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Abstract—The direct borohydride fuel cell (DBFC) is directly
fed sodium borohydride as a fuel and hydrogen peroxide as an
oxidant. The output voltage of the DBFC varies with respect to
current demand. Therefore, it requires a dc–dc converter for a
regulated output voltage. The dc–dc converter should be designed
considering both the impact of the fuel cell and load disturbances
to achieve wide range voltage regulation. This paper analyzes the
impact of the DBFC impedance on the dc–dc converter. Based on
the converter’s small signal model including the DBFC impedance,
the boost converter was evaluated. Impacts of the voltage and cur-
rent control loops on the boost converter were investigated. Im-
proved response time and stability of the DBFC dc–dc converter
were observed by adding a supercapacitor between the DBFC and
the dc–dc converter. Finally, two converter controllers, a nonlinear
feedforward controller and a state feedback controller are pro-
posed for further improvement of the dc–dc converter response
time. A prototype 20-W dc–dc converter was built and tested to
show the response improvement of the proposed analysis and con-
trol scheme.

Index Terms—Boost converter, direct borohydride fuel cell
(DBFC), dc–dc converter, supercapacitor.

I. INTRODUCTION

MOST fuel cell power converters are expected to produce
power on demand, also known as load following power

sources. However, the response time of the fuel cells is typically
known to be slower than those of other power sources such as
batteries and diesel engines. This is because of the operation
of the balance of plant (BOP) associated with mass and heat
balances inside and outside the stack. In order to improve the
response time, many fuel cell systems are combined with a
battery or capacitor to form a hybrid power generation system
[1], [2].

A bidirectional dc–dc converter, which is used to interface
an ultracapacitor as energy storage to a fuel cell, was pre-
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sented in [3] and [4]. These papers have shown that the bidi-
rectional converter with the ultracapacitor had better control re-
sponse times for a fuel cell system during voltage transients. Jin
et al. [5] and Liu et al. [6] proposed a novel hybrid fuel cell
power conditioning system. This system consists of the fuel
cell, a battery, a unidirectional dc–dc converter, a bidirectional
dc–dc converter, and a dc–ac inverter. A fuel cell and a battery
are connected to the common dc bus for the unidirectional dc–dc
converter and the bidirectional dc–dc converter.

Harfman-Todorovic et al. and Itoh and Hayashi reviewed
some of the characteristics of fuel cell applications. A discus-
sion of important considerations for fuel cell converter design
is presented. The role of the fuel cell controller was briefly in-
troduced. Todorovic et al. focused on the design of a dc–dc
converter, control, and auxiliary energy storage system. A novel
converter configuration, which improves utilization of the high-
frequency transformer and simplifies the overall system control,
was proposed.

Stability analysis of fuel cell powered dc–dc converters was
also discussed in [10]. An equivalent circuit model based on
the chemical reactions inside of the fuel cell was presented.
It showed that fuel cell internal impedance can significantly
affect the dynamics of the dc–dc converter. Also, the behavior
of the fuel cell during purging has been discussed. In order
to overcome these problems, the supercapacitor connected in
parallel with the fuel cell was proposed. An impedance analysis
approach had been proposed in [11] and [12]. It showed the
static response of the overall system with the fuel cell and the
dc–dc converter. However, it did not clearly show the impact of
the individual components.

In [13] and [14], the input impedance of the boost power
factor correction converter for both the conventional current
controller and the duty ratio feedforward controller were ex-
plained theoretically. Due to the nonlinearity and unstable zero
dynamics of the boost converter, it has some limitations such
as low bandwidth (BW) and poor dynamic response [15], [16].
In order to solve this drawback, a novel nonlinear control strat-
egy based on input–output feedback linearization was proposed
in [17] and [18].

The direct borohydride fuel cell (DBFC) is directly fed
sodium borohydride as fuel and hydrogen peroxide as oxidant.
The output voltage of the DBFC varies with respect to cur-
rent demand. In order to regulate the output voltage constantly
for autonomous operation, the pump to supply solutions to the
DBFC stack needs to be controlled. Therefore, the controllers
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Fig. 1. V–I characteristics of the DBFC.

of the balance of plant for the DBFC will be implemented with
a microcontroller. By implementing the BOP with the flexible
digital controller, control responses can be improved [19].

