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ABSTRACT This paper introduces a three-port DC-DC converter (TPC) designed for enhanced voltage-gain
applications. The TPC features two input ports, including a bidirectional port for charging and discharging
a battery. It incorporates a switched inductor to achieve higher voltage gains. The converter is capable of
operating in four modes, one of which is a battery-alone mode. Compared to existing topologies, the proposed
design significantly reduces the ripple of the input current and ensures a common ground connection
between the input and output ports. This configuration makes the TPC particularly suitable for renewable
energy applications. The functionality and effectiveness of the proposed converter are validated through an
experimental prototype with a power of around 400 W. The experiments verified the dynamic performance

of the converter during load step changes and mode transitions.

INDEX TERMS Dc-dc converter, nonisolated, standalone, three-port.

I. INTRODUCTION

Alternate energy from renewable sources and their low
voltage are their main disadvantages, causing limitations in
applications and a reduction of reliability and certainty in
supporting power [1], [2], [3]. A high step-up converter and
energy storage (ES) should be utilized in conjunction with
the sources to improve their performance from the point
of view [4], [5].To use renewable energy sources (RES)
and ES simultaneously, the system requires two individual
converters, which makes the system large and expensive.
Integrating RES and ES by multi-port converters (MPC)
solves the problems as considered in the recent literature [6].
To present MPC:s, it is vital to highlight some of their benefits,
like their smaller size, improved dynamic performance, and
cost-effective architectures [1], [2], [3], [4], [5], [6], [7].

The associate editor coordinating the review of this manuscript and

approving it for publication was Vitor Monteiro

The presented MPCs are non-isolated, partly isolated, and
isolated converters. The non-isolated MPCs have compact
configurations compared to the isolated and partly isolated
types due to sharing their components in operation modes.
The isolated MPCs include single or multi-winding high-
frequency transformers that guarantee isolation between the
input and the output sides. Although the transformer increases
voltage gain related to its turn ratio, these converters contain
more semiconductors and components than non-isolated
MPCs [6], [7]. In the literature, isolated MPCs are not
discussed as often as the non-isolated kind, which is the
subject of this work. Even though non-isolated configurations
have limitations in some applications, they have been used in
stand-alone PV/battery systems. The authors have presented
MPCs with three ports (TPC) and four ports converters
due to their suitability for renewable applications. Three-
port converters have been introduced commonly for use in
PV/battery systems to increase the reliability of the load
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supply in different conditions. A bidirectional port must be
prepared in TPC configurations for charging and discharging
the energy storage to utilize the full capacity of PVs and
the additional power in case of an input power shortage.
According to the previous kinds of literature, different quality
factors can be defined for MPCs, such as the existence of
common ground between the ports and load, the number of
operation modes, the level of boosting voltage per the modes,
continuity of input current, the low ripple of input current and
existence of a bidirectional port to charge/discharge energy
storage. For instance, the converters in [8], [9], and [10] do
not contain a ground between the input ports and the load
due to utilized methods in them, which would be reasons
for the limitation. Although preparing a bidirectional port
is an important point to supply power with high reliability
in renewable energy applications, some of the converters
consisting of this feature cannot operate in battery-alone
mode as the ones in [10], [11], [12], [13], and [14]. This
issue leads to shutting down the converter and cancelling
the power transfer when the input power of the main source
is zero. Furthermore, some of the presented MPCs [9],
[15], [16] do not include a bidirectional port, and they
will show more uncertainty in supporting output power that
limits their applications. The multi-port converters in [12]
and [15] require large inductances for the series inductors
with the input source to limit input current ripple, causing
higher power loss, lower efficiency, and more effects of
parasitic resistance. Adding a port in MPCs and increasing
their voltage gain are related to the increase in the number
of elements, which leads to caution in designing such
converters. Therefore, some of the presented converters have
been based on simple converters such as boost, buck-boost,
and SEPIC [17], [18], [19], which consist of a limited
number of elements but cannot boost voltage appropriately.
This challenge can be the focus of further research so that
a smaller number of elements can propose a multi-port
converter with a suitable voltage gain. Although using a
limited number of power switches and diodes is the other
point that should be considered when designing MPCs,
they must be utilized for performing different operation
modes. The point has not been reflected in some converters,
such as the ones in [12], [15], [20], and [21], which have
many switches and diodes with complex control and high
losses. It needs to be mentioned, however, that some of
these concerns are interconnected and cannot be considered
simultaneously. In this paper, a new circuit has been designed
to address most of these concerns. The converter comprises
three ports, one of which is a bidirectional port to charge
and discharge a battery. Its performance has been performed
for four operation modes, including battery-alone mode, and
the converter can supply the load by unbalanced powers of
the input ports. In addition, the TPC boosts voltage with
high gains in the main operating modes, and it continuously
transfers current from the input source. The configuration
includes a common ground between the ports and the load
that increases its applications. An effective switching strategy
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is defined as one that needs a simple system for shifting
between the operations modes. The switching strategy makes
the possibility of controlling the input power of the source and
output voltage. According to the mentioned quality factors of
the converter and its superiorities compared to the references,
the components have been used suitably in the configuration,
respecting the number of them. The proposed converter offers
several advantages:

o Continuous current of primary input(PV)

« Low input current ripple

« High voltage gain

« Bidirectional port for battery charging and discharging

« Common ground between ports

The properties and performance of the proposed converter
are studied in different sections of the paper. The converter
configuration converter and its operation modes are described
in Sections II and III. The converter properties are compared
with the other converters in Section IV. Sections V and VI
include a description of the control system and experimental
verifications, respectively. In addition, Section VII concludes
the proposed TPC.

