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Fig. 8. PH topology under large load variations, from 24 Ω to 3.2 Ω with a frequency of 0.5 Hz and 10% duty cycle, that cause charging and discharging of
the ASD. Subfigures (a) and (c) demonstrate PSIM simulation results, while subfigures (b) and (d) correspond to experimental measurements. Output voltage
vo (500 mV/div, AC coupling), load current iL (10 A/div), input current ig2 (5 A/div), output current io3 (10 A/div), fuel cell current iFC (5 A/div), ASD
voltage vASD (10 V/div) and the same time base of 2 s.

behavior under load transients in residential, industrial, and
mobile applications [23]–[27]. By assuming a much higher
load profile’s dynamics than the FC’s and a periodic steady-
state operation of the hybrid system with a zero net change
in the ASD’s energy over one cycle, the average power values
can be expressed as

P o =Poavg =
1

T

tkZ

tk �1

Po dt = PomaxD, (1a)

PFC =
1

T

tkZ

tk �1

PFC dt = PFCavg, (1b)

PASD =
1

T

tkZ

tk �1

PASD dt=P +
ASDD � P−

ASD (1� D)=0, (1c)

where D is the steady-state duty cycle of the load profile.
On the basis of the load power profile shown in Fig. 9,

it is possible to obtain a simple analytical expression for the
efficiency of all the discussed FC-based hybrid topologies. The
efficiency of the SH topology (ηS), the SPH topology (ηSP ),
and the PH topology (ηP ) can be expressed in the same way,
as the ratio of the average output power Poavg to the average
input power PFCavg as follows:

ηS = ηP = ηSP =
P o

PFC

=
Poavg

PFCavg
. (2)

t [s]

0

Po

Po [W ] DT

T

Po

t [s]

0

PASD [W ]

P +ASD

−P −
ASD

t [s]

0

PFC [W ]

PFC

Pomin= 0

avg

avg

max

0

t t t tk- tk

T

k-

Fig. 9. Instantaneous power profiles of the load Po, the ASD PASD , and the
fuel cell PFC , used for testing the efficiency of the three FC-based hybrid
topologies studied in this article.
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A numerical simulation of efficiency of the SH, PH and
SPH topologies has been presented in [9]. These results may
serve as a basis for the experimental efficiency analysis in this
section. However, several differences between the numerical
and experimental results are expected due to the following
facts:

• The experimental converter’s efficiency η varies depend-
ing on its operating point [11], [12].

• As explained in Section II, a minimum current Imin has
been used in the dc-bus voltage vo control loop for en-
suring the stability of the system in case of PH topology.
For this reason, the whole PH system’s efficiency was
reduced.

• In order to avoid instability and saturation in the dc-bus
voltage vo control loop a minimum load power value
greater than zero (Pomin > 0, see Fig. 9) has been
considered.

• The experimental converter’s connectors and conduction
paths as well as connections between different compo-
nent in the realized system have non-ideal conductive
properties. In addition, the practical ESRs of the dc-bus
capacitor Ro and the ASD capacitor RASD are different
from zero. A mismatch between the experimental and
numerical results may arise due to neglecting all the
parasitic resistances during theoretical analysis.

The following subsections provide an experimental effi-
ciency comparison of the SH, PH, and SPH power system
topologies as defined by (2). All the efficiency measurements
were performed with the Voltech PM6000 Power Analyzer.
It must be noted that the presented results include the power
consumption of the drivers and control stages. In addition, the
ASD voltage vASD has been controlled at 50 V in all the
performed measurements.

A. A constant load profile
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Fig. 10. Experimentally measured efficiencies for the SH, PH, and SPH
topologies tested under a constant load profile (D = 1 or Po = Poavg).

The first experiment focuses on the efficiency of each power
system topology under a constant load profile with a steady-
state duty cycle D = 1 as shown Fig. 10. As it is evident
from Fig. 10, the PH topology’s experimental efficiency is
lower with respect to the one of the SPH topology for 20.44%,
7.11%, and 6.04% for the average load powers of 50 W,

225 W, and 400 W, respectively. This results in an 11.20%
average decrease of the constant load power efficiency of
the PH topology in respect to the SPH topology. While the
PH topology’s theoretical efficiency is greater than the SH
topology’s efficiency at D = 1, this only holds true for the
load powers greater than 280 W in the carried out experiments.
The reason for that lies in the minimum current Imin that
was used