In this paper, a dynamic response analysis is described. Based
on the fuel cell source model, inner current and outer voltage
control loop responses are explained in the frequency domain
in order to analyze the impact of the individual components. By
adding the supercapacitor, the response time of the voltage con-
trol loop will be improved. In addition, a nonlinear feedforward
control and a state feedback control are proposed to increase
the BW of the control loop. A 20-W prototype DBFC power
conditioning system was built and used to verify the proposed
analysis approach and control scheme.

II. SYSTEM MODELING

A. V–I Characteristics of DBFC

Fig. 1 shows the V–I characteristics of the DBFC. It can be
seen that if the initial nonlinearity (activation polarization) and
high-current region (concentration polarization) are neglected,
the DBFC works in a nearly linear region (ohmic polarization).
Considering the linear region, the DBFC voltage is variable
from 4 to 8 V [20].

B. Frequency Response of the DBFC

Fig. 2(a) shows the frequency domain response of the DBFC
[20] impedance with different constant current load conditions
with an ac sweep frequency range of 1 Hz to 20 kHz. Fig. 2(b)
shows the corresponding Nyquist plot. Fig. 3 shows the equiv-
alent circuit of the DBFC.

Fig. 4 shows the Bode plot of the DBFC impedance calcu-
lated by Zf c (s) which is given by (1). If an operating range
of the boost converter is from 100 Hz to 10 kHz with respect to
the BW and a sampling time, the DBFC naturally has a slow
frequency response with respect to the gain and phase. There-
fore, a transient response can be considered as a constant value.
Furthermore, the total impedance of the DBFC can be simplified
with a constant resistor for fast frequency responses.

From Fig. 3, the impedance of the DBFC is given as

Zf c (s) =
R1R2C1s + R1 + R2

R1C1s + 1

∣
∣
∣
∣
100Hz<f <10kHz

� Rf c (1)

Fig. 2. Measured frequency response data of the DBFC. (a) Frequency domain
response of the DBFC. (b) Nyquist plot of the DBFC.

Fig. 3. Equivalent circuit of the DBFC.

where R1 , R2 , C1 , and Rf c are impedance parameters of the
DBFC. Rf c is about 0.3–0.6 Ω.

C. Boost Converter Modeling

Fig. 5 shows the configuration of the DBFC system. The
boost converter is connected to the DBFC. The converter output
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Fig. 4. Bode plot of the DBFC impedance.

Fig. 5. DBFC boost converter configuration.

voltage is 12 V and the rated power is 20 W. The control scheme
of the boost converter consists of a current control in the inner
loop and a voltage control in the outer loop. A digital controller
for a current and a voltage loops is designed. Frequency analysis
for the response time is considered in the continuous domain (s-
domain) because it is easy to understand physically. However, an
implementation of the digital controller considers the impacts of
sampling time. Therefore, the maximum control BW is limited
by the sampling time (10 kHz).

Equations based on the average model of the boost converter
are given by

Vf c − Rf ciL = vi (2)

L
diL
dt

= vi − (1 − d) vo (3)

C
dvo

dt
= (1 − d) iL − vo

R
(4)

Fig. 6. Bode plot of the duty ratio-to-inductor current transfer function with
respect to Rf c .

where Vf c is the DBFC voltage, d is the on-duty cycle of switch,
vi is the input voltage, iL is the inductor current, vo is the output
voltage, L is the inductor, C is the filter capacitor, and R is the
load resistor.

Hence, small-signal equation models are written as

ṽi = −Rf c ĩL (5)

L
dĩL
dt

= ṽi − (1 − D) ṽo + d̃Vo (6)

C
dṽo

dt
= −d̃IL + (1 − D) ĩL − ṽo

R
(7)

where d̃ is the ac signal of on-duty cycle of switch, ṽi is the
ac signal of the input voltage, ĩL is the ac signal of the induc-
tor current, ṽo is the ac signal of output voltage, D is the dc
component of the on component of the duty cycle of the switch,
Vo is the dc component of the output voltage, and IL is the dc
component of the inductor current.

