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ABSTRACT High voltage conversion dc/dc converters have perceived in various power electronics
applications in recent times. In particular, the multi-port converter structures are the key solution in DC
microgrid and electric vehicle applications. This paper focuses on a modified structure of non-isolated
four-port (two input and two output ports) power electronic interfaces that can be utilized in electric
vehicle (EV) applications. The main feature of this converter is its ability to accommodate energy resources
with different voltage and current characteristics. The suggested topology can provide a buck and boost
output simultaneously during its course of operation. The proposed four-port converter (FPC) is realized
with reduced component count and simplified control strategy which makes the converter more reliable
and cost-effective. Besides, this converter exhibits bidirectional power flow functionality making it suitable
for charging the battery during regenerative braking of an electric vehicle. The steady-state and dynamic
behavior of the converter are analyzed and a control scheme is presented to regulate the power flow between
the diversified energy supplies. A small-signal model is extracted to design the proposed converter. The
validity of the converter design and its performance behavior is verified using MATLAB simulation and
experimental results under various operating states.

INDEX TERMS Multi-port converter, electric vehicle, bidirectional dc/dc converter, battery storage,

regenerative charging.

I. INTRODUCTION

Increasing environmental pollution, the rapid rise in fuel
cost, global warming, and depletion of fossil fuels have
led to the development of advanced vehicle technologies.
Therefore automobile industries have started manufacturing
eco-friendly electric (EV) & hybrid electric vehicles (HEV).
In such vehicles, the motor drive system is an important com-
ponent. An efficient power electronic converter is required to
propel the motor drive system. In the case of EV, this power
electronic converter must possess the bidirectional capability
to interface the energy resources with battery and motor

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaosong Hu

VOLUME 9, 2021

drive systems. Numerous research work has been reported
by the researchers in the literature on power electronic inter-
faces for EV systems. Different topologies of non-isolated
three-port converter synthesized from dual input (DIC) or
dual output (DOC) converter along with the single input
single output (SISO) converter is dealt in [1]. A step-up con-
verter combining the features of KY converter and buck-boost
converter with a high voltage conversion ratio is presented
in [2]. The method of improving the conversion efficiency
using the interleaving concept in a double switch buck-boost
converter is proposed [3]. A non-isolated boost converter with
high voltage gain capable of balancing automatically under
an unbalancing load condition is analyzed in [4]. Bang and
Park [5] describe buck cascaded buck-boost power factor
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TABLE 1. Components comparison.

Bidirectional Buck-Boost No. of No. of No. of No. of No. of No. of
Converters in paper Inputs Outputs Inductors Switches  Diodes Capacitors
H. Kang, et. al [4] 1 1 1 4 - 3

