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Abstract— A new multinput multioutput de—dc boost converter with unified structure for hybridizing of power sources in electric vehicles is proposed.

The proposed converter can be used for transfering energy between different energy resources. The converter has two main operation modes which in

battery discharging mode all input sources deliver power to output and in battery charging mode main energy system not only supplies loads but also

delivers power to the rechargeable energy storage systems. It is possible to have several outputs with different dc voltage levels are appropriate for

connection to multilevel inverters. In electric vehicles, using of multilevel inverters leads to torque ripple reduction of induction motors. Also, electric vehi-

cles which use dc motors have at least two different dc voltage levels, one for ventilation system and cabin lighting and other for supplying electric motor.
Index Terms— Boost converter, fuel cell, hybrid electric vehicle, multiple input multiple output, nonisolation, small signal modeling,

rechargable energy storage systems.

1 INTRODUCTION

HE large number of automobiles in use around the world

has caused and continues to cause serious problems of
environment and human life. Air pollution, global warming,
and the rapid depletion of the earth’s petroleum resources are
now serious problems. ElectricVehicles (EVs), Hybrid Electric
Vehicles (HEVs) and Fuel Cell Electric Vehicles (FCEVs) have
been typically proposed to replace conventional vehicles in the
near future. Most electric and hybrid electric configurations
use two energy storage devices, one with high energy storage
capability, called the “main energy system” (MES), and the
other with high power capability and reversibility, called the
“rechargeable energy storage system” (RESS).MES provides
extended driving range, and RESS provides good acceleration.

Fuel cells (FCs) are emerging as a promising main
power sources due to their merits of cleanness, high efficiency,
and high reliability.Because of long startup period and slow
dynamic response weak points of FCs [1], mismatch power
between the load and the FC must be managed by an energy
storage system. Batteries are usually taken as storage mecha-
nisms for smoothing output power, improving startup transi-
tions and dynamic characteristics, and enhancing the peak
power capacity. Combining such energy sources introduces a
FC/battery hybrid power system. In comparison with single-
sourced systems, the hybrid power systems have the potential
to provide high quality,more reliable, and efficient power. FC

and RESSs have different voltage levels.So, to provide a specific
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voltage level for load and control flow between input sources,
using of a dc—dc converter for each of the input sources is
need.Which leads to increase of price, mass, and losses. Conse-
quently, in hybrid power systems, multiinput dc—dc converters
have been used. In isolated multiinput dc—dc converters, high-
frequency transformer is used in order to make electric isolation
[2]. Using isolation transformer in isolated dc-dc converters will
make the system 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 transform-
er for conversion of ac voltage to dc. Therefore,in all input and
output terminals of these converters, several switches are ap-
plied which leads to increase of cost and losses.Furthermore,
transformer has losses in its core and windings.Because of the
aforementioned drawbacks of isolated multiinput dc-dc con-
verters, usage of nonisolated multiinput dc—dcconverters in
electric vehicle applications seems more useful [3]-[5]. Compar-
ing to the isolated one, nonisolated multiinput features compact
design and high-power density [6].

In [7]-[9], introduced converter consists of paralleling
two buck converter in their inputs. To prevent short circuit of
sources one switch is series to each input source. Advantage of
this converter is less number of energy storage elements and
drawback is lack of proper power flowcontrol between input
sources. In [10], the converter has four input by different volt-
ages. Each of the energy sources can deliver or absorb energy
from load and other sources. Each input source need separate
inductor is a shortcoming of the converter. In [11] converter
structure derived from cascading two H-bridge with different
dc-link voltages. The merit of this converter is its less number
of passive elements, and its drawback is unsuitable
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control on the power which is drawn from input sources. In
[12], the converter used a coupled inductor, instead of two
separate inductors as energy storage element.The converter is
for power management between battery, SC, and electric mo-
tor in an electric vehicle.The advantage of this converter is re-
generation of brake energy to battery and SC is possible. In
electric vehicles, using of multilevel inverters leads to torque
ripple reduction of induction motors.For appropriate connec-
tion to multilevel inverters outputs with different dc voltage
levels needed. One way to generate several dc-links is usage of
multioutput de-dc converters [13]. In [14] and [15], nonisolated
multiinput multioutput converter has large number of switch-
es which cause low efficiency.

A new nonisolated multiinput multioutput dc-dc
boost converter is proposed in this paper. This converter is
applicablein hybridizing alternative energy sources in electric
vehicles. In fact, by hybridization of energy sources, ad-
vantages of different sources are achievable. Charging or dis-
charging of energy storages by other input sources can be con-
trolled properly. The proposed converter has several outputs
with different voltage levels which makes it suitable for inter-
facing to multilevel inverters.

