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ABSTRACT

In this paper, a modelling, an implementation ancbatrol of a dc-dc converter structure
called “two phases Interleaved Boost Converter jIB&@ill be presented. This topology is
widely used in order to reduce the input currepples and the size of passive component
with high efficiency. The control of the IBC conter is designed by dual loop control that
contains a voltage loop with a linear Pl controbed a fast current loop with a non-linear
sliding controller to ensure a good tracking inasle state and fast performance in transient
state. The proposed control loop has been valigdbet by the simulation results under
Matlab-Simulink and after by the experimental résuking a small-scale test bench with the
dSPACE-1104 card.
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1. INTRODUCTION
The depletion of fossil fuels and the global concewer the harmful emissions by their

combustion has been a major cause of developmealtevhative approaches to meet new
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energy requirements [1-3] .Fuel Cells (FCs) arezaargy conversion devices that produce
electrical energy from an electrochemical reactlstween hydrogen-rich fuel gas and
oxidant (air or oxygen). The main by-products awdes; carbon dioxide, and heat. FCs are
similar to batteries since they both produce a D{fage by using an electrochemical process
[4]. Unlike batteries, FCs does not release stocd@gmergy; instead they convert energy from
hydrogen-rich fuel directly into electricity.

Among the various FC existing technologies, thetdtraExchange Membrane Fuel Cell
(PEMFC) is considered as the suitable technologydfstributed generation and transport
applications [5], thanks to its produce water asesidue, high efficiencies for powering
vehicles, solid electrolyte and favorable powewttight ratio offer an order of magnitude
higher power density than any other fuel cell type has also low corrosion, low
temperature operation and it needs less time &otis) and reaching its nominal operation
conditions [6]. All these characteristics are nekfibe electrical vehicle applications.

However, some constraints are still of concerngeisly its slow dynamic and low output
voltage characteristic. To go over these two paldic constraints, several cells should be
stacked to attain the required output voltage ihaiften fixed close to 100 V and a DC/DC
converter is then added to boost the output voltdghe FC to a high voltage DC bus. Such
DC/DC converter is required not only for the voltapoost, but also for the voltage
conditioning as the FC output voltage varies sthpngith the load and for reducing the
current ripple [7]. These DC/DC converters mustpoesl to challenging issues in
transportation applications such as [8]:

- High efficiency;

- Decrease the input ripple current for prolongungj cell lifetime;

- Weight and volume reduced;

- High power density;

- Low cost.

The interleaved boost converter (IBC) [9] is coesadl a good solution for improving the FC
performances in steady and transient states, wipercting to the efficiency and current
distribution. The concept of interleaving allowslueing the input current ripple which is one

of the most important required characteristics flo@/'DC converters for FC electric vehicle
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(FCEV) and provides a high power, modularity anghioved reliability. This work presents
the control of two phases IBC coupled PEMFC witload, the control of the converter is
assured by dual loop initially contains a linearvBltage loop controller and a fast current
loop with a nonlinear sliding controller. Simulatioand experimental results using a
small-scale test bench with the dSPACE-1104 casdlte will be presented to validate the
efficiency of the proposed control method.

The first subtitle opens with an introduction tlpaesents the specific problem under study
and describes the research strategy. The firsitleubpens with an introduction that presents
the specific problem under study and describegdbearch strategy. The first subtitle opens
with an introduction that presents the specificopgm under study and describes the research
strategy. The first subtitle opens with an intraglue that presents the specific problem under
study and describes the research strategy [1].