M. Badawy, et. al [7] 1 1 4 - 2

A. Hasanzadeh, et. al [8] 1 1 6 6 - 4

M. Reza Banaei, et. al [13] 1 1 2 1 2 3

A. Ajami, et. al [14] 1 1 3 1 2 4

B. Vural, et. al [18] 2 1 2 5 2 1

A. Khaligh, et. al [25] 1 1 1 5 5 2

T. K. Santhosh, et. al [26] 1 2 1 4 - 2

Single Input->Three Output
Proposed converter (FPC) (or) 2 3 2 3

Double Input>Double Output

correction converter for wide input voltage variations. The
above-mentioned converters are unidirectional with the SISO
configuration. A non-isolated bidirectional dc/dc converter
in [6] is a SISO model that uses four active switches.
A comparison of two different bidirectional converters such
as cascaded buck-boost capacitor in the middle and cas-
caded buck-boost inductor in the middle is carried out
in [7]. To achieve high power density and enhance efficiency,
zero-voltage transition three-level dc/dc converter with the
soft switching feature is proposed [8]. The converter in [9] is
a three-port bidirectional topology that uses three inductors
and three active switches to produce either buck or boost
output. Different structures of parallel buck-boost converters,
converters with two modules of supercapacitors and their
power management control strategies are well investigated
in [10]. A Multi-port energy converter in [11] employs a
single leg active switching element for the multi-functional
operation to regulate and manage the output power. When
comparing the above-said converter with the basic buck-boost
converter, it uses more passive elements. A bidirectional
high gain step-up/down dc converter in [12] which has been
realized as a non-isolated structure has an in-built DC trans-
former which increases the size of the converter. The single-
switch buck-boost topology presented in [13], [14] operates
in SISO mode and it inherits the features of CUK converters
and supersedes the problems encountered in KY converter.
Non-isolated multi-input multi-output dc/dc converters pre-
sented in [15], [16] is a boost converter meant for photovoltaic
applications with unidirectional power flow. The setback of
a multi-input single-output n-stage converter in [17], [18] is
that only (n-1) stages do the buck-boost operation and the
nth stage operates as a boost converter with power trans-
ferred from source to load always. The circuit configuration
in [19], [20] is designed with switched capacitor technique
for multiple inputs applications. Here, the number of active
and passive components used in this configuration equals
the number of input sources, which in turn increases the
circuit structure and control complexity. The utilization of
single inductor based non-isolated multi-port converter pro-
posed in [21], [22] is limited to low power applications
one active switch for integrating diversified load devices.
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Multiport dc/dc converter in [23] is an isolated bidirectional
converter. A Multi-winding transformer in it which helps in
transferring the power increases the size of the converter. Dif-
ferent structures of multiport bidirectional dc/dc converters
are derived with the combination of dc-link and magnetic
coupling [24]. Fully directional universal dc/dc converter [25]
operates as a SISO converter. A dual input dual output con-
verter suitable for the hybrid electric vehicle is proposed [26].
It has the basic disadvantage of battery power not being
boosted across the load. A solar power aided EV with battery
backup has been in [27]. To catalyze the energy between the
battery and solar in the above EV a dc/dc converter structure
has been presented. The number of switches in this converter
varies based on the number of battery modules (Say if there
exists ‘n’ no. of battery modules, then the system requires ‘2n’
numbers of switches for effective operation). For effective
power management between the ultracapacitor and battery
and to suppress the issues such as overcharging of ultraca-
pacitor and high battery current during peak power, a fuzzy
logic control based energy management strategy has been
proposed [28].

The major contribution of this paper is to propose a single-
stage transformerless four-port (FPC) bidirectional buck-
boost converter with only three switches. Compared with the
topologies presented in the literature (see Table 1), the pro-
posed converter has advantages such as a modular structure
with reduced component count and integration of diversified
sources in the input with different voltage-current charac-
teristics. Apart from the above-said features, the proposed
converter can provide output less than the minimum input
voltage (buck) or greater than the maximum input voltage
(boost). The reduction of switching losses improves the effi-
ciency of the proposed converter.

This paper is organized as follows. In Section II, the basic
idea of developing FPC and its operation modes is presented.
The dynamic model of the converter using small-signal
analysis is given in Section III. Validation of functional-
ities of the proposed converter using experimental results
and control strategy for power budgeting is illustrated
in Section IV and V. Finally the conclusion is provided
in Section VI.
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Il. PERFORMANCE ANALYSIS OF MULTIPORT
BUCK-BOOST CONVERTER
A. STRUCTURE OF FPC TOPOLOGY
The use of a single energy resource cannot meet the load
demand due to input power variations and dynamic load in
the electric vehicular system. Therefore, the hybridization
of arbitrary energy resources is required. This manuscript
focuses on synthesizing a converter topology that could inter-
face various energy resources with the drive train of a vehicle.
Figure 1 (a) and (b) depict the role of power electronic
interface in the power system of an electric vehicle system.
Figure 2 shows the proposed topology of a four-port (FPC)
converter.
Prominent features of the proposed converter are:

« Bidirectional power flow capability
« Individual power flow control between the sources
« Easy design, control, and implementation process

As shown in Figure 2 the power flow between load and input
sources is controlled by the controllable switches Qp, Qo,
and Q3. As seen from Figures 3a to 3e five different states
of operation can be considered for the proposed converter.
The state 1 is a (single input dual output) SIDO state. In this

state (see Figure 3a), the drive train of EV (load) is powered
by the power generated from PV. The battery in the proposed
topology can be charged either from the input PV power or
from the load (see Figure 3b & Figure 3e).

In state 5, due to regenerative braking the energy returning
from the load is stored in the battery. Due to low irradiation
and if the PV is not able to generate the power, the battery dis-
charges to meet the entire load requirement (see Figure 3c).
During peak power demand, the battery unit and PV provide
the necessary power to drive train. The converter then oper-
ates in the DIDO state (see Figure 3d). Switching schemes
of the proposed converter and equivalent circuits under
different operating states are depicted in Figures 4 & 5
respectively.

