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A Nonisolated Multiinput Multioutput DC–DC Boost
Converter for Electric Vehicle Applications

Ali Nahavandi, Mehrdad Tarafdar Hagh, Mohammad Bagher Bannae Sharifian, and Saeed Danyali

Abstract—A new nonisolated multiinput multioutput dc–dc
boost converter is proposed in this paper. This converter is ap-
plicable in hybridizing alternative energy sources in electric ve-
hicles. In fact, by hybridization of energy sources, advantages of
different sources are achievable. In this converter, the loads power
can be flexibly distributed between input sources. Also, charging
or discharging of energy storages by other input sources can be
controlled properly. The proposed converter has several outputs
with different voltage levels which makes it suitable for interfacing
to multilevel inverters. Using of a multilevel inverter leads to re-
duction of voltage harmonics which, consequently, reduces torque
ripple of electric motor in electric vehicles. Also, electric vehicles
which using dc motor have at least two different dc voltage lev-
els, one for ventilation system and cabin lightening and other for
supplying electric motor. The proposed converter has just one in-
ductor. Depending on charging and discharging states of the energy
storage system (ESS), two different power operation modes are de-
fined for the converter. In order to design the converter control
system, small-signal model for each operation mode is extracted.
The validity of the proposed converter and its control performance
are verified by simulation and experimental results for different
operation conditions.

Index Terms—DC–DC converters, electric vehicle, hybrid
power system, multiple-input–multiple-output (MIMO), small-
signal modeling, state-space averaging.

I. INTRODUCTION

INCREASING rapidly population and energy consumption
in the world, increasing oil and natural gas prices, and the

depletion of fossil fuels are justifiable reasons for using electri-
cal vehicles (EVs) instead of fossil-fuel vehicles. The interest
in developing the EVs with clean and renewable energy sources
as a replacement for fossil-fuel vehicles has therefore steadily
increased. The EVs are proposed as a potential and attractive
solution for transportation applications to provide environmen-
tally friendly operation with the usage of clean and renewable
energy sources [1], [2]. In the EVs, the fuel cell (FC) stack usu-
ally used as clean energy source. The FCs are energy sources
that directly convert the chemical energy reaction into the elec-
trical energy. Currently, FCs are acknowledged as one of the
promising technologies to meet the future energy generation re-
quirements. FCs generate electric energy, rather than storing it,
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and continue to deliver the energy, as long as the fuel supply
is maintained. However, there are some well-known technical
limitations to FCs: they have slow power transfer rate in transi-
tory situations, and a high cost per watt. This case is the reason
for which FCs are not used alone in the EVs to satisfy the load
demands, particularly during startup and transient events. So,
in order to solve these problems, usually FC is used with en-
ergy storage systems (ESSs) such as batteries or supercapacitor
(SC). Furthermore, the association of FC and ESSs leads to a
reduction of the hydrogen consumption of the FC [3]–[7]. FC
and ESSs such as battery and SC have different voltage lev-
els. So, to provide a specific voltage level for load and control
power flow between input sources, using of a dc–dc converter
for each of the input sources is need. Usage of a dc–dc converter
for each of the input sources leads to increase of price, mass,
and losses. Consequently, in hybrid power systems, multiinput
dc–dc converters have been used. Multiinput converters have
two main types, isolated multiinput dc–dc converters and non-
isolated multiinput dc–dc converters. In the following sections,
two main types of multiinput converters are investigated.

In isolated multiinput dc–dc converters, high-frequency trans-
former is used in order to make electric isolation. High-
frequency transformer provides electric isolation and impedance
matching between two sides of converter. In general, isolated
dc–dc converters use leakage inductance as energy storage for
transferring power between two sides of converter. Usually iso-
lated dc–dc converters, in addition to high-frequency trans-
former, have high-frequency inverter and rectifier. The power
flow between input and output sides is controlled by adjusting
the phase shift angle between primary and secondary voltages
of transformer [8]–[10]. Isolated dc–dc converters have several
types such as half-bridge isolated converters, full-bridge isolated
converters, boost half-bridge isolated converters, and combina-
tional multiport isolated converters [11]–[13]. Due to using of
transformer, isolated dc–dc converters are heavy and massive.
These converters require inverters in input sides of transformer
for conversion of input dc voltage to ac and also need rectifiers in
outputs of transformer for conversion of ac voltage to dc. There-
fore, in all input and output terminals of these converters, several
switches are applied which leads to increase of cost and losses.
Furthermore, transformer has losses in its core and windings.
Because of the aforementioned drawbacks of isolated multi-
input dc–dc converters, usage of nonisolated multiinput dc–dc
converters in electric vehicle applications seems more useful.

In [14], a nonisolated multiinput dc–dc converter which is
derived from H-bridge structure has been proposed. In fact, by
cascading two H-bridge with different dc-link voltages, different
voltages due to addition or subtraction of H-bridges outputs
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are accessible. Modes in which either output voltage of the
H-bridges is negative are not considered here because they are
related to bidirectional double-input converters, which were be-
yond the scope of paper. By eliminating the aforementioned
nonuseful modes, a simplified double input dc–dc converter is
obtained. The advantage of this converter is its less number of
passive elements, and its drawback is unsuitable control on the
power which is drawn from input sources. In [15]–[17], a multi-
input dc–dc buck converter is introduced. In fact, this converter
consists of paralleling two buck converter in their inputs. One
switch is series to each input source to prevent short circuit of
sources. The advantage of this converter is reducing the num-
ber of inductors and capacitors which lead to reduction in cost,
volume, and weight of converter. Lack of proper power flow
control between input sources with each other is a shortcoming
of the proposed converter. In [18], multiinput z-source dc–dc
converter is presented. The structure of proposed converter is
changed such that the number of inductors and capacitors is
equal to a single input z-source converter. Nevertheless, two
inductor and capacitor is applied in the proposed converter.

