
1

s
c
t
�
a
c
t
c
d
r
s
d
c
b
e
s
i
e
s
s

c
s
t

p

J

Dow
Sudip K. Mazumder1

Associate Professor
Department of Electrical and Computer

Engineering,
Director of the Laboratory of Energy and

Switching-Electronics System,
University of Illinois at Chicago,

851 South Morgan Street,
1020 SEO,
M/C 154,

Chicago, IL 60607
e-mail: mazumder@ece.uic.edu

Sanjaya Pradhan
Design Engineer
Philips Lighting,

10275 W. Higgins Road,
Rosemont, IL 60018

e-mail: sanjaya.k.pradhan@philips.com

Efficient and Robust Power
Management of Reduced Cost
Distributed Power Electronics for
Fuel-Cell Power System
Batteries in a fuel-cell power system are essential to providing the additional power
during the sharp load-transients. This necessitates a power-electronics subsystem (PES),
which controls the energy flow between the fuel-cell stack, the battery, and the applica-
tion load during the transient and in the steady states. In this paper, a distributed PES
(comprising a multimodule dc-dc boost converter) is proposed for a fuel-cell and battery
based hybrid power system, which provides higher cost effectiveness, efficiency, and
footprint savings. This is realized by interfacing both the fuel-cell stack and the battery to
the distributed PES using transfer switches, which are so controlled such that during a
load transient, power from both the battery power and the fuel-cell stack is fed to the load
via the PES while the stack energy input is adjusted for the new load demand. During the
steady-state, the control implements a dynamic-power-management strategy such that
only an optimal number of power converter modules of the distributed PES are activated
yielding improved optimal energy-conversion efficiency and performance. Furthermore,
using a composite Lyapunov-method-based methodology, the effect of dynamic change in
the number of active power converter modules with varying load conditions on the
stability of the PES is also outlined. Finally, the PES concept is experimentally validated
by interfacing a multimodule bidirectional dc-dc boost converter with Nexa® proton
exchange membrane (PEM) fuel-cell stacks from Ballard Power Systems.
�DOI: 10.1115/1.3119059�

Keywords: dc-dc converter, fuel cell, battery, power management, control, PEM,
efficiency, power electronics, stability
Introduction
Fuel-cell based power system is comprised of a fuel-cell-stack

ubsystem �FCSS�, a balance-of-plant subsystem �BOPS� that
ontrols the flow rate of fuel and air to the FCSS and maintains
he temperature of the stack, and a power-electronics subsystem
PES� that provides the power interface between the FCSS and
pplication load�s�. The slow response time of the BOPS me-
hanical system as compared with the electrochemical and elec-
rical time constants of the fuel-cell and the PES has been a major
oncern for fuel-cell power system designers �1–4�. During a sud-
en increase in the load demand, the fuel utilization increases
apidly �3� and several works are in progress to enhance the re-
ponse time of the BOPS to mitigate this problem that can have
egrading effect on the performance of the cell �5�. However,
urrently, the most widely used approach is the use of an energy-
uffering device �e.g., a battery�, which provides the additional
nergy to the load during the load transient, thereby preventing a
udden change in stack power flow. However, for energy buffer-
ng, an energy-management system is necessary to control the
nergy flow between the energy generator �fuel-cell stack� and the
torage device �battery� and the application load during the tran-
ient and steady states.

Several researchers are working on this issue related to the
ontrol of the fuel-cell/battery based hybrid energy-management
ystem. A control system is proposed in Ref. �6�, which controls
he state-of-the charge �SOC� of the battery by manipulating the
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voltage of the stack via the dynamic system modeling of prede-
termined parameters for the stack and the battery. This control
strategy tries to eliminate the need for any input power converter,
resulting in the cost reduction in the power system. However, this
strategy neither provides any option to alleviate the degrading
effects of the load transient on the stack nor it considers the effi-
ciency of the power system. A fuel-cell/battery hybrid energy-
management system with microprocessor-based control is pro-
posed in Ref. �7�, which attempts to alleviate the degrading effects
of the load transients by enabling the fuel-cell stack to be taken
out of the system when the load requirement exceeds a fixed
maximum energy output of the stack. Because the efficiency and
the energy density of the battery are small as compared with the
fuel-cell stack, at higher loads �when the battery needs to supply
increasingly larger current� the efficiency of the system goes
down. As such, the required energy storage capacity of the battery
increases, leading to an increase in the space and cost of the
battery and the power system.

In some of the prior works for the design of fuel-cell hybrid
energy-management system only one power converter was used
either at the output of the battery or the stack. For instance in
Refs. �8,9�, a dc-dc converter is connected at the stack output to
deliver a more stable output voltage to the load while the battery
is connected at the converter output. However, during a load tran-
sient, battery handles the full-load current until the battery voltage
goes below the bus voltage, which leads to an oscillation. More-
over, uncontrolled charging may damage the battery. Finally, as
the required bus voltage increases, the number of batteries re-
quired to support the higher bus will also increase, leading to
higher cost of the system.
In another approach �10�, the power system uses a power con-
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erter to control the power flow from the battery, which provides
dditional power to the load when the stack voltage goes below a
ertain minimum. However, as experimentally investigated in this
ork, the battery current does not respond to an abrupt load in-

rease immediately and hence cannot prevent the zero-reactant
ondition in the stack unless the operating fuel utilization is inef-
ciently low.
The dual-power-converter approach used by Jang et al. �11�

voids the limitations of the aforementioned approaches. How-
ver, with either the battery or the stack able to provide the full-
oad power independently, the converter redundancy of the system
s 2 that leads to higher cost, footprint space, and weight of the
ower system. Finally, in an effort to reduce the PES redundancy,
ambouris and Bates �12� used an insulated-gate bipolar transis-

or �IGBT� six-pack to implement three bidirectional dc-dc con-
erters to control the power from the battery and the fuel cell. The
idirectional converters are connected selectively to the battery
nd/or the fuel-cell stack based on the load demand and the fuel-
ell-stack capability. However, this approach is not suitable for the
itigation of the load-transient since the stack and the battery are

n series. Furthermore, the architecture is not modular and hence,
ot suitable for higher power.