B. OPERATING MODES- STATE OF OPERATION

1) STATE 1-SIDO (SINGLE INPUT DUAL OUTPUT)

STATE OF THE CONVERTER (POWER TRANSFER

FROM PV (Vdc) TO LOAD)

In this state, PV transfers the power individually to the load.
The Switching schemes of various operating devices are
shown in Table 2. Switches Q; and Q3 are turned ON and,
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FIGURE 1. Block diagram of (a) Conventional converter (b) Proposed integrated four-port converter (FPC) interface in an electric vehicle system.
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FIGURE 2. Topology diagram of four-port (FPC) converter.
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FIGURE 3. a) State 1(boost), b) State 2 (buck & boost), c) State 3 (boost), d) State 4 (boost), e) State 5 (buck).
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FIGURE 4. State of operation of proposed FPC.

Q7 is turned OFF, during the time interval O to d;Ts. While
considering Vpy >V, (see Figure 5 (a) and (b)), the voltage
Vpv appears across the inductor L, resulting in the rise of
inductor current with the positive slope. During time interval
d; T to Ty, switches Qy, Q3 are turned off and Q5 is turned on.
Energy stored in inductor L during the previous time interval
d; T is discharged to the output capacitor through the diode
D;. Here T is the switching time period. Under steady- state
operation, the output voltage is given by

1
Vo= —V 1
o= 1q Vr (1)
1
Vo1 = 1-_lepV 2

2) STATE 2- SITO (SINGLE INPUT THREE OUTPUT)

STATE OF THE CONVERTER (POWER TRANSFER

FROM PV TO BATTERY AND LOAD)

Operation in this state is similar to state 1. When the battery
needs to be charged from PV (see Figure 5 (c) and (d)),
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Switch Switch
OFF

IL]

ILZ

i<—<>\
Discharging

(b) Inductor Current
Waveforms of PWM Signal

Q> operates with d, < 0.5 to charge the battery. Q3 operates
similarly as that of Q; with d; > 0.5 to produce boosted
output across the load. Voltages Vpat, Vpyv, and V,, Vo1 are
related by the equation

1
Vo = 1__lepv (3)
Vo1 = dzvpv (@)
Vbat = d2va (5)

3) STATE 3 - SIDO STATE OF THE CONVERTER

(POWER TRANSFER FROM THE BATTERY)

In this state, the energy stored in the battery is transferred
to the load. During the time interval O to d3T;, discharging
action of the battery causes the inductor current iy, to rise
linearly. Between the intervals d3Tg to T, the current irp
decreases with a negative slope. ON-OFF state of switch
Q3 provides a boosted output across the drive train. As Qg
does not take part in transferring the energy from battery to
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TABLE 2. State of operation.

No.of Input Sources MOSFET Switches | Inductors Diodes Battery Capacitors | Outputs
Stat

e Q@ [Q@ [ [ [L [D [D [Vm©0G |G |G [V [V
State 1 ON OFF | ON 1 1 OFF | OFF | | Boost Boost
VorVeu) [[(Vpdor (V) FGrETON [ OFF | § 1 ON | ON T 7
State 2 ON OFF ON 1 ! OFF | OFF ! ! Boost Boost
Vo> Via Vo) or (Vg
(Vo> Vo) | (Vi) 01 (Vo) OFF | ON | OFF || 1 ON | ON f 1 1
State 3 OFF ON 1 - OFF ! 1 Boost Boost
Vov<Via Vha
(Vp<Voa) | Vo) o T oN l —t
State 4 ON OFF | ON 1 1 OFF | OFF | | Boost Boost
(Vo=Via) | V) and (Vew) "OEE TON | OFF | | ! ON | ON ! T 1
State 5 . ON OFF i - ON 1 l

(V=0 Re%gneratlve 1 Buck Buck
VearVis) || CrAKIDE POWEE OFF | ON ! E OFF K

Table representation: ON- Switch close, OFF- Switch open, - charging of inductor and capacitor, and |- discharge of inductor and capacitor

the load, it is kept in OFF condition throughout the state of
operation (see Figure 5 (e) and (f)). The output voltage across
the load due to discharging the battery is given as

Vo = V 6
o 1-d3 bat ( )

1
Vo1 = —V 7
ol 1-d; bat ( )

4) STATE 4 — DIDO (DUAL INPUT DUAL OUTPUT)