In [19], multiphase converter is introduced. The proposed
converter has four input by different voltages. In this converter,
each of the energy sources can deliver or absorb energy from
load and other sources. Employment of a separate inductor for
each input source is the drawback of this converter. In [20], a
triple input converter for hybridization of battery, photovoltaic
cells, and fuel cell is introduced by the author. By proper switch-
ing of converter, charge and discharge of battery by means of
other sources and load is possible, respectively. In [21], a system-
atic approach for derivation of nonisolated multiinput converter
topologies by combination of buck, boost, cuk, and sepic is pre-
sented. According to this paper, mentioned converters are di-
vided to two types, pulsating voltage source converters (PVSC)
and pulsating current source converters (PCSC). Because PVSC
is considered as a voltage source, it can put series with current
buffer (inductor) branch or output of other converter to form a
double input converter. Also, because PCSC is considered as
a current source, it can be located in parallel with a voltage
buffer (capacitor) branch or output of other converter to form a
double input converter. In [22], a new converter for power and
energy management between battery, SC, and electric motor in
an electric vehicle is proposed. In this converter, instead of two
separate inductors as energy storage element, a coupled induc-
tor is used. It is claimed that utilization of coupled inductors
lead to 22%–26% volume reduction in comparison with two
separated inductors. However, volume of coupled inductors is
more than one inductor. Also, regeneration of brake energy to
battery and SC in this converter is possible. In [23], a multiin-
put converter with just one inductor is proposed which is able
to distribute load power between input sources. Also, in this
converter, transferring power between sources is possible. In
[24], a new extendable single stage multiinput dc–dc/ac boost
converter proposed by the author.

On the other hand, it is important in electric vehicles to have
low-torque ripple. Torque ripple has direct relation to voltage
harmonics in ac motors. One way to reduce voltage harmonics is
using of multilevel inverters. To generate multilevel voltage by

multilevel inverters, dc sources with different or equal voltage
level is required. One way to generate several dc-link is usage of
multioutput dc–dc converters. In [25] and [26], a single induc-
tor multioutput dc–dc converter is proposed which can generate
several different voltage levels in its outputs. The converter is
controlled to regulate the output voltages at their desired values
despite the load power variation or input voltage variation. In
[27], a new control method is proposed which is provided sat-
isfactory dynamic performance for multioutput buck converter.
But the shortcoming of these converters is their single input
source. In other words, in applications such as electric vehicles
that several input energy sources like fuel cell and battery are
employed, this converter is not utilizable. One way to solve this
problem is using of multiinput multioutput converters.

In [28] and [29], a nonisolated multiinput multioutput con-
verter is introduced which has just one inductor. Using of large
number of switches is drawback of this converter which caused
low efficiency. Impossibility of energy transferring between in-
put sources is other disadvantage of the proposed converter.

In this paper, a new multiinput multioutput nonisolated con-
verter based on combination of a multiinput and a multiout-
put converter is proposed. The proposed converter compared to
similar cases has less number of elements. This converter can
control power flow between sources with each other and load.
Also, proposed converter has several outputs that each one can
have different voltage level. This paper is organized as follows.
The converter structure and operation modes are explained in
Section II. The dynamic modeling of the proposed converter is
given in Section III. Section IV describes the control system of
the proposed converter. Sections V and VI represents the sim-
ulations and experimental results, respectively, and Section VII
concludes this paper.

II. CONVERTER STRUCTURE AND OPERATION MODES

As mentioned in the Introduction, in [25], a multioutput con-
verter is presented. The proposed converter is a single input
converter. On the other hand, use of just one input energy source
in electric vehicles cannot provide load requirements because
the load is dynamic and its power has variation. Therfore, hy-
bridization of different sources is essential. As mentioned in the
Introduction, in [23], a nonisolated multiinput dc–dc converter
for hybridization of energy sources is proposed which has just
one inductor. In this paper, a nonisolated multiinput multioutput
dc–dc converter based on the combination of these two con-
verters is proposed. The structure of the proposed converter is
presented in Fig. 1. As seen from the figure, the converter in-
terfaces m input power sources Vin1 ,Vin2 ,Vin3, . . . , Vinm such
that Vin1 < Vin2 < Vin3 . . . < Vinm . The proposed converter
has just one inductor, n capacitors in its outputs and m + n
switches. The R1 , R2 , R3 , . . . , Rn are the load resistances,
which can represent the equivalent power feeding a multi-
level inverter. By proper switching of switches, control of
power flow between input sources in addition to boost up input
sources voltages is possible. Outputs are capable to have dif-
ferent or equal voltage level which is appropriate for a connec-
tion to a multilevel inverter. The proposed converter is suitable
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Fig. 1. Proposed converter structure.

Fig. 2. Proposed converter with two-input, two-output.

alternative for hybridizing of FC, battery, or SC. In this paper,
for convenience, proposed converter with two-input two-output
is analyzed. In Fig. 2, the proposed converter with two-input
two-output is shown. In this figure, R1 and R2 are the model of
load resistances that can represent the equivalent power feed-
ing a multilevel inverter. Different types of multilevel inverters
can be used in connection to this converter. Multilevel inverter
which is used must be with nonfloating dc-links. Four power
switches S1 , S2 , S3 , and S4 in the converter structure are the
main controllable elements that control the power flow and out-
put voltages of the converter. In the proposed converter, source
Vin1 can deliver power to source Vin2 but not vice versa. So, in
EV applications, FC which cannot be charged is located where
Vin1 is placed in circuit. Also, usually where Vin2 is placed,
ESSs such as battery or SC which are chargeable are located.

In this paper, FC is used as a generating power source and the
battery is used as an ESS. Depending on the utilization state
of the battery, two power operation modes are defined for pro-
posed converter. In each mode, just three of the four switches are
active, while one switch is inactive. When load power is high,
both input sources deliver power to load, in such a condition, S2
is inactive and switches S1 , S3 , and S4 are active. Also, when
load power is low and Vin2 is needed to be charged, Vin1 not
only supplies loads but also can charge Vin2 . In this condition,
switches S1 , S2 , and S4 are active and S3 is inactive. In FCs,
because of output voltage dependence to drawn current and also
to make an exact power balance among the input powers and the
load, ripple of drawn current should be minimized. Therefore,
in this paper, steady state and dynamic behavior of the converter
have been investigated in CCM. However, in battery charging
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Fig. 3. Steady-state waveforms of proposed converter in battery discharging
mode.

mode when the loads power and battery charging current have
low values, it is possible that the converter works in discontin-
uous conduction mode (DCM). So, the condition in which the
converter goes to DCM is investigated in Section III. It should
be noted that each of input sources can be used separately. In
other words, the converter can work as a single input dc–dc. Two
main operation modes of the converter have been investigated
as follows:

A. First Operation Mode (Battery Discharging Mode)

In this operation mode, two input power sources Vin1 and
Vin2 (battery) are responsible for supplying the loads. In this
mode, S2 is OFF entirely and S1 , S3 , and S4 are active. For
each switch, a specific duty is considered. Here, S1 is active to
regulate source 2 (battery) current to desired value. In fact, S1
regulates battery current to desired value by controlling inductor
current. Regulation of total output voltage VT = VO1 + VO2 to
desired value is duty of the switch S3 . Also, output voltage VO1
is controlled by S4 . It is obvious that by regulation of VT and
VO1 , the output voltage VO2 is regulated too. Gate signals of
switches and also voltage and current waveforms of inductor
are shown in Fig. 3. According to switches states, there are four
different operation modes in one switching period as follows:

1) Switching State 1 (0 < t < D3T ): In this state, switches
S1 and S3 are turned ON. Because S1 is ON, diodes D1 and
D2 are reversely biased, so switch S4 is turned OFF. Since S3 is
ON and Vin1 < Vin2 , diode D0 is reversely biased. Equivalent
circuit of proposed converter in this state is shown in Fig. 4(a).
In this state, Vin2 charges inductor L, so inductor current in-
creases. Also, in this mode, capacitors C1 and C2 are discharged
and deliver their stored energy to load resistances R1 and R2 ,
respectively.

The inductor and capacitors equations in this mode are as
follows:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin2

C1
dvO1

dt
= −vO1

R1

C2
dvO2

dt
= −vO2

R2

(1)

2) Switching State 2 (D3 T < t < D1 T): In this state, switch
S1 is still ON and S3 is turned OFF. Because S1 is ON, diodes
D1 and D2 is reversely biased, so switch S4 is still OFF. Equiv-
alent circuit of proposed converter in this state is shown in
Fig. 4(b). In this state, Vin1 charges inductor L, so inductor cur-
rent increases. In addition, capacitors C1 and C2 are discharged
and deliver their stored energy to load resistances R1 and R2 ,
respectively. The inductor and capacitors equations in this mode
are as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin1

C1
dvO1

dt
= −vO1

R1

C2
dvO2

dt
= −vO2

R2
.

(2)

3) Switching State 3 (D1T < t < D4T ): In this mode,
switch S1 is turned OFF and switch S3 is still OFF. Also, switch
S4 is turned ON. Diode D2 is reversely biased. Equivalent cir-
cuit of proposed converter in this state is shown in Fig. 4(c). In
this state, inductor L is discharged and delivers its stored energy
to C1 and R1 , so inductor current is decreased. In this state, C1
is charged and C2 is discharged and delivers its stored energy
to load resistance R2 . The energy storage elements L, C1 , and
C2 equations in this mode are as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin1 − vO1

C1
dvO1

dt
= iL − vO1

R1

C2
dvO2

dt
= −vO2

R2
.

(3)

4) Switching State 4 (D4T < t < T ): In this mode, all of
three switches are OFF. So, diode D2 is forward biased. In this
state, inductor L is discharged and delivers its stored energy to
capacitors C1 , C2 , and load resistances R1 and R2 . Also, in
this mode, capacitors C1 and C2 are charged. Equivalent circuit
of proposed converter in this state is shown in Fig. 4(d). The
inductor and capacitors equations in this mode are as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin1 − (vO1 + vO2)

C1
dvO1

dt
= iL − vO1

R1

C2
dvO2

dt
= iL − vO2

R2
.

(4)
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Fig. 4. Equivalent circuit of battery discharging mode, (a) switching state 1, (b) switching state 2, (c) switching state 3, (d) switching state 4.

B. Second Operation Mode (Battery Charging Mode)

In this mode, Vin1 not only supplies loads but also delivers
power to Vin2 (battery). This condition occurs when load power
is low and battery requires to be charged. In this operation
mode, switches S1 , S2 , and S4 are active and switch S3 is
entirely OFF. Like previous operation mode of the converter in
this mode, for each switch, a specific duty is considered. S1 is
switched to regulate total output voltage VT = VO1 + VO2 to
desired value. Regulation of the battery charging current (Ib )
to desired value is the duty of switch S2 . Also, output voltage
VO1 is controlled by switch S4 . It is clear that by regulation of
VT and VO1 , the output voltage VO2 is regulated too. In Fig. 5,
gate signals of switches and voltage and current waveforms
of inductor are shown. According to different switches states,
there are four different operation modes in one switching period
which is discussed as follows:

1) Switching State 1 (0 < t < D1T ): In this state, switch
S1 is turned ON, so S2 and S4 are reverse biased and cannot
be turned ON. Also, diode D2 is reversely biased and does not
conduct. Equivalent circuit of proposed converter in this state
is shown in Fig. 6(a). In this state, Vin1 charges inductor L, so
inductor current is increased. Also, in this mode, capacitors C1
and C2 are discharged and deliver their stored energy to load
resistances R1 and R2 , respectively. The inductor and capacitors
equations in this mode are as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin1

C1
dvO1

dt
= −vO1

R1

C2
dvO2

dt
= −vO2

R2

. (5)

Fig. 5. Steady-state waveforms of proposed converter in battery charging
mode.

2) Switching State 2 (D1T < t < D2T ): In this mode,
switch S1 is turned OFF and switch S2 is turned ON. Diode
D1 and D2 are reversely biased, consequently, S4 is still OFF.
Equivalent circuit of proposed converter in this state is shown
in Fig. 6(b). Since Vin1 < Vin2 , therefore, in this period of time,
inductor current decreases and inductor delivers its stored en-
ergy to battery (Vin2). Also, in this mode, capacitors C1 and C2
are discharged and deliver their stored energy to load resistances
R1 and R2 respectively. The inductor and capacitors equations
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Fig. 6. Battery charging mode, (a) switching state 1, (b) switching state 2, (c) switching state 3, (d) switching state 4.

in this mode are as follows:
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin1 − vin2

C1
dvO1

dt
= −vO1

R1

C2
dvO2

dt
= −vO2

R2

. (6)

3) Switching State 3 (D2T < t < D4T ): In this mode,
switch S1 is still OFF and switch S2 is turned OFF and switch
S4 is turned ON. Also, diode D2 is reversely biased. In Fig. 6(c),
equivalent circuit of proposed converter in this state is shown.
In this state, inductor L is discharged and delivers its stored
energy to C1 and R1 , so inductor current is decreased. In this
state, capacitors C1 is charged and capacitor C2 is discharged
and delivers its stored energy to load resistance R2 . The energy
storage elements L, C1 , and C2 equations in this mode are as
follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin1 − vO1