III. RESPONSE ANALYSIS OF DBFC DC–DC CONVERTER

A. Frequency Response of Boost Converter With Respect to the
Impedance of the DBFC

The duty ratio-to-inductor current transfer function Gdi (s)
can be calculated as

Gdi (s) Δ=
ĩL

d̃

=
RCVos + Vo + (1 − D) RIL

RLCs2 + (L + Rf cRC) s + Rf c + (1 − D)2 R
. (8)

Fig. 6 shows the Bode plot of the duty ratio-to-inductor current
transfer function with respect to Rf c . If the impedance is a zero,
the DBFC appears as an ideal dc source.
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Fig. 7. Bode plot of inductor current-to-output voltage transfer function with
respect to Rf c .

Fig. 8. Current control block diagram.

From (8), the duty ratio-to-inductor current transfer function
can be simplified as

Gdi (s) � Vo + (1 − D) RIL

Ls + Rf c + (1 − D)2 R
. (9)

The inductor current-to-output voltage transfer function
Giv (s) can be expressed as

Giv (s) Δ=
ṽo

ĩL
=

−Ls − Rf c + (1 − D)2 R

(RCs + 2) (1 − D)
. (10)

Fig. 7 shows the Bode plot of inductor current-to-output voltage
transfer function with respect to Rf c . From Figs. 6 and 7, gains
and phases of this transfer function in the frequency domain are
different according to the DBFC impedance. Therefore, they
impact the response time of the voltage and current loops. This
paper intends to explain the impact of these factors in the voltage
and current control loops.

B. Impact of the DBFC Impedance With Conventional Current
and Voltage Control

Fig. 8 shows the current control block diagram for the DBFC
boost converter, where the proportional integrator (PI) control

gains are kpc = Lωc/Vt and kic =
(

Rf c + (1 − D)2 R
)

ωc/Vt

where Vt = Vo + (1 − D) RIL.
The closed-loop transfer function is given as

ĩ∗L
ĩL

=
kpcVt/Ls + kicVt/L

s2 + (Rf c + kpcVt) /Ls + kicVt/L
=

ωc

s + ωc
. (11)

Fig. 9. Voltage control block diagram.

The reference current-to-duty ratio transfer function is calcu-
lated as

d̃

ĩ∗L
=

1
Vo

ωc

s + ωc

(

Ls + Rf c + (1 − D)2 R
)

. (12)

Fig. 9 is the voltage control block diagram, where PI control
gains are kpv = Cωv/(1 − D) and kiv = ωv/R (1 − D).

The closed-loop transfer function is given as

ṽo

ṽ∗
o

=
ωvωc

(s + ωv ) (s + ωc)
� ωv

s + ωv
(ωc � ωv ) (13)

The disturbance of the voltage control can be expressed as

w̃ = − IL

(1 − D) Vo

ωc

s + ωc

(

Ls + Rf c + (1 − D)2 R
)

ĩ∗L .

(14)
Fig. 10 shows the step response of the disturbance with volt-

age control. If Rf c is equal to zero, it means the power source
is ideal. However, in the real case, Rf c will be some value
with respect to the fuel cell impedance. If the value of Rf c is
increased, then it affects the disturbance factor as well. This
disturbance factor comes from a right half-plane zero (RHPZ)
in typical boost converters. Therefore, the voltage control will
have a slow response with respect to disturbances. Therefore,
the boost converter as an ideal dc source is better than that with
the DBFC in order to achieve a faster response.

IV. RESPONSE IMPROVEMENT WITH ADDITION OF

SUPERCAPACITOR

Fig. 11 shows the DBFC boost converter with the addition of
the supercapacitor.

The equations of the small-signal model are expressed as

(Rf c + Rs) Cs
dṽi

dt
+ RsRf cCs

dṽi

dt
= −ṽi − Rf c ĩL (15)

L
dĩL
dt

= ṽi − (1 − D) ṽo + d̃Vo (16)

C
dṽo

dt
= −d̃IL + (1 − D) ĩL − ṽo

R
(17)

where Cs is the supercapacitor, and Rs is the equivalent series
resistor (ESR) of the supercapacitor.
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Fig. 10. Step response of the disturbance in the voltage control.

