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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.
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1 Introduction

Fuel-cell based power system is comprised of a fuel-cell-stack
subsystem (FCSS), a balance-of-plant subsystem (BOPS) that
controls the flow rate of fuel and air to the FCSS and maintains
the temperature of the stack, and a power-electronics subsystem
(PES) that provides the power interface between the FCSS and
application load(s). The slow response time of the BOPS me-
chanical system as compared with the electrochemical and elec-
trical time constants of the fuel-cell and the PES has been a major
concern for fuel-cell power system designers [1-4]. During a sud-
den increase in the load demand, the fuel utilization increases
rapidly [3] and several works are in progress to enhance the re-
sponse time of the BOPS to mitigate this problem that can have
degrading effect on the performance of the cell [5]. However,
currently, the most widely used approach is the use of an energy-
buffering device (e.g., a battery), which provides the additional
energy to the load during the load transient, thereby preventing a
sudden change in stack power flow. However, for energy buffer-
ing, an energy-management system is necessary to control the
energy flow between the energy generator (fuel-cell stack) and the
storage device (battery) and the application load during the tran-
sient and steady states.

Several researchers are working on this issue related to the
control of the fuel-cell/battery based hybrid energy-management
system. A control system is proposed in Ref. [6], which controls
the 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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Fig. 1 Topology of the distributed PES comprising N dc-dc power-converter modules
(with primary MOSFET switches S; through Sy and their complementary counterparts)
along with N-1 transfer switches (TS;-TS)_,)

verter to control the power flow from the battery, which provides
additional power to the load when the stack voltage goes below a
certain minimum. However, as experimentally investigated in this
work, the battery current does not respond to an abrupt load in-
crease immediately and hence cannot prevent the zero-reactant
condition in the stack unless the operating fuel utilization is inef-
ficiently low.

The dual-power-converter approach used by Jang et al. [11]
avoids the limitations of the aforementioned approaches. How-
ever, with either the battery or the stack able to provide the full-
load power independently, the converter redundancy of the system
is 2 that leads to higher cost, footprint space, and weight of the
power system. Finally, in an effort to reduce the PES redundancy,
Kambouris and Bates [12] used an insulated-gate bipolar transis-
tor (IGBT) six-pack to implement three bidirectional dc-dc con-
verters to control the power from the battery and the fuel cell. The
bidirectional converters are connected selectively to the battery
and/or the fuel-cell stack based on the load demand and the fuel-
cell-stack capability. However, this approach is not suitable for the
mitigation of the load-transient since the stack and the battery are
in series. Furthermore, the architecture is not modular and hence,
not suitable for higher power.

To address the pending challenges outlined above, a power-
management control system for a distributed PES (comprising
multiple modules of dc-dc boost converters) for a fuel-cell power
system is outlined in this paper. The distributed PES serves as the
power-electronic interface for both the fuel-cell stack as well as
the battery, thereby reducing the cost of the PES as well as its
weight 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 P eq and the
maximum overall power demand of the load (including battery
charging) is Py, the total number of the modules (N) is given by
N=ceil(Pyu/ Praea) + 1, where the ceil function returns the small-
est integer, greater than the fraction P,/ P ,.q. Furthermore, the
redundancy of the distributed-PES architecture is given by
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Fig. 2 DPMU for the PES to realize optimal energy-conversion efficiency
and transient ride-through. Symbols G,,s and G;; through G;y represent the
bus-voltage compensator and the current-loop compensators (for the N
dc-dc converter modules). Only m (=N-1) modules are active at any time
while the rest of the (N-1-m) modules are turned off. The Nth module is
always connected to the battery. Each of the N-1 transfer switches
(TS;...TSy_,) also receives input from the DPMU.

N/(Pax! Praea) =N/N—1. The outputs of all the modules are
connected in parallel to a bus capacitor while the inputs of the
N-1 modules are connected (using transfer switches TS; through
TSy-_1) to either the fuel-cell stack or the battery depending on the
load demand and the operating efficiency. A dedicated bidirec-
tional (Nth) converter is connected directly to the battery to facili-
tate the charging of the battery even when the power system is
delivering full power to the load. It is noted that, for part-load
operation, other modules of the PES can be used for charging the
battery as well.

