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A Novel Step-Up Multiinput DC-DC Converter
for Hybrid Electric Vehicles Application

Rouzbeh Reza Ahrabi, Hossein Ardi, Mahdi Elmi, and Ali Ajami

Abstract—In this paper, a multiinput dc—-dc converter is pro-
posed and studied for hybrid electric vehicles. Compared to
conventional works, the output gain is enhanced. Fuel cell (FC),
photovoltaic panel, and energy storage system are the input sources
for the proposed converter. The FC is considered as the main power
supply, and roof-top PV is employed to charge the battery, increase
the efficiency, and reduce fuel economy. The converter has the ca-
pability of providing the demanded power by load in absence of
one or two resources. Moreover, the power management strategy
is described and applied in a control method. A prototype of the
converter is also implemented and tested to verify the analysis.

Index Terms—Hybrid electric vehicle (HEV), multiinput con-
verter, power management.

1. INTRODUCTION

LOBAL warming and lack of fossil fuels are the main
G drawbacks of vehicles powered by oil or diesel. In order
to overcome the aforementioned problems and regarding the
potential of clean energies in producing electricity, car de-
signers have shown interest in hybrid electric vehicles (HEVs)
and plug-in hybrid electric vehicles. The overall structure of
HEV powered by renewable resources is depicted in Fig. 1.
Electric vehicles (EVs) have also been studied. EVs rely on
energy stored in energy storage system (ESS) [1]. Limited
driving range and long battery charging time are their main
drawbacks. However, by using a bidirectional on/off board
charger, they could have the V2G capability. Solar-assisted
EVs have also been studied. Required location and size of PV
panels have made them impractical at present [2]. Employing
fuel cell as the main power source of HEVs is the result of
many years of research and development on HEVs. Pure water
and heat are the only emissions of fuel cells. Furthermore, FCs
have other advantages like high density output current ability,
clean electricity generation, and high-efficiency operation [3].
However, high cost and poor transient performance are the main
problems of FCs. It is important to note that vehicles mainly
powered by FCs are hybridized by ESS. The main advantages
of hybridizing are enhancing fuel economy, providing a more
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flexible operating strategy, overcoming fuel cell cold start and
transient problems, and reducing the cost per unit power [4].

In the literature, few numbers of researches have been re-
ported on EVs’ and HEVs’ electronic interfaces. In [5], Miaosen
has studied employing a Z-source inverter for EV vehicles.
Boosting input voltage in one stage is its advantage, while high
voltage and current stress and complex control method are the
main drawbacks of the presented converter. Another approach
was done in [6]. The system was powered by FC and a battery
unit. V2G is one of the advantages of the proposed converter.
However, the great number of power switches could reduce the
reliability and increase the cost. In [7], a multiinput dc—dc boost
converter for hybrid PV/FC/Battery is proposed, but the pro-
posed converter cannot work properly because the battery can
be only discharged by PV and only charged by FC. In [8], a
two-input dc—dc converter is proposed to interface two power
sources with a dc bus or load. The converter has high efficiency
due to achieving turn-on zero voltage switching of all switches.
However, it lacks a bidirectional port. Hence, in applications in
need of ESS, it cannot be used. A compact two-input converter
is proposed for standalone PV systems in [9]. Moreover, high-
voltage gain of the converter makes the converter suitable for
low-input voltage applications. However, the high number of
semiconductors and passive elements reduce the efficiency.

Control method preset in the vehicle’s controller should con-
trol the power flow between renewable resources, battery unit,
and electrical motor. Optimal utilization of power resources,
providing demand power permanently, operating fuel cell, and
PV panel in their optimum region are the main duties of control
scheme. Some converters have been proposed recently for PVs
systems [10]-[12], but the required converter for HEV applica-
tions should extract power from PV and FC. Besides, in order
to supply back-up power from the battery, a bidirectional port
is needed to charge and discharge the battery according to dis-
crepancy between generated power and demanded energy [13],
[14]. A multiinput converter can provide power to the load from
different energy sources simultaneously or individually.