Il. THE PROPOSED CONVERTER AND ITS ANALYSIS

In general, three methods have been used to transfer power
from the input ports to the loads in multiport converters.
In summary, the currents of the input ports at a connection
point are used in the first method, where series diodes
with the sources should be utilized, such as the converters
presented in [19], [21], and [22]. Fig. (1)(a) illustrates the
introduced method and location of the diodes. In this method,
if required, both sources flow current through the (a) point
simultaneously, it is obligatory to regulate the (a) point’s
voltage in the way that two diodes will be on. On the other
hand, two sources must set the (a) point’s voltage at the same
value. Otherwise, during a part of the switching cycle, the
diode of the first source will be on, and in other switching
parts, the diode of the second source will be on and the power
control will be complicated. The second method is based on
power transferring from the input sources by the sum of their
voltages in common loops like the proposed converters in
[9], [10], [12], and [23]. This method increases the voltage
gain, in addition to the introduced power transfer. In some
operation modes, the mentioned structure increases the input
current ripple, and an increase in current passes through
the components occurs. Therefore, converters need larger
inductors to limit the high current ripple and used components
with higher nominal currents to avoid damage by high current
stress. Summing up the powers of the input sources with their
independent performance is another method used in some
converters, such as [24], [25], and [26]. These converters
require power to transfer simultaneously from both input
sources Fig. (1)(c). If the performance consists of boosting
input voltage, two independent step-up units must be used for
both parts of the converter, meaning an increase in the number
of used components. This article utilizes a new method to
combine the input powers of the sources and does not follow
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FIGURE 1. Methods of power-sharing between the input sources in MPCs
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FIGURE 2. Structure of the proposed converter.
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the previous solutions. The output voltage will result from
the voltages of capacitors and inductors in the circuit loops,
causing the independent performance of the sources. The
method does not transfer power by summing up the sources’
voltages or currents. This feature can be explained while
investigating the converter’s operation modes.

A. CONFIGURATION OF THE PROPOSED CONVERTER

The proposed converter includes two input ports and an
output port for connecting to the load. One of the ports
has been developed to be a bidirectional port to charge and
discharge the battery and the other port is unidirectional to
transfer the power of the renewable energy source. The ports
are unified with a switched inductor (SI) to boost voltage
gain, giving the possibility of high gain operation in its
operating modes. The presented configuration contains three
switches that are used to switch between the modes and
control the primary source’s output voltage and input power.
Notably, an auxiliary inductor can be incorporated into the
circuit with C2 for sensitive applications to prevent impulsive
charging and discharging of C2 if it risks existing. Fig. (2)
illustrates the converter with details of the used components
in its structure. A simple control system is needed to regulate
the desirable variables due to the use of a small number of
switches and the low number of switching states in each
operation mode. The converter can operate in four modes
related to the power balance between the input source, the
battery, and the load. In addition, battery status and voltage
have to be considered for the possibility of operation in each
mode. The first operation or charging mode occurs when the
input power is higher than the output power, and the source
can charge the battery with its extra power. The output power
is supplied by discharging the battery and power of the input
source in the second operation mode, which can be defined
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as the discharging mode. The discharging performance of the
battery depends on its stored energy and voltage, which has
to be higher than its minimum value (Vy,>Vpmin). In the third
mode, there is no need to use the battery’s stored energy and
no additional power to charge it, meaning the battery does
not contribute to the performance. The battery can support the
load on its own when the input power of the source is equal to
zero, which is defined as the battery to determine the mode or
the fourth mode. The following section includes a description
of the modes’ states and an analysis of the modes while
the converter’s performance occurs in continuous conduction
mode (CCM).

IIl. THE OPERATION MODES AND THEIR ANALYSIS

The modes are studied by the drawn fundamental waveforms
in Fig. (4), which shows the modes include a maximum of
four switching states.

A. THE FIRST OPERATION MODE (CHARGING MODE)

This mode has three states with equivalent circuits as shown
in the (3) and its time intervals change from 7y to #4. In the
first state ( 11< t < fp), the only conducting switch is S1 such
as shown in the Fig.3. The input source energizes L1, and its
current increase linearly Fig. 4 while the diode D is blocked.
Using Fig. 3(a), the following equation can be written.

Vs =V1,. ey

The capacitor C3 is charged by L, C3, C1, and C, through Dy,
and the other diodes D; and D3 are blocked. The introduced
components form a loop, which is the base of (2).

Ve, + Ve, — Vi, — Vi, = Vo. 2)

By equating V1, = V1, (this can be proven based on analysis
of SI’s circuit), the equation (2) is rewritten as:

2Ve, =2V, = Vo. 3)
2Ve, = Vo

5 . 4)
The equivalent circuits of the converter per two of the other
states (f; <t < 13) and (4 < t < fy) are similar as depicted
in the Fig. 3(b). There is no need to turn on the switches
and L charges C through D;. Referring to the Fig.3(b), the
equation (5) can be extracted.

VS - VL1 = VC1 (5)

Vi, =

According to the key waveforms of the Fig. 4(a),(1) and (5),
voltage-second balance theory for L; can be extracted as (6).