Figure 2 shows the control-system architecture for the distrib-
uted PES. The BOPS controller outlined in Ref. [13] generates the
stack reference current /5. The linear bus-voltage-error compen-
sator (Gy,), outlined in Ref. [13], generates the total current ref-
erence [y, by comparing the bus-voltage reference with feedback
bus-voltage. The difference between /iy, and I is the required
battery current reference Iy, Subsequently, using /5, and I, the
dynamic-power-management unit (DPMU) generates the transfer
switch signals and the current references I through 7}, that is fed
to the inner current loops for generating switching signals for the
converters.

The dynamic-power-management strategy is as follows. In the
steady-state, when the load demand is met by the fuel-cell stack,
the DPMU determines the number of dc-dc converter modules
(m=N-1) to be connected to the fuel-cell stack and the module
current reference signals I} through I, to ensure optimal power
sharing that will maximize the overall efficiency of the distributed
PES. The optimal condition for this efficient power strategy is
described in Sec. 2.1. Furthermore, the DPMU uses the battery
voltage (vpy) and its set point (Vy,) as inputs and controls the
charging current to the battery (provided by the fuel-cell stack)
using the Nth dedicated dc-dc converter with a current reference
of I;i, (=I§al). To enhance the response of the bidirectional dc-dc
boost converters, current-mode control is used for the PES, which
is based on the control of the input current for the desired output
bus voltage. The PES control, using the outputs of the linear com-
pensators G;; through G;, and G;y, generates the switching sig-
nals §; through §,, and Sy using the modulators M, through M,,
and M for the m active converter modules and the dedicated Nth
converter. The structure of the jth current-loop compensator is
represented by the transfer function Gj(s)=K;(1+s/w,;)/s(1

Journal of Fuel Cell Science and Technology

+5/w,;;). The compensator structure for the voltage-loop compen-
sator is the same as well, that is, Gpy(s)=K,(1+s/w,,)/s(1
+5/w),). 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 TS;...TSy_; based on the
inputs from the controller such that the transfer switches
(TS,...TS,,) for the m active modules connect the modules to the
fuel-cell bus while the remaining N—1-m transfer switches
(TS,;41---TSy_y) are turned off along with switches S,,,; through
Sy-p 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 TS,,, ... TSy_;) such that
additional power is transferred from the battery to the load by
equally distributing the I, 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
boost converter module is described by
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where

Plossj = PSWI- + Pinductorj + Pcapj + PSS]- + Plumpj (2(1)

where Pswj is the total losses in the switches of the converter,
Pmdumrj accounts for the loss in the core and the copper loss in the
inductor, P, is the parasitic loss in the output capacitor, PTSj is
the conduction loss in the transfer switches, and Plumpj corre-
sponds to the additional losses in the converter due to the various
unaccounted parasitics in the converter. The expressions for the
individual losses for the dc-dc bidirectional boost converter is
given by

2 1
PSWj =fsw( g(coss,l + Coss,Z) Vgus + Eljvbus

2
><(l‘on,l + ton,2 + loff,l + toff,Z)) + Ij{Dron,l + (1 - D)ron,z}

(2b)
2 12
Pinductor, = kLAijz'fSW + Ijz-rL = kLLz + Ijz'rL (26)
' fil
Pcapj = gutresr = (Ij(l - D))zresr (Zd)
Pssj = rTstz, (2e)
Plumpj = Ijz'rpara + CLj (2f)