In the literature, several attempts have been done to get the
task done [15]-[19]. An attempt has been done in [20], in which
an intelligent optimal power management was introduced. The
scheme has three main advances including control of tempera-
ture fan, fuzzy hydrogen control, and adaptive current—voltage
fast-charging control. In [21], a two-layer energy management
has been studied. Minimizing hydrogen consumption is the
objective of this study.

Due to the fact that initial cost of PVs is high and in or-
der to increase the extracted power from the PV panels, MPPT

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Three-input dc—dc boost converter.

algorithm has to be utilized. In [22], a general comparison is
made between different MPPT techniques with respect to track-
ing factor, dynamic response, PV voltage ripple, and use of
sensors. The other way to improve the efficiency is to enhance
the efficiency of the electric components [23].

In this study, a novel three-input dc—dc converter is proposed
to merge a PV, a fuel cell, and a battery and connect them to
the grid. Furthermore, dc gain is enhanced in respect of conven-
tional converters. Meanwhile, MPPT can be obtained for PV.
The battery can be charged and discharged in order to achieve
power management. In the following two sections, the proposed
structure is studied and different operation modes are discussed.
In Section IV, the converter is modeled and linearized to con-
trol the converter. Principles of power management and MPPT
algorithm are explained in Section V. Additional advantages
and useful features of the presented converter and adapting it
to HEVs are discussed in Section VI. In Section VII, practical
results of the proposed converter are given. Finally, Section VIII
concludes the whole paper.

II. PROPOSED CONVERTER TOPOLOGY

The structure of the proposed three-input dc—dc boost con-
verter is depicted in Fig. 2. The converter is formed of two con-
ventional boost converters, substituting extra capacitor in one of
the converters, and a battery to store the energy. Characteristic
of the converter is suitable for hybrid systems. In this paper,
behavior of the converter in terms of managing the sources is
analyzed in power management and control part. Then, vpy and
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vpc are two independent power sources that output is based on
characteristic of them. L; and Ls are the inductances of in-
put filters of PV panel and fuel cell. Using L; and Ly as in
series with input sources change PV and FC modules to current
sources. 71 and 9 are vpy’S and vp¢’S equivalent resistance,
respectively. Ryp,.q is the equivalent resistance of loads con-
nected to the dc bus. Sy, Ss,S3, and Sy are power switches.
Diodes Dy, Dy, D3, and Dy are used to establish modes, which
will be described. Capacitor C' is used to increase output gain
and output capacitor C, is performed as an output voltage fil-
ter. System is operating in continuous-conduct mode to produce
smooth current with least possible amount of current ripple.

III. OPERATION MODES

In this section, principles of the proposed converter are dis-
cussed. Operation of the converter is divided into three states:
1) The load is supplied by PV and FC and battery is not used. 2)
The load is supplied by PV, FC, and battery, in this state, battery
is in discharging mode. 3) The load is supplied by PV and FC
and battery is in charging mode.

A. First Operation State (the Load is Supplied by PV and FC
While Battery is Not Used)

In this state, as it is illustrated in Fig. 3, there are three oper-
ation modes. During this state, the system is operating without
battery charging or discharging. Therefore, there are two paths
for current to flow (through S5 and D3 or D; and Sj). In this
paper, S3 and D3 is considered as common path. However, D
and Sy could be chosen as an alternative path. During this state,
switch S5 is permanently ON and switch .S, is OFF.

Mode 1: (0 < t <d,T): In this interval, switches
S1, S9,85, and diode D3 are turned ON. Inductors L; and
Ly are charged via power sources vpy and vp¢, respectively
[see Fig. 3(a)].

Mode 2: (diT < t < dyT): In this interval, switch S; is
turned OFF and D- is turned ON and S,, S3, and D3 are
still ON. Inductor L, is still charged and inductor L; is being
discharged via Vpc — Vg [see Fig. 3(b)].