STATE OF THE CONVERTER (POWER TRANSFER

FROM PV AND BATTERY)

When the power demand from EV is high, the battery and
PV supply, power to meet the demand (see Figure 5 (g) and
(h)). During time interval O to d; T gated switches Q; and Q3
charge the inductor and cause the currents iy ; and i to rise
linearly. Q> is provided with the complimentary gate signal
at this interval. On the other hand during the off period of
switches Qy, Q3 the inductor currents iy and iy, decrease
with the negative slope. Thus boosted power from both bat-
tery and PV is delivered to the load via diodes D; and D,. Net
output voltage due to the power delivery of both the sources
can be determined from Eqs.(8-9):

Vo = 1_—lepv, (or) Vo = Evbat ®)
1 1
VOl = 1__lePV’ (01") Vol - Evbat (9)

5) STATE 5 - SIDO STATE OF THE CONVERTER (POWER
TRANSFER FROM LOAD TO BATTERY)
During regenerative braking, the kinetic energy stored in the
drive train is fed back to the battery (see Figure 5 (i) and (j)).
The switching sequence of this state is given as follows: Qg
is permanently in the off condition; Q2, Q3 is turned ON and
Q; is turned OFF. The ON-OFF state of Q; along with Q3
charges the battery.

Voat = d2Vo (10)
In same state, the battery is suppled by the second output
through regenerative braking power. The control relation is
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derived as,

Voi =d3V, (11)
C. CONVERTER FAULT ANALYSIS
The converter fault condition is investigated as follows,

Case-1: If switch Q; opens, the boosted PV power will not
be available as the diode D; will be reverse biased. The con-
verter works in SIMO state and continues to power the loads
with the available battery power. At, the same time the regen-
erative power if available will charge the battery with the aid
of switches Q, and Q3.

Case-2: If switch Q; opens, the PV module will not be able
to power the auxiliary loads and the battery cannot be charged
during regenerative braking. However, the PV modules will
be able to drive the traction drive with its available power and
the converter works in SISO state.

Case-3: If switch Q3 opens, the charging and discharging
action will be affected. Battery will not be able to deliver
boosted output across the loads?

Case-4 Due to switching (ON-OFF) action, switch Q
delivers boosted output across the loads through diode Dj.
But if diode D opens, then the load will not be delivered with
boosted output and there will be circulating current through
the inductor L and the switch which in turn will generate
heat in the loop. Similarly, if the diode D, opens, there will
not any power supplied through the diode D5 to the load.

Ill. DYNAMIC MODELING
A proper control scheme is required to fix the duty cycles of
an individual switch in the converter to regulate the output
voltages, the charging, and discharging actions of the battery.
Therefore, to design such controllers, dynamic modeling of
the converter using a small-signal model needs to be obtained.
The state-space average model of the four-port converter is
derived based on the state-space description of the converter
in each switching state. Following are the steps involved in
deducing the average model
o Derivation of state-space equation during open /close
condition of switches
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o Averaging the deduced state equations

« Perturbation

o Matrix creation

To obtain the small-signal model, the current through the
inductors and voltage across the capacitors are assumed as
state variables. As five operating states of the presented con-
verter use different combinations of the two input sources and
produce either buck, boost, or buck-boost outputs simultane-
ously five different models can be obtained. State variables
in equation (12), (13) and (14) consist of DC components (I,
d, V) and perturbations (i, a, V). Perturbations are assumed to
have small variations over one switching period. Replacing
the state parameters with the sum of steady- state parameters
and perturbation values, the following constraints can be
derived. N

iL] = ILl + iL]

i, = I, +iL, (12)
Vo = Vo + Vo

Vol = Vo1 + Vo1

Vbat = Voat + Vbat (13)
di =di +d

dy =dy + &2

d3 = d3 +d3 (14)

A. STATE 1 (Vpy — LOAD [BOOST OPERATION])

As the converter is considered to be operating in CCM,
the switches (see Figure 5 (a) and (b)) Qg is ON, Q; is OFF
for a period of d;Ts, and Qg is OFF, Q, is ON for a period
(1- d;Ty). Substituting the perturbations, it is possible to
obtain

d@ 1—d;\- d 1
= () —( 1)11. ()5 a9
dt Co Co Colo

da) _ (1-4
e ( c1 > (1L1 +1L2)

d 1
- (Cl> (I, +11,) — (_r) Vol (16)