To address the pending challenges outlined above, a power-
anagement control system for a distributed PES �comprising
ultiple modules of dc-dc boost converters� for a fuel-cell power

ystem is outlined in this paper. The distributed PES serves as the
ower-electronic interface for both the fuel-cell stack as well as
he battery, thereby reducing the cost of the PES as well as its
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Fig. 1 Topology of the distributed PES c
„with primary MOSFET switches S1 throug
along with N−1 transfer switches „TS1−TS
eight and footprint space. This, in turn, alleviates the high cost
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of the fuel-cell power system, which is currently one of the bottle-
necks with regard to the commercialization of such systems.
Moreover, due to the dynamic-power-management of the modules
of the distributed PES, the shortcoming of conventional PES �with
regard to typical characteristics of drooping efficiency with reduc-
ing output power� is alleviated. This, in turn, optimizes the per-
formance and efficiency of the overall power system while nulli-
fying the effects of load transients on the fuel-cell stack.
Furthermore, using a composite-Lyapunov-function-based meth-
odology, the stability of the PES undergoing dynamic change in
the number of active power converter modules with varying load
conditions is formulated. Finally, validation of the PES concept is
outlined by interfacing a multimodule bidirectional dc-dc boost
converter with Nexa proton exchange membrane �PEM� fuel-cell
stacks from Ballard Power Systems.

2 Description of the PES and Control System
Figure 1 shows the topology of the distributed PES, which in-

terfaces to the fuel-cell stack and the battery. It consists of mul-
tiple bidirectional dc-dc �boost� converter modules. The number
of these modules �N� depends on the maximum load demand and
the rated capacity of the individual converter modules. Assuming
that the rated power of the individual converter is Prated and the
maximum overall power demand of the load �including battery
charging� is Pmax, the total number of the modules �N� is given by
N=ceil�Pmax / Prated�+1, where the ceil function returns the small-
est integer, greater than the fraction Pmax / Prated. Furthermore, the
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/ �Pmax / Prated��N /N−1. The outputs of all the modules are
onnected in parallel to a bus capacitor while the inputs of the
−1 modules are connected �using transfer switches TS1 through
SN−1� to either the fuel-cell stack or the battery depending on the

oad demand and the operating efficiency. A dedicated bidirec-
ional �Nth� converter is connected directly to the battery to facili-
ate the charging of the battery even when the power system is
elivering full power to the load. It is noted that, for part-load
peration, other modules of the PES can be used for charging the
attery as well.

Figure 2 shows the control-system architecture for the distrib-
ted PES. The BOPS controller outlined in Ref. �13� generates the
tack reference current IFC

� . The linear bus-voltage-error compen-
ator �Gbus�, outlined in Ref. �13�, generates the total current ref-
rence Itotal by comparing the bus-voltage reference with feedback
us-voltage. The difference between Itotal and IFC

� is the required
attery current reference Ibat

� . Subsequently, using IFC
� and Ibat

� , the
ynamic-power-management unit �DPMU� generates the transfer
witch signals and the current references I1

� through IN
� that is fed

o the inner current loops for generating switching signals for the
onverters.

The dynamic-power-management strategy is as follows. In the
teady-state, when the load demand is met by the fuel-cell stack,
he DPMU determines the number of dc-dc converter modules
m�N−1� to be connected to the fuel-cell stack and the module
urrent reference signals I1

� through Im
� to ensure optimal power

haring that will maximize the overall efficiency of the distributed
ES. The optimal condition for this efficient power strategy is
escribed in Sec. 2.1. Furthermore, the DPMU uses the battery
oltage �vbat� and its set point �Vbat

� � as inputs and controls the
harging current to the battery �provided by the fuel-cell stack�
sing the Nth dedicated dc-dc converter with a current reference
f IN

� �=Ibat
� �. To enhance the response of the bidirectional dc-dc

oost converters, current-mode control is used for the PES, which
s based on the control of the input current for the desired output
us voltage. The PES control, using the outputs of the linear com-
ensators Gi1 through Gim and GiN, generates the switching sig-
als S1 through Sm and SN using the modulators M1 through Mm
nd MN for the m active converter modules and the dedicated Nth
onverter. The structure of the jth current-loop compensator is

Fig. 2 DPMU for the PES to realize
and transient ride-through. Symbols
bus-voltage compensator and the
dc-dc converter modules…. Only m „

while the rest of the „N−1−m… mod
always connected to the battery.
„TS1. . .TSN−1… also receives input fro
epresented by the transfer function Gij�s�=Kij�1+s /�zij� /s�1
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+s /�pij�. The compensator structure for the voltage-loop compen-
sator is the same as well, that is, Gbus�s�=Kv�1+s /�zv� /s�1
+s /�pv�. The choice of the gains and placements of the poles and
zeros are described in Ref. �13�. The DPMU also generates the
on/off signals for the transfer switches TS1. . .TSN−1 based on the
inputs from the controller such that the transfer switches
�TS1. . .TSm� for the m active modules connect the modules to the
fuel-cell bus while the remaining N−1−m transfer switches
�TSm+1 . . .TSN−1� are turned off along with switches Sm+1 through
SN−1 for additional protection.