Mode 3: (dyT < t < T):In this interval, S; is turned ON
and .S, is turned OFF and S5 and Dj are still ON. Inductor L
is charged with vpy and inductor Ls is discharged via Vpy +
Vo1 — V,l[see Fig. 3(c)].

By applying the voltage—second balance low over the induc-
tors Ly and Lo, voltage of capacitor C'; and output voltage can
be obtained as follows:

Ly:ody [Vey —riin, |+ (da — dy) [Vev —riin, — Ve, ]

+(1—d2)[va—T1iLJ =0 (1)
Vpv —riip,

Vo, = Y UL 2

(el pR— 2

Ly dsy [Vee —raip, | + (L —d2) [Vee + Ve, —raip, —V,] =0

(3)

v, — (dy —dv) (Ve —rein,) + (1 —d2) (Vie —7‘1iL1)_ @

(1 —dz) (da —d1)
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Fig. 3. Current-flow path of operating modes in first operating state.
(a) Mode 1. (b) Mode 2. (c) Mode 3.

Also, by applying the current—second balance low over the
capacitors C and C,, voltage of capacitor C7, we have

Cl : (dg _dl)iLl - (1 —dg)iLz =0 (5)
Vo
RLoad'

C,: (1—dy)ig, = (6)

In this case, battery is not used and so we have
thatt = 0
Prage = 0. (N
B. Second Operation State (the Load is Supplied by PV, FC,
and Battery)

In this state, as it is illustrated in Fig. 4, there are four oper-
ation modes. During this state, the load is supplied by all input
sources (PV, FC, and battery). In first mode, there is only one
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current path. However, in other three modes, there are two cur-
rent paths (through S3 and D3 or D; and Sy). In this state,
current flows through D; and S;. Switch Sy is permanently ON
during this state.

Mode 1: (0 < t < dyT): In this interval, S;, S2, S3, and
S, are turned ON. Inductors L; and L, are charged by Vpy +
UBattery aNd Vro + UBattery. respectively [see Fig. 4(a)].

Mode 2: (diT < t < dyT): In this interval, Sy, Sy, Sy,
and D; are turned ON. Inductors L, and Lo are charged by Vpy
and Vg, respectively [see Fig. 4(b)].

Mode 3: (ds T < t < d3T): In this interval, Sy, Sy, D1,
and D, are turned ON. Inductor L; is discharged to capacitor
C1 and L is charged by vp[see Fig. 4(c)].

Mode 4: (dsT < t < d4T): In this interval, Sy, Sy, Dy,
and Dy are turned ON. Inductor L; is charged by Vpy
and inductor Lo discharges () to the output capacitor
[see Fig. 4(d)].

By applying the voltage—second balance low over the
inductors L,y and Lo, we have

Ly i dy [Vev + Viase — riie, | + (d2 —d1) [Vey — iz, |
+(ds —ds) [Vev —riin, — Vo, ]+ (1 —ds) [Vey —r1in,] =0

3

And then
Vev + di Vhary — 1L,
d3 — do

Vo, = )
XLy tdy [V + Voate —r2in, | + (ds —dy) [Vee — raiL, |
+(1—d3) [Vre + Ve, —raiL,

And then

-V,]=o0. (10)

V, =

(d3—d2) (VF(I+d1 Vhatt —T2 iLg) -+ (1 — ds) (VPV +d1 Vhatt =71 iLl )
(1—ds) (d3 —d2)

an

Also, by applying the current—second balance low over the
capacitors C and C,, voltage of capacitor C, we have

Cl . (d3 7d2)iL1 7(17d3)iL2 :O (12)
Vo

o (1—ds)ip, = —2—. 1

Co: (L=dy)iz, = = (13)

In this state, the current and power of battery can be calculated
as (14) and (15), respectively

dy (iL2 + iLl)
‘/batt [dl (iL2 + iLI )] .