The organization of this paper is as follows.The con-
verter structure and operation modes are explained in Section
2.Dynamic modelling of the proposed converter is given in
Section 3. Section 4 describes the control system of the pro-
posed converter. The simulation results describes in Sections
5.Finally, Section 6 presents theconclusions.

2 CONVERTER STRUCTURE AND OPERATION MODES

A new multiinput multioutput dc-dc boost converter
withunified structure for hybridizing of power sources in elec-
tric vehicles is proposed which is shown in Fig.1. The pro-
posed converter is suitable alternative for hybridizing of FC,
battery, or SC .The converter is appropriate for a connection to
a multilevel inverter due to availability of multiinput.Here for
convenience, proposed converter with two-input two-output is
analyzed. Which is shown in Fig. 2 .R; and R, are the model of
load resistances that can represent the equivalent power feed-
ing a multilevel inverter.From the figure 2 understood that
source Viy can deliver power to source Vi but not vice versa,
50 Vin is taken as FC and Vi as battery. Power flow between
input sources can be control by proper switching. There are
two operation modes for proposed converter depending on the
state of battery. In each mode, out of the four switches three
are active. Each switch has specific duties.
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Fig.1 Proposed multiinput multioutput converter.
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Fig.2 Proposed nonisolated boost converter with two-input, two-output.

2.1 Battery discharging mode

In this mode, both inputs supply power to the loads. Here
switch S; is on to control battery current to desired value by
controlling inductor current.Switch S; regulate the total output
voltage Vi=Vu+Ve and output voltage Vo is regulate by
switch S4. In Fig. 3 inductor voltage, Inductor current and gate
signal of the switch waveforms are presented. In one switching
period there are four different operation modes.
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Fig. 3. Steady-state waveforms of proposed converter in battery discharg-
ing mode
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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.
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Fig. 5. Steady-state waveforms of proposed converter in battery charging
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Fig. 6. Battery charging mode, (a) switching state 1,(b) switcing
state 2, (c) switching state 3, (d) switching state 4.

1) Switching State (0 <t < D3T): In this state, switches S1 and
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Ssare turned ON. Because S1 is ON, diodes D1 and D: are re-
versely biased, so switch S4 is turned OFF. Since Ss is ON and
Vit <Vin2, diode Do is reversely biased. Equivalent circuit of
proposed converter in this state is shown in Fig. 4.a.In this
state, Vinz charges inductor L, so inductor current increases.
Also, in this mode, capacitors C:1 and C: are discharged and
deliver their stored energy to load resistances Riand R>, re-
spectively.The inductor and capacitors equations in this mode
are as follows:

diL
L—=V
dt nZ
dVp Vo
(ou=-Tn (1)
dt R,
c. d¥p, _ _@
= dt Ra

2) Switching State 2 (D3 T < t < D; T): In this state, switch S,
is still ON and S is still OFF and S; is turned OFF. Bcause S; is
ON. Equivalent circuit is shown inFig. 4(b). In this state Vin
charges inductor L, so inductor current increases. In addition,
capacitors C; and C; are discharged and deliver their stored
energy to load resistances R; and R , respectively. Equations
in this mode are as follows:

dlg
—= =V,
dt Inl
dVpy - _@ {_!)
L R, <
dVps — _ Voo
2 e Ry

3) Switching State 3 (D; < t<Dy T): In this mode, switch S;
is turned OFF S, is turned ON. Fig. 4(c). Inductor L is dis-
charged and delivers its stored energy to C; and Ry , so induc-
tor current is decreased. In this state, C; is charged and C; is
discharged and delivers its stored energy to load resistance R»
. The energy storage elements L, C; , and C; equations in this
mode are as follows:

dlf, E
L = (Vs — Vi
it (Viny o1)
dvy Va.
o= -2 3
dVina — _@
2 ar Rg

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 ca-
pacitors C1 , Cz, and load resistances R1 and Rz. Also, in this
mode, capacitors Ci and C: are charged. Equivalent circuit of
proposed converter in this state is shown in Fig. 4(d). The in-
ductor and capacitors equations in this mode are as follows:

dlf,

L; = Vin1 — [VM + Voz:}
avpy _ _ Vo
o= -7 @
[ _dvﬂg = IL- _@
= dr Ra

2.2 Battery charging mode

In this mode, Vin supplies load as well as supplies Vi, bat-
tery also. This condition occurs when load requirement is low
and battery has to be charge. When battery operates at charg-
ing mode, in such condition, S3 is not active and switches S,
Sy, Sy, are active. Here switch S; is on to control battery current
to desired value by controlling inductor current. Switch S;
regulate the total output voltage V1=Vo:1+V2 and output volt-
age Vo is regulate by switch S,. . In Fig. 5 inductor voltage,
Inductor current and gate signal of the switch waveforms are
presented. In one switching period there are four different op-
eration modes.