D1Vs+ (1 — D) (Vs —Ve,) =0 (6)
Thus, voltage of C; is obtained from (6).
Ve = —2 )
(1—-Dy)

The remaining state occurs in a time interval as 13< t <t4 when
S> and S3 are turned on, unlike S which is off. The battery
is charging by the powers of the input source and C; due
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FIGURE 3. Switching states of the first and second operation modes (charging and discharging modes) (a) t; <t<t,, (b) t; <t<tyand t, <t<ts, (c) t5 <
t <t, in the first operation modes(charging mode) (d) t; <t <t, in the second operation modes (discharging modes) Switching states of the fourth

operation modes (battery alone modes) (e) t, <t <t;, (f) t; <t<t,.

Ll '—75..7-,-7-7-7-,-7- E‘

L29 L3

to t1 t: t3 t+4. T

FIGURE 4. Key waveforms of the proposed converter the first, the second
and the third modes.

to formation of a power-transferring path through D, and S
such as shown in Fig. 4(c). In charging mode, there is a basic
condition between the voltage of the battery and the voltage of
Cy which is definable by V¢,> Vj,. This inequality equation
implies the dependence between this mode and the battery
status. The inductors of SI (L, and L3) and C, are charging
by the input source and L in the loops consisting of D;, D3
and S3. Using analysis of this state, the relations between the
voltage of L1, Ly, C1 and C are as

VC1 = VL2 = VL3 (8)
Ve, = Ve, ©))
Similarly, voltage-second balance theory for L, is obtained

as shown in (2) and (2) which indicates the relation between
output voltage and Vc,.

2Ve, — Vo
D3Ve, + (1 — D3)(———=

)=0 (10)
Y
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Substituting (7).into (11). gives voltage gain of the converter

in charging mode.

. 2 Vs
(1—=Dy) (1 —D3)

Vo (12)

B. THE SECOND OPERATION MODE (DISCHARGING
MODE)

The key waveforms of this mode would be like Fig. 4(a) with
the difference that Sy does not receive PWM pulse, and it
is turned off. As it can be understood from the converter’s
configuration, the voltage of the battery must be higher
than V¢, for the discharge the battery is possible. Some
of the states in this mode are as same as the ones in the
charging mode such as the states in time intervals including
to< t <t3 and #4< t <ty. Therefore, the equations (1), (2),
(5), (6) and (7) are also valid for this mode. As shown
in Fig. 3(d), the different state occurs during 13 <t < t4
when the battery discharges through the body diode of S.
In this state, battery is used to energize Lz and C in the
loops consisting of S>’s diode (Ds, ), S3 (first loop) and Ds,,
D3 and S3 (second loop) respectively. Furthermore, L, is
charged by the input source, L; and C; through the formed
current paths by Di, D3 and S3. According to Fig. 3(d),
voltage of C; and L3 are equal to V, (Vp=Vc,=V1,) and
Vc,=Vi,. By using volt-balance theory, a relation such
as (10) can be written which is summarized to obtain output
voltage (Vo).

D3(Ve, +Vp) +(1 = D3)(Ve, +Vp — Vo) =0 (13)
Ve, + Ve
Vo= 12
(I —D3)

(14)

Substituting (7) into (42), shown at the bottom of page 12,
gives V related to Vp and V5.
Vs + Vp(1 — Dy)

Vo= — 2 77
T =D -D3)

15)
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FIGURE 5. Non-ideal structure of the proposed converter.

C. THE THIRD OPERATION MODE (NO BATTERY
CONTRIBUTION)

This mode includes the states similar to the charging mode
and the only difference is in operation of S>. Due to no
contribution of the battery in the third mode, the switch (S>)
should be turned off during this mode, and (Vc,) > (Vp).
Analysis of the converter would be the same as a simple
circuit, and its voltage gain can be obtained as written in (14).

2Vg

Vo= — 2
T (1=D)( - D3)

(16)

D. THE FOURTH OPERATION MODE (BATTERY ALONE
MODE)

The performance of the converter has two states in this mode,
as shown in 3 Because of no power transferring from the input
source, there is no need to use Sp, and S3 is the only active
power switch, as shown in 4(b). According to3(e), all the
semiconductors except D4 are blocked during fp< t <t; and
the battery transfers its power to the load through the body
diode of S2(Ds,) and Dy4. In addition, L3 assists the battery
by its discharging and supporting the load and energizing the
output capacitor (C3). As shown in Fig. 3(f), an equation such
as (17) can be derived.

Vo =V, =Vo (17

In the #; <t <1, the switch S3 is the only conducting one that
prepares a current path for charging L3. Thus, in this state,
the inductor’s voltage is equal to Vj, ( V, = V,). Using the
voltage of L3 per the states, the volt-balance equation of the
inductor can be written as follows.

d3(Vp) + (1 —D3)(Vy — Vo) =0 (18)

Output voltage of the converter is extracted from ((18)) as:
Vi

Yo =Dy

(19)

E. NON-IDEAL VOLTAGE GAIN FOR PV ALONE MODE

Fig. 5 is considered a non-ideal circuit for the proposed
converter. The same analysis in the previous section was
performed in PV alone mode to obtain the proposed
converter’s non-ideal voltage gain. To simplify the equation,
all inductor resistance (ry,), switch-on resistance (r,n), diode
resistance (ry), and diode voltage forward (vp) are equal.
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FIGURE 6. Non-ideal voltage gain and real voltage gain (the values of
r=.02, rd=0.007, Ron=.08, Vd=0.6).

Additionally, analogous analyses can be conducted for the
non-ideal voltage gain of the other operational modes. non-
ideal voltage gain is shown in eq (20), as shown at the bottom
of the next page, and the ideal and the non-ideal voltage
gain are plotted in Fig. 6 for different output loads It should
be noted that the parasitic values are considered as r;=.02,
rd=0.007, R,,=.08, v4=0.6.