(14)
15)

hatt =

]Dbatt =

C. Third Operation State (the Load is Supplied by PV and FC
While Battery is in Charging Mode)

In this state, as it is illustrated in Fig. 5, there are four modes.
During this state, PV and FC charges the battery and supply the
energy of load. In the first- and second-operation modes, there
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Fig. 5. Current-flow path of operating modes in third operating state. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.

are two possible current paths through S5 and D3 or D; and
S4). The path Dy and Sy is chosen to flow the current in this
state. During this state, switch S5 is permanently OFF and diode
Dy conducts.

Mode 1: (0 < t < dT): Inthis interval, Sy, Sz, Sy, and
D; are turned ON. Inductors L, and L, are charged by vpy and
vrc, respectively [see Fig. 5(a)].

Mode 2: (diT < t < doT): In this interval, Sy, Sy, and
D; are turned ON. Inductor L, is discharged to capacitor C
and inductor L, is charged by vr¢ [see Fig. 5(b)].

Mode 3: (dy T < t < ds T): In this interval, Sy, Ss, Dy,
and Dj are turned ON. Inductors L; and Lo are charged
by wvpy UBattery and vpc UBattery, respectively
[see Fig. 5(c)].
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Mode 4: (d3 T < t < d4 T): In this interval, Sy, Sy, Dy,
and D; are turned ON. Inductor L; is charged by
UPY — UBattery and inductor Lo is discharged by vpco —
vo1 — vo[see Fig. 5(d)].

By applying the voltage—second balance low over the
inductors L, and L-, we have

Ly s dy [Vey —riip, | + (do — dy) [Vey — iz, — Vo, ]
+ (1 —do) [Vev — 110z, — Voate] =0 (16)
_ Vev — (1 = dy) Viars — iz,
1 dy — dy
Ly i dy [Vre —raip,] + (d3 — d2) [Vre — T2in, — Viatt]

Ve

a7)

+(1—d3)[VFc+VC1 —TQiL2 —V:)} =0 (18)
Vo= (Ve — (d3 — da) Voars — 7211,)
! (1—ds)
(Vov — (1 — da) Viatt — 1L, )
+ . 19
(d2 — dl) ( )

By applying current—second balance low to capacitors
C; and C,, we have

Ol : (dg - dl) iLl - (1 - dg) iL2 =0 (20)
Vo

b (1 — i, = . 21

C, ( d3)2L2 RLoad ( )

In this state, the current and delivered power by battery can
be obtained as (22) and (23)

ibate = (d3 —da) (ir, +ir,) + (1 —d3)ir, (22)
Poatt = Vit [(ds — d2) (ip, +i5,) + (1 —d3)ig,] (23)

Fig. 6 illustrates switching pattern for each state and each
mode. To fulfill switching operation, a saw-tooth wave as a
carrier is compared with signals d;, ds,d3, and dy, which can
independently control on state of power switches. Without con-
sidering output voltage utilized power of each sources PV, FC,
and battery can be controlled using d;, ds,ds, and d4 signals.
The voltage gain of the proposed converter is compared with
the converter proposed in [24] in fig. 7.

As shown in this figure, the voltage gain of the proposed con-
verter is higher than the converter proposed in [24]. Benefiting
from high-voltage gain, the proposed converter achieve the spe-
cific output voltage Vp with less duty cycles in comparison with
the converter proposed in [24] which increase the efficiency of
the proposed converter.

It is worth noting that in this figure, the inductor resistances
are ignored and the voltage gain is compared in the first operation
mode. Input voltages are also considered the same.

IV. DYNAMIC MODELING AND CONTROL

In order to control and analyze dynamic performance of the
proposed converter, it should be modeled. As it has been men-
tioned, the presented converter operates in three states that first
state is made of three modes and second and third states are con-
tained of four modes. Each state operates to provide particular
goals, which will be explained. In first state, output voltage and
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only one of the input power sources can be controlled. Due to
this fact in this paper, we decide to control PV power source,
which can be replaced by FC source as well. In second state
because of interference the battery, output voltages and input
sources power rate can be controlled. Third states’ control pa-
rameters due to interference the battery is same as second state.