Fig. 11. DBFC boost converter adding supercapacitor.

From (15) to (17), the duty ratio-to-inductor current transfer
function with the supercapacitor is given as

Gdi cap (s) Δ=
ĩL

d̃
=

a2s
2 + a1s + a0

b3s3 + b2s2 + b1s + b0
. (18)

where a2 , a1 , a0 , b3 , b2 , b1 , and b0 are constant.
Fig. 12 shows the Bode plot of the duty ratio-to-inductor

current transfer function with the supercapacitor. Previously, it
was shown that the DBFC impedance can make the response
time with voltage control slow. By adding the supercapacitor,
the impact of the DBFC impedance can be minimized in order to
increase the response time. The resonance frequency in the duty
ratio-to-inductor current transfer function Gdi cap(s) depends
on the value of the supercapacitor. If Gdi cap(s) is close to
the resonance frequency of the duty ratio-to-inductor current
transfer function Gdi(s) without the supercapacitor then the
DBFC with the addition of the supercapacitor approximates an
ideal dc source which has an improved voltage response as seen
in Fig. 6. This supercapacitor is not only an energy buffer, but
also has the function of transient response improvement. By
frequency analysis, the minimum value of the supercapacitor
can be determined.

In Figs. 6 and 12, the duty ratio-to-inductor current with
supercapacitor transfer function is closed to that of ideal dc
source. This condition is as follows:

Gdi cap (s)|Cs =1.5 F
∼= Gdi (s)|Rf c = 0 Ω . (19)

Fig. 12. Bode plot of duty ratio-to-inductor current transfer function with
supercapacitor.

Fig. 13. DBFC boost converter configuration with addition of supercapacitor.

V. FURTHER RESPONSE IMPROVEMENT

A. Limitation of Conventional PI Control

Fig. 13 shows the DBFC boost converter configuration having
added the supercapacitor. It consists of the DBFC, the superca-
pacitor, and the boost converter with the conventional PI control,
which has the current control in inner loop and voltage control in
outer loop. The time constant with respect to the supercapacitor
ESR and supercapacitor is much slower than the controller re-
sponse time during the ESR voltage drop. Therefore, the DBFC
with the supercapacitor can be equivalent to the ideal dc source
in small signal model when considering the system dynamics.

Transfer functions of the boost converter with a supercapaci-
tor, which is considered an ideal dc source, are given as

ĩL

d̃
� RCVos + Vo + (1 − D) ILR

RLCs2 + Ls + (1 − D)2 R
(20)

ṽo

ĩL
� −RILLs + (1 − D) VoR

RCVos + Vo + (1 − D) ILR
. (21)
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Fig. 14. Bode plot of duty ratio-to-inductor current transfer function of DBFC
boost converter adding supercapacitor.

Fig. 14 shows the Bode plot of transfer functions of the DBFC
boost converter after adding supercapacitor. The conventional
PI control approach has two limitations in case of achieving a
high BW.

First, the system has a high-resonance pole in the duty ratio-
to-inductor current transfer function with respect to the current
controller design [21]–[26]. In order to avoid it, the control pa-
rameters such as poles and zeros should be allocated in either to
the right side or to the left side of the resonance point. However,
the right side needs to consider a sampling time of the digital
controller (10–20 kHz). In the case of the sampling time from
10 to 20 kHz, it is difficult to place the control parameters on
the right side.

Second, it has the RHPZ in the inductor current-to-output
voltage transfer function with respect to the voltage controller
design in (21) [27]–[30]. The RHPZ makes achieving high BW
in the voltage loop difficult. Previously, by adding the superca-
pacitor, the disturbance due to the RHPZ was minimized.