C1
dvO1

dt
= iL − vO1

R1

C2
dvO2

dt
= −vO2

R2

. (7)

4) Switching State 4 (D4T < t < T ): In this mode, all the
three switches are OFF. Therefore, diode D2 is forward biased.
In Fig. 6(d), an equivalent circuit of the proposed converter
in this state is shown. In this state, inductor L is discharged
and delivers its stored energy to capacitors C1 , C2 , and load

resistances R1 and R2 . Also, in this mode, capacitors C1 and
C2 are charged. The inductor and capacitors equations in this
mode are as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

L
diL
dt

= vin1 − (vO1 + vO2)

C1
dvO1

dt
= iL − vO1

R1

C2
dvO2

dt
= iL − vO2

R2

. (8)

III. DYNAMIC MODELING OF THE PROPOSED CONVERTER

As mentioned in pervious section, the proposed converter is
controlled by switches S1 , S2 , S3 , and S4 . Each switch has
its own specific duty. By proper regulation of switches duty
cycles, output voltages and battery charging or discharging cur-
rent are adjustable. To design the closed loop controller for the
converter, first dynamic model must be obtained. As stated in
previous section, proposed converter has two main operation
modes which in battery discharging mode two input sources
deliver power to load and in battery charging mode, source Vin1
not only supplies the load power but also charges Vin2(battery).
There are different dynamic models for each operation modes
of converter. Consequently, for both operation modes, different
controller need to be designed separately.

A. Dynamic Model of Battery Discharging Mode

Small-signal model is the basis for optimized controller de-
sign. Especially, for such a multiinput multioutput converter, an
effective model will be helpful to realize closed-loop control,
and furthermore, to optimize the converter dynamics. Unlike
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conventional single input single output converter, the multiport
converter is a high-order system, and the symbolic derivation
of these plant transfer functions is fairly tedious; therefore, it
is difficult to obtain values of poles and zeros for analysis.
Alternatively, the dynamics of the plant can be described in
a matrix form; therefore, computer software is used to plot the
bode graph of different transfer functions. Based on small-signal
modeling method [30], the state variables, duty ratios, and in-
put voltages contain two components, dc values (X , D, V ) and
perturbations (x̂, d̂, v̂). It is assumed that the perturbations are
small and do not vary significantly during one switching period.
So, there are following equation for proposed converter:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iL (t) = IL + îL (t)

vO1(t) = VO1 + v̂O1(t)

vO2(t) = VO2 + v̂O2(t)

d1(t) = D1 + d̂1(t)

d2(t) = D2 + d̂2(t)

d3(t) = D3 + d̂3(t)

d4(t) = D4 + d̂4(t)

(9)

where inductor current iL (t) and capacitor voltages vO1(t) and
vO2(t) are state variables. If we substitute (9) into (1)–(4), apply
the averaging to four state equations multiplied with correspond-
ing duty cycle value, and then, neglect second-order terms, we
obtain small-signal equations that are demonstrated as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

LdîL (t)
dt = (Vin2 − Vin1) d̂3(t) + D3 v̂in2(t)
+ (1 − D3) v̂in1(t)

− (1 − D1) v̂O1(t) + (D4 − 1) v̂O2(t)
+VO1 d̂1(t) + VO2 d̂4(t)

C1
dv̂O 1 (t)

dt = −IL d̂1(t) + (1 − D1) îL (t) − v̂O 1 (t)
R1

C2
dv̂O 2 (t)

dt = −IL d̂4(t) + (1 − D4) îL (t) − v̂O 2 (t)
R2

. (10)

Therefore, the system can be represented in a matrix form
using a state-space model such that iL (t), vO1(t), and vO2(t)
are state variables. The state-space model takes the following
form:

⎧
⎪⎨

⎪⎩

dX

dt
= AX + BU

Y = CX + DU
(11)

where X is a matrix containing the state variables, U is a matrix
containing the control inputs d1(t), d3(t) and d4(t), and Y is a
matrix containing the system outputs vO1(t), vT (t), and ib(t).
So, matrixes X , Y , U take following form:

X =

⎡

⎣
îL (t)
v̂O1(t)
v̂O2(t)

⎤

⎦ , Y =

⎡

⎣
v̂O1(t)
v̂T (t)
îb(t)

⎤

⎦ , U =

⎡

⎣
d̂4(t)
d3(t)
d̂1(t)

⎤

⎦ . (12)

Filling in the A, B, C, and D matrices using (10) and state
equations (11), gives the following result:

A =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0
(D1 − 1)

L

(D4 − 1)
L

(1 − D1)
C1

− 1
R1C1

0

(1 − D4)
C2

0 − 1
R2C2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

B =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

VO2

L

VO1

L

Vin2 − Vin1

L

0 − IL

C1
0

− IL

C2
0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

C =

⎡

⎣
0 1 0
0 1 1
D3 0 0

⎤

⎦ , D =

⎡

⎣
0 0 0
0 0 0
0 IL 0

⎤

⎦ (13)

where Vin1 and Vin2 are input sources voltages. Also, VO1 and
VO2 are output voltages. In theA, B, C, and D matrices, all
parameters except duty cycle of switches D1 , D3 , D4 , and dc
value of inductor current IL , are known. For the inductor current,
there is the following equation:

IL =
Ib

D3
(14)

where Ib is the battery current. So, the only unknown param-
eters of expressed matrices are D1 , D3 , and D4 . The values
of switches duty cycles are obtained by steady-state equations
which expressed in following equation:

⎡

⎣
VO1 Vin2 − Vin1 VO2
R1Ib VO1 0

0 VO2 R2Ib

⎤

⎦

⎡

⎣
D1
D3
D4

⎤

⎦

=

⎡

⎣
VO2 + VO1 − Vin1

R1Ib

R2Ib

⎤

⎦ . (15)

So, from the aforementioned matrix equation, duty cycles of
switches achieved and are placed in A, B, C, and D matrices. As
represented in the system small-signal models, state variables
are controlled by three control variables d1(t), d3(t), and d4(t).
The transfer function matrix of the converter is obtained from
the small signal model as follows:

G = C (SI − A)−1 B + D (16)

where

y = Gu. (17)