As mentioned previously interference the battery consists of
two states, which in one of them battery will be charged and
in one of them battery will be discharged. Selection of proper
state (without battery, battery charging, battery discharging) is
depends on power managing algorithm. Dynamic model of the
proposed converter for each state is as follows.

First state: In this state, dy and d as control variables, control
output voltage, and power rate of one of the input sources that
is consider PV in this paper. State-space model of converter for
first state is

di .

Ly dil = Vov +(di —d2) Vor — i (24)
di .
2% = Vic+ (1 —do) Vo1 + (de — 1)V, — raige

(25)
dv, . Vo
,—— = (1 —d - 26
dt ( Q)ZLQ RLoad ( )
dVe . .
Cy dgl = (do —dy)ign — (1 —da)ipo. (27)

Second state: In this state, three control variables d;, do, and
ds are used for controlling three state variables. In this state, the
state-space model of converter is

Ll% = Vov + diVoate + (do — d3) Ver — riipy (28)
L2% = Vro + diVharw + (1 —ds) Ver + (ds — 1)

Vo —maipe 29
Co% = (1—ds)ig, —%:ad 30)
Cldg(tjl = (d3 —do)ir1 — (1 —ds)ira. @b

Third state: In this state, same as second state, three state
variables are controlled by three control variables d;, dy, and
ds controlling. State-space model of the converter in this state
can be written as follows:

di
= del = Vpv + (dg — 1) Viatt + (d1 —da) Vo1 —riips (32)
dip
2 I = Vpc + (d2 - d3)Vbatt + (1 —dS)VCl + (d3 - 1)
V, —roiro (33)
dv, . Vo
C = (1 —d; , — 34
° dt ( S)ZLZ RLoad ( )
dVe . .
C1 dgl = (dy —dy)ip1 — (1 —d3)ire. (35)

Assuming the small-signal method [25], input voltage, state
variables, and duty ratios consist of two parts: steady values
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Fig. 7. Output voltage of the proposed converter and converter proposed in [24].

(V, X, D) and perturbations (7, Z, d) that are First state
v=V+b 2=X+7 d=D+d. (36) — 0 0 dimd
0 —T9 dg —1 1-— d2
A= B 1 ,
Perturbations are assumed not to oscillate impressively in 0 l—dy — Riond 0
switching period (7 < V,# < X,d < D). Substituting (36) d—dy dy—1 0" 0
in (24)—(35) and neglecting the second-order terms result in a e _
small-signal model. Small-signal models are shown in matrix Ve —Veu
form as 0 V,—Veu
B = -
0 —iL2
i = A% + Bi —ir1 dr1 + iy
{ y=Cz+ Du (37 ) -
(1 0 0 0 L1
L . . . 00 0 O0f _ iy | dy
Z, @ and y are state variable vector, control variables vector, C= 001 0l v ['4=]; (38)
and system output vector, respectively. Small-signal model for ~V" 2
each state are [0 0 00 Ve
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Second state

—r1 0 0 dy — d3 -
0 —T9 Cig -1 1-— 613 d~1
A= 1 LU= | dy
0 1—dy -— ~
_ _ _ s RLoad 3
_d3 —dy d3—1 0 0
i VCI Vbatt 0
R I A
0 0 —irs ’
—ip1 i Lo
10 0 0 i
0 1 0 0 12
= T = ~ 3
=10 01 0" v (39
_0 0 0 O ‘701
Third state
[ - 0 0 Jl - JQ
0 —T9 J;; -1 1-— Jg
A= 1 ,
0 1—dy — 0
_ _ _ ’ RLoad
_dg —d; d3—1 0 0
[Voate Ver  —Veu
B— ‘7l)att 0 ‘/;) i VCI
0 0 —1r9
| 0 —ip1 ipn i
- i B
1 0 0 O 7L1 dy
01 0 O iL2 -
C= r = - = . (40
0 0 1 0 , L ‘/:) , U ({2 ( )
- ds
_0 0 0 O Ve