During the transient state the dynamic-power-management
strategy uses any converter module that was inactive before the
transient to transfer the power difference between the new load
demand and the existing fuel-cell-stack input power. Thus, for an
increase in the load demand, assuming m active converters were
connected to the fuel-cell stack before the load transient, the
power-management control system activates the remaining N−m
−1 converters �and transfer switches TSm+1 . . .TSN−1� such that
additional power is transferred from the battery to the load by
equally distributing the Ibat

� among the N−m−1 converters. The
reason all the N−m−1 converters are activated together is to have
a fast dynamic response and mitigate any effect of load variation
on the stack by fast battery buffering. The transient state continues
until the BOPS adjusts the air-and fuel-flow rates for the fuel-cell
stack for the new load demand. At that time, the net load power is
again provided by the stack and the energy-efficient scheme out-
lined in Sec. 2.1 is applied to determine the optimal number of
converter modules that need to be activated to support the new
load demand. It is important to ensure the stability of the distrib-
uted PES during this structural change in the system. Therefore, in
Sec. 2.2, using a recently-developed novel multiple Lyapunov ap-
proach �14�, a reachability condition is outlined, which provides
the condition for convergence of the PES dynamics from one
steady-state condition to another.

2.1 Efficient Power-Sharing Strategy With Fuel-Cell Stack
Meeting the Power Demand. The efficiency of the jth dc-dc

timal energy-conversion efficiency
us and Gi1 through GiN represent the
rent-loop compensators „for the N
−1… modules are active at any time

are turned off. The Nth module is
ch of the N−1 transfer switches
he DPMU.
op
Gb

cur
�N
ules
Ea
boost converter module is described by
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� =
Poj

Pinj

=
Pinj

− Plossj

Pinj

= 1 −
Plossj

Pinj

�1�

here

Plossj
= PSWj

+ Pinductorj
+ Pcapj

+ PSSj
+ Plumpj

�2a�

here PSWj
is the total losses in the switches of the converter,

inductorj
accounts for the loss in the core and the copper loss in the

nductor, Pcapj
is the parasitic loss in the output capacitor, PTSj

is
he conduction loss in the transfer switches, and Plumpj

corre-
ponds to the additional losses in the converter due to the various
naccounted parasitics in the converter. The expressions for the
ndividual losses for the dc-dc bidirectional boost converter is
iven by

PSWj
= fsw�2

3
�Coss,1 + Coss,2�Vbus

2 +
1

2
IjVbus

��ton,1 + ton,2 + toff,1 + toff,2�� + Ij
2�Dron,1 + �1 − D�ron,2	

�2b�

Pinductorj
= kL�ij

2fsw + Ij
2rL = kL

Vin
2 D2

fswL2 + Ij
2rL �2c�

Pcapj
= Iout

2 resr � �Ij�1 − D��2resr �2d�

PSSj
= rTSIj

2 �2e�

Plumpj
= Ij

2rpara + CLj �2f�

here the key parameters are defined as follows. Ij is the averaged

alue of module input current ij, i.e., Ij = ī j; Vbus is the averaged
utput voltage of the module, i.e., Vbus= v̄bus; Vin is the input volt-
ge, which is equal to the nominal stack voltage �Vstack� in steady-
tate; D is the duty ratio of a converter module in steady-state
iven by D= �Vbus−Vin� /Vbus; �ij is the ripple in the inductor
urrent, which is independent of the input current but depends on
he input voltage of the boost converter and given by �ij
VinD / �fswL�; Coss is the output drain-source capacitance of the
etal-oxide semiconductor field-effect transistor �MOSFET�; ton

s the duration of turn on of the individual MOSFET; toff is the
uration of turn off of the individual MOSFET; ron is the in resis-
ance of the individual MOSFET; fsw represents the switching
requency of the converter; rL is the parasitic resistance of the
nductor; resr is the equivalent series resistance of the capacitance;
para represents the parasitic resistance of the circuit; CLj

is the
onstant loss in the module that is independent of the power de-
ivered by the converter; kL is the core loss constant of the induc-
or; and rTS represents the on resistance of the transfer switch.

Thus, it can be concluded that, for a converter operating at a
articular switching frequency, the total loss is a function of Ij for
given Vin and Vbus. It is noted that, under steady-state conditions,

he input voltage is the same as the voltage of the fuel-cell stack
ince the battery buffers the stack only under transient condition,
hat is, Vin=Vstack. Therefore, the steady-state efficiency of the
ndividual stack connected converter using Eq. �1� can be modi-
ed as

� j =
Poj

Pinj

=
Pinj

− Plossj

Pinj

=
VstackIj − f j�Ij�

VstackIj
=

Pinj
− f j�Ij�

Pinj

= 1

−
1

Pinj

f j�Ij� �3�

he overall efficiency of the distributed PES �including N dc-dc

odules� is given by
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� = 

j=1

m

Poj
/


j=1

m

Pinj
= 1 −

1

Pin


j=1

m

f j�Ij� �4�

where Pin=
 jPinj
.