The rank of transfer function matrix denotes the number of
control variables. In this paper, according to the number of
control variables and based on (12), rank of transfer function
matrix G is 3 × 3

⎡

⎣
y1
y2
y3

⎤

⎦

︸ ︷︷ ︸
y

=

⎡

⎣
g11 g12 g13
g21 g22 g23
g31 g32 g33

⎤

⎦

︸ ︷︷ ︸
G

⎡

⎣
u1
u2
u3

⎤

⎦

︸ ︷︷ ︸
u

(18)
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where y and u are the system output and input vectors, and
component gij represents the transfer function between yi and
uj . So, there are three transfer functions as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

v̂O1(s)

d̂4(s)
= g11

v̂T (s)

d̂3(s)
= g22

îb(s)

d̂1(s)
= g33

. (19)

B. Dynamic Model of Battery Charging Mode

In this operation mode of proposed converter, which Vin1 de-
livers energy to loads and Vin2 (battery), switches S1 , S2 , and
S4 are active and switch S3 is inactive. Like battery discharging
mode, first small signal model should be obtained by substitut-
ing (9) into (5)–(8), apply the averaging to four state equations
multiplied with corresponding duty cycle value, and then, ne-
glect second-order terms, we obtain small-signal equations that
are demonstrated as follows:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

LdîL (t)
dt = v̂in1(t) + Vin2 d̂1(t) + (D1 − D2) v̂in2(t)

+ (VO1 − Vin2) d̂2(t) + VO2 d̂4(t) + (D2 − 1) v̂O1(t)

− (1 − D4) v̂O2(t)

C1
dv̂O 1 (t)

dt = −IL d̂2(t) + (1 − D2) îL (t) − v̂O 1 (t)
R1

C2
dv̂O 2 (t)

dt = −IL d̂4(t) + (1 − D4) îL (t) − v̂O 2 (t)
R2

.(20)

These equations can be expressed as state space equations. In
this operation mode similar to battery discharging mode iL (t),
vO1(t), and vO2(t) are the state variables. State variables, input,
and output matrices are illustrated as follows:

y =

⎡

⎢
⎢
⎣

v̂O1(t)

v̂T (t)

îb(t)

⎤

⎥
⎥
⎦ X =

⎡

⎢
⎢
⎣

îL (t)

v̂O1(t)

v̂O2(t)

⎤

⎥
⎥
⎦ u =

⎡

⎢
⎢
⎣

d̂4(t)

d̂1(t)

d̂2(t)

⎤

⎥
⎥
⎦ (21)

where vT (t) = vO1(t) + vO2(t). Finally for this operation
mode of converter, similar to pervious mode, there are A, B, C,
and D matrices as follows:

A =

⎡

⎢
⎢
⎢
⎣

0 (D2 −1)
L

(D4 −1)
L

(1−D2 )
C1

− 1
R1 C1

0
(1−D4 )

C2
0 − 1

R2 C2

⎤

⎥
⎥
⎥
⎦

B =

⎡

⎢
⎢
⎣

V in 2
L

(VO 1 −V i n 2 )
L

VO 2
L

0 − IL

C1
0

0 0 − IL

C2

⎤

⎥
⎥
⎦

C =

⎡

⎢
⎢
⎣

0 1 0

0 1 1

D2 − D1 0 0

⎤

⎥
⎥
⎦ D =

⎡

⎢
⎢
⎣

0 0 0

0 0 0

−IL IL . 0

⎤

⎥
⎥
⎦ (22)

In the aforementioned matrices, all parameters except duty
cycle of switches D1 , D2 , D4 , and dc value of inductor cur-
rent IL are known. For the inductor current, there is following
equation:

IL =
Ib

D2 − D1
(23)

where Ib is desired value of battery current. So, the unknown pa-
rameters of expressed matrices are D1 , D2 , and D4 . The values
of switches duty cycle are obtained by steady-state equations

⎡

⎢
⎢
⎣

Vin2 VO1 − Vin2 VO2

−VO1 VO1 + R1Ib 0

−VO2 VO2 R2Ib

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

D1

D2

D4

⎤

⎥
⎥
⎦

=

⎡

⎢
⎢
⎣

VO1 + VO2 − Vin1

R1Ib

R2Ib

⎤

⎥
⎥
⎦ . (24)

The transfer function matrix of the converter is obtained from
the small signal model as follows:

G = C (SI − A)−1 B + D (25)

where

y = Gu (26)

where y and u are the system output and input vectors, so the
three transfer functions are as follows:

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v̂O1(s)

d̂4(s)
= g11

v̂T (s)

d̂1(s)
= g22

îb(s)

d̂2(s)
= g33

. (27)

Also, it is noteworthy that in battery charging mode when the
loads power and battery current have low values, it is possible
that the converter goes to discontinuous conduction mode. It is
known that dc–dc converters will work in DCM if their inductor
dc current be less than their inductor current ripple. So, for the
proposed converter in battery charging mode by averaging of
the inductor voltage and capacitors current during a switching
period, the dc equations can be obtained as follows:

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Vin2D1 + (VO1 − Vin2)D2 + VO2D4

= VO1 + VO2 − Vin1

−ILD2 + IL = VO 1
R1

−ILD4 + IL = VO 2
R2

(28)

also, the inductor current ripple in battery charging mode can
be expressed as

ΔIL =
Vin1D1Ts

L
. (29)
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Fig. 7. Control block diagram of proposed converter (a) battery discharging mode, (b) battery charging mode.

So, from (23), (28), and (29), the converter will work in DCM
if the following conditions be satisfied:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

IL =
VO1

R1(1 − D2)
<

Vin1D1Ts

L

IL =
VO2

R2(1 − D4)
<

Vin1D1Ts

L

IL =
Ib

(D2 − D1)
<

Vin1D1Ts

L

(30)

which (30) can be rewritten as
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

R1 >
VO1Lfs

D1(1 − D2)Vin1

R2 >
VO2Lfs

D1(1 − D4)Vin1

Ib <
Vin1D1(D2 − D1)

Lfs

. (31)

In fact, (31) confirms this fact that the proposed converter will
work in DCM when the output loads are light and the battery
charging current has low value.

IV. CONTROLLER DESIGN

Transfer functions of two operation modes of the converter
derived in previous section. As transfer functions in two oper-
ation modes of converter are different, consequently, for each
mode, different controller is needed to be designed separately.
In Fig. 7, control block diagrams of converter in two operation
mode are shown. In battery discharging mode R1 = R2 = 35 Ω
and in battery charging mode R1 = R2 = 70 Ω.

