Advantages of variable DC bus voltage for Hybrid Electrical Vehicle
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Abstract. Most research paper on Hybrid vehicle or Hybrid
Electrical vehicle propose electrical structures of a DC bus to
supply the electrical motor (with or without recovering
possibilities). The proposed DC bus has at the majority a
constant voltage. As the electrical power is relatively high, it is
reasonable to increase the DC bus voltage in order to decrease
the current and consequently the Joules losses and to reduce
also the sizing of the component and wires.

We show in this paper that a variables DC bus voltage is
technologically feasible and economically interesting. In this
purpose, we compare two different architectures. Both
architectures were modelled and controlled (with the proof of
stability) and finally the energy balance was proposed in order
to compare the two structures and to exhibit the advantages of
the variable DC bus voltage.

Index terms—hybrid vehicle, Fuel Cell, Supercapacitors,
Batteries, Power converters, Energy conversion.

I.  INTRODUCTION

Fuel-cell (FC) vehicles have the potential to revolutionize
transportation. In particular, a FC vehicle, using a combined
battery and supercapacitor (SC) energy storage system, can
provide excellent fuel economy and performance while
extending the battery life due to more frequent use of the
SC. FCs are similar to batteries since they both produce a
DC voltage by using an electrochemical process [1, 2].
Unlike batteries, FCs do not release storage of energy. FCs
operate as long as they are supplied with fuel. Furthermore,
they have a large time constant to respond to an increase or
decrease in power output demand (mainly because of its
auxiliaries) [3, 4]. The use of SCs [5, 6] as a storage system
in DC hybrid sources, with FC or batteries, allows the peak
load to be shaved and can compensates for the intrinsic
limitations of the main source thanks to their suitable
characteristics as a storage device; in addition they are
easily controlled by power electronic conversion.

We present in this work two hybrids DC power sources
using SC as auxiliary storage device, a Proton Exchange
Membrane-FC (PEMFC) as main energy source [7, 8], with
and without batteries on the DC link. A single phase DC
machine is connected to the DC bus and plays the role of
the load.

In this paper, the energy management means that the
controller, instead of stabilizing the system towards its
equilibrium, is sufficiently smart to decide, at each moment
and according to the load power demand, which source has
to supply or absorb the energy and eventually define the
ratio of using of different sources in the same time.
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This goal is achieved by the choice of the adequate
scenarios defining the giving system equilibriums which are
function of the power/energy flow.

The authors uses the well known Passivity-Based Control
(PBC) with the Port Controlled Hamiltonian (PCH)
structure that allows exhibiting important structural
properties like the total system energy, the Damping and
the states interconnections. This paper is organized as
follows: a brief introduction to PBC and PCH is giving. In
section IV, the problem formulation is stated. In section V,
the state space equations of the difference sources are
given. In section VI, the PCH form of the whole system is
developed and the control laws with the global stability
proof are given. The simulations are presented in section
VII with a change in the control laws that improve the
control performances. Finally a conclusion can be found in
section VIIL.

In [8] and [9] a quite similar hybrid system are addressed
but authors of those paper did not prove the stability of the
system with the proposed PID controller. In addition,
different PID where used for different subsystem (DC bus
voltage loop in one hand and SCs voltage loop in another
hand). The leitmotiv of this paper is firstly to have a state
space equation of the whole system (without considering
different subsystems) and secondly to use the PBC with
PCH structure to proof the global asymptotic stability.
Another important challenge of the authors of this paper is
to measure only the SCs current and the FC voltage (for the
first solution) and, in addition, the DC Bus voltage (for the
second solution). The final purpose is to conclude with the
advantages of variable DC Bus voltage for hybrid sources.

II. STRUCTURES OF THE HYBRIDPOWER
SOURCES

As shown in Fig. 1, the studied hybrid power source
include a DC link supplied by a FC and a unidirectional
DC-DC converter which maintains the DC voltage Vp to
its desired value Vg, and a peak power unit based on electric
double layer capacitors, which is connected to the DC link
through a bidirectional DC-DC converter [12-13].

The role of the FC is to supply the mean energy to the load
[14-17], whereas the peak power unit is used as a peak
power source: is to supply peak power required during
acceleration and can absorb peak power during braking [18-
19].