Semiconductor stresses, including voltage and current
stress of switches and diodes, are shown in Table 1.

TABLE 1. Semiconductores Stresses in PV alone mode.

Component | Voltage stress Current stress
51 (I—=D3)vo 2vp
AT (1=Dy)(1—-D3)R
1)(1=D3)vo vo
52 2 V% (1—D3)R
2vo
Ss Yo T=Ds)R
(I-D3)vo 2vp
D1 3 (=D —D5)R
17D32v0 vo
D2 2 (1—D3)R
1—D3%vo vo
D 2 (I—D3)R
/o)
Do vo (A-D3)R

IV. COMPARISON WITH THE OTHER CONVERTERS

Based on the paper title, three-port converters are utilized
as the primary references for comparisons. Most of the
converters in Table 2 contain three ports and two of them
have four ports. Table 2covers the quantitative and qualitative
properties of the converters, which can help to introduce
the proposed converter’s advantages and disadvantages.
According to the details, the converters in [10], [11], [12],
and [27] have at least one not common grounded input
port, meaning limitation in their applications. Most of the
converters include main input ports with continuous input
current except the one in [10]. The other quality factor
related to renewable sources (RS) is input current ripple
which must be considered during the design of the converters.
According to the current ripple equations in Table 2, the
proposed converter, and the converters in [13] and [15]
transfer power from RS with the lowest ripples (Fig. 7).
The current ripple in [11], [12], and [27] is high due to the
use of unsuitable methods in power sharing, as discussed
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FIGURE 8. Voltage gains of the converters versus duty cycles (different
duty cycles of the converters are assumed similar d; = d,).

in section II. Referring to the curves in Fig. 7, the current
ripple in the proposed converter is lower than 20% until D=
0.5. In addition, the maximum of the current ripple in the
proposed converter is lower than 30% for similar conditions
(the input voltage, size of the series inductor with the input
source, and frequency are assumed 20V, 100 ©H, and 50 kHz,
respectively). It must be noticed, that the converter in [10]
transfers power with discontinues input current.

Various points have been considered in the presentation of
the proposed converter to cover the limitations of the previous
cases and introduce a converter with more advantages. The
proposed converter is designed to have a low number of
semiconductors which causes higher efficiency. To verify
the issue, the maximum efficiency and efficiency of the
converters in their nominal power are listed in the last
column of Table 1. The proposed converter operates with
the highest efficiency (94%) per its nominal power (420W)
in comparison to the references. In addition, its maximum
efficiency has a high value similar to [10], [12], [13], and [15].
Thus, the results demonstrate the high-efficiency perfor-
mance of the converter in both points of the comparison. The
number of operation modes in MPCs can be considered as
a factor to investigate the flexibility and reliability of their

performance, especially when the input sources do not have
enough certainty in supplying the load. The problem can be
resolved by setting up a bidirectional port for charging and
discharging the battery storage. In addition, the converters
can handle the situation better when there is a possibility
of operation in the battery-alone mode with the bidirectional
port. Although all the converters except the converter in [15]
have a bidirectional port, none of them can support the
load in battery-alone mode except the proposed one. This
advantage (operation in stand-alone mode) results from well
designing and localization of the bidirectional ports for the
proposed converter. In addition, the converter presents this
property with an acceptable number of used components (the
total number of components (T) in the proposed converter
is 13). Furthermore, the converter boosts voltage by high
gain during the operation modes. Using the voltage gain
equations in Table 2, the converters have been compared
from this point of view in Fig. 8. Besides the other positive
points of the proposed converter, its voltage gain is higher
than the converters in [11], [12], [20], and [27]. Although
the converter in [15] operates with a higher voltage gain,
it does not include a bidirectional port despite using three
extra components consisting of six power switches. The cost
comparison is shown in Table 4, demonstrating that the
proposed converter has a lower price point than most other
converters, except [12]. Notably, [12] boasts an output power
of approximately 100 watts, and its switches and diodes are
equipped with lower nominal power ratings, thus contributing
to their lower prices. Importantly, it should be emphasized
that the output power of the proposed converter stands at
around 400 watts, surpassing that of the other compared
converters. However, despite these factors, the lower pricing
of the proposed converter’s other components, such as
the Inductor, enables its final price to remain competitive
with [12] and even lower than the prices of the other compared
converters. When comparing the efficiency of the proposed
converter, it is important to note that the output power range
of the proposed converter is greater than that of the compared
converters. Like converters [10], [12], and [15], the proposed
converter achieves high maximum efficiency, which is nearly
equal to those converters and higher than converters [11],
[13], and [27]. Additionally, the proposed converter has a
narrower efficiency range within the tested output power
range compared to converters [11], [15], and [27], and it
maintains a higher minimum efficiency than converters [11],
[15], and [27].

V. CONTROL ALGORITHM
The proposed TPC is controlled based on a designed control
algorithm, as illustrated in Fig.9. The first step of the

Vo

1= (1=Dy?52

Ve +ronDi + 1o (1= D) (oot ) + 3 (1= D3+ (1 = Do) % + 2Ron B + ) ) (1 = D)

VOLUME 12, 2024
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TABLE 2. Comparison of the proposed converter with other multiport DC-DC converters (P: ports, S: switch, D: diode, L: inductor, C: capacitor, T: total

number of components, PRO*: proposed converter).

