200 W
0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Rated output power (Pr) 200 W
Duty cycle (D2) Switching frequency (f;) 50 kHz
FIGURE 13. Voltage gain versus D, in SISO-I and SISO-II. Power MOSFET( S; - S3) IXFK230N20T

being too high. Thus, the energy flows are controlled. Table 3
shows the relationship of D3 and D5 in SIDO under different
output power sharing conditions with n = 4 which reveals
that D and D3 are varied from (0.54~0.71) and (0.74~0.95),
respectively.

A. WAVEFORMS MEASURED IN SISO-I STAGE

Fig.14 (a) and (b) show the key waveforms of vgs2, vds2, ip2,
and ips under P, = 100 W and P, = 200 W at input
voltage 24 V, respectively. When S is turned off and D5 is

Ferrite Core: ETD49
Material: 3C90
Magnetizing inductance
Ly: 65 uH
Leakage nductance
Li: 3 uH
17: 68

D,: DSSK80-0045B
D,: 1N4935
Ds;: MBR20200CT
D, & Ds: MUR160

Cy: 474F, Cy: 224F

Magnetizing inductor

Turns ratio (N, : Ny)

Didoes (D1, D,, D3, D4, Ds)

Capacitors (C3, Cs)

on, Vi, and Ly, provide energy to the load and vy is clamped
by the clamp diode D, and the intermediate capacitor C3.

T.

Is_nigh — D2ls_jow 21, 21,

(52)

T 1 (s gow —1Is high
P = — = —t
weman=| [ 7 ( A—DpT, '

DT
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1—D,

2
t— rr,dt
1—D)’T, (- Dz)z) L”

115917



IEEE Access

P. Luo et al.: Analysis and Design of New NITPC With High Voltage Gain

TABLE 3. The relationship of D5 and D, in SIDO under different output
power sharing conditions.

i
1 Voa(QOV/div) T ‘ >
gL ¥

_\ I r
Output power and sharing vasp(SOV/div)| B e \/ ]
Vin Ve Yo conditions in SIDO D, D; \‘/ | \/ |
ip2(10A/div)
Py=Pu(20 W)+P(200 W) 0.71 0.75 = oy e
i) [ips@A/div) | - 4|
PL=P3(200 W)+PL(20 W) 0.54 0.95 —— e :
Pu=Ps(20 W)+P(160 W) 0.69 0.74 (a)
Pi=Py(160 W)+P (20 W) 0.55 0.95 l S 5 e O YO T 177; 105V
24V 48V 400V : g i -
Pu=P5(20 W)+PL(120 W) 0.68 0.74 < l
Vdsz\Sa‘ div) ‘]
P;,=P5(120 W)+P.(20 W) 0.54 0.93 >
:'” (Inz\/ﬂh)
Pi=P5(20 W)+PL(80 W) 0.66 0.74 A
P F——— B
Pu=Py(80 W)+PL(20 W) 0.58 0.90 ‘F‘“‘" i_os'(2A/dFv)'--‘-'I:' Sus
3 -
(b)
I ‘ T T T ‘ ‘ | ‘ II:;;URE 15. Waveforms, vgs,, Vdsa. ip2, and ips in SISO-II (a) P = 100 W
. . Lo P, =200 W.
-' Vo2 (2OV/div) - wond o :
Vasd(50V/div) | e ]
[vas | ' _ Ve 2OV/div) - _
ik T0A/divY) | -
o 1—4(7”)' 4 o Vm(zoV/M [g'" 1
,\\J - [ipdeAndiv) | 3 A~
T ' T [lips@A/div) ‘
(a) - — P —
] I (0] | | ] |
1 § e - - I -
V2(20V/div, ; N | i — i Sus
. T b-\.._q ; rﬂ.._ (a)
DunGOV/TY)] | ] | ]
: Ve(20V/div) T
B [ TOA vy
e == = [ [e@OV/div)
7Y Ay | r/\“‘l /ﬁ“*‘l h i
' | 7 ETN BT — [
(b | { |
ina(10A/div)
FIGURE 14. Waveforms Vs, Vgsy. ip2, and ips in SISO-I (a) P = 100 W = .
(b) P, =200 W. ps
(b)

The voltage spike of vys is less than 150 V, and thus a power
switch with low on-resistance Rgs_on can be used to decrease
conduction loss.