A. Controller Design for Battery Discharging Mode

As discussed in Section III, in this mode, we have three
transfer functions. For each transfer function, frequency-domain
bode plot analysis need to be obtained by computer software to

TABLE I
SIMULATION AND PROTOTYPE PARAMETERS

Simulation & Prototype parameters Symbols

2.5 mH L
1000 μF C1

1000 μF C2

35 Vs V in 1

48 V VB a t t e r y (V in 2 )
10 kHz fs

design the system compensators. System compensators should
provide desired steady-state error and sufficient phase margin,
high stability, and high bandwidth. Utilizing A, B, C, and D
matrices which are illustrated in section III and transfer function
matrix G, transfer function of g11 is (32) shown at the bottom
of the page.

Using MATLAB software, the open loop bode diagram of g11
for converter simulation parameters which is shown in table I is
achieved. Bode diagrams are shown in Fig. 8(a). Investigating
the obtained bode plots, it can be understood that in crossover
frequency phase of g11 is –179.99°. So, the phase margin is
not sufficient and closed loop system is unstable. Consequently,
to increase phase margin and improve system stability, a lead
compensator is designed

K(S) = K
S + Z

S + P
(33)

where in this equation K = 2.9, Z = 906.05, and P = 7641.6.
In Fig. 8(b), bode diagrams after compensation are shown. It
is obvious that by utilizing lead compensator, stability of the
system has been provided. Also, transfer function of g22 is (34),
see at the bottom of the next page.

In Fig. 9(a), bode diagrams for g22 are shown. It can be
found from bode diagrams that the phase margin of g22 is

g11 =
v̂O1(s)

d̂4(s)
=

(
VO 2 (1−D1 )

LC1

)
S +

(
(1−D1 )VO 2
LR2 C1 C2

− (1−D1 )(D4 −1)IL

LC1 C2

)

S3 +
(

R1 C1 +R2 C2
R1 R2 C1 C2

)
S2 +

(
L+(1−D1 )2 R1 R2 C2 +(D4 −1)2 R1 R2 C1

LR1 R2 C1 C2

)
S +

(
R1 (1−D1 )2 +(D4 −1)2 R2

LR1 R2 C1 C2

) (32)
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Fig. 8. Simulated Bode plots of g11 (s). (a) Before applying the compensator. (b) After applying the compensator.

Fig. 9. Simulated Bode plots of g22 (s). (a) Before applying the compensator. (b) After applying the compensator.

inadequate, so a lead compensator is required. Consequently,
a lead compensator by following transfer function is employed:

Klead(S) = 2.8960
S + 2098.9
S + 16982

. (35)

But using of this lead compensator reduces dc gain and, con-
sequently, leads to increase of steady state error. Conquering this
problem, lag compensator is added to system. To avoid the effect
of lag compensator on lead compensator, zero of lag compen-
sator is determined ten times smaller than crossover frequency.

So, the transfer function of lag is as follows:

Klag (s) = K
S + Z

S + P
(36)

where K = 1, Z= 583.45 and P = 58.345. In Fig. 9(b), bode
diagrams after compensation by lead-lag compensators are
shown.

As mentioned previously, the current of source 2 (battery)
is controlled by switch S1 . In fact, S1 controls the inductor
current to set the battery current to desired value the related
transfer function is shown in (37), at the bottom of the page.

g22 =
v̂T (s)

d̂3(s)
=

(
V i n 2 −V i n 1

L

) (
(1−D1 )

C1
− (D4 −1)

C2

)
S +

(
(1−D1 )
R2 C1 C2

− (D4 −1)
R1 C1 C2

) (
V in 2 −V in 1

L

)

S3 +
(

R1 C1 +R2 C2
R1 R2 C1 C2

)
S2 +

(
L+(1−D1 )2 R1 R2 C2 +(D4 −1)2 R1 R2 C1

LR1 R2 C1 C2

)
S +

(
R1 (1−D1 )2 +(D4 −1)2 R2

LR1 R2 C1 C2

) (34)

g33 =
îb(s)

d̂1(s)
=

(
VO 1 D3

L

)
S2 +

(
D3 VO 1

L

(
1

R1 C1
+ 1

R2 C2

)
+ IL (1−D1 )D3

LC1

)
S +

(
D3 VO 1

LR1 R2 C1 C2
+ IL (1−D1 )D3

LR2 C1 C2

)

S3 +
(

R1 C1 +R2 C2
R1 R2 C1 C2

)
S2 +

(
L+(1−D1 )2 R1 R2 C2 +(D4 −1)2 R1 R2 C1

LR1 R2 C1 C2

)
S +

(
R1 (1−D1 )2 +(D4 −1)2 R2

LR1 R2 C1 C2

) (37)
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Fig. 10. Simulated Bode plots of g33 (s). (a) Before applying the compensator. (b) After applying the compensator.

Fig. 11. Simulated Bode plots of g11 (s). (a) Before applying the compensator. (b) After applying the compensator.

Bode diagram of g33 is shown in Fig. 10(a). As seen from
figure, phase margin is adequate, as result system is stable but
the dc gain is low. Consequently, steady-state error has signif-
icant value. To reduce steady-state error, a lag compensator is
employed

Klag (s) =
S + 200
S + 5

. (38)

In Fig. 10(b), bode diagrams after applying lag compensator
are shown.

B. Controller Design for Battery Charging Mode
of the Converter

In this operation mode as cited in previous section, switches
S1 , S2 , and S4 are active and S3 is inactive. In this mode, switch
S4 is used to regulate output voltage VO1 , the related transfer
function is shown in (39), the bottom of the page.

Bode diagram of g11 is shown in Fig. 11(a). Because of in-
sufficient phase margin, lead compensator is needed. So, lead
compensator by following transfer function is designed:

Klead(S) = 2.9
S + 482.7
S + 4065.8

. (40)

To reduce steady-state error following lag compensator is
added to system:

Klag (S) =
S + 140
S + 14

. (41)

In Fig. 11(b), bode diagram after applying lead-lag compen-
sator is shown. Also, in this operation mode, switch S1 is used
to regulate total output voltage VT , the related transfer function
is shown in (42), at the bottom of the next page.