To maximize the efficiency of the multiconverter system with m
��N−1� number of active modules �it is noted that the Nth con-
verter is always connected to the battery�, the objective function
�Jm� for a given Vstack is defined as

minimize:Jm = f�I� = 

j=1

m

f j�Ij� �5a�

where j=1, . . . ,m ��N−1� and IT= �I1 , I2 , . . . , Im�T with the fol-
lowing two constraints:

0 � Ij � Irated

which in generic form yields

gj�I� = 0 − Ij � 0, ∀ j = 1, . . . ,m

gj�I� = Ij − Irated � 0, ∀ j = m + 1, . . . ,2m �5b�

and 
 j=1
m Ij = IFC

� = Itotal− Ibat
� = �Vstack,oc−Vstack /RASR�, which in ge-

neric form yields

h�I� = 

j=1

m

Ij − IFC
� = 0 �5c�

It is noted that Ibat
� is negative when the battery is being charged.

In Eqs. �5b� and �5c�, Irated is the current capacity of the individual
converter modules, Itotal �=Ibat

� + IFC
� � is the current demand for a

given load condition �and is less than or equal to Imax, which is the
maximum current corresponding to Pmax�, Vstack,oc is the stack
voltage when no current is drawn from the stack, and RASR is the
equivalent resistance of the stack. Equations �5a�–�5c� represent a
constrained optimization problem with both equality and inequal-
ity constraints. It is noted that, the inequality in Eq. �5b� represent
a box constraint that is represented as a 2 m one-sided constraint.
The Lagrangian �L :Rm�R2m�R→R� for the primal problem
defined by Eqs. �5a�–�5c� is defined by

L�I,�,v� = f�I� + 

j=1

2m

� jgj�I� + vh�I� �6�

where ��R2m is the Lagrange multiplier �or dual variable� for
the jth inequality constraint �5b�, and v�R1 is the Lagrange mul-
tiplier �or dual variable� associated with the equality constraint
�5c�. The Lagrange dual function w :R2m�R→R corresponding
to Eq. �6� is defined by �15�

w��,v� = inf
I�� j=1

2m dom gj�I��dom h�I�
� f�I� + 


j=1

2m

� jgj�I� + vh�I��
and yields the lower bound on the optimal value p� of Eq. �5� with
corresponding optimal I�. Subsequently, the optimization of this
Lagrange dual function using

maximize:w��,v� �7a�

subject to:� � 0 �7b�

yields optimal value d� �with corresponding dual optimal
Lagrange multipliers ��, v�� such that d�� p�, which represents
the weak duality condition that always holds.

On the other hand, the strong duality condition, which is met
under certain specific conditions, ensures an optimal duality gap
of zero, yields d�= p� thereby yielding optimal primal-dual oper-
ating points of �I� ,�� ,v��. It turns out that, if the primal problem
�e.g., as described by Eq. �5�� is convex with gj and h, respec-

tively, convex and affine and with differentiable objective and
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onstraint functions, the Karush–Kuhn–Tucker �KKT� condition
hat is outlined below yields primal and dual optimal points with
ero duality gap, that is,

gj�I�� � 0, j = 1, . . . ,2m �8a�

h�I�� = 0 �8b�

� j
� � 0, j = 1, . . . ,2m �8c�

� j
�gj�I�� = 0, j = 1, . . . ,2m �8d�

�IL�I�,��,v�� = �If�I�� + 

j=1

2m

� j
��Igj�I�� + vh�I�� = 0 �8e�

n additional supplementary test for the optimal operating
I� ,�� ,v�� is the second-order sufficient condition, which requires
hat the Hessian of the Lagrangian in Eq. �6� be a positive-definite

atrix, that is,

yT�I
2L�I�,��,v��y = yT��I

2f�I�� + 

j=1

2m

� j
��Igj�I�� + v��Ih�I���y

� 0 ∀ y � V���,v�� �8f�

here

y � V���,v�� ⇔ 
�gj�I��Ty = 0, ∀ j = 1, ¯ ,2m

�h�I��Ty = 0
� �8g�

he solution to the optimization problem in Eq. �5� determines the
ptimal distribution of the input currents among the m dc-dc con-
erters. The overall system objective is to find the number of
odules to be connected �i.e., m�� such that the cost function Jm

s defined in Eq. �5a� is minimized, that is, m�

arg min
Itotal

Irated
�m�N−1

�Jm	.