In order to manage energy exchanges between the DC link
and the peak power units, three operating modes can be
defined:

- Charge mode, in which the main source supplies energy to
the peak power unit,

- Discharge mode, in which the peak power unit supplies
energy to the load,

- Recovery mode, in which the load supplies energy to the



peak power unit.
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Fig. 1. Structure of the first hybrid source

As shown in Fig. 2 the second studied system comprises a
DC link directly supplied by batteries, a PEMFC connected
to the DC link by means of a Boost converter, and a
supercapacitive storage device connected to the DC link
through a current reversible DC-DC converter. The
function of FC and the batteries is to supply mean power to
the load, whereas the storage device is used as a power
source: it manages load power peaks during acceleration
and braking.

Fig. 2. Structure of the second hybrid source

The aim is to have a constant DC voltage and the challenge
is to maintain a constant power working mode for the main
sources (batteries and FC).

III. PASSIVITY BASED CONTROL OF THE
SYSTEM

A. Port Controlled Hamiltonian System
PCH systems were introduced by van der Schaft and
Maschke in the early nineties, and have since grown to
become a large field of interest in the research of electrical,
mechanical and electro-mechanical systems. A recent and
very interesting approach in PBC is the Interconnection and
Damping Assignment (IDA-PBC) method, which is a
general way of stabilizing a large class of physical systems)
(Ortega et al. 2002) (Becherif et al., 2005).
Some of the advantages of expressing systems in the PCH
form are the fact that they cover a large set of physical
systems and capture important structural properties.
Consider the nonlinear system given by:

3= f(x)+ gl (1)

where xe R” is the state vector, f(x) and g(x) are locally
Lipschitz functions and ue R" is the control input. A PCH
form of the system (1) is given by:

i =[3(x)-R(x)VH + glx)u )

where J(x) is an nxn skew symmetric matrix, R(X) is a
nXn positive semi-definite symmetric matrix and VH is
the gradient vector of the energy function H(x) of the
system (1).

PCH systems, with H(x) non-negative, are passive systems.
A recent and very interesting approach to solve these
problems is the Interconnection and Damping Assignment
IDA-PBC method, which is a general way of stabilizing a
large class of physical systems, see [10] and [11].

IV. PROBLEM FORMULATION
Both structures are feeding energy to the DC bus where a
DC machine is connected. This machine plays the role of
the load acting as a motor or as a generator when breaking.
The main purpose is to maintain a constant mean energy
delivered by the FC, without a significant power peak, and
the transient power is supplied by the SCs. A second
purpose consists in recovering energy throw the charge of
the SC. The regulation of the DC Bus voltage is asked. For
the first structure this DC Bus voltage reference is variable
and it is constant for the second structure and equal to the
battery voltage.
After modeling, equilibrium points are calculated in order
to ensure the desired behavior of the system. When steady
state is reached, the load has to be supplied only by the FC
source. So the controller has to maintain the DC bus voltage
to a desired value and the SCs current has to be cancelled.
During transient, the power delivered by the FC has to be as
constant as possible (without a significant power peak),
while the SCs deliver the transient power to the load. If the
load provides current, the SCs recover this energy.
SC has to be charged when we have an excess of energy
and at equilibrium the SC current has to be equal to zero.
In the next section, the controller will be designed and the
system’s stability will be investigated.

V. FC, SCs AND BATTERIES MODELING

A.  Fuel cell model
The output voltage of FC “Vrc” can be defined by a static
and nonlinear model as given in [2]:

Rm (ti - in)

i —1
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Hence V¢ = f(ipc). Ey is the reversible no loss voltage of
the FC, ipc is the delivered current, i, is the exchange
current, A is the slope of the Tafel line, iy, is the limiting
current, B is the constant in the mass transfer, i, is the
internal current and R,, is the membrane and contact
resistances. In the sequel, Vic will be considered as a
measured disturbance, and from physical consideration, it
comes that Vic € [0; Vy[, where V4 is the desired DC Bus
voltage.

B.  Supercpacitors Model
The SC is then modeled by:

dv, 1
- = —IS(,'

dt — C,+kV, (4)
Vi=RI,+V,

sc™ SC



Where C, +kV, >0

The differential capacitance is represented by two
capacitors: a constant capacitor Cy and a linear voltage
dependent capacitor kV,. k is a constant corresponding to
the slope voltage.