where the key parameters are defined as follows. /; is the averaged

value of module input current ij, i.e., I]:sz; Vius 18 the averaged
output voltage of the module, i.e., Vi =01y Vin 1s the input volt-
age, which is equal to the nominal stack voltage (V) in steady-
state; D is the duty ratio of a converter module in steady-state
given by D=(Viys—Vin)/ Vi Af; is the ripple in the inductor
current, which is independent of the input current but depends on
the input voltage of the boost converter and given by Ai;
=ViuD/ (fowL); Coss is the output drain-source capacitance of the
metal-oxide semiconductor field-effect transistor (MOSFET); 7.,
is the duration of turn on of the individual MOSFET; 7. is the
duration of turn off of the individual MOSFET; r, is the in resis-
tance of the individual MOSFET; f, represents the switching
frequency of the converter; r; is the parasitic resistance of the
inductor; ., is the equivalent series resistance of the capacitance;
Tpara TEPresents the parasitic resistance of the circuit; CLj is the
constant loss in the module that is independent of the power de-
livered by the converter; k; is the core loss constant of the induc-
tor; and rrg represents the on resistance of the transfer switch.

Thus, it can be concluded that, for a converter operating at a
particular switching frequency, the total loss is a function of /; for
a given V;, and V. It is noted that, under steady-state conditions,
the input voltage is the same as the voltage of the fuel-cell stack
since the battery buffers the stack only under transient condition,
that is, Vi,=Va. Therefore, the steady-state efficiency of the
individual stack connected converter using Eq. (1) can be modi-
fied as

- :;L _F in,»;_ Puosy vsmélj - f’(l’) _ iji—)_f,u,) _
mn; m; stack! j in;
—p) .
p. iV

g
The overall efficiency of the distributed PES (including N dc-dc
modules) is given by
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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
(J,,) for a given Vg, is defined as

m
minimize:J,, = f(I) = 2 filly) (5a)
j=1
where j=1,....m (=N—-1) and I"=[I,,I,, ...
lowing two constraints:

1,17 with the fol-

OSIjSI

rated

which in generic form yields

g(D=0-1,=0, Vj=1,....m

(5b)

and E;n= 1 Ij = I;C = Itotal - Izat = (Vstack,oc - Vstack/ RASR) , which in ge-
neric form yields

gD=1=Iyq=0, Vj=m+1,...2m

m

h(l)= 2, 1= ;=0
j=1

(5¢)

It is noted that Izat is negative when the battery is being charged.
In Egs. (5b) and (5¢), I 4eq i the current capacity of the individual
converter modules, I,y (=, +15c) is the current demand for a
given load condition (and is less than or equal to I,,,,, which is the
maximum current corresponding to Pp..), Viyekoc is the stack
voltage when no current is drawn from the stack, and RxgR is the
equivalent resistance of the stack. Equations (5a)—(5¢) 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:9R™ X %" X & —R) for the primal problem
defined by Egs. (5a)—(5¢) is defined by

2m

LUN0) = A1) + 2 Njg;(D) +vh(1) (6)

j=1
where \ € R?" is the Lagrange multiplier (or dual variable) for
the jth inequality constraint (5b), and v € ' is the Lagrange mul-
tiplier (or dual variable) associated with the equality constraint

(5¢). The Lagrange dual function w: 9" X 98 — R corresponding
to Eq. (6) is defined by [15]

w(\,v) = inf
le ﬂ%g'ldom gj(l)ﬂdom h(l)

2m
(f(l) + 2 gD + vhu))
j=1
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:A =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 g; and A, respec-
tively, convex and affine and with differentiable objective and
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constraint functions, the Karush-Kuhn-Tucker (KKT) condition
that is outlined below yields primal and dual optimal points with
zero duality gap, that is,

g =0, j=1,....2m (8a)
(I =0 (8b)
)\;ZO, j=1,....2m (8¢)
Ng(I)=0, j=1,....2m (8d)
2m
VLI N 0%) = V() + 2 N V,g,(I) +vh(I) =0 (8e)

J=1

An additional supplementary test for the optimal operating
(I'" ,\*,v") is the second-order sufficient condition, which requires
that the Hessian of the Lagrangian in Eq. (6) be a positive-definite
matrix, that is,

2m
YIVIL(I N vy = yTl Vi) + 2 NV g, (1) + v*v,hu*)]y
j=1

>0 VyeVQ,v) (8

where

VgI)y=0, Vj=1,---,2m

VN e L 8

y € ( ) {Vh(l*)Ty=0 ( g)
The solution to the optimization problem in Eq. (5) determines the
optimal distribution of the input currents among the m dc-dc con-
verters. The overall system objective is to find the number of
modules to be connected (i.e., m*) such that the cost function J,,,

as defined in Eq. (5¢) is minimized, that is, m"
= argmin {J,}.