2.1.1 A Case Illustration With m=3 . Following Eqs.
2b�–�2f�, we express Eq. �5a� as

minimize:Jm = f�I� = 

j=1

3

f j�Ij� = 

j=1

3

	 jIj
2 + 
 jIj + � j, ∀ 	 j

� 0,
 j � 0,� j � 0 �9�

ith the constraints described by Eqs. �5b� and �5c� for m=3. In
q. �9�, coefficients 	 j, 
 j, and � j can be determined based on
ower-stage parameters or can be determined by experimentally
apping the loss function of the jth module f j �Ij� as a function of

he input current. Using the Lagrangian in Eq. �6� to the primal
roblem defined by Eqs. �9�, �5b�, and �5c�, and following Eq. �9�,
he KKT optimality conditions described by

gj�I�� = 0 − Ij
� � 0, ∀ j = 1, . . . ,3 and gj�I�� = Ij

� − Irated

� 0, ∀ j = 4, . . . ,6 �10a�

h�I�� = I1
� + I2

� + I3
� − IFC

� = 0 �10b�

� j
� � 0, j = 1, . . . ,6 �10c�

� j
�gj�I�� = � j

��0 − Ij
�� � 0, ∀ j = 1, . . . ,3 and gj�I�� = � j

��Ij
�

− Irated� � 0, ∀ j = 4, . . . ,6 �10d�
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�IL�I�,��,v� = �2	1 0 0

0 2	2 0

0 0 2	3
��I1

�

I2
�

I3
� � + �
1


2


3
� + �1

��− 1

0

0
�

+ �2
�� 0

− 1

0
� + �3

�� 0

0

− 1
� + �4

��1

0

0
� + �5

��0

1

0
�

+ �6
��0

0

1
� + v��1

1

1
� = �0

0

0
� �10e�

Equations �10a�–�10e� are satisfied only when

� j
� = 0�∀ j = 1, . . . ,6� �11�

Thus, Eq. �10e� simplifies to

�2	1I1
� + 
1

2	2I2
� + 
2

2	3I3
� + 
3

� + v��1

1

1
� = �0

0

0
� �12�

Using Eqs. �12� and �10b�, we obtain the optimal solutions for I�

to be

v� = − �IFC
� + 


j=1

3

 j

2	 j
��


j=1

3
1

2	 j
�−1

, ∀ j = 1, . . . ,3 �13�

Ij
� = −

1

2	 j
�− �Itotal + 


j=1

3

 j

2	 j
��


j=1

3
1

2	 j
�−1

+ 
 j�, ∀ j

= 1, . . . ,3 �14�
For the special case, when all the converter modules have iden-
tical parameters �i.e., 	1=	2=	3=	 and 
1=
2=
3=
�, Eqs.
�13� and �14� reduce to the following:

v� = − �	
2 Itotal + 
�, ∀ j = 1, . . . ,3 �15�

Ij
� =

1

3
Itotal, ∀ j = 1, . . . ,3 �16�

Furthermore, the Hessian of the Lagrangian in Eq. �10e� yields

�I
2L�I�,��,v�� = �2	1 0 0

0 2	2 0

0 0 2	3
� �17�

which is a positive-definite matrix given that 	1�0, 	2�0, and
	3�0. Therefore, the optimality condition �for N�1� is expected
to be achieved when the connected m dc-dc converters share the
current equally among them.

2.2 Reaching Criterion for Post-Load-Transient Stability
Analysis With Fuel-Cell Stack and Battery Meeting the Power
Demand. While Sec. 2.1 outlines the issue of optimal power man-
agement under steady-state conditions for different load demands,
an issue of equal importance is ensuring the transient stability of
the distributed PES when the number of converter modules may
change following a variation in the power demand of the applica-
tion load. Conventional stability analyses of PES using average
models or nonlinear maps assume orbital existence �16�. However
for global stability, convergence of the reaching dynamics of the
PES to its orbit for a given initial condition is essential. Therefore,
reaching criterion based analysis �14� of the distributed PES is
needed to ensure its post-transient stability, as outlined below.

To obtain the reaching condition, first, the distributed PES is
described by the following piecewise linear �PWL� state-space

equation:
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Fig. 3 Experimental prototype of the „a… distributed PES and „b… a setup for the overall „two-stack…
PEM fuel-cell based power system. „c… The polarization curve „source: Nexa technical specifications…

for each PEM stack.
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ẋ�t� = Aix�t� + Bi �18�

here i is an integer that represents the switching states of the
ES, x�t��Rn represent the states of the PES, Ai�Rn�n are the
atrices, and Bi�Rn are the column vectors for each of the

witching states of the PES. The Appendix provides two case
llustrations on the derivation of the matrices Ai and Bi for a
losed-loop PES operating with m=2 and m=3 active modules
fter the transient. Now, dropping the notation of time �here on�
nd translating Eq. �18� into error coordinates using e=x−x�,
here e represents the error vector and x� represents the vector of

teady-state values of the states of the PES, Eq. �18� can be re-
ritten as

ė = Aie + Aix
� + Bi = Aie + B̄i �19�

here B̄i=Bi+Aix
�. Subsequently, to determine the reaching cri-

erion of the PES, a convex combination of multiple positive-
efinite and quadratic Lyapunov functions, Vk�e��0 �for the kth
witching sequence� is defined as follows:

Vk�e� = 

i=1

h

	kie
TPkie, ∀ k = 1,2, . . . ,M �20�

n Eq. �20�, for continuous-conduction-mode operation of the

c-dc converters, M =
l=1
�2N−W���2N−W�Cl� �14� is the total number of

ossible switching sequences of the PES with N and W being the
otal number of noncomplementary switching functions and the
umber of redundant switching states, respectively. Furthermore,
is the number of switching states in a given sequence, 0�	ki

1, 

i=1

h

	ki=1, and Pki= Pki
T is a positive-definite matrix �i.e., all of

ts eigenvalues are positive and hence, the minimum eigenvalue of
ki is greater than zero �17�. Now, according to Lyapunov’s crite-

ion, the trajectories of the PES described by Eq. �19� converge
oward the orbit for finite switching frequency provided that

V̇k�e� = 

i=1

h

	ki�ėTPkie + eTPkiė� � 0 �21�

sing Eqs. �19� and �20�, Eq. �21� can be transformed to the
ollowing:

d

dt
Vk�e� = 


i=1

h

	ki�e

1
�T�Ai

TPki + PkiAi PkiB̄i

B̄i
TPki 0

��e

1
� � 0

�22�
hich implies that



i=1

h

	ki�Ai
TPki + PkiAi PkiB̄i

B̄i
TPki 0

� � 0 �23�

ow, because 0�	ki�1, 
i=1
h 	ki=1, the matrix inequality in Eq.