C. Battery model
Many electrical equivalent circuits of battery are found in
literature [12] [13]. In this work, The model of the battery is
a simple model taking into account the internal resistance
(R i) In serial with an emf assumed to be constant
throughout the process.

VI. PORT-CONTROLLED HAMILTONIAN
REPRESENTATION OF THE SYSTEMS

A. Equations of the first hybrid source
The energy management of this system needs to manage the
energy used in the whole vehicle cycle (In practice several
minutes or hours). Hence, only the continuous main model
of the different converters will be used. The overall model
of the hybrid system is written in a state space model by
choosing the following state space vector:

7
x4 'x5 xﬁ x7]
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Let us put Ugc the control of the FC boost converter and

Ugc the control of the SC buck-boost converter. Then the
control vector is

X = [x[ X, X

:[Vs IFC Ve 1 4

DL DL Ne

&)

Ne

M= [/u1 M, ]T = [(] _UFC) (] _USC )]T (6)
where
U=1-u=[U,. U] @)

Equilibrium
After some simple calculations the equilibrium vector can
be expressed as:

X = [E1 Ez Es )?4 )_Cj )_Co E7] (®)
T
_ V. —-E WV V —-E  _ V,—FE
x=|:Vd, ( d L) ¢ v, d L X0 d L:| (9)
RV, R, R,

Where V, is the desired DC Bus voltage. An implicit
purpose of the proposed structure is to recover energy to

charge the SCs. Hence, the desired voltage
x: I/SC = I/SC (t = 0)
— — — g fpn 7
,UZ[,UI /uz]r :[(I_UFC) (]_Usc)] (10)
where
U:[EFC Usc]: I_VFC I_J_Cj (11)
Vd Vd
The natural energy function of the system is
H= é x"Ox (12)

with
Q = dlag{CS ’. LFC ; CDL ; LDL ’. CSC ; LSC ’. LL }
is a diagonal matrix.

B.  Equations of the second hybrid source
The overall model of the second hybrid system is written in
a state space equation by choosing the following state space
vector:

T
X = [xl xZ x3 x4 x5 xﬁ x7]
= [VS IFC VDL ]DL VSC ]SC [L ]T
The output voltage of a single cell Vgc can be defined as the

result of the following expression:
The control vector is:

(13)

H= [/u/ , M, ]T = [(] _UFC )’ (1_ USC )]T (14)
where
U= [UFC’ Usc ]T (15)

with VFC:VFC(XZ)

Equilibrium
After simple calculations the equilibrium vector is:

fz[?c], X, X, X,

x={%, [V;[V;—l%_JZJ} Vi, 5;_5@;1;, Velt=0), 0, L (16)
Vie\R, 1 R 5 R,

where V, is the desired DC link voltage. The desired
voltage X, = V. = V. (t=0)

— — —]T
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T
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where

S v %]

U =[UFC’ Usc] =|:]_VL;’ ]_7:} (18)
The natural energy function of the system is:

H= é xOx (19)

with
Q = diag{cs ; LFc ; CDL ; LDL ; CSC ; LS(: ; LL }

is a diagonal matrix.
In the following, a closed loop PCH representation is
given. The desired closed loop energy function is:

H zé)NcT X (20)

d

Where X =x—X is the new state space defining the error
between the state X and its equilibrium value X .
The PCH form of the studied system with the new

variable X as a function of the gradient of the desired
energy (19) (or (12)) is:

¥ =[3(u, u,)-RVH, + 4,(x, 1) @1)

With
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Where
T
S( 11#2):_S (ILlI’ILlZ) (22)

is a skew symmetric matrix defining the interconnection

between the state space and R =R" 20 js a symmetric
positive semi definite matrix defining the damping of the
system.
With 7 is a design parameter, the following control laws are
proposed:
H, :ﬁ1 and H, :ﬁz +rfo (23)
Proposition 1: The origin of the closed loop PCH system
(20), with the control laws (23) and (16) with the radially
unbounded energy function (19), is globally stable.
Proof: The closed loop dynamic of the PCH system (20)
with the laws (23) and (16) with the radially unbounded
energy function (26) is:

X =[Sy, u,)-R'WVH, (24)

where

For the first hybrid source

R =diag{0; 0, 0, 0; 0; @ R—f =R" >0 (25)

s Ly

For the second hybrid source

E)t’:diag{o; 0 0 0 TR }:9{" >0 (26)
(CliLrE) LTS‘(,' LZL

The derivative of the desired energy function (19) (or (12))
along the trajectory of (24) is:

H,=VH'X =-VH'R'VH, <0 @27)

VII. SIMULATION RESULTS OF THE HYBRID
SOURCES CONTROL

The whole system has been implemented in the Matlab-
Simulink Software with the following parameters
associated to the hybrid sources:

- FC parameters: Prc =400 W.