Respect to the small-signal models of the proposed converter,
the transfer function matrix can be obtained as follows:

G=C(SI-A)'B+D. (41)

As mentioned, the first state comprises two control variables
as well second and third states consist of three control vari-
ables. Due to aforementioned facts, the rank of the transfer
function matrix represents the number of control variables, then
for first state Go,o and for second and third states G3,3 that
are shown as

Y1 ] _ -911 912 Uy ] (42)
Y2 | 1921 G22 | U2 |
—— ——
Y Goxo u
n 1 _911 g12 913 1 [w
Y2 | = | G921 922 Go3 Uz (43)
Ys | 1931 g32 g33 | [U3
SN—— N——

Y Gsxs u
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Fig. 8. Decoupling network for three states. (a) First state. (b) Second state.

(b) Third state.

where y and u are the output and input vectors, respectively,
and g;; is the transfer function between y; and u;. In order
to control the proposed converter’s desired state variables in-
dependently, decoupling the transfer function is needed [24].
Fig. 8 represent decoupling network for three operation states.
Considering Decoupling Network G* [24], [25] and = = Gu*
that ©* is the modified input consist of duty ratios uv* = G*u.
As aresult, z = GG™u. Base on the modern control theory [2],
to provide each output of the matrixes be determined by each
singular input, the matrix should be in diagonal arrange. Decou-
pling matrix G* = G~'zu~" for two controls and three control
variables are

M 912

¥ gi1

G2x2:
921
—== 1
L g22
(44)

M 1 913-932 —912-933 g12-923 —g13-922

911-933 —g13-931 g11-922 —9g12-921
913-921 —g11-923
g11-922 —9g12-921
912-931 —911-932 1
911-933 —g13-931

* 923-931 —921-933
Gyxg'=| ————— 1
922-933 —423-932
921-932 —922-931

L g22.933 —923-932

45)



3556

TABLE I
CONTROLLER PARAMETERS

GVO GIL] GIL‘Z
STATE T K, =05466 K, = 7.0000 K, =—
K; =48.3721  K; = 3.1439 K;=—
STATENl K, = 0.4983 K, = —0.0811 K, = 0.3303
K; =65.7330 K;=—9.7503 K; = —7.6737
STATENI K, = 0.2983 K, = 0.0001 K, = 0.4303
K;=657330 K; =0.0150 K; = —8.0737

Employing decoupling matrixes (44) and (45) result in inde-
pendent single-loop control for each input in both two and three
control variables which for two control variables state are

hn g21

— = g11 —g12—

Uy 922

L I (46)
Uz g11

And for three control variables states are

o g13-932 — g12-933 912-923 — g13-922
— = g11 + 912 + g13

uy g11-933 — g13-931 g11-922 — g12-921
Y2 923-931 — 921-933 913-921 — g11-923
— = gn——————————— + gt g3—
Uz 922-933 — g23-932 g11-922 — g12-921
Ys 921-932 — g22-931 g12-931 — g11-932

— = g31 + 932 + 933
us 922-933 — g23-932 911-933 — 913-931

(47)

In order to control the decoupled transfer functions
proportional-integral (PI) controller is used to remove steady-
state errors of the system. To reach desire phase margin
60° < P.M < 80° and proper gain margin G.M > 10db with
suitable cutoff frequency. A PI controller is designed as

K
Kp + =L [24]. The PI controller’s parameters for each state

are shown in Table I regard to mentioned conditions. Bode plot
of frequency response of open-loop and closed-loop transfer
functions of the converter are presented in Figs. 9-11.

As it can be seen from Figs. 9—11 with using proper de-
signed PI controller, we can achieve to —20-db/dec slope in
low frequencies and appropriate PM which causes to gain
stable system.