23� can be represented as a conventional convex optimization
roblem with linear-matrix-inequality constraints. This convex
ptimization problem is of the class of feasibility problems, which

Table 1 Nominal PE

oost inductance=1 mH Coss,1=9.4 nF to

witching frequency=20 kHz Coss,2=880 pF ro

ated power=700 W rL=60 m
 ro

us capacitance=440 �F kL=4�10−6 r
nput voltage=55–70 V ton,1=110 ns r
n resistance of transfer switch=13 m
 toff,1=220 ns to

us voltage=120 V ton,2=140 ns rp
nvolves obtaining a matrix Pki such that the linear-matrix-

ournal of Fuel Cell Science and Technology
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inequality in Eq. �23� is satisfied. These problems can be solved
by using computationally efficient interior-point algorithms �18�
and are available in common mathematical tools like MATLAB.
However, if there are no solutions of Pki for Eq. �23� �which is
automatically indicated in MATLAB when the total number of itera-
tions exceed a default threshold�, the dual of Vk�e� is investigated
to confirm that the state error trajectories of the PES states do not
converge to the orbit. In that case, one needs to find the dual of
Vk�e�, which is defined as

VDk�e� = 

i=1

h

�kie
TQkie �24�

where 0��ki�1, 
i=1
h �ki=1, Qki=Qki

T is a positive-definite ma-
trix. To confirm that the state-error trajectories of the PES do not
converge to the orbit for the kth switching sequence, VDk�e� has to
satisfy the following criteria:

VDk�e� � 0 and
d

dt
VDk�e� � 0 �25�

or

− VDk�e� = 

i=1

h

�kie
T�− Qki�e � 0 and −

d

dt
VDk�e� � 0

�26�
Following Eqs. �20� and �21�, Eq. �26� can be reduced similar to
Eq. �23� to the following form for the dual condition:



i=1

h

�ki�− Ai
TQki − QkiAi − QkiB̄i

− B̄i
TQki 0

� � 0 �27�

If there are no solutions of Pki for Eq. �23� but there exist solu-
tions of Qki for Eq. �27�, the state-error trajectories of the PES do
not converge to an orbit, which implies that after a load transient,
the PES dynamics will not converge to the new steady-state.

3 PES Prototype Design and Results
The PES power stage for the distributed hybrid power system

prototype is designed with four bidirectional dc-dc boost convert-
ers �i.e., N=4�, for a 2 kW application, with each module rated for
700 W with a rated current of 14 A. The input voltage range is
chosen as 55–70 V. The regulated output dc bus voltage of the
PES is 120 V. The switching frequency of the boost converters is
chosen to be 20 kHz. Figure 3�a� shows the experimental distrib-
uted PES with parameters provided in Table 1. The design is
implemented using two boards: one for the power stage and the
other for the controller. The controller interface receives the
current- and voltage-sense feedback signals from the power board
using a multistrand cable and provides the switching signals for
the converter modules and the transfer switches using the same
interface. A spectrum digital DSK TMS3206713 along with a
high-speed Altera FPGA �EPF10K50VRC240-2� is used for
implementing the compensators and generating the digital control
signals for the converter switches and the transfer switches. To

module parameters

220 ns CL=8.4 W RASR=0.8
100 m
 Kv=2�105 Vstack,oc=43.5 V �for each stack�
110 m
 �zv=700 rad /s R�nominal value�=21.5 

75 m
 �pv=3.1�104 rad /s
11 m
 Ki=7.5�104

220 ns �zi=800 rad /s
100 m
 �pi=3.2�104 rad /s
S

ff,2=

n,1=

n,2=

SS=

esr=

ff,2=

ara=
deactivate a particular bidirectional converter, both the switches
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eed to be turned off simultaneously and hence, control signal of
ach of the switches are generated using the high-speed IR2103
20� that provides very efficient cross-conduction prevention
ogic. Regarding the transfer switches, since they undergo turn on
nd turn off much less frequently compared with the converter

ig. 4 Post-transient stability of the distributed PES after a
oad transient from 0.6 kW to 1 kW. Initially one module feeds
he load from the stack, and subsequently after the transient, a
econd module is activated that feeds the additional power
rom the battery. „a… Minimum eigenvalue of Pki>0 implies that
ositive Pki is positive definite and that reaching condition „23…

s satisfied for all initial power demand for m=2, thereby ensur-
ng convergence of PES dynamics after the second module is
ctivated following the load transient. „„b… and „c…… Experimen-
al validations of reachability and stabilization of the currents.
witches, their switching losses are negligible. However, they