Bode diagram of g22 is shown in Fig. 12(a).

g11 =
v̂O1(s)

d̂4(s)
=

(
VO 2 (1−D2 )

LC1

)
S +

(
(1−D2 )VO 2
LR2 C1 C2

− (1−D2 )(D4 −1)IL

LC1

)

S3 +
(

R1 C1 +R2 C2
R1 R2 C1 C2

)
S2 +

(
L+(D2 −1)2 R1 R2 C2 +(D4 −1)2 R1 R2 C1

LR1 R2 C1 C2

)
S +

(
R1 (D2 −1)2 +(D4 −1)2 R2

LR1 R2 C1 C2

) (39)
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Fig. 12. Bode plots of g22 (s). (a) Before applying the compensator. (b) After applying the compensator.

Fig. 13. Bode plots of g33 (s). (a) Before applying the compensator. (b) After applying the compensator.

Because of insufficient phase margin of g22 , following lead
compensator is used:

Klead(S) = 2.9
S + 585.4
S + 4937

. (43)

Also, to reduce steady-state error following lag compensator
is applied:

Klag (S) =
S + 170
S + 17

(44)

In Fig. 12(b), bode diagram after compensation is shown.
Besides, switch S2 for regulation of battery charging current is
used the related transfer function is shown in (45), at the bottom
of the page.

Bode diagram of g33 is shown in Fig. 13(a). It is obvious
from figure that phase margin is sufficient, so there is no need
for stabilizing compensator. Just a lag compensator for reducing
of steady-state error is used

Klag (S) =
S + 267.4
S + 2.67

. (46)

g22 =
v̂T (s)

d̂1(s)
=

(
V i n 2 (1−D2 )

LC1
+ (1−D4 )V in 2

LC2

)
S +

(
(1−D2 )V in 2
LR2 C1 C2

+ (1−D4 )V in 2
LR1 C1 C2

)

S3 +
(

R1 C1 +R2 C2
R1 R2 C1 C2

)
S2 +

(
L+(D2 −1)2 R1 R2 C2 +(D4 −1)2 R1 R2 C1

LR1 R2 C1 C2

)
S +

(
R1 (D2 −1)2 +(D4 −1)2 R2

LR1 R2 C1 C2

) (42)

g33 =
îb (s)

d̂2 (s)

=
(D 2 −D 1 )(VO 1 −V in 2 )

L S2 +
( (VO 1 −V i n 2 )(D 2 −D 1 )

L

(
1

R 1 C 1
+ 1

R 2 C 2

)
− IL (D 2 −D 1 )(D 2 −1)

LC 1

)
S +

( (D 2 −D 1 )(VO 1 −V i n 2 )
LR 1 R 2 C 1 C 2

− (D 2 −1)(D 2 −D 1 )IL
LR 2 C 1 C 2

+ IL

)

S3 +
(

R 1 C 1 +R 2 C 2
R 1 R 2 C 1 C 2

)
S2 +

(
L+(D 2 −1)2 R 1 R 2 C 2 + (D 4 −1)2 R 1 R 2 C 1

LR 1 R 2 C 1 C 2

)
S +

(
R 1 (D 2 −1)2 + (D 4 −1)2 R 2

LR 1 R 2 C 1 C 2

)

(45)



1830 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 4, APRIL 2015

Fig. 14. Simulation results in battery discharging mode, (a) output voltages, (b) battery current.

Fig. 15. Simulation results in battery discharging mode, (a) inductor current, (b) output voltages and battery current in changing battery reference current and
load power increase condition.

In Fig. 13(b), bode diagram after compensation is shown.

V. SIMULATION RESULTS

In order to verify the performance of the proposed converter,
simulations have been done in battery discharging and charging
modes by PSCAD/EMTDC software. The simulation parame-
ters of the converter are listed in Table I. Input voltage sources
are considered Vin1 = 35V, Vin2 = 48V. In simulations,
battery model is used as input source 2. The output voltages of
the converter are desired to be regulated on VO1−ref = 80V and
VO2−ref = 40V. Consequently, total output voltage is desired to
be regulated on VT −ref = 120V. Also, battery current is desired
to be regulated on Ib−ref = 3A and Ib−ref = −0.9A for battery
discharging and charging modes, respectively. Load resistances
are R1 = R2 = 35Ω and R1 = R2 = 70Ω for battery discharg-
ing and charging modes, respectively. In the beginning, battery
discharging mode of the converter is investigated. As mentioned
in previous sections, in this mode switches S1 , S3 , and S4 are
active. Each switch is controlled by compensator which is de-
signed in Section IV. In Fig. 14(a), output voltages VO1 and

VT are shown. As seen from this figure, the output voltages are
regulated to the desired values. In Fig. 14(b), battery current is
shown. It is clear that battery current is tracked the reference
value well. In Fig. 15(a), inductor current is shown. At a partic-
ular time (t ∼= 0.01 s), the battery current reference is increased
suddenly from 3 to 4 A. Also at specific time (t ∼= 0.07 s), the
loads power are increased suddenly. At that time, load resis-
tances are changed to R1 = R2 = 17.5 Ω. In Fig. 15(b), output
voltages and battery current under these conditions are shown.
As seen from this figure, controllers regulated output voltages
and battery current against loads changes very well. In fact, by
controlling battery current, distribution of load power between
input sources is feasible. In battery charging mode, source 1 in
addition to supply the loads delivers power to source 2 (bat-
tery). In this mode, switches S1 , S2 , and S4 are active. In this
mode, similar to battery discharging mode, desired values of
output voltages are VO1−ref = 80V, VO2−ref = 40V, and bat-
tery charging current reference is Ib−ref = −0.9 A. In this state,
the compensators which are designed for battery charging mode
of the converter are used. In Fig. 16(a), output voltages VO1 and
VO2 are shown. As seen from this figure, the output voltages
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Fig. 16. Simulation results in battery charging mode, (a) output voltages, (b) battery current.

Fig. 17. Output voltages and battery current in increase of loads power and
decrease of battery reference current conditions.

are tracked the references values. In Fig. 16(b), battery current
which is regulated to the desired value is shown. It is notable that
the battery current in this mode has negative value which means
the battery has been charged. Also, in this mode at a particular
time (t = 6.5 s), the reference of the battery charging current is
decreased suddenly from –0.9 A to –2 A. Also, at specific time
(t = 13 s), output loads power are increased rapidly. In Fig. 17,
the output voltages and battery current under these conditions
are shown. As seen from this figure, the converter is controlled
by designed compensators very well. It is worth noting that all
converters have specific operating range. Also, power balance
between inputs and outputs must be fulfilled.