A, = (1—d)iy, — < ) (7)

dil, = (1 —dy) 1L1 +1Lz ( )Vol (18)
From equation (15) to (18) we get,
R Ly (I-dp 0 0 -1
iLl 1
1 o B (1—dy) <C°+g> 0 0
4, (iLl +1L2) I 0 (Li+Ly (1-dp)
‘701 < 1>
0 0 (I—=d3) (c1+—
Iy
I,
Vo
X 19
(IL1 +IL2) (19)
Vol

VOLUME 9, 2021

B. STATE 2 (Vpv — Vbat & LOAD [BUCK & BOOST])

In this state, Q; and Q3 are kept ON and Q; remains in
the OFF state as in Figure 5 (¢) and (d). Incorporating the
perturbations are given as,

d](Vo + \70)

dt
1—d; —d » 1 R
=—— (I, +ir) — Vo +Vo) (20
Co Colo

d2(Vor1 + Vor)

dt
1 ¢ 1 o
=\ (IL2 + le) -\ — (VOI + VOl) (21)
Co Cin
d2(Vvat + Vbat)
dt
1 A 1 N
=|— )L, +iry) — | — ) (Vbat + Vbat) (22)
Ch Ch
1 i,
d&nkd | o
1&do&ds | 5
Vol
[ L 0  (1—dp o 17"
0 0 0 (—dp) Vo
1 Vbat
_|a-dp o - co+g 0 Vol
0 I,
o -1 . 1 I
(I-d3) 0 —fci+— 0
L I _
(23)

C. STATE 3 (Vbat — LOAD [BOOST])

During this state, the switch Q3 is ON and Q; is OFF con-
dition, inductor L; is charged. Switch Q3 is OFF and Q;
is ON, inductor L, is discharged from Figure 5 (e) and (f).
Small-signal equations that can be deduced are

-1

L, (1 —d3) 0
i 1
1 QLz _ | a—dy) <c1+—) 0
83 Aol I |
Vo 0 (1 —d3) <c0 n —>
To
I,
x| Vo (24)
Vo

D. STATE 4 (Vpv and Vbat — LOAD [BOOST])
As state 4 combines the operation (see Figure 5 (g) and (h))
of state 1 and state 3, the average model of the converter with
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the switching sequence shown in Table 2 can be derived as

Ell &83 iLz

0 0 L, (1 —ds)

(1—dz) (cl + l)
L rn/

I,
X Vo (25)
I,

Vo1

E. STATE 5 (LOAD — Vbat [BUCK AND BOOST])

This state can be called as a regenerating state as the load
power is negative. To store the regenerative braking energy
in the battery, Qg is kept OFF, Q,, and Q3 are controlled as
shown in Figure 5 (i) and (j). During regenerative operation,
since the output voltage is greater than V,y, the converter
operates in buck mode and charges the battery. Averaging the
state equations over one period, the small-signal model can
be deduced as in equation below:

A, +i,)  (da—dy ! 0
det Lo = ( L )Vbra_ke_<L_2> (Vbat+Vbat) (26)

d(Vo + {’0) _ ILZ + ,1:L2 . Vbat + Vbat 27)

dt Cp Cp
_d(iLl) _ Ve Vbat (28)

dt Ly Ly
Start
’ To read the ‘
Vev & Via
Q;, Qs

A _ (I, +iL, | (Tou @)
dt Ch Ch
SRR
— . = 30
d; |:Vbat —1 (1+cp) Vhbat 30)

In summary, the five operating states are discussed and the

Output voltage
Duty cycle

is used for the closed-loop analysis of the proposed FPC
converter.

small-signal model of the transfer function (

IV. CONTROL STRATEGY AND HARDWARE RESULTS

The primary source is considered to be a photovoltaic (PV)
panel of 100 W (two Mono crystalline S0W PV panel) and
a 12 V, 7Ah battery is considered to be a storage element.
The PV panel is connected with conventional P&O MMPT
controller to find out the maximum power point (MPP).
To demonstrate various operating modes with different com-
binations of input/output voltages, a small scale prototype
model of the proposed converter with a lower rating is built
as shown in Figure 7. Details of the experimental setup are
provided in Table 3. The controlled switches in the power
circuit are realized using MOSFET (IRFP250N) and the
uncontrolled switches with diodes UF5408. Switch and state
selection control algorithms shown in Figure 6 are embedded
in the PIC controller (dsPIC30F2010). The simple PI con-
troller is used to generate the duty cycles of the MOSFETSs
Q1, Q2 and Q3 as shown in Fig.6 (b). The duty cycles of
Q1, Q2 and Q3 are given in Fig.6(c). The reference output
voltages (Vo_rer and V1_rer ) and actual load output voltages
(Vo and Vo) are compared and error is generated to find
out the current references (ILiref and Iroref). The ky and k;
values of the PI controller is found from MATLAB auto turn-
ing and imported to dsPIC30F2010 controller. The current