REF [10] [11] [12] [13] [15] [27] Proposed
(2—D1)Viny Ving 4
. 2_D 1—-D+D? 1 2 (1-D1)2 (1-D1) Viny +(Ving ) (1—=D1)
Voltage gain =0 1-D)2 a-D)? [=)E Ving Ving +Viny (D110
(1—D3)2 (1—D3)
Battery Alone Mode NO NO NO NO NO YES
Common ground NO NO NO YES YES NO YES
Continuous input current NO YES YES YES YES YES YES
Bi-dirctionall port YES YES YES YES NO YES YES
((lvinll)Dl (Viny D2 (Viny D1+
. =72 - Viny Dy Viny D1 - Viny D1
Input Current Ripple Scale - v b +(Ving +Ving )D2) Llf Llf (Viny +Ving )02) Llf
+= | T T — T
Number of Operation Modes 3 3 3 3 2 3 4
Output power(W) 180 152 100 250 350 80 600
Efficiency 93%-96.5% <92% 91%-96% 90%-94.2% 85%-96% 90%-92% 91%-96%
L 2 2 2 4 4 2 3
C 4 2 2 4 4 2 3
Number of Elements D 6 4 5 5 2 5 4
S 4 4 3 4 6 4 3
T 16 12 12 17 16 13 13
TABLE 3. Cost comparison (S, D, C, L, TC Represent the Switches/Diodes/Capacitors/Inductor/Total Component).
REF [10] [11] [12] [13] [15] Proposed
Po(W) 1200W) | 152(W) | 100(W) | 250(W) | 180(W) 400(W)
L($) 23$ 18§ 18 % 358 258 13.2%
Cc@$) 58% 58% 6.6 % 9.1$% 8.32% 4.27$%
Cost of Components | D($) 7% 19% 6.1$% 3225% 995$% 1556 $
S$) 12.28 $ 13.68 $ 12.28 $ 82% 3.28% 1337 $
T($) | 48.08% | 56.48% | 4298 % 848 % 46.55 $ 46.4%
TABLE 4. Utilized Components in Proposed Converter.
PARAMETERS ‘ Value ‘ PARAMETERS ‘ Value
P P No Vi 20V Vo 48V
i +Yes Output Voltage 255V Switching Frequency 50 kHz
L 100pH Lo, Ls 340pH
No Mode 1 <V Cy, C1,C3 68nF S1 IRF1407
Charging | Yes " "% S IRF260N S5 2SK3131
Dy, D>, D SP3004 D. DSEC30
V>V , 1, D2, D3 4
’ v Mo Vo>V Rout 80 - 220 ohm
S, control charging Mode 3
current PV alone
Mode 4 Mode 2 .
Battery 7 S1fegl11fte Boost |4 P‘Y’J; source (PV) transfers its power to the load as the PV alone
voltage mode or the third mode. Performance conditions of the
v .
»| Ssregulate output _O converter for the other modes can be followed using the
voltage algorithm in Fig. 9. The last part of the diagram allocates the

FIGURE 9. Control diagram for the operation modes of the proposed
converter.

algorithm includes collecting real-time data by voltage feed-
back and current sensors. Utilizing the data and comparing
output and input power is possible and essential to diagnosing
the operation mode. The next unit contains a mode diagnosis
for defining operation modes in different conditions. The
modes are related to battery voltage status. As an example,
when Py, <P, and Vp<Vpax, the input source supplies the
load and charges the battery, which is defined with charging
mode. In this condition, if the battery voltage status shows
that it is higher than its maximum (Vp>Vpnay), the input

80902

number of active switches to the distinguished mode. In the
end, the controllers regulate PWM signals with suitable duty
cycles.

The microcontrollers assign appropriate compensators
for various operating modes to control the PWM pulses
effectively. Designing a suitable controller maintains stable
output voltage load fluctuations and input voltage variations.
The state-space average model and small-signal model
converter’s open-loop transfer function are derived for the
discharging mode to facilitate this. Considering the equality
of the voltages of capacitors C1 and C2 and the currents
of inductors L2 and L3, the number of state variables can
be reduced. This simplification can reduce the order of the
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FIGURE 10. Equivalent circuit of the proposed converter for state space analysis in each switching state (a) state 1,(b) state 2, (c) stare 3.
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FIGURE 11. Bode diagram of the proposed converter without controller
and with controller for a) G;;,; and b)G;,,.

proposed converter’s matrix and create a simpler model.
In this analysis, the following parameters are selected as state-
space variables.

X = [ILla IL29 VC[s VCo]/ (21)
d . A .
—X =AX+BU 22
% + (22)
Y=CX+DU (23)

where U is the input matrix. The following section will
explain the matrices A, B, C, and D and how to obtain them.
Matrices A, B, C, and D have been obtained based on the
switching pattern shown in Fig. 4. It should be noted that
since the averaging method has been used for the proposed
converter’s small signal, it is calculated in three intervals.
To derive the average and small-signal models, equations
for the states need to be derived from the equivalent circuit
of the converter, which, shown in Fig. 10., depicts the first,
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FIGURE 12. Bode diagram of the proposed converter without controller
and with controller for a) G,4; and b)G, 5.
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FIGURE 13. Experimental setup.

second, and third states of the discharging mode. To obtain
the state-space equations, it is necessary to derive the A, B, C,
and D matrices, where the matrices resulting from KVL and
KCL are in Fig. 10 for state variables such as inductors and
capacitors. For every equivalent circuit depicted in Fig. 10.,
it is essential to derive matrices A, B, C, and D. Subsequently,
the average of these three resulting matrices is selected as the
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IL1 : S A/div