MSmSN—]

Trated

2.1.1 A Case Illustration With m=3
(2b)—(2/), we express Eq. (5a) as

Following Eqgs.

Y «;

3 3
minimize:J,, = f(I) = X, ;1) = 2, a;l> + Bil;+ ;. ;
j=1 j=1

>0,8>0,7>0 9)

with the constraints described by Egs. (5b) and (5¢) for m=3. In
Eq. (9), coefficients aj, ﬁj, and Y, can be determined based on
power-stage parameters or can be determined by experimentally
mapping the loss function of the jth module f; (1;) as a function of
the input current. Using the Lagrangian in Eq. (6) to the primal
problem defined by Egs. (9), (5b), and (5¢), and following Eq. (9),
the KKT optimality conditions described by

gN=0-I=0, Vj=1,...3 and g =1 -l

=0, Vj=4,...,6 (10)
W) =T+ I+ T = Tie =0 (10b)
N=0, j=1,....6 (10c)

Njgi(I) =N;(0-1;) =0,

- raled) = 0,

Vij=1,....,3 and g{(I") =N}
Vj=4,...6 (10d)
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2¢0 0 0 \[I'\ [B -1
0 2ay, O ||5|+[B|+N]
0 0 20[3 I; 33

V,L(I',)\*,v) =

0

0

0 0 1 0
+05| =1 [+N5] O | +N;[0 [+A5]1

0 -1 0 0
0 1 0
+Xg| O [+07[ 1 |=]|0 (10e)
1 1 0
Equations (10a)—(10e) are satisfied only when
N =0(Vj=1,...,6) (11)
Thus, Eq. (10e) simplifies to
2a0l+ 1\ (o
2a55+ B, |+v*[ 1 [=|0 (12)
2a31°3k + 5 1 0

Using Egs. (12) and (10b), we obtain the optimal solutions for I*
to be

3 3 -1
v*z_(I;CJ,EZ—%)(EL) . Vj=1,...,3 (13)

=1 29\ 5 2a,
‘ 1 3 ﬁ 3 1 -1
1;=—E<—<Imm+22—;)<2 E) +B,->, v
i j=1 <%/ \ j=1 %)
=1,....3 (14)

For the special case, when all the converter modules have iden-
tical parameters (i.e., aj=ay=a3=a and B,=B,=B3=8), Egs.
(13) and (14) reduce to the following:

U*z_(%ltotal"'ﬁ)’ vij=1,....3 (15)
st 1 .
= Fhoa Vi=1,.03 (16)

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

200 0 O
VIL(IFA" 0" =| 0 2a, O (17)
0 0 2

which is a positive-definite matrix given that a; >0, @, >0, and
a3 >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:

FEBRUARY 2010, Vol. 7 / 011018-5

Downloaded 02 Feb 2013 to 131.193.241.74. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Output Voltage [Volts]
Power [Watts]

0 5 10 15 20 25 30 35 40 45 50

Net Current [Amps]
=8=—Net Voltage © Max ©  Min =—#=Gross Power

=&==Net Power o Max o Min === parasitic Power

Fig. 3 Experimental prototype of the (a) distributed PES and (b) a setup for the overall (two-stack)
PEM fuel-cell based power system. (¢) The polarization curve (source: Nexa technical specifications)
for each PEM stack.
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Table 1