I Vv
Iy ref N
PI Pl |e— Leref
= = I Vo ref
Vi TAAA_. I, el

I, Vo1
®

Nrrler signal L/\‘

d,T;

' d; T, ' 1-dy) T, ' '

(@)

'«— State 1 to State 4 —— !
le———— State 5 %

FIGURE 6. Proposed FPC (a) Flow chart (b) PWM generator with Pl control (c) duty cycle.
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FIGURE 7. Experimental setup of the proposed converter.

TABLE 3. Setup configuration.

Components Ratings

Capacitor (C; & 1000uF, 63V

Co)

Diode (D1 & D;)  UF5408(Ve =1.7V,3A,50 to 1000 V)

MOSFET IRFP250N (Vps =0.27V, 30A,200V,
0.075Q)

Inductor (L) ImH

Inductor (L) 120uH

Battery 12V, 7Ah, (Lead-Acid)

error determines the reference signals of Qq, Q> duty cycle.
The 10 kHz triangle carrier signal and reference signal are
compared to generate the duty cycles of Qq, Q3. The switches
Q1 and Q3 are operated simultaneously with same duty cycles
and Q2 in complimentary fashion. Hence the NOT gate is
used to generate the Q2 duty cycles.

A STATET1 &2

Microcontroller process the feedback signals and provide the
controlled duty cycles required for the converter to operate
in a particular state (see Figure 8(i) and 8(ii)). For an exam-
ple, the controller reads V,y& Vya and selects state 1 & 2

TABLE 4. Experimental results.

if Vpy>Vypa. After the state selection, based on the PWM
switching algorithm, switches Q; is triggered and the con-
verter works in SIDO state. A boosted output V, &
Vo1 = 69 V (see Figure 8 (1)) & Ioye = 1.37 A are available
across the load for the given Vpy =21V & I,y = 4.6 A.

B. STATE 3

If Vv <Vypat, then state 3 is selected and the converter will
operate similarly to state 1 with battery as rimary source. Now
the battery (where Vpar = 12V, Iy = 8.02 A) which has
charged in the previous cycle discharges to provide boosted
output of Vo & Vo1 = 58 V &, Ioy = 1.63 A as shown
in Figure 8(iii).

C. STATE 4

If Vpy = Vpat, then the converter works in state 4 (DIDO).
Here the primary source (Vpy) along with battery supplies
power to the load to meet the expected demand. The exper-
imental results for this state of operation are presented
in Figure 8(iv). From Figure 8(iv), it is seen that when
Voy =20V, Iyy = 481 A, Vpgr = 20V, Ipye = 4.81 A,
Vo & Vo1 =38V, 1, =2.49 A.

D. STATE 5
State change is effected when load power is greater than the
input power (during regenerative braking). The motor drive in
EV delivers power in the reverse direction. The brake power
is recovered and the battery is charged due to the bucking
operation of the converter. Figure 8(v) illustrates that when
Vo (brake) = 34 V & Iy (brakey = 2.81 A, the charging voltage
and current are about Vpy = 10.2 V & Iy = 9.3 A.
Considering the electric vehicle application, the converter
should have a more control degree of freedom. With this
aim, the converter is involved with different load duty cycles
operation and the results are tabulated in table 4. Based on
the results, it can be seen that the proposed converter has more
degree of freedom with its control and able to provide a wider
output voltage.