Fig. 15 shows the Bode plot of the open-loop transfer func-
tion with a PI-controlled current loop according to BWs and
phase margins. The designed phase margin (PM) is 60◦. Also,
the bandwidth (BW) is designed from 1 to 10 kHz. Because
the sampling time is 10 kHz, the target BW of the current con-
trol is limited under 1 kHz in the case of the digital controller.
However, it is very difficult to obtain BW = 1 kHz, PM = 60◦

because of the high resonance pole. In order to avoid an unsta-
ble point, the final designed BW is 100 Hz. This means that the
conventional method will greatly limit the BW when design-
ing the digital current controller because of the high resonance
pole. Moreover, the voltage controller should have even lower
BW, under 10 Hz. Therefore, in the case of the conventional ap-
proach, the analogue control is designed or the resonance pole
is moved by replacement of the parameter such as the inductor
and capacitor.

Fig. 15. Bode plot of open loop with PI current control.

B. Current Control With High Bandwidth by Nonlinear Feed-
forward in Inner Loop

In order to cancel the high-resonance pole, a nonlinear feed-
forward scheme was proposed in [13], [14]. With this method,
the duty ratio of the boost converter is calculated as

d =
vo − vi + vc

vo
= 1 − vi

vo
+

vc

vo
(22)

where vc is the controller output.
Then, equations in the average model are expressed as

L
diL
dt

= vc (23)

C
dvo

dt
=

vi

vo
iL − vc

vo
iL − vo

R
. (24)

Hence, equations in the small-signal model are written as

L
dĩL
dt

= ṽc (25)

C
dṽo

dt
=

Vi

Vo
ĩL − 2

R
ṽo −

IL

Vo
ṽc +

IL

Vo
ṽi . (26)

By (23)–(26), transfer functions of the boost converter with
nonlinear feedforward are given as

ĩL
ṽc

=
1
Ls

(27)

ṽo

ĩL
=

−ILLRs + ViR

VoRCs + 2Vo
(28)

ṽo

ṽc
=

−ILLs + Vi

VoLs (RCs + 2)
. (29)

Fig. 16 shows the Bode plot of transfer functions of the boost
converter with nonlinear feedforward control. The duty ratio-to-
inductor current transfer function shown in Fig. 16 is simplified
to an integrator form. It is free to design the current controller
with a high BW.

Fig. 17 shows the block diagram of a proposed current control
with nonlinear feedforward. By using the nonlinear feedforward,
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Fig. 16. Bode plot of duty-to-current transfer function of boost converter by
nonlinear feedforward.

the plant can be simplified as (23). The control gains are kpc =
Lωc , kic = R̂ωc and kvc = R̂.

Then, the overall closed-loop transfer function becomes

ĩ∗L
ĩL

=
kpc/Ls + kic/L

s2 + (kvc + kpc) /Ls + kic/L
=

ωc

(

s + R̂
)

(s + ωc)
(

s + R̂
)

=
ωc

s + ωc
. (30)

C. Voltage Control With Fast Response Time by Using State
Feedback Control

The inductor current-to-output voltage transfer function
shown in (28) still has the RHPZ. Therefore, it makes a high-BW
design difficult for the conventional voltage controller design.
Based on the state feedback control, the RHPZ can be com-
pensated. The state feedback control will minimize the impact
of RHPZ using two states, which are the output voltage and
inductor current. Its output will be the current reference of pre-
vious current control with the nonlinear feedforward. Finally,
the proposed method consists of the current loop with the non-
linear feedforward in inner loop and the voltage loop by the state
feedback control in outer loop.

From (30), the state equation with respect to the current loop
is given as

dĩL
dt

= −ωc ĩL + ωc ĩ
∗
L . (31)

From (25) and (26), the state equation with respect to the
voltage loop is given as

dṽo

dt
=

Vi

CVo
ĩL − 2

RC
ṽo −

ILL

CVo

dĩL
dt

+
IL

CVo
ṽi . (32)

Based on previous analysis, the impact of the DBFC with
the supercapacitor will be minimized, which means the input
variation is around zero (ṽi � 0).