2.WHY TWO PHASESINTERLEAVED BOOST CONVERTER

The interleaved boost dc-dc converter is proposedetl with the high current problems at
high power applications. The Fig. 1 shows the sd@tendiagram of the interleaved boost
dc-dc converter, consisting of a two identical edetary boost converters connected in
parallel and sharing a common DC bus. The two idehparallel cells provide half of the
total power each, where elementary Boost is cdettalia the same duty cycle D and control
signals are shifted by a half period. It's impottéam note that for a given duty cycle, this
structure gives an output voltage same as in cals@oost structure and its major use
advantage is [10]:

1) Increasing the overall converter efficiency;

2) Increase the input and output ripple frequenitiiout increase the switching frequency;
3) Decrease the input ripple current;

4) Enhance the system reliability by parallelingupés.
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Fig.1. Interleaved 2-phases boost DC/DC converter
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Fig.2. Ratio of input current ripple to phase inductorreuat ripple according to duty cycle

Another reason for this choice of topology is th@aellation of the ripple current for specific
duty cycles. For the two phases IBC converter,itipeit current ripple equals zero for one
specific value of duty cycle equals 0.5. The FigsHdws the variation of the ratio of FC
current rippleAifc to phase inductor current rippl&iLx according to the duty cycle for basic

boost topology used usually for FC applicationg firdd IBC two phases converter.

3. MODELING OF THE FCAND IBC SYSTEM
The studied system here is considered as a poaiardystem for electric vehicle application
(Fuel cell venhicle). It constituted by a FC (enespurce) connected with a load through an

IBC converters in order to ensure a high voltag#grand a small power source current
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undulation as shown in Fig. 1.
3.1. Fuel cell modeling
The output voltage of a single cell VFC can bertkdias the result of the following equation

[12]:

V. =E —A|og(iF°__i ”j—{Rm i -i) +Blog(l—i < j} o
i i

where E is the thermodynamic potential of the ogtiresenting its reversible voltagg; is

the delivered currentg is the exchange current, A is the slope of theslTlfe, i, is the
limiting current, B is the constant in the massi$far, in is the internal current and Rm is the
membrane and contact resistances. Henge=\f (irc).

The second term of the voltage FC equation is thitage drop due to the activation of the
anode and of the cathode. The third term is theiohaitage drop, a measure of the ohmic
voltage drop associated with the conduction ofghsons through the solid electrolyte and
electrons through the internal electronic resistand he fourth term represents the voltage
drop resulting from the concentration or mass artation of the reacting gases.

This static model of FC is compared with the expental results using PEMFC Nexa
Ballard 1.2KW (Fig. 4). As it can be observed ttia static model presented in (1) allows

giving an excellent fit with the experimental raswf polarization curve.
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Fig.3. Experimental polarization curve and model
3.2. Two phases |BC modeling
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To design the appropriate controller with requipgformances, it's important to do not
neglect the dynamic considerations. Thus, A numiifeac equivalent circuit modeling
technigues have been presented in the literatucdy 8s state-space-averaged modeling and
PWM switch method for modeling DC-DC converters][18mong these methods, the PWM
switch method is the widely used one to model DCdo@verters. The transfer functions for
duty-cycle to inductor current Gix(s) and inductorrent to the output voltage Gvx(s) of IBC

topology are obtained from averaged small-signadehare [ref]:

TR, 1
(9= =— 1
GixS) d F3(1_[))21+( )s+( LC )s? @
R1-D* (1-D)
L
1-(——)s
v R@-D - D)
Gyx(8)=—"= (2 ) RID) )
i 1+()s
Lx 2

Wherei_,d,v, are small increments around of their operating soin

Lx? H

4. PROPOSED CONTROL STRATEGY OF THE TWO PHASES IBC CONVERTER

The correct design of the controller is a diffictask because according to equations (2) and
(3), the transfer functions of IBC converter aretlod 1st and 2nd order and its parameters
vary strongly with the load changes. Then, it iseesial to establish the control objectives,
which can be formulated as following:

- Maintain the output voltage constant under loaange;

- Equal current sharing between phases. The inputmrt waveforms must be equal in
order to avoid overloading one of the phases, 4daily for heavy loads. Furthermore, the
phase currents must be correctly shifted from edletr in order to minimize the input current
ripple which is undesirable in fuel cell applicats

- Ensure always the stability and dynamic perforoearnof the closed-loop system with an
acceptable overshoot and steady error.