The supercapacitive power peak unit is obtained by a series
association of six SCs of 3500 F. The rated voltage of
theses components is 2.5V. The initial value of the
supercapacitive power peak voltage is 12 V.

The results presented in this section have been carried
out by connecting the hybrid source to a "Ry, L and E "
load representing a single phase DC machine.

A. Passivity Based Control applied to the first hybrid source
The following simulations present the system response and
control obtained with the proposed control laws. In this
case, the load is considered to absorb power. To illustrate
the controller efficiency, the DC bus voltage reference, the
electromotive force (emf) and the resistance are modified
(see Fig. 6 and Fig. 7). The DC bus voltage is initialized at
36V and the DC Bus voltage reference is set at 42V at the
beginning.
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Fig. 3 (a) DC Bus voltage and its reference. (b) Load
current.

Fig. 2 presents the system response to changes in the DC
Bus voltage reference (V,), emf (E), with E=E, and load
current I;. The DC Bus voltage tracks well the reference, a
very low overshoot and no steady state error are observed.
Fig. 4 shows the FC voltage (Vgc) and current (Igc). In our
modelling, we assume that the DC source is ideal, thus Vgc
stay at constant value regardless of the current Igc. A
smooth behaviour of the current is observed regarding the
changes in Vg, E and Ry, because the SCs pack supply the
transient power.
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Fig. 4. (a) FC voltage. (b) FC current.



Figure 5 shows the SCs voltage and current responses. The
SCs supply power to the load in the transient and in the
steady state no power or energy is extracted since the
current Isc is zero. A positive value of Isc means that the
SCs supply power to the load and a negative value
corresponds to the recover of energy by the SCs. At time ¢ =
4s, the SCs absorb the current peak in response to quickly
to the fast DC reference change.
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Fig. 5. (a) SCs voltage. (b) SCs current.
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Fig. 6. (a) Source Boost control. (b) SCs converter
control.

Fig. 6 and 7 present the network Boost controller, the SC
bidirectional converter controller, the changes in the load
resistance Ry and in emf. Ugc and Ugc are in the set [0, 1].

It can be seen from Figure 3 that the system with the
proposed controller is robust towards load resistance
changes and emf variations.
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B. Passivity Based Control applied to the second hybrid source
Figure 8 shows the FC voltage and current. Figure 9 presents the
SC voltage and current response. The SC supply power to the load

in the transient and in the steady state no power or energy is
extracted since the current x¢ = Igc is null.
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Fig. 9. Batteries voltage and batteries current

The positive sens of Isc means that the SCs supply the load and
the negative one corresponds to the recover of energy from the FC
to the SC. Figure 10 presents the batteries voltage and its current.
Figure 11 presents the response of the system to changes in the
load current I;. The DC Bus voltage tracks well the reference, i.e.
very low overshoot and no steady state error are observed. It can
be seen from this figure that the system with the proposed
controller is robust towards load resistance changes. Figure 22
shows the FC Boost controller, the SC bidirectional converter



controller and the changes in the Load resistance RL. Ugc and Ugc
are in the set [0; 1].
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VIII. CONCLUSION

In this paper, the modeling and the control principles of two
DC hybrid source systems have been presented. These
systems are composed of a FC source, supercapacity source
and with or without batteries on DC link. The state space
models are given for both structures. These sources use the
FC as mean power source and SCs as auxiliary transient
power sources.

For the two hybrid structures, Passivity Based Control
principles have been applied.

The structure, without batteries on the DC link, permits to
have a variable regulation of the DC link voltage in
function of current of load. The batteries on the DC link can

guarantees a constant voltage but with the applied
controller the batteries delivery power can not controlled.
Global asymptotic stability proofs are given and
encouraging simulation results has been obtained.

Many benefits can be expected from the proposed
structures such that supplying and absorbing the power
picks by using SCs which also allows recovering energy.
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