11018-8 / Vol. 7, FEBRUARY 2010

nloaded 02 Feb 2013 to 131.193.241.74. Redistribution subject to ASM
need to have very small on resistance �rds_ON� to reduce their
conduction losses. As such, a three-phase MOSFET bridge MSK
4401 �19� with integrated gate drive is used to activate/deactivate
the converter modules. The on resistance of each of the transfer
switches in the bridge is only 13 m
, which yields a maximum

Fig. 5 Post-transient stability of the distributed PES after a
load transient from 0.6 kW to 1.4 kW. Initially one module feeds
the load from the stack, and subsequently after the transient,
two modules are activated that feeds the additional power from
the battery. „a… Minimum eigenvalue of Pki>0 implies that posi-
tive Pki is positive definite and that reaching condition „23… is
satisfied for all initial power demand for m=3, thereby ensuring
convergence of PES dynamics after the second module is ac-
tivated following the load transient. „„b… and „c…… Experimental
validations of reachability and stabilization of the currents.
loss of 2.5 W even at full load. Using the experimental PES, we
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ow evaluate the transient stability and optimal steady-state per-
ormance of the PES, following the methodology described in
ecs. 2.2 and 2.1, respectively.
To test whether the dynamics of the distributed PES converges

n the presence of a load transient, we demonstrate a twofold
alidation. First, using the reaching condition outlined in Eq. �23�,
e evaluate the post-transient stability of the PES for a given m.
his is ascertained by plotting the minimum eigenvalue of Pki,
hich if positive proves that the post-transient PES dynamics will

onverge to the equilibrium for any arbitrary initial condition.
ubsequently, we conduct experimental validation of convergence
f PES dynamics in parametric and time domains after the tran-
ient. Figure 4�c� illustrates the transient stability of the PES �for
=3 and m�N−1� when the load demand varies from 0.6 kW to
kW. Before the transient, only one converter feeds the load from

he fuel-cell stack. However, immediately after the transient, the
ther available converter for transient condition is activated,
hich ensures that while the stack current remains at the pretran-

ient level, the battery picks up the additional current. Figure 4�b�
llustrates the convergence of the post-load-transient dynamics in
arametric domain. The initial oscillations in the battery and the
tack currents are due to the interaction between the two convert-
rs. Figure 4�a� demonstrates the generalized results based on the
eaching condition �23� for a resistive load with modules sharing
urrent equally and having the same nominal parameters. It shows
hat the minimum eigenvalue of Pki in Eq. �23� is greater than
ero, thereby establishing that Pki is positive definite and implying
hat for m=2 the dynamics of the distributed PES will converge to
he equilibrium for all initial power demand. In other words, fol-
owing the load transient when the two modules are activated, the
ystem dynamics will stabilize �for arbitrary initial condition�
ince the reaching condition is satisfied. Along the same lines as
bove, Figs. 5�a�–5�c� provide stability results for the load tran-
ient �0.6 kW→1.4 kW�. However, in this scenario, following
he load transient, two additional modules are activated instead of
ne for the previous case. Thus, after the transient of the three
odules �m=3�, one module continues to provide the

pretransient-level� power from the stack while the two converters
ctivated after the transient provide the additional power from the
attery. We note that the second battery converter is activated 20

Fig. 6 Experimental comparison of
current level. „top trace… Efficiency w
following the optimal criterion outlin
current is shared equally among th
when m is always 3 „i.e., no optimal
all the modules share current equally
ter efficiency profile of the PES leadi
steady-state.
s after the first, and this is attributed to the dynamics of the

ournal of Fuel Cell Science and Technology
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reference battery current and the slight discrepancy of the two
current references due to slight mismatch among the power-stage
parameters of the two converter modules.

However, after this initial time lag, the converters share the
current equally among them. Overall, post-transient stability is
achieved and experimental results and reaching-condition predic-
tion are in harmony.

With regard to the optimal performance in the equilibrium con-
dition outlined in Sec. 2.1, Fig. 6 shows the improvement in the
PES efficiency �demonstrated by the top trace� when the number
of active modules is varied �from one through three� as a function
of the stack current compared with when three equal-current-
sharing modules are always activated. Clearly, using the optimal
number of PES modules flattens efficiency over a larger power
range �13�. This is achieved because as the load demand drops and
so does the stack current requirement, without power manage-
ment, the efficiency of the PES when it is always operated with
three �equal-current-sharing� active modules drops; however,
when power management is implemented, the control system de-
termines the optimal number of modules needed for a given load
demand and yet maximize the efficiency. This is because reducing
the number of active modules pushes the power requirement from
the remaining modules, thereby yielding higher efficiency since
typically converters yield the highest efficiency near their rated
output power.

4 Conclusions
A power-management control system based on distributed PES

for a fuel-cell based energy system is outlined. Unlike the conven-
tional approach, which typically uses a lumped PES unit for in-
terfacing the stack to the application load, the distributed PES has
multiple modules, which can be controlled and selectively acti-
vated depending on the load demand. Of the N distributed mod-
ules, up to N−1 can be connected to the fuel-cell-stack or the
battery under steady-state or transient condition, while the Nth
converter is connected to the battery for charging even under full-
load condition. For part-load operation, additional modules can be
used for battery charging as well. Thus, the need for a dedicated
full-power-rating battery converter �as in conventional approach�

e PES efficiency with varying stack
n m is varied between 1 through 3
in Sec. 2.1. When m=2 or m=3, the
modules. „bottom trace… Efficiency
wer management implemented… and
learly, the former demonstrates flat-
to better fuel-cell-stack utilization in
th
he