1) Switching State 1 (0 <t < D; T): In this mode S; is active,
so S, and S; reverse biased. D> also reversely biased. So, in-
ductor L charges by Vin and inductor current increases. In this
mode, capacitors C; and C, supplies energy to the load re-
sistances R; and R». Equivalent circuit of this switching state
shown in Fig. 6(a) .The equations of inductor and capacitors
are as follows:

dt = Vf::l
dVps . Vo -
L s ", (3
dVpz Vo
Oy = z
dt Ao

2) Switching State 2 (D, T <t<D, T). In this mode, switch S: is
OFF and switch S: is active. Vini<Vin2, so inductor current de-
creases and delivered energy to the battery (Vin2). In this mode,
capacitors C1 and C: get discharged and supplies energy to the
load resistances R1 and R2. . Equivalent circuit of this switch-
ing state shown in Fig. 6(b) and equations are

dlf
E - {Vf::l - V.I‘rzﬂj
dVig,y Vigu
2o = Yo
Lar R, (6)
d ¥y ¥

3) Switching Sate 3 (D.T < t<D, T): In this mode, S2 is
turned OFF and switch Ss is turned ON switch and S: is still
OFF.Also,diode D: 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 Ci and Ri , and capacitors Ci is charged
and capacitor C: is discharged and delivers its stored ener-
gy to load resistance Rz . Equations of this state are follows:

diy
L—-= (Vin1 — Vo1)
Vo, _ ; _Vou
1 4 L™ R (7)
dVosz v
Cz oz — oz
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4) Switching State 4(Dy T < t<T): In this mode, all switches
are OFF. Inductor L is discharged through the diode D, which
is forward biased and delivers its stored energy to resistors
Ri, Rz and charges capacitors C; and C,. Fig. 6(d) shown the
equivalent circuit and circuit equations are as follows:

el

L? = Viny — (Vo1 + Vioz)
dVin, _ Vo
G =T —3* &
dVgz — I _ Vo=
2 dr L Ra

3 MODELING OF THE CONVERTER

Dynamic model is needed for design the closed loop con-
troller for the converter. By proper switching dutycycles, out-
put voltages and battery current are adjustable. There are dif-
ferent dynamic models for each operation modes of converter.
Consequently, for both operation modes, different controller
needs to be designed separately. To realize closed-loop control
Small-signal model is used. Based on small-signal modeling
method, the state variables, duty ratios, and inputvoltages con-
tain two components, dc values (X, D, V' ) and perturbations
("x, ~ d, "v). It is assumed that the perturbations are small and
do not vary significantly during one switching period.

3.1 Battery discharging mode

In this mode the system can be represented in a matrix
form using a state-space model such that ir(t), voi(t), and
voe(t) are state variables.

{% = AX + BU ©)
Y=CX+BU
(o) Vgu () dy(®
X = |vg1(t) Y=|v() | U=]ds(®) (10)
Vor (1) i (t) d, (1)

U is a matrix containing the control inputs du (t), ds (t) and d4
(t), and Y is amatrix containing the system outputs vor (t),
v1(t), and is(t).Filling in the A, B, C, and D matrices using (1)-
(4) and state equations (9),and using the equation for unknown
inductor current gives the unknown parameters D1, D3, Da.

IL=1" (11)

The values of switches duty cycles are obtained by steady-state
equations which expressed in following equation:

VD]. “'Yi.n: - "ri.nl VOZ D1 YWOJ. + VDZ V'Lrl.i
Rilb Voj_ 0 D3 = RiIb (12)
0 Voz RIpl LDy Rl

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

G=(SI-A)'B+D (13)
Where
y=Gu (14)
1 811 81z Biz][W
V2| = (821 B2z Ba23||Uz (15)
3 Ba1 B3z Bazllls

Where y and u are the system output and input vectors, and
component gi represents the transfer function between yi and
uj. So, there are three transfer functions as follows:

—_ "'EJ'JEBJ

i1 = aula)
_ )]

822 = 37 (16)
__ inls)