Hence, the input term can be ignored.

dṽo

dt
=

Vi

CVo
ĩL − 2

RC
ṽo −

ILL

CVo

dĩL
dt

. (33)

Combining (31) and (33), final state equation is expressed as

dṽo

dt
=

(Vi + ωcLIL )
CVo

ĩL − 2
RC

ṽo −
ωcLIL

CVo
ĩ∗L . (34)

The state variables are

x = [x1 x2 ]T , x1 = ĩL , x2 = ṽo , u = i∗L . (35)

The overall state space model can then be obtained as

[
ẋ1

ẋ2

]

=

⎡

⎣

−ωc 0
(Vi + ωcLIL )

CVo
− 2

RC

⎤

⎦

[
x1

x2

]

+

⎡

⎣

ωc

−ωcLIL

CVo

⎤

⎦u

y = x2 . (36)

The proposed state feedback control law is given as

u = (r − x2)
ka

s
+ [ k1 k2 ]

[

x1
x2

]

. (37)

The control gain can be computed by a pole placement [23].
Therefore, the system eigenvalues (poles) are designed as

Δf (s) = det
[

sI − A − bK −bka

c s

]

= (s + p)3 (38)

where p is a designed pole.

A =

[ −ωc 0
(Vi + ωcLIL )

CVo
− 2

RC

]

, b =

[
ωc

−ωcLIL

CVo

]

,

c = [ 0 1 ] , K = [ k1 k2 ] .

D. Closed Transfer Function of Proposed Control System

In (37), the control input can be rewritten as

u = ra + Kx, ra = (r − x2)
ka

s
. (39)

The transfer function from ra to y is given as

G (s) =
N (s)
D (s)

= c (sI − A − bk)−1 b. (40)

And the closed transfer function [31] from r to y becomes

Gry (s) =
kaN (s)
Δf (s)

. (41)

The state feedback does not affect the zeros of the plant
transfer function. However, if the current controller has a high
BW than it can be assumed as

ĩ∗L
ĩL

=
ωc

s + ωc
� 1. (42)

From (36), the transfer function from u to y expressed as

Guy (s) = c (sI − A)−1 b � (Vi + ωcLIL ) − ωcLIL

CVo (s + (2/RC))

=
Vi

CVo (s + (2/RC))
. (43)
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Fig. 17. Block diagram of proposed current control with nonlinear feedforward.

Hence, the RHPZ can be ignored in the current control with a
high BW.

Finally, the closed transfer function from r to y can be ap-
proximated as

Gry (s) � p3

(s + p)3 . (44)

Fig. 18 shows a proposed state feedback control block diagram
for the voltage control. The inner loop looks like a first-order
low-pass filter given by (30). In the proposed control scheme,
the PI current controller with high BW by using the nonlinear
feedforward is the inner loop. The voltage controller, which is
the state feedback law, is the outer loop.

E. Stability of Proposed Controllers

From (23) and (24), the nonlinear plant is given as

ż1 =
u

L
(45)

ż2 =
vi

C

z1

z2
− 1

C

uz1

z2
− 1

R
z2 . (46)

The state variables are

z1 = iL , z2 = vo , u = i∗L . (47)

From Fig. 17, the current controller is given as

u = kpc (z∗1 − z1) + kic

∫

(z∗1 − z1) dt − kvcz1 . (48)

Substituting (42) into (39), the result is the same as (31).

ż1 =
kpc

L
(z∗1 − z1) +

kic

L

∫

(z∗1 − z1) dt − kvc

L
z1

= ωc (z∗1 − z1) +
R̂

L
ωc

∫

(z∗1 − z1)dt − R̂

L
z1 (49)

˙ż1 + ωc ż1 − ωc ż
∗
1 = − R̂

L
(ż1 + ωcz1 − ωcz) . (50)

Initial state variables are

ż1 (0) = 0, z1 (0) = 0, z∗1 (0) = 0, z2 (0) = vi. (51)

Hence,

ż1 = −ωcz1 + ωcz
∗
1 . (52)

From (46) and (52), the nonlinear plant including the current
loop can be rewritten as

ż1 = −ωcz1 + ωcw (53)

ż2 =
vi

C

z1

z2
− L

C

z1 ż1

z2
− 1

R
z2

=
vi

C

z1

z2
+

Lωc

C

z2
1

z2
− Lωc

C

z1w

z2
− 1

R
z2 (54)

where the control input is the current reference (w = z∗1 = i∗L ).
From Fig. 18, the voltage controller can be written as

w = ka

∫

(z∗2 − z2)dt + k1z1 + k2z2 . (55)

In (54), the first term is the integrator controller. If the state
feedback gains (k1 , k2) guaranty stability in (53) and (54), then
the stable integrator gain ka will be determined.