V. POWER MANAGEMENT AND MPPT ALGORITHM

The multipowered HEV has a construction as depicted in Fig.
1. In the drive system, the FC is the main power supply. Roof-
top PV panel is employed to reduce the fuel consumption and
charging the battery. The battery is utilized as storage device.
With a proper design, there will be no need for an external
electrical supply to charge the battery [26]. The battery can be
charged via PV, FC. In order to have the system operated in
optimum region, the following criteria have to be ensured:

1) electrical motor always supplies the demand power;

2) PV panel and FC operate in their optimal region;

3) the battery energy level should be always within the

optimum region.
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The power management procedure is described below and the
flowchart of the strategy is depicted in Fig. 12.

1) Control signals, acceleration, and brake, identify the
command power.

2) In case command power is less than maximum PV power
and battery energy level is less than minimum energy
level, PV will work at MPP and extra energy will be stored
in battery. If command power is less than maximum PV
power but battery energy level is more than minimum
energy level, PV will generate the command power and
the battery remains off. In both conditions, FC is off.

3) If command power is more than maximum PV power, PV
panel will operate in MPP and new command power will
be defined as

new

command — Pcommand - PPV- (48)

4) New command power is compared with FC’s rated power.
Given that the new command power is greater than rated
power of FC, the FC will works at its rated power and
battery will provide the rest of demanded power.
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Fig. 12.  Power managing strategy’s flowchart.

VI. ADDITIONAL ADVANTAGES OF THE CONVERTER, MAKING
IT SUITABLE FOR HEVS

The proposed converter has the advantage of utilizing only
one resource in case the other power sources cannot provide
energy. This capability enhances the safety and reliability of the
proposed converter. Different possible states are described as
follows.

A) PV ON and FC OFF

Due to the long start-up time of the fuel cell, this state happens
mostly at the starting the car or when the car is run out of fuel cell
gas. In this state, battery can be charged or discharged by PV.
Because of the facts that FC is the main power supply and ESS
has a limited capacity, this state cannot be so long. In order to let
the PV operate individually, switch S5 is turned off and instead
of capacitor C';, the power of PV is transferred to the output
capacitor C,. According to the presented topology, battery can
be charged and discharged via PV and by controlling switches
Sl, 53, and 54.

B) PV OFF and FC ON

As mentioned above, FC is the main power source to provide
the demanded power by HEV individually because the energy of
PV is less than FC and depends on climate situation. Therefore,
an extra diode (Dj5) is paralleled with capacitor C;. The diode
D; is OFF when capacitor C; is charged. When the FC is
utilized individually, the capacitor C'; discharges until its voltage
is zero. When the voltage across capacitor C is going to be
negative, diode D5 will be turned on and clamps the voltage of
capacitor C' .
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Fig. 13.  Experimental results of the first operation state.

VII. EXPERIMENTAL RESULTS

In order to verify the performance of the proposed converter,
an 80-W prototype version of the circuit is built and tested in
presented three states. Switching frequency is considered about
30 KHz. A digital signal processor (DSPIC30F4011) is em-
ployed to control power switches. As mentioned earlier, the
proposed converter has the capability of being used for differ-
ent industrial and domestic applications, such as HEV, DGs
interface, smart homes. Power sources are mainly PV arrays,
fuel cells, etc. Ignoring the transient time of the power sources,
they could be replaced by dc power supplies to obtain exper-
imental results. Both of the input sources are set on 20 V. A
Li-ion 12-V 7-Ah battery is used as an energy storage element.
Li-ion type batteries are used widely due to their excellent per-
formance in portable electronic gadgets [27]. High reliability,
high energy density, high-temperature performance, and being
recyclable are main features of Li-ion batteries. However, their
high cost is one of their drawbacks [27]. Due to high switch-
ing frequency, ferrite cores are chosen for the both inductors.
The value of the inductor L; is 550(pH) and the inductor
Lo is 650 pH. Capacitors utilized in the converter are 470 pF.
Fig 13 shows first states operation results. Fig 13(a) shows
output and capacitor C’s voltage. Considering 20 V for each
input-source voltage properly boosted to about 110 V. Inductors
current is shown in Fig. 13(b) and (c) and Fig. 13(d) represent
diodes and power switches current. Diodes and power switches
voltage is shown in Fig. 13(e) and (f). In the experimental re-
sults of first operation mode, the inductor currents are about 2 A.
As shown in Fig. 13(c) and (d), the currents of diode D; and
switch Sy are zero while diode D3 and switch S3 are always on
which cause the voltage across them to be about zero. The other
components are being switched with the frequency of 30 kHz.