833 T T

3.1 Battery charging mode

Like battery discharging mode, first small signal mod-
el should be obtained. In this mode the system can be repre-
sented in a matrix form using state-space model such that
i(t), vor (t),and voz (t) are state variables. State variables, in-
put, and output matrices are illustrated as follows:

i (t) Vg () d4 (t)
X = [vo.(t) Y= U=|d,(t) (17)
vas (t) (1) d, (t)

U is a matrix containing the control inputs du (t), d2 (t) and d4
(t), and Y is amatrix containing the system outputs vor (t),
v1(t), and is(t).Filling in the A, B, C, and D matrices using (5)-
(8) and state equations (9),and using the equation for unknown
inductor current gives the unknown parameters D1, D2, D,

I =" (18)

"~ D.D,
The values of switches duty cycles are obtained by steady-state

equations which expressed in following equation:

Vinz Vo1 = Vi1 Voz J[Ds Vo1 +Voz — Viny
—Vor VoutRiy 0 ||Dzf= Rily (19)
—Voz Voz Ralp 11Dy Rzl

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

G=(SI—A)'B+D (20)
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Where

y=0Gu (21)
_ vouls)
811 T T
wria)
e 22
822 = T (22)
_ ipl=)
833 T @

4  CONTROLLER DESIGN

Fig. 7 Simulated Bode plot of g11(s) before applying control-
ler.

Bode Diagram
T ey

50,

pensators. System compensators should provide desired
steady-state error and sufficient phase margin, high stability,
and high bandwidth. Utilizing A, B, C, and D matrices andt
ransfer function matrix G, transfer function of each switching
state can be obtained. By using MATLAB software bode plot
analysis obtained. Open loop bode diagram of the transfer
fuction gn shown in Fig. 7. Phase margin of the plot is 91°
which is not sufficient. To increase the phase margin and sys-
tem stability a lead copensator introduced.

K(S) = E 23)

After compensation the stability of the system also im-
proves as shown in Fig. 8. From bode plot understood that in
switchind state 1,2 and 3 lead compensator, lead-lag compen-
sator and lag compensator is required.Like battery discharg-
ing mode in, battery charging mode also bode plot analyzed.
From bode plot understood that in switchind state 1,2 and 3
lead-lag compensator,lead compensator and lag compensator
is required.

5 SIMULATION RESULTS

TABLE 1

Simulation and prototype parameters

Magnitude (dB)

Phase (deg)

10’ 10 10 10" 10" 10 10
Frequency (rad/s)

Simulation and prototype parameters | Symbol
1.3 mH L
1000 uF Cy
1000 uF G
24V Vint
34V Vin
10 kHz fs

Fig. 8 Simulated Bode plot of g11(s) after applying controler.

For each mode we have three transfer functions.For each
transfer function, frequency-domain bode plot analysis need to
be obtained by computer software to design the system com-

Simulations have been done in MATLAB software. The simula-
tion parameters of the converter are listed in Table I.Input
voltage sources are considered Vin1 =24V, Vinz = 36V. In simula-
tions,battery model is used as input source 2.Inductor
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L=1.3mH and the R, =270l and R:= 270} are the load re-
sistances,which can represent the equivalent power feeding a
multilevel inverter.

The input voltage is given by Vim=24 V shown in figure
9.The gate signals are given from PWM block.In figure 10 in-
ductor current is shown.The battery current shown in figure
11 with average vaue of 1.1 V.The output voltages shown in
figure 12.The total voltage V' is regulated to 48 V and Vo is
regulated to 24V.

0155 0% 113 - 01 [IRE:] 02
Fig.9 input voltge Vin.

v

&=

inductor current

01% 018 01952 0156 018 1% 016 0157 01%3 015 0138
fime

Figure.10 Inductor current IL

BTy Cuman

Fig.11 Battery current I»

St Weltage

Fig.12 Output voltage Vr and Vo1

6 CONCLUSION

A new multiinput multioutput dc—dc boost converter is
proposed in this paper. The proposed converter can be used
for transferring energy between different energy resources. In
this paper, FC and battery is used as energy sources. The con-
verter has two main operating modes in which battery dis-
charging mode both FC and battery deliver power to load and
in charging mode, FC deliver power to load and battery. It has
several outputs with different voltage levels which makes it
suitable for interfacing to multilevel inverter. Using multilevel
inverters in electric vehicles, leads to torque ripple reduction of
induction motors. This converter is also suitable for electric
vehicle electric which uses two different dc voltage levels, one
for ventilation system and cabin lightening and other for sup-
plying dc motor.
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