The state feedback control law without the integrator becomes

w = k1z1 + k2z2 . (56)

Substituting (56) into (53) and (54),

ż1 = −ωcz1 + ωck1z1 + ωck2z2 (57)

ż2 =
vi

C

z1

z2
+

Lωc

C

z2
1

z2
− Lωck1

C

z2
1

z2
− Lωck2

C
z1 −

1
RC

z2 .

(58)
To prove the stability of (57) and (58), consider the following

candidate Lyapunov function:

V (z1 , z1) =
1
2
Lz2

1 +
1
2
Cz2

2 > 0. (59)
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Fig. 18. Proposed state feedback control block diagram for voltage control.

Fig. 19. Simulation waveform of transient response of proposed control and
conventional control.

The time derivative of V (z1 , z1) is given as

V̇ (z1 , z2) = Lz1 ż1 + Cz2 ż2 = viiL − 1
R

v2
o = 0. (60)

Thus, it can be concluded that the stability of the closed-loop
system is guaranteed in the proposed scheme.

VI. SIMULATION RESULTS

Simulationswere carried out to verify the proposed analysis
for the improvement of the response time by adding the su-
percapacitor and verify further response improvement of the
proposed control. PSIM was used as a simulation tool. Fig. 19
shows the simulation waveforms of the transient response time
of proposed control and conventional control. Comparing the
proposed control and the conventional control, it is verified that
the recovery time of the proposed control is improved by a factor
of 4 times from 10 to 2.5 ms.

VII. TEST RESULTS

Fig. 20 shows overall system configuration. It consists of
a pump, two fuel bottles, the DBFC, and the boost con-
verter with integrated supercapacitor. For operation and con-
trol, the proposed current and voltage control loops are used.

Fig. 20. Overall system configuration.

Fig. 21 Test waveform of step response in proposed control

The algorithms for the overall operation are designed with TI
DSP (TMS32028035). The monitored states are the inductor
current and the output voltage. In order to observe current
clearly, a feedback current, which is the sampling current, is
monitored because the inductor current has switching ripple.
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Fig. 22. Test waveform of transient response in conventional control.

Fig. 23. Test waveform of transient response in proposed control.

Fig. 21 shows the test waveform of the step response in the
proposed control. The reference voltage is 12 V. The response
time to reach at steady state is about 10 ms. Therefore, the time
constant is about 3.3 ms. Fig. 22 shows the test waveform of
the transient response in the conventional control. The load is
changed from 7.2 to 14.4 W. The recovery time for the load
transition is about 20 ms and the under shoot voltage is –2 V.
Fig. 23 shows the test waveform of the transient response in the
proposed control. The recovery time for the load transition is
about 2.5 ms and the under shoot voltage is –0.5 V. It is clear that
the proposed control has further improved performance which
is 12.5% better in terms of recovery time and 25% faster in
the under shoot voltage. Therefore, it verified that the proposed
control has high BW.

VIII. CONCLUSION

This paper analyzed the dynamic response of the dc–dc
converter for fuel cell applications. Considering the model
of the fuel cell power source, the response of the proposed

feedforward-state feedback current control and voltage control
are explained with Bode plots. In addition, this paper proposed
to add a supercapacitor in order to increase the control response
time. Two control schemes were proposed for the improvement
of the BW. One is the nonlinear feedforward for current loop.
The other is the state feedback control for voltage loop. The 20-
W prototype DBFC power conditioning system was designed
and used for the experiments to verify the proposed control
methods.

The main contributions of this paper are as follows.
1) Derived the boost converter small signal modeling includ-

ing the DBFC impedance.
2) Analyzed the impact of the impedance on the voltage and

current control loops for the boost converter.
3) Explained the dc–dc converter design with fast response

time by adding the supercapacitor.
4) Improved control loop BW with two proposed control

schemes.
In addition, it showed the way of designing the digital con-

troller for small portable power source with multiple control
operations.
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