Input Voltage MOSFET Duty Cycle Output Voltages Output Status

R e (Vao) (Vew) Q Q Q (Vo) Vo) | (Vo& (Vo)
State 1 21 Not in use 69% 50% 50% 69 69 Boost
(Vo> Vi) 22 18 50% 50% 50% 42.81 41.47 Boost
State 2 21 7.1 68% 32% 68% 66 66 Boost
(Vo> Viar) 22 15 50% 50% 50% 41.92 39.69 Boost
State 3 Not in use 12 50% 21% 79% 58 58 Boost
(Vv<Via) Notinuse | 22 50% 50% 50% 46.15 4538 Boost

18 22 50% 50% 50% 46.15 45.38 Boost
State 4 20 20 47% 53% 47% 38 38 Boost
(Vpv=Viar) 25 25 50% 50% 50% 52.37 51.57 Boost
State 5 Not in use 10.2 30% 70% 30% 34 34 Buck
V=0, Not in use 10.95 50% 50% 50% 22 21.36 Buck
Viar<Vioad) Not in use 12.88 70% 30% 70% 52 50.99 Buck
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FIGURE 8. Experimental results of all the states: (i) State 1, (ii) State 2, (iii) State 3, (iv) State 4, & (v) State 5.

With the help of state space model obtained in various For an example, in State 1 (Figure 9(i)) the input voltage is
operating states, the dynamic behaviour of the proposed four decreased from 22V to 20 V and suddenly increased to a value
port converter against sudden variations in input voltage and of 25 V higher than the given input voltage. The step down
load is analysed and depicted in Figure 8. and step up voltage are regulated by the duty ratios d1 and
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FIGURE 8. (Continued.) Experimental results of all the states: (i) State 1, (ii) State 2, (iii) State 3, (iv) State 4, & (v) State 5.

d2. Applying the concept of line regulation, the ability of
the controller to compensate for approximately 9% decrease
in input voltage and 14% increase in input voltage is well
depicted in Figure 9.i and 9 ii. The load regulation ability of
the controller against 20% step increase and step decrease in
RO1 is shown in Figure 9.iii and 9 d. This shows the designed
controller is able to fix the output voltages of 42.81 V and
42.67 V across the two loads irrespective of any load or input
changes. Output load voltages changes is given in the Fig-
ure 9.iv.

Battery SoC and SoH Measurement: During state-3 and
state-4, Battery discharges to supply power to the load and
during state 5, the load supplies the power to battery (battery
is charging). The experiment is performed with the initial bat-
tery SoC of 45.1256%. During the time of state-3 and state-4,
the Battery SoC is reduced gradually (battery discharges).
The measured SoC at the end of state-4 is observed as 45.0345
%. The change in SoC is very minimal as the states operation
time is very small as the states are exercised in high switching
frequency interval. Similarly during state-5 the battery SoC
is increased to from 45.0345 to 45.0526%. The SoH values
are also calculated from state-1 beginning to end of state-5 as
80.001 to 8.002.

V. EFFICIENCY-LOSS ANALYSIS

Having conventional buck, boost, and buck-boost converter
as reference; switching losses of the proposed converter can
be estimated for different operating conditions. Since the pro-
posed converter operates like a conventional boost converter
in state 3, state 4, and buck converter in state 5, it does not
encounter any additional losses. Therefore, the comparative
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change-inefficiency need to be calculated individually for
state 1 and state 2 only. In state 1 when the converter operates
like a conventional boost converter, the additional conduction
loss which is due to Q2 can be written as,

ApLOSS] = sz (bOOSt) (31)

Similarly, state 2 the converter operates in buck mode,
it charges the battery from sourcel (PV), and during boost
mode it interconnects the load and PV. Therefore, a change
in loss can be calculated as

ApLoss, = Pq2 (boost) (32)
Apioss, = Pp, * Pg, (buck) (33)
Thus, the efficiency can be calculated as,
Po Po
Ap=n—n'= (34)

PN P+ APross

here An is the change in efficiency, 7 is the efficiency of the
conventional buck-boost converter and 1’ is the efficiency of
the proposed buck-boost converter. Pry and Po are the input
and output power. Fig.10 shows the efficiency calculation of
state 1 to sate 4.

o State 1
During boost mode
,  69x1.37 69 x1.37
Anp=m—n; = -
21x4.6 (21 x 4.6) +[(0.27 x 1.37)]
94.53 94.53
A =

96.6  96.6 4+ 0.3699
Any = 0.9785 — 0.9748 = 0.37%
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FIGURE 9. Experimental results with change in input voltage change in
duty cycle and load: (i) Change in PV voltage, constant battery voltage,

and constant duty cycle, (ii) Vo and Vo1, (iii) Change constant duty cycle,
when constant PV voltage and battery voltage, (iv) Output load voltages.