B. WAVEFORMS MEASURED IN SISO-1I STAGE

The key waveforms of vgs2, vas2, ip2, and ips under P, =
100 W and P, = 200 W at input voltage 48 V are shown in
Fig.15 (a) and (b), respectively. Vg and L, provide energy
to the load and vqs, is clamped by clamp diode D; and
intermediate capacitor C3. Compared with the 100% load
when S is off, vgs appears at a certain resonance in 50% load
because this stage is in discontinuous conduction mode. ip»
and ips at P, = 200 W are higher than that at P, = 100 W.
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FIGURE 16. Waveforms in SIDO at P, = Pg (200 W) + Py (20 W) (a) vgs,
Vgs3., ips: ids3 (D) Vgsa: Vgs3, Vdsa, ip2-

C. WAVEFORMS MEASURED IN SIDO STAGE

Fig.16 (a) and Fig.16 (b) show the key waveforms of v,
Ves3, ID5, ids3» Vds2, and ipp at Pg = 200 W and P, = 20 W.
When S, is off and S3 is on, Vj, and Ly, provide energy to
VB, and vgsp is clamped by clamp diode D;, intermediate
capacitor C3 and output capacitor Cg. When S and S3 are
off, Vi, and Ly, provide energy to the load, and vy is clamped
by D> and C3. The key waveforms of ves, Vgs3, ips, ids3,
vds2, and ipp at Pg = 20 W and P, = 200 W are shown
in Fig.17 (a) and Fig.17 (b). ips in Fig.17 (a) is higher than
that in Fig.16 (a), and conversely, igs3 is lower because Vi,
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transfers more energy to Vp in Fig.16 and less energy to Vp
in Fig.17.

| T Ye(20V/div)

[V e [
@s(mmiv)

ias3(10A/div)

albe {

1 8
-

—
.

Sps

] @OV | \

Q0V/div)] . |

| [van(100V/div)|

Vai

N [ip2(10A/div

N

Sps

(b)
FIGURE 17. Waveforms in SIDO at P, = Pg (20 W) + P (200 W) (a) Vs,
Vgs3: Ips. ids3 (D) Vgsa. Vgs3. Vdsa: ipa-

D. WAVEFORMS MEASURED IN DISO STAGE

Fig.18 (a) and Fig.18 (b) show vg, Vg1, ids1, and ipy at
Pin = 160W and Pg = 40W, and P;;, = 40W and Pg =
160W, respectively. It reveals that igs; becomes higher when
VB provides more energy to the load.

“ T 0V/diY) l . ' l !
| i |
M POV n N
IR =R -
' P |
el N I\‘L\
| | e
(a)
T ! va20V/div) - !
i . \ Vea(2 V/div)ii" ! !
e '. Jiaa10A/div)| ARl i -
Mig;(lOA/di.:v) N
‘ f Sps
(b)

FIGURE 18. Waveforms of veg), Vg1, igs1. and ip; in DISO (a) Pj, = 160W,
Pg = 40W, and P, = 200W (fa) Pin = 40W, Pg = 160W, and P, = 200W.

E. EXPERIMENTAL RESULTS IN SIDO MODE WITH
CONSTANT VOLTAGE

Fig.19 shows dynamic response of the proposed converter
between 50% load P, = 100 W and full load P, = 200W.
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Vo(400V/div) !
4 'y

G0 s Adivy]
| To(0-5AYdiv) |

VoE0Vid)|

500ms

FIGURE 19. Load variation between Po = 100 W and Po = 200 W in SIDO
mode.