IL2 2 A/div
IL3 : : 2 A/div

TN ANV N T “\/‘“\./‘wj

B

@
vbs, T 40 V/div
VDS, 200 V/div |
Vel o | | 100 V/div -
™ VCe3 400 V/div
(4] : <2Hz
® = 1000 @) = dvov)(_ 26us (@ 0.8a8s )|
(i @Mean 53.9V @Mean 2550 )
()

FIGURE 14. Experimental results of the second mode for Po = 295W,
PpV = 165W, Py, = 130W, d; = 0.59 and d, = 0.61 (a) current of L,
L, and L5 (b) voltage of S;, S5, C; and Cs5.

state-space matrix. A, B,C,and D can be written as (24) to (28)

- (1-Dy)
SO T
0 0 L (=D
A= 0-2p-20;) 2-D; %2 (2)L2 (24)
< 1-b)) |
—U3
. 0 - 0 ~RG;
- 1
0
B |0 & (25)
= 2
0 0
L0 0
[0
c— 8 (26)
K
D =100] 27)

To obtain a system’s transfer function, matrices A, B, C, and
D should be into (28). The transfer function representation
for a system given matrices A, B, C, and D is given by (28),
whereas [ in (28) is the identity matrix.

G(s)=C(SI —A)'B+D (28)

Based on (24) to (28), the analysis identifies two inputs,
denoted as Vj, and V}, and one output V. The small-signal
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FIGURE 15. Dynamic response of the converter per the first operation
mode where the output voltage and current of the battery are controlled
(a) variation of output power from 230W to 310W (b) variations of the
input voltage from 20V to 30V.

functions Gyg1 = (%) and Gy = (%) can be written as (29)
and (30) respectively.

G 1.527¢15
inl = & 1204153 + 7.768¢0752+2.056¢105+2.748¢14
(29)
1.038¢075% — 1.029¢ — 06s + 3.664e14
Gin2 =

§44294.153 + 7.768e0752+2.056¢10s+2.748e 14
(30)

Like the previous analysis, the input matrix will be changed
to obtain a small signal model of the proposed converter.

D,
‘o [D3] 31)

By utilizing (24) and substituting D(Duty cycle) to
(D+21 ),the matrix B for G,z can be derived. This modification
affects only matrix B, while matrices A, C, and D remain
unchanged.

VC]
Ly ‘9
0 Yo
Bg,, = L (32)

vd i, | iy i
2o to 2o

lL2

0 _C_3
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FIGURE 16. Dynamic response of the converter per the second operation
mode where the output voltage and current of the battery are controlled
(a) variation of output power from 270W to 330W (b) variations of the
input voltage from 20V to 30V.
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: 10 A/div_
Ib
@
400 V/div
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Charging Mode No Battéry Mode L Discharging Mode
- 3 2z
® = 10n @ = 1n ) 2s ® & 22a C
f @Hean 187nA fAMean 1.31A 1

FIGURE 17. Control of the proposed converter during the operation mode
variations.

Based on eq(24), (26) to (27) and (32) the small-signal
functions G4 = (%I) and G,43 = (l‘;—‘;) can be written as
eq(34) and eq(35)

—8.587el12s — 7.327¢16

Guar = 3 3 2
s*+294.1s° + 7.768e075-4+2.056¢10s+2.748¢14
(33)
G —7.353¢04s3 +3.309¢0952 — 1.277¢13s+1.168¢17
vd3 =

s* + 294153 +7.768¢0752+2.056¢10s+2.748¢14
(34)
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FIGURE 18. Performance of the converter in the fourth mode (battery
alone mode) (a) dynamic response of the converter when the output
power is varied from 140W to 220W and then from 220W to 140W- Vg =
150V (b) performance of the converter for Pg = 230W.

By utilizing G¢y 1 and Gey; as a controller for Gy, and Gin2
respectively, as shown in eq (35) and (36), the closed-loop
transfer function of Gj,;; (G¢yin1), as shown at the bottom of
page 12, and Gj2 (Gciin2), as shown at the bottom of page 12,
for the proposed converter can be derived.

4e — 06s + 1
Gevi = 35
V1= 042782 + 1.31s + 1 (35
0.00076s + 8
Geva = (36)

0.264s% + 1.345 + 1

By utilizing G¢cp1 and Gepz as a controller for Gygp
Gyq2, as shown in eq(39) and eq(40), the closed-loop transfer
function of G,; and (G¢pryg1), as shown at the bottom of
page 12, and G,41 and (G¢ryqg3), as shown at the bottom of
page 12, for the proposed converter can be derived.

0.025s+ 1

13.4s52 4+ 20.67s + 1
0.00068s + 1

2.7e — 652 +155+1

Gepr = (39)

(40)

Gepr =

Fig. 11 illustrates bode diagrams of G;, and Gy, with and
without controller. The results show that for Fig. 11 (a) phase
margin (PM) is changed from —180° to 80°. In addition, the
controller improves the gain margin (GM) by changing it
from —15 dB to 70 dB. Furthermore Fig. 11 (b) show that
for Gyg> phase margin (PM) is changed from 3.29° to 71.5°.
In addition, the controller improves the gain margin (GM) by
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FIGURE 19. Performance of the converter with high voltage gain when
d, and d, are set on 0.65 (a) the third mode- Pg = 300W, Vpy = 19.9V,
and voltage gain = 16.3 (b) the second mode V;, = 48.5V, Vpy = 20.7V,
Vo = 322V and P = 312W.
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FIGURE 20. Performance of the converter with 600W output power Vpy =
19.9V, a Vp, = 49.1V, Vg = 220 V.

changing it from 78 dB to 85 dB. Fig. 12 illustrates the Bode
diagrams of G,41 and G,43 with and without the controller.
The results indicate that in Fig. 12 (a), the phase margin (PM)
changes from 110° to 88° with the controller, while the gain
margin (GM) improves to 400 dB. Furthermore, in Fig.12(b),
it is observed that for G,43, the phase margin (PM) changes
from —60° to 44°, and the gain margin (GM) improves from
—28 dB to 51 dB with the controller.