Nominal PES module parameters

Boost inductance=1 mH Coss,1=9.4 nF Loir2=220 ns C =84 W Rsg=0.8
Switching frequency=20 kHz Coss2=880 pF Ton1 =100 m{) K,=2X10° Viackoc=43.5 V (for each stack)
Rated power=700 W rp=60 mQ Fon2=110 m) ®_,=700 rad/s R(nominal value)=21.5 ()
Bus capacitance=440 uF k,=4%107° rgs=75 mQ w,,=3.1X10* rad/s
Input voltage=55-70 V fon =110 ns Fe=11 mQ K;=7.5x10*
On resistance of transfer switch=13 m{) tor.1 =220 ns torr2=220 ns ,;=800 rad/s
Bus voltage=120 V lon2=140 ns Tpara=100 mQ) 0, =3.2X 10* rad/s
i(t) = Ax(?) + B; (18) inequality in Eq. (23) is satisfied. These problems can be solved

where i is an integer that represents the switching states of the
PES, x() € JR" represent the states of the PES, A; € R"*" are the
matrices, and B; € 8" are the column vectors for each of the
switching states of the PES. The Appendix provides two case
illustrations on the derivation of the matrices A; and B; for a
closed-loop PES operating with m=2 and m=3 active modules
after the transient. Now, dropping the notation of time (here on)
and translating Eq. (18) into error coordinates using e=x—x",
where e represents the error vector and x* represents the vector of
steady-state values of the states of the PES, Eq. (18) can be re-
written as

é=Ae+Ax"+B,=Ae+B; (19)

where B,=B;+A;x*. Subsequently, to determine the reaching cri-
terion of the PES, a convex combination of multiple positive-
definite and quadratic Lyapunov functions, V,(e)>0 (for the kth
switching sequence) is defined as follows:
h
Vile) = X ayePye.

i=1

Vk=1,2,....M (20)
In Eq. (20), for continuous-conduction-mode operation of the

N N
dc-dc converters, M =Z§ilfw)((2 W 1) [14] is the total number of

possible switching sequences of the PES with N and W being the

total number of noncomplementary switching functions and the

number of redundant switching states, respectively. Furthermore,

h is the number of switching states in a given sequence, 0= ay;
h

=1, S ay=1, and Py=P}, is a positive-definite matrix (i.e., all of
i=1

its eigenvalues are positive and hence, the minimum eigenvalue of

Py; is greater than zero [17]. Now, according to Lyapunov’s crite-

rion, the trajectories of the PES described by Eq. (19) converge

toward the orbit for finite switching frequency provided that

h
Vile) = 2 a(é"Pe + e Pé) <0
i=1

Using Egs. (19) and (20), Eq. (21) can be transformed to the
following:

h
d
Evk(e) = g aki|:i) ]

21

T AlTPki+PkiAi PkiEi |:€:|
0
wr, o b
(22)
which implies that

h
A

2 Qi

i=1

Now, because 0=y, =1, Ef-’:lakiz 1, the matrix inequality in Eq.
(23) can be represented as a conventional convex optimization
problem with linear-matrix-inequality constraints. This convex
optimization problem is of the class of feasibility problems, which
involves obtaining a matrix Pj; such that the linear-matrix-

T _
P+ PuA; P,.B;
itk ki‘ti kil <0 (23)

B, 0
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by using computationally efficient interior-point algorithms [18]
and are available in common mathematical tools like MATLAB.
However, if there are no solutions of Py; for Eq. (23) (which is
automatically indicated in MATLAB when the total number of itera-
tions exceed a default threshold), the dual of V,(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
Vi(e), which is defined as

h

Vile) = 2 e Que (24)
i=1

where 0=\;;=1, Ef’zl)\kizl, Qk,:Q[i 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, Vp;(e) has to

satisfy the following criteria:

d
Vpile) >0 and EVDk(e) >0 (25)

or
h
— V(@)= 2 \ue’ (- Qe <0 and - %Vl)k(e) <0
i=1
(26)
Following Egs. (20) and (21), Eq. (26) can be reduced similar to
Eq. (23) to the following form for the dual condition:

h T —
_A[Qi_Q iAi - iBi
2N v e <0

i=1 -B zT Qi 0
If there are no solutions of P; for Eq. (23) but there exist solu-
tions of Qy; 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.