To simulate the condition of constant voltage to the battery
port, the battery port operates at a very light load ip = 0.05 A.
Change of i, has a slight impact on V, and Vg remains
constant.

96.0
95.0

Efficiency(%)

—e—SISO-I  —@—SISO-II e

20 40 60 80 100 120 140 160 180 200
Load condition(W)

FIGURE 20. Efficiency curves of the proposed NITPC in SISO-I and SISO-II.

F. MEASURED EFFICIENCY

The efficiency curves of the proposed NITPC in SISO-I and
SISO-II during the load range of 10%-100% are shown in
Fig.20. It reveals that the maximum efficiencies are 93.4% in
SISO-I and 94.7% in SISO-II, respectively. Meanwhile, the
efficiencies of the full load are 91.7% in SISO-I and 94.1%
in SISO-II, respectively. The efficiency of SISO-II is higher
than that of SISO-I because of severe conduction losses in
SISO-I. In SIDO, the efficiency curve under various battery
load ranges while keeping the output load power at 20 W is
shown in Fig.21 (a). The maximum efficiency is 93.7% at
Pp = 120 W, and the efficiency is 92.4% at Pg = 200 W. In
SIDO, the efficiency curve under various output load ranges
while keeping the battery load power at 20 W is shown in
Fig.21 (b). The maximum efficiency is 93.4% at P, = 20 W,
and the efficiency is 90.9% at P, = 200 W. Fig.22 shows
the efficiency curve of NITPC in DISO with various input
sharing conditions at full load. It reveals that the efficiency
is increased when the battery port shares more load power.
The maximum efficiency is 95.8% at P, = 40 W and
Pp =160 W.

Considering selected active and passive components based
on Table 2 under Vg =48 V, V, =400V, and P, = 200 W,
the calculated efficiency of the proposed converter is shown in
Fig.23. The total losses are 10.8 W and the inductor losses are
mainly the losses, accounting for 60% of the total losses. The
calculated efficiency is 94.9% and the measured efficiency
value is 94.1%.
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940 - —
£ 930 -\m\‘
2 920
3 —+—SIDO P =P, +P, (20 W)
£ 91.0
=
90.0 . .

20 40 80 120 160 200
Battery load condition(W)
(a)
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=
90.0 ; : : ; ,
20 40 80 120 160 200
Load condition(W)

(b)

FIGURE 21. Efficiency curves of the proposed NITPC in SIDO
(a) PL =20 W (b) Pg =20 W.

96.0

95.0 A

e\?’ /

=940

o

=

2 930 /

E 92.0
p —a—DISO P_+P =P (200 W)

91.0 T T . — P L \

160 140 120 100 80 60 40 P (W)
40 60 80 100 120 140 160 Py(W)

FIGURE 22. Efficiency curve of NITPC in DISO with various input sharing
conditions at full load.

B Power Switches Losses
Diodes Losses
B Capacitors Losses

® Inductors Losses

FIGURE 23. Distribution of the calculated losses under Vg = 48 V,
Vo = 400 V, and Po = 200 W.

V. CONCLUSION

This paper proposed a NITPC for renewable energy appli-
cations with few components count. A coupled inductor and
switched capacitor techniques are used to improve the voltage
gain. The proposed converter can realize power flows with
one port for renewable energy sources, one bidirectional port
for energy storage system, and one port for the high voltage
load. Moreover, the clamp circuit is employed to recycle the
leakage inductance energy and clamp the voltage stress of
the power switch. The efficiency can be further improved
with low on-resistances of the power switches. The detailed
analysis and consideration of the proposed converter were
presented. A 200 W laboratory prototype with renewable
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energy port of 24 'V, battery port of 48 V, and output port of
400 V was developed and tested. The experimental results
verify the feasibility of the proposed NITPC with high step-
up voltage gain and high efficiency. The measured highest
efficiency is 95.8%.
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