VI. EXPERIMENTAL RESULTS
Fig. 13 depicts the experimental setup consisting prototype
of the proposed TPC, the control board and measurement
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FIGURE 21. Efficiency of the proposed converter per the operation modes
for different output power.

equipment. The voltages of the input source, the battery, and
the output voltage are set at 20V, 48V, and 255V, respectively.
The energy storage comprises lead-acid batteries with series
connections. Table 4 provides information on the components
that were utilized in the prototype.

Fig.14 displays the results of the experiments performed
in the discharging mode (the second mode), including the
inductors’ current, voltage stress of the switches (S and S3),
and voltage of Cy and Cs. The results are extracted for input
power (Ppy) and power of the battery (Pp) equal to 165W
and 130W, respectively. According to Fig. 14, the inductor
currents have low ripples, and the input current ripple (ripple
of L1) is lower than 40%. All the experiments in steady state
condition have good accordance with the kay waveforms
in Fig.4 Thus, the main parts of the illustrated results are
focused on the dynamic performance of the converter per
changing the load, variation of the input source, and switching
between the modes. In practice, the PV voltage exhibits a
wide range of fluctuations, whereas the battery maintains a
relatively constant voltage level. In the experimental results,
the voltage characteristics of the PV were taken into account,
with variations considered in the range of 20V to 30V.
Fig. 15(a) depicts a variation of output power from 230W
to 310W, and the controller sets the output voltage, which
can be validated by reviewing the results in (Fig. 15(a)).
To verify the controller performance, the input voltage is
varied from 20V to 30V, and then it returns to its primary
state (Fig. 15(b)). Similar to the previous experiment, the
results demonstrate the controller’s high-speed performance
in regulating the battery’s current and output voltage.

Fig.16 illustrates the experimental results of the second
operation mode with experiment steps like the previous
process in Fig. 15. As can be seen, the output voltage is set
(the set-point= 255V) with unremarkable changes, the same
as the battery’s current. Switching between the operations
modes by the control algorithm is depicted in Fig. 17, where
output power has been changed. In the first step, the input
power has a higher value than the load (240W), which causes
the battery to charge with extra power.

Then, the load suddenly varied from 240W to 310W,
which means equality of the input power and the output
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power. Therefore, there is no additional power to charge the
battery and the converter operates in no battery contribution
mode or the third mode that is managed by the control
algorithm. Increasing the load from 310W to 420W causes
a supporting lack of power by the battery during the
converter operation in the charging mode as shown in the
last step of changes (Fig. 17). The changes in the battery
current per the steps verify the switching between the
modes where the output voltage is controlled appropriately.
Furthermore, Figure(Fig. 17) illustrates the application of
bidirectional input, allowing the converter to store excess
energy and subsequently release it when the PV input is
insufficient. By efficiently managing bi-directional energy
flow, the overall versatility of the converter can be enhanced.
The other important feature of the proposed TPC is its
performance in battery-alone mode, causing higher reliability
and certainty in supporting output power, especially when the
input power is low or equal to zero. Fig.18(a) validates the
converter’s performance in the battery-alone mode while the
output voltage is regulated at 150V. Additionally, Fig. 18(a)
demonstrates the controller’s high-speed performance when
the load fluctuates between 140W and 220W. The results
show that the regulation of the output voltage is done
perfectly, with an efficiency of more than 93%. As it can
be seen in Fig. 18(b), the converter supplies a 230W load
with the battery, while the battery current has a low ripple
(lower than 30%) and the converter efficiency is 96%. It
must be noted that the converter can boost with higher
gains in the first, second, and third modes, as depicted in
Fig. 14 for two of the modes. Fig. 19(a)shows converter’s
performance in the third mode for Pp = 300W, Vpy =
19.9V, and voltage gain = 16.3, where d; and d, are set on
0.65 and the converter’s efficiency is 94%. The subsequent in
Fig. 19(a)(b) are registered when the voltage of the battery,
the input voltage, output voltage, and the output power
are 48.5V, 20.7V, 322V, and 312W, respectively. Like the
previous mode, the converter transfers the power in this mode
with an efficiency equal to 94%. Fig. 20 shows the converter’s
performance in the second mode(discharging mode) for Pp =
600W, Vpy = 19.9V, and output voltage 220v. The efficiency
of the converter is extracted for output power from 100W
to 420W (Fig. 21). the battery-alone mode demonstrates the

modes exhibit superior efficiency compared to the PV alone
mode. The converter consistently achieves an efficiency
exceeding 93% across various output powers, with an average
efficiency of 94% at the nominal output power of 420W.
The pinnacle of efficiency is observed in the battery-
alone mode, where an output power of 220W corresponds
to 96% efficiency. Overall, the converter efficiency levels
could be further enhanced by incorporating higher-quality
components. Notably, the charging and discharging modes
share the same components, resulting in identical efficiencies.
Additionally, the PV alone mode has slightly lower efficiency
than the other modes, attributed to increased losses due to
paths all power in more components. Power losses analysis
includes inductor losses(Pr), switching losses(Ps,,), diode
losses(Pp), and capacitors losses(Pc4p). Each component loss
analysis is in the following section.