VI. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed converter,
a low power range laboratory prototype was built as shown
in Fig. 18. Two different input power sources utilized. A dc
power supply and a 48-V battery consist of four series 12-V,
7.5 Ah lead–acid battery are employed in the prototype as the
input sources. The parameters of the prototype are listed in
Table I. For the experimental setup, the dc power supply is set at
constant voltage values 35 V which can represent FC source. The
control scheme is implemented by PIC18F452. The reference

Fig. 18. Photograph of converter prototype.

value of the output voltages are VO1−ref = 80V and VO2−ref =
40 V and two resistive loads are used in the prototype. The
experimental setup is examined in two different operation modes
of converter. The experimental results for battery discharging
and charging modes are described in detail as follows.

Battery discharging mode: In this mode, the reference cur-
rent of the battery and output voltages are defined Ib−ref =
3A, VO1−ref = 80V, and VO2−ref = 40V, also R1 ∼= R2 ∼=
35 Ω(less than 35 Ω). Under this condition the output voltages
of the converter is shown in Fig. 19(a). In this figure output volt-
age VO1 and total output voltage VT = VO1 + VO2 are shown.
On the figure, by a circle the transition between battery discharg-
ing mode to battery charging mode is shown. The waveforms
of voltages at the times before mode changing are related to
battery discharging mode. It is obvious that the output volt-
ages are regulated very well. The current drawn from battery
is shown in Fig. 19(b). The average value of battery current
is approximately equal to 3A. In Fig. 20(a) current which is
drawn from source 1(dc power supply) is shown. Also, inductor
current in this operation mode is shown in Fig. 20(b). By regu-
lating of battery current, proper distribution of loads power be-
tween input sources is achievable. In this mode, Pin1 ∼= 150W,
Pb

∼= 143W, PO1 ∼= 189W, and PO2 ∼= 47W.
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Fig. 19. Battery discharging mode. (a) Converter output voltages (20 V/div).
(b) Drawn current from battery (2 A/div).

Fig. 20. Battery discharging mode (a) Drawn current from input source 1
(2 A/div). (b) Inductor current (2 A/div).

Fig. 21. Battery charging mode, (a) converter output voltages (20 V/div),
(b) battery charging current (2 A/div).

Battery charging mode: In this mode, the loads power is low.
So source 1 can supply loads and also charge the battery. In
this mode, the reference of battery charging current and out-
put voltages are defined Ib−ref = −0.9 A, VO1−ref = 80V and
VO2−ref = 40V, respectively, also R1 ∼= R2 ∼= 70 Ω (less than
70 Ω). Under this condition, the output voltages of the con-
verter are shown in Fig. 21(a). In this figure, the times after
mode changing are related to battery charging mode. The bat-
tery charging current is shown in Fig. 21(b). In Fig. 22 inductor
current is shown. It is worth noting that in this operation mode,
current of source 1 is equal to inductor current. In this mode,
Pin1 ∼= 214W, Pb

∼= 51W, PO1 ∼= 96W, and PO2 ∼= 25W.
Also, the operation of the proposed converter from battery dis-
charging mode to battery charging mode is investigated. First,
the converter had been operated in battery discharging mode
and then in appropriate time the load resistances have been in-
creased. In battery discharging mode, the load resistances are
R1 ∼= R2 ∼= 35Ω and in battery charging mode, the load resis-
tances are R1 ∼= R2 ∼= 70Ω. Also, the battery current reference
which in battery discharging mode was 3 A is changed to –
0.9 A. So, under such condition, the battery current and induc-
tor current are shown in Fig. 23(a) and (b), respectively. Also,
the output voltages transient in operation mode changing were
shown in Figs. 19(a) and 21(a) by circles on the figures. At the
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Fig. 22. Inductor current in battery charging mode (2 A/div).

Fig. 23. (a) Battery current in battery discharging mode and battery charging
mode (2 A/div), (b) inductor current transient in mode changing from battery
discharging mode to battery charging mode (2 A/div).

times before transition time, the converter is in battery discharg-
ing mode and after transition time, the converter is in battery
charging mode. It is obvious that against the operation mode
changing and change of the loads the output voltages have been
regulated to the desired values. In Fig. 24, the input source 1 cur-

Fig. 24. Input source 1 (Vin1 ) current under operation mode changing from
battery discharging to battery charging mode.

Fig. 25. (a) Inductor current in mode changing from battery charging to battery
discharging mode (2 A/div), (b) input source 1 current in mode changing from
battery charging to battery discharging mode (2 A/div).

rent under mode changing from battery discharging to battery
charging is shown. Also, for operation mode changing from bat-
tery charging mode to battery discharging mode similar results
can be obtained. In Fig. 25(a) and (b), the inductor current and
input source 1(Vin1) current in operation mode changing from
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battery charging mode to battery discharging mode are shown,
respectively.

VII. CONCLUSION

A new multiinput multioutput dc–dc boost converter with
unified structure for hybridizing of power sources in electric
vehicles is proposed in this paper. The proposed converter has
just one inductor. The proposed converter can be used for trans-
ferring energy between different energy resources such as FC,
PV, and ESSs like battery and SC. In this paper, FC and battery
are considered as power source and ESS, respectively. Also, the
converter can be utilized as single input multioutput converter. It
is possible to have several outputs with different voltage levels.
The converter has two main operation modes which in battery
discharging mode both of input sources deliver power to output
and in battery charging mode one of the input sources not only
supplies loads but also delivers power to the other source (bat-
tery). For each modes, transfer functions matrices are obtained
separately and compensators for closed loop control of the con-
verter is designed. It is seen that under various conditions such as
rapid rise of the loads power and suddenly change of the battery
reference current, output voltages and battery current are regu-
lated to desired values. Outputs with different dc voltage levels
are appropriate for connection to multilevel inverters. In elec-
tric vehicles, using of multilevel inverters leads to torque ripple
reduction of induction motors. Also, electric vehicles which use
dc motors have at least two different dc voltage levels, one for
ventilation system and cabin lightening and other for supplying
electric motor. Moreover, in grid connection of renewable en-
ergy resources like PV, using of multilevel inverters is useful.
Finally, operation of this converter was experimentally verified
using low-power range prototype.
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