4.1. Dual Loop Control
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In this work, we proposed to control the two phaS by using a dual loop control that
contains a linear Pl outer loop (or voltage loaghjch allows usefully comparing the output
voltage reference with the measured output volt#ghe two phases IBC converter. Hence,
the total current reference is obtained from Pltcaier and then is shared out between each
IBC phases. For the IBC topologies, the total aurre divided on 2 (number of phase). Then,
the inner loop (or current loop) allows us obtagnthe duty cycles (D1, D2,) from nonlinear

sliding mode controllers as it is shown in Fig. 4.

KQ,
—»] PWM IBC >
Converter
> PwnM e Vs
K, I, I, Verer i
D, — PT
_|_
Sliding 1 12 [%
. ILref:total
DQ, h4 -+ ILref
Sliding 1047
Fig.4. Control strategy architecture
The PI controller (P1-1) is defined as follow:
_ 1

S
The PI controller has been designed in order tgfgahe control objectives and some design
requirements such as phase margin (PM), gain m&@jih) and settling time. In summary,
they lead to the satisfactory performance, namdly45° and GM=10dB.
4.2. Current sliding mode controller
To ensure the stability and the robustness of ftstems, one has to control the inductive
current. A nonlinear sliding mode controller is dige drive the current control loop applying

the large signal model of DC-DC converters [14-T6]us, its stability is not restricted to be
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around the operating point (as it is often in snsaihal modeling).The following equation

defines the large signal model of the two phasé€x IB

o

I
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o

Where b and D2correspond to the duty cycles for controlling theitshes K and K
respectively.
The sliding surfaces, then the control laws, of tB& are defined by the following

expression:

t

SlLi = ( ILi - ||_iref )+ ku_ J.(ILi —I et )dt (6)

0

Where i= [1, 2], | is the average value of the inductors currentg,s Is the desired
inductors currents, Kis the damping coefficients, which ensure thatdliing surface equal

zero by tracking the inductor current to its refeeis defined as follows:

=N R @)
Where\, is the convergence factor.

To design the controller, it is necessary to coral) with (6) and (7) for the two phases
IBC. This will result in the equation for contralguts in terms of the state variables and the

system parameters. The duty cycle of each phake dBC is:

D, =1- Ve —rdy +L, ()\ileLi _\iu,ref KL (I L e )) o

S

Equation (8) shows that the control inputs ardexant with the value of load resistance R.

Therefore, this controller will not be perturbedtheg variations of the load.
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By injecting the values of duty cycles in the ageranodel one can define the dynamic

behaviour of the current error as follows:

zz+N +k )EZ+A Lk fz.d=0 ©)

Where z, =1, =1«

After derivation the previous equation is given by

Zi+ (A k) +A Ok L2 =0 (10)
These equations are used to define the coefficiépt@nd the convergence factofg to

ensure the desired performance. The coefficiergspasitive. So this signifies that all of

system roots have strictly a negative real paiis irtvolved the stability of the regulator.

5. SIMULATION RESULT
The whole FC pack and the used converter had bemrated under the Matlab-Simulink

Software, the Table. 1 shows the system parameters.

Table 1. System parameters

Parameters Value
Input voltage 42V
Output voltage 150V
Inductor value 1mH

Capacitor value 1100uF
ESR of the inductor 0.8
Load resistor (3
Switching frequency 10 KHZ

To test the two sliding mode current regulatortheftwo phases of IBC, the reference current

is varied for observing the current behaviors ahephase .

The Fig.6 and 7 represent the evolution of the atmlucurrent after the variation of the
reference inductor current from 20 to 10A, fromtB040A and inversely, respectively. One

can see that the currents track perfectly thegregfces with a fast settling time (around®)L0
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with no noticeable ringing or overshoot (First ardgstem behaviour). So the sliding mode

current regulator gives excellent performancesandient and steady states of system.