o State 2
During boost mode
, 69 x1.37 69 x 1.37
Anp=m—n = -
21 x4.6 (21 x 4.6)+[(0.27%x1.37)]
94.53 94.53
Anp = -
96.6  96.6 4+ 0.3699
An; = 0.9785 — 0.9748 = 0.37%
During buck mode
. , 1.1 x 135
L R YRS
7.1 x 13.35

(21 x 4.6) + [(1.7 x 13.5) + (0.27 x 4.6)]
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FIGURE 9. (Continued.) Experimental results with change in input voltage
change in duty cycle and load: (i) Change in PV voltage, constant battery
voltage, and constant duty cycle, (ii) Vo and Vo1, (iii) Change constant
duty cycle, when constant PV voltage and battery voltage, (iv) Output load
voltages.

95.85 95.85
96.6  96.6 +22.95 + 1.242
Anp = 0.9922 — 0.7935 = 19.87%

Anp =

Loss beardown

The converter overall efficiency ranges between 97.6% to
98.4%. The loss breakdown for the proposed converter is
shown in the Fig.11. The total loss of the converter is observed
in the range of 3.4W to 1.6W. Here the switching and con-
duction losses of the MOSFET are observed as 8% and 11%
respectively. The diode conduction losses are observed as 5%.
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TABLE 5. Components comparison.

D No. of No. of No. of No. of used Converter
Bidirectional Buck-Boost . . . .
Converters in baper Passive Switches/Diode Efficienc

pap! Inputs Outputs Elementused y

H. Kang, et. al [4] 1 1 4 4/ Not use 98.2%

M. Badawy, et. al [7] 1 1 4 4/ Not use 96.6%

A. Hasanzadeh, et. al [8] 1 1 10 6/ Not use 97.8%

M. Reza Banaei, et. al [13] 1 1 5 1/2 92.6%

A. Ajami, et. al [14] 1 1 7 1/2 93.2%

B. Vural, et. al [18] 2 1 3 52 98.6%

A. Khaligh, et. al [25] 1 1 3 5/5 97.2%

T. K. Santhosh, et. al [26] 1 2 3 4/ Not use 92.6%
Single Input-> Three Output

Proposed converter (FPC) (or) 2 32 98.2%
Double Input->Double

32461 | == State 1 (Vo &
] Sl vol)
3982 - — X
< 98 - == State 2 (Vo)
>
g 97.8 -
8 97.6 - === State 2 (Vol)
=
E974 -

97.2 4 == state 3 (Vo &

97 Vol)

80 8 90 95 100

=== state 4 (Vo & vol)
Power in Watts

FIGURE 10. Efficiency waveforms with different Power in Watts.
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A

3%
Other Losses £

«
MOSFETS

Switching losses
A

MOSFETS
Cvonducﬁon loss

Capacitor Loss

Loss in Diode

FIGURE 11. Loss breakdown for the proposed converter.

Expect this MOSFET and Diode losses, the converter other

losses in their passive components losses is around 75%.
The proposed converter efficiency calculation is extended

for California Energy Commission (CEC) efficiency and
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European efficiency. The CEC efficiency is a weighted aver-
age of measurements taken at different power levels and input
voltages. The European efficiency is a weighted average at a
single input voltage. The observed CEC efficiency of 98.2%
while European efficiency is 97.6%.

The Table 1 shows the proposed topology efficiency, pas-
sive elements and switches used is compared with different
similar converter topology. From the results it can see that
the proposed converter efficiency is competing with other
converters. In addition the proposed converter has advantages
such as a modular structure with reduced component count
and integration of diversified sources in the input with dif-
ferent voltage-current characteristics. This type converter can
be used for HEV power circuit. In particularly the proposed
converter can be used in regenerative operation.

VI. CONCLUSION

A single-stage four-port (FPC) buck-boost converter for
hybridizing diversified energy resources for EV has been
proposed in this paper. Compared to the existing buck-boost
converter topologies in the literature, this converter has the
advantages of a) producing buck, boost, buck-boost output
even without the use of an additional transformer b) having
bidirectional power flow capability with reduced component
count ¢) handling multiple resources of different voltage and
current capacity. Mathematical analysis has been carried out
to illustrate the functionalities of the proposed converter.
A simple control algorithm has been adopted to budget the
power flow between the input sources. Finally, the operation
of this converter has been verified through a low voltage
prototype model. Experimental results validate the feasibility
of the proposed four-port buck-boost topology.
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