PLoss=Psw+Pcap+PL+PD (43)

The inductor losses Ppinclude core 1oss (Pgore), DC con-
duction loss (Prpc), and AC conduction loss (Prac), which
can be calculated by the equations given in (44) to (48) and
current analyses for the inductors. inductor losses due to
inductors’ magnetic behaviors can be written as (44), which
are affected by the inductor’s frequency(f), magnetic flux(B),
volume(V,), K is a constant for core material, and x and y are
related to the shape of the inductor.

Peore = fxByVe 44)
Prpc for each inductor should be obtained by (45).

Al 2

Pipc = Rpclyms® = Rpe(L* +

) (45)

Losses of each inductor due to ac resistance can be written
as (46)

Al 2
3

Diode losses(Pp), including conduction loss( Pconq ), voltage
forward loss (Py,) and reverse recovery 1oss (Precovery) are
summrize as follows.

Prac = Raclms® = Rac (46)

2
. . . P = Rpl 47
highest efficiency, surpassing all other modes due to lower deond = BD"Drms 47)
utilized components. Notably, the charging and discharging Py, = Vplave (43)
G 261260957 + 6.538¢1450 + 3.97¢175% + 5.079¢225% + 1.43¢2553 + 1.795€2952 + 5.495€295 + 4.195¢29 (37)
CLinT™ 4183512 1 108.8511 + 2.845¢07510 1 1.606¢1059 + 1.207¢1558 + 6.215¢1757 + 7.894¢2156 + 2.116¢24s5 + 1.383¢285% + 8.467¢2853 + 3.737¢2952 + 7474295 1 4.95¢29
G 208352 +2.255¢0758 +2.419¢ 1157 + 25431550 + 69741857 + 6.768¢225 + 3.645¢2553 + 2.128¢2952 + 1.079¢30s + 8.054¢29 (38)
CLin2= 40697512 + 4171511 1 1.083¢07510 + 6.16¢0959 + 4.598¢ 1458 + 2.385¢1757 + 3.007¢2150 + 8.179¢2353 + 5.271e275% + 5.348¢2853 + 3.883¢2952 + 1.282¢30s 1 8.809¢29
G B —1.577¢04s% — 8.921e09s7 — 9.167¢1350 — 8.288¢1755 — 7.042¢215% — 12862553 — 2.64¢2852 — 3.022¢31s — 2.013¢31 (41)
CLvd 1= 5 500 12512 1 8.104¢ — 6511 + 2256510 1 258659 + 3.505¢0858 + 2.403¢1 157 + 1.478¢1650 + 7.091855 + 9.007¢225% + 1.336¢2553 + 1.435¢295% — 2.999¢3 15 — 2.006¢31
. —0.00013510 — 69.1659 + 3.219¢0658 — 1.23¢10s” + 3.49¢1450 — 3.598¢1755 + 8.572¢21s% + 1.351¢255> + 3.116¢285% + 4.816¢3 s + 3.209¢31 (42)
GeLvd3=
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7.29e—125124+8.104e— 06511 42256510 4251759 + 3.537¢0858 + 2.369¢1157 + 1.522¢1650 + 7.559¢1855 + 1.057€235% + 3.967¢2553 + 2.011€2952 + 4.838¢315 + 3.217¢31
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FIGURE 22. Losses distribution in PV-alone mode for 272W output power.

For each diode, losses due to recovery 10sses Precovery can be
written as (49)

1 T
Precovery = T A va(1)ig(t)dt 49)

The switch’s losses Py, include conduction loss (Pg¢onq) and
switching losses in the converter (Py,,). The switching loss is
subdivided into turn-on loss (P,;) and turn-off 10ss (Pyy ). Py
can be written as (50)

VpslsFsw(t o + ton)
2

Like diodes, mosfet conduction losses can be formulated
as (51):

PSWZPoﬂ'i'Pon: (50)

Pscond = RSISWS2 (51)

The losses of the capacitors P.q,comprise conduction losses,
which can be computed using the RMS current pass-through
capacitors and the capacitors’ resistance value (Rc). Losses
distribution is shown in 22 for pv-alone mode.

Peap = Rell crs)* (52)

Based on the calculations performed in this section, the total
circuit losses can be expressed by eq (53). However, due
to measurement equipment errors, discrepancies may exist
between the calculated values and the measured values.

PLoss = Psy + Pegp + PL + Pp = 17.06W  (53)

The loss distribution is illustrated in Fig. 22. The distribution
reveals that diode losses constitute the largest portion of
the proposed converter’s losses, accounting for 39% of the
total losses. Switches contribute to losses following diodes,
comprising approximately 33%

VII. CONCLUSION

The proposed TPC boosts voltage with high gain per its
operation modes. It is experimented for voltage gain equal
to 12.5 in the three modes, while it can be used for higher
gains as experimented for Vp/Vi,=16.3 during the second
and third modes. The converter operates with acceptable
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efficiency for output powers lower than 420W. All the input
ports have a common ground with the load. In addition, the
input current of the unidirectional port is continuous with
a low current ripple. The main advantage of the converter
is its battery-alone mode performance, which improves the
reliability of the TPC in stand-alone applications. These
features were introduced during the converter design process
to present a more comprehensive converter in comparison
to the previous topologies. According to the applied switch-
ing strategy, the converter transitions between the modes
simply and appropriately. The results have demonstrated
the converter’s suitable performance during sudden changes
and its stability under various conditions. Based on the
advantages of the converter and its superiority over other
TPCs, the proposed converter is suitable for renewable energy
applications.
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