N
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Fig.5. Sliding-mode controller dynamic response whilextagation of inductor current from
20to 10 A

| | —IL11

Times (s)

Fig.6. Sliding-mode controller dynamic response whilewtagation of inductor current from
20t0 40 A

Figures 8 t010 show the system responses undeiugiddoop control for the load stepping up
of the rated conditions. By analysing those figuress possible to observe that the output
voltage overshot and oscillations are negligibled dhe currents of inductors, which
controlled by the sliding mode regulators respgady quickly and follow their reference
perfectly and without any overshot and oscillatidiigures11 to 13 represent the responses of

the system while the load stepping down of thedratenditions. From this curves, one can
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deduce that the output voltage set to its refergracéectly and the inductor currents follow

well their references.
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Fig.14 shows the behaviour of the output voltagerathanging the reference of output
voltage from 150 to 110V and from 140V and inveysedspectively. Finally, the simulation

results prove that the proposed dual loop conwatains voltage loop with Pl regulation and
non-linear sliding mode current regulator has hilyhamic performances in transient state
(fast and without a considerable overshoot) evainguhe load stepping up or down, also

while a reference changing.
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6. EXPERIMENTAL RESULTS

339

In order to validate the proposed control strategiethe two phases IBC structure connected

with a FC, a small-scale test bench (150W) of tystesn is implemented in our laboratory.

Fig. 14 shows the photograph of the realized erpamntal testbench of converter at Energy

System Modelling Laboratory (ESM) in Biskra, Algerin this testbench, we replaced the FC

by a programmable DC source to supply a resistnael Ithrough the IBC. The control is

realized under the Matlab-Simulink-RTW software amdplemented owing to the

DSPACE-1104 real-time control card. As the convec@ennected to the load is controlled

such that the the DC bus voltagés)is 100V. The experimental validation

by using the following system parameters givemahle Il.

Table 2. System parameters

has been done
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Parameters Value
Input voltage 25V
Output voltage 100V

Inductor value 10mH
Capacitor value 2200uF
ESR of the inductor 0.8
Load resistor 79
Switching frequency 10 KHZ

Fig.14. The realized test bench at ESM Laboratory

The Figs. 15 and 16 present the behaviour of imductirrents I(; and I.2) , while their
reference profile changing, whereas, the FigsadB20 present their behaviour while the
test is performed by sharply decreasing and inorgasthe load currenkch (Fig. 17 load
stepping up to 100 %, Fig. 20 load stepping dowB@&%6 of the rated condition . It is clear
that the IBC currents track well their referencéwan acceptable overshoot, a short response
time and a stable steady state. Furthermore, thd yacking of the inductor currents to their

references shows that the used sliding mode reyslatork favourably.
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Fig.16. Inductor current responses and their referencatvani (from 2 to 4 A)

The experimental results shown in Fig. 19 and 28vsthat the controlled voltage Vs tracks
well its even in presence of perturbation (loadngrags) from 100 to 120V and from 100 to

80V and inversely respectively.
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Fig.17. Load current profile (increasing with 100%)
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Fig.18. Inductor current responses and their referencatiani while the increasing and
decreasing of the load profile
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Fig.19. Output voltage after load increasing and then cgrbixck to rated load
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Fig.20. Load decreasing with 60% and then coming backtedrmad
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Fig.22. Output voltage the load decreasing and increasing

7. CONCLUSION

This paper presents an interleaved non-isolatedDRC¢onverter designed for fuel cell
applications, simply for improving the performarmecause it ensures a high attenuation of
the input current ripple, reduces the size of passtomponent and allows decrease
semiconductor stresses, improving the convertecieficy and reliability. Whreas, the
proposed dual-loop control strategy that contaiasl&age loop with a linear PI controller and
a fast current loop with a non-linear sliding cofier is used and designed using PWM
switch method in order to achieve a very good perémce for a wide range of load variation
and a stable and robustness behavior in presenpertfrbations or parameter variations.

Finally, the simulation and experimental resulteveéd the good efficiency and functionality
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of the converter and control strategy, which an&able for FC applications, and especially in

a power train system of an electric vehicle.
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