ed
e
po
. C
ng
is significantly minimized. As the load demand increases, an op-
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imal criterion determines the number of such modules that need
o be activated for maximum PES energy-conversion efficiency
hat, in return, leads to enhanced stack utilization. This optimal
riterion has been developed using a convex optimization frame-
ork. Although this paper outlines an analytical formulation of

he optimization function �representing the overall loss of the
ES�, the coefficients for the optimization function can be deter-
ined experimentally as well by simply mapping the loss �with

arying power demands� as a function of the input current. Fur-
hermore, since the power-management scheme relies on the se-
ection of the optimal number of active modules following the
hange in load demand, a reaching criterion has been developed to
nsure the post-load-transient stability of the PES. The reaching
riterion uses a multiple-Lyapunov-function based methodology
nd determination of the convergence of PES dynamics simply
equires solving a matrix inequality. Predictions of both the opti-
al criterion and the reaching criterion have been validated. The

esults show that the optimal power management strategy leads to
atter and to a higher efficiency of the PES for most part along
ith convergence of the post-load-transient PES dynamics for
here a1 and a2 and a3 are fractions of the total current shared by e

11018-10 / Vol. 7, FEBRUARY 2010

nloaded 02 Feb 2013 to 131.193.241.74. Redistribution subject to ASM
varying load conditions. Overall, the distributed-PES-based
power-management-control scheme leads to enhanced source uti-
lization due to better PES efficiency profile and reduces �as com-
pared totypical conventional approach� the requirements of foot-
print space, weight, and cost for battery buffering by significantly
reducing the requirement for a dedicated full-power-rating con-
verter for the battery.
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Appendix
When two bidirectional modules of the PES are active �i.e.,
m=2� the corresponding matrices are derived as
Ai = �
AII 03�6

0 0 − 1

0 0 0

− 1 0 0

0 0 0

0 − 1 0

0 0 0

− �pv 0 0 0 0 0

1 0 0 0 0 0

a1Kv a1Kv�zv − �pi1 0 0 0

0 0 1 0 0 0

a2Kv a2Kv�zv 0 0 − �pi2 0

0 0 0 0 1 0

� and Bi = �
BII

Vbus
�

0

0

0

0

0

� �A1�

here a1 and a2 are fraction of the total current shared by each of the individual boost converter module, Kv, �zv, and �pv are the gain,
ocation of zero and location of the pole for the voltage loop, respectively, �pi1 and �pi2 are the location of the poles for the two
onverters. The matrices AII and BII are given as

AII = �−
1

L1
�rL1

+
S̄1RrC

R + rC
+ kFC1RASR� −

1

L1

S̄2RrC

R + rC
−

S̄1R

L1�R + rC�

−
1

L2

S̄1RrC

R + rC
−

1

L2
�rL2

+
S̄2RrC

R + rC
+ kFC2RASR� −

S̄2R

L2�R + rC�

1

C

S̄1R

�R + rC�
1

C

S̄2R

�R + rC�
−

1

C

1

R + rC

�
BII = � kFC1Vstack,oc + �1 − kFC1�Vbat

�

L1

kFC2Vstack,oc + �1 − kFC2�Vbat
�

L2

0 �T

�A2�

here kFC is a constant, which indicates whether the converter is connected to the stack �=1� or the battery �=0�. On a similar note, for
hree active bidirectional modules �i.e., m=3�, the corresponding matrices are derived as

Ai = �
AIII 04�8

0 0 0 − 1

0 0 0 0

− 1 0 0 0

0 0 0 0

0 − 1 0 0

0 0 0 0

0 0 − 1 0

0 0 0 0

− �pv 0 0 0 0 0 0 0

1 0 0 0 0 0 0 0

a1Kv a1Kv�zv − �pi1 0 0 0 0 0

0 0 1 0 0 0 0 0

a2Kv a2Kv�zv 0 0 − �pi2 0 0 0

0 0 0 0 1 0 0 0

a3Kv a3Kv�zv 0 0 0 0 − �pi3 0

0 0 0 0 0 0 1 0

� and Bi = �
BIII

Vbus
�

0

0

0

0

0

0

0

� �A3�
ach of the individual boost converter module and
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AIII = �
−

1

L1
�rL1

+
S̄1RrC

R + rC
+ kFC1RASR� −

1

L1

S̄2RrC

R + rC
−

1

L1

S̄3RrC

R + rC
−

S̄1R

L1�R + rC�

−
1

L2

S̄1RrC

R + rC
−

1

L2
�rL2

+
S̄2RrC

R + rC
+ kFC2RASR� −

1

L2

S̄3RrC

R + rC
−

S̄2R

L2�R + rC�

−
1

L3

S̄1RrC

R + rC
−

1

L3

S̄2RrC

R + rC
−

1

L3
�rL3

+
S̄3RrC

R + rC
+ kFC3RASR� −

S̄3R

L3�R + rC�

1

C

S̄1R

�R + rC�
1

C

S̄2R

�R + rC�
1

C

S̄3R

R + rC

−
1

C

1

R + rC

�
B = � kFC1Vstack,oc + �1 − kFC1�Vbat

� kFC2Vstack,oc + �1 − kFC2�Vbat
� kFC3Vstack,oc + �1 − kFC3�Vbat

�

0 � �A4�
III L1 L2 L3
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