27)

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
deactivate a particular bidirectional converter, both the switches
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Fig. 4 Post-transient stability of the distributed PES after a
load transient from 0.6 kW to 1 kW. Initially one module feeds
the load from the stack, and subsequently after the transient, a
second module is activated that feeds the additional power
from the battery. (a) Minimum eigenvalue of P,;>0 implies that
positive P,; is positive definite and that reaching condition (23)
is satisfied for all initial power demand for m=2, thereby ensur-
ing convergence of PES dynamics after the second module is
activated following the load transient. ((b) and (c)) Experimen-
tal validations of reachability and stabilization of the currents.

need to be turned off simultaneously and hence, control signal of
each of the switches are generated using the high-speed IR2103
[20] that provides very efficient cross-conduction prevention
logic. Regarding the transfer switches, since they undergo turn on
and turn off much less frequently compared with the converter
switches, their switching losses are negligible. However, they
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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 P,;>0 implies that posi-
tive P,; 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 (¢)) Experimental
validations of reachability and stabilization of the currents.

need to have very small on resistance (ry 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
loss of 2.5 W even at full load. Using the experimental PES, we
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Fig. 6 Experimental comparison of the PES efficiency with varying stack
current level. (top trace) Efficiency when m is varied between 1 through 3
following the optimal criterion outlined in Sec. 2.1. When m=2 or m=3, the
current is shared equally among the modules. (bottom trace) Efficiency
when m is always 3 (i.e., no optimal power management implemented) and
all the modules share current equally. Clearly, the former demonstrates flat-
ter efficiency profile of the PES leading to better fuel-cell-stack utilization in

steady-state.

now evaluate the transient stability and optimal steady-state per-
formance of the PES, following the methodology described in
Secs. 2.2 and 2.1, respectively.

To test whether the dynamics of the distributed PES converges
in the presence of a load transient, we demonstrate a twofold
validation. First, using the reaching condition outlined in Eq. (23),
we evaluate the post-transient stability of the PES for a given m.
This is ascertained by plotting the minimum eigenvalue of Py;,
which if positive proves that the post-transient PES dynamics will
converge to the equilibrium for any arbitrary initial condition.
Subsequently, we conduct experimental validation of convergence
of PES dynamics in parametric and time domains after the tran-
sient. Figure 4(c) illustrates the transient stability of the PES (for
N=3 and m=N-1) when the load demand varies from 0.6 kW to
1 kW. Before the transient, only one converter feeds the load from
the fuel-cell stack. However, immediately after the transient, the
other available converter for transient condition is activated,
which ensures that while the stack current remains at the pretran-
sient level, the battery picks up the additional current. Figure 4(b)
illustrates the convergence of the post-load-transient dynamics in
parametric domain. The initial oscillations in the battery and the
stack currents are due to the interaction between the two convert-
ers. Figure 4(a) demonstrates the generalized results based on the
reaching condition (23) for a resistive load with modules sharing
current equally and having the same nominal parameters. It shows
that the minimum eigenvalue of Pj; in Eq. (23) is greater than
zero, thereby establishing that Py; is positive definite and implying
that for m=2 the dynamics of the distributed PES will converge to
the equilibrium for all initial power demand. In other words, fol-
lowing the load transient when the two modules are activated, the
system dynamics will stabilize (for arbitrary initial condition)
since the reaching condition is satisfied. Along the same lines as
above, Figs. 5(a)-5(c) provide stability results for the load tran-
sient (0.6 kW — 1.4 kW). However, in this scenario, following
the load transient, two additional modules are activated instead of
one for the previous case. Thus, after the transient of the three
modules (m=3), one module continues to provide the
(pretransient-level) power from the stack while the two converters
activated after the transient provide the additional power from the
battery. We note that the second battery converter is activated 20
ms after the first, and this is attributed to the dynamics of the
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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)
is significantly minimized. As the load demand increases, an op-
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timal criterion determines the number of such modules that need
to be activated for maximum PES energy-conversion efficiency
that, in return, leads to enhanced stack utilization. This optimal
criterion has been developed using a convex optimization frame-
work. Although this paper outlines an analytical formulation of
the optimization function (representing the overall loss of the
PES), the coefficients for the optimization function can be deter-
mined experimentally as well by simply mapping the loss (with
varying power demands) as a function of the input current. Fur-
thermore, since the power-management scheme relies on the se-
lection of the optimal number of active modules following the
change in load demand, a reaching criterion has been developed to
ensure the post-load-transient stability of the PES. The reaching
criterion uses a multiple-Lyapunov-function based methodology
and determination of the convergence of PES dynamics simply
requires solving a matrix inequality. Predictions of both the opti-
mal criterion and the reaching criterion have been validated. The
results show that the optimal power management strategy leads to
flatter and to a higher efficiency of the PES for most part along
with convergence of the post-load-transient PES dynamics for