Second state’s operation results are shows in Fig. 14.
Fig. 14(a) shows the output and capacitor C;’s voltage. In-
ductors Ly and Ly current is illustrated in Fig. 14(b). Diodes

and power switches’ currents are shown in Fig. 14(c) and (d).
Fig. 14(e) and (f) illustrates diodes’” and power switches’ voltage,
respectively. Fig. 14(g) shows batteries current. In this opera-
tion mode, the inductor currents are about 2 A with a ripple of
1 A. Besides, the battery is discharged by the current of 3 A
flows through it. In this operation mode, all switches are be-
ing switched and just diode D3 is always OFF. This caused the
efficiency of the converter in this mode to be less than the others.

Third state’s experimental results are shown in Fig. 15.
Voltage of capacitor C; and output voltage of the proposed
converter is shown is Fig. 15(a). Fig. 15(b) illustrates inductors’
currents. Current of diodes and power switches is shown in
Fig. 15(c) and (d), respectively.

Fig. 15(e) and (f) illustrates voltage of diodes and power
switches. Battery’s current is also shown in Fig. 15(g). In this
operation mode, the inductor currents are about 2 A too. The
battery is charged in this mode. Despite discharging mode, the
current flows through the battery has three amounts, 0, 5, and
2 A. Switch S5 is OFF in this mode and the voltage across it is
always equals to Vi ,¢-

Results validate the promising performance of the converter
in each state. Fig. 16 shows the efficiency of the experimental
results in three operation states. As shown in this figure, the
proposed converter efficiency in first operation state is more
than the others. The least efficiency of the proposed converter
is about %85 which occur in discharging mode. Because the
switches used in this mode are more than the others. Therefore,
the switching loss in this mode is more than other modes.

In order to verify the performance of the control system
following experiment is established, Fig. 17(a) and (b) shows
the input sources and battery’s current and output voltage.

In this experiment, in the first state, output desired voltage is
considered to be about 120 V and PV desired current is about
2 A. As mentioned, in this state, battery’s power is zero. In the
second part of the experiment, PV’s reference current increases
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to 4 A and FC’s reference current is 2 A and output desired
voltage is 120 V. The overshoot of the current of inductor L
is acceptable. The current of inductor L is a bit less than its
previous amount. The current flow through the battery is about
6 A. These reference values cause the circuit to operate in
battery charging mode with 40 W.

Third part of the experiment establish with 1.7 A for PV
and 2 A for FC and 120 V for output voltage that result
in 7-W battery discharging. The current flow through the
battery is about 4 A. The current of inductor is more than the
previous amounts.

In these three stages, the output voltage is changes but it is
ignorable. The transient response of the converter is acceptable
and can be applied in HEV applications.

VIII. CONCLUSION

In this study, a novel three-input dc/dc converter is proposed
and analyzed thoroughly. The converter has the capability of
providing the demanded power by load in absence of one or
two resources. The promising performance of the converter and
employed control method offer a high reliability for utilizing the
converter in industrial and domestic applications. The converter
is modeled for three different operational states and utilized to
design a proper controller. MPPT algorithm is achieved and
along power management is utilized to apply the commands
of controller. Meanwhile, employing power management and
MPPT procedure will enhance the efficiency of the converter.
Finally, a laboratory prototype of the presented converted is

implemented and results are taken and depicted. Results prove
the analysis and performance of the converter.
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