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

Aq 036 By
0 0 -1 -w, 0 0 0 0 0 Vi,
0O 0 O 1 0 O 0 0 O 0
Ai=|-1 0 0 akK, K0, -0, 0 0 0 and B;=| 0 (A1)
o 0 O 0 0 1 o 0 O 0
0 -1 0 @K, aKw, 0 0 —wp, 0 0
L 0o 0 O 0 0 0o 0 1 0 i L 0 i

where a; and a, are fraction of the total current shared by each of

the individual boost converter module, K,,, w.,, and o, are the gain,

location of zero and location of the pole for the voltage loop, respectively, w,;; and w,;, are the location of the poles for the two

converters. The matrices Ay and By are given as

1 S\Rre 1 S,Rr¢ SR
-t + kg1 Rasr - -
L| R+rC L1R+rc LI(R+rc)
1 S\Rr¢ 1 S>Rrc S>R
An= LR - |t +kpcoRasr | —
2 +rC L2 R+}’C Lz(R"'rc)
1 SR 1 SR 11
C(R+r¢) C(R+r¢) CR+r¢

kFCl Vslack,oc + (1 - kFCl)Vljat kFCZ Vslack,oc + (1

By=
1T L[

—keco) Vs !
FCZ) bat O:| (AZ)

L,

where kpc is a constant, which indicates whether the converter is connected to the stack (=1) or the battery (=0). On a similar note, for

three active bidirectional modules (i.e., m=3), the corresponding

matrices are derived as

A O4xs By
0 0 0 -1 -w, 0 0o 0 o 0 0 O Vius
o 0 0 O | 0 0o 0 o 0 0 O 0
-1 0 0 0 akK, aKkw, —w,;; 0 0 0 0 0 0
A= 0 0 0 O 0 0 1 0 0 0 0 O and B;=| 0 (A3)
0 -1 0 0 akK, aKkow,, 0 0 -w,, 0 0 0 0
o 0 0 O 0 0 o o 1 0 0 O 0
0 0 -1 0 &K, ;;Kw,, 0 0 0 0 -w,3 0 0
L o 0 0 O 0 0 o o o o0 1 O i i 0 i

where a; and a, and aj are fractions of the total current shared by each of the individual boost converter module and
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1 S\Rr¢ 1 S,Rr¢ 1 S3Rr¢ S\R
T + kpciRasr I — I = m. N
L, R+re LiR+re LiR+re Li(R+r¢)
1 S\Rr¢ 1 S,Rrc 1 S3Rr¢ S>R
LR+ - | r,+ 5 . +kecoRasr - L T pa
A= 2 +rc Lz R+rC L2R+rc Lz(R+rC)
= — — — —
1 SerC 1 SerC 1 S3ch S3R
- -5 |t 5 theaRasr | 75
L3R+rc L3R+rc L3 ; R+rC L3(R+rc)
1 SR 1 SR 1 SR 11
C(R+r¢) C(R+r¢) CR+r¢ CR+rc¢
kFCl Vstack,oc + (1 - kFCl) VZat kFC2 Vstack,oc + (l - kFCZ) vZat kFC3 Vstack,oc + (1 - kFC3) Vzut 0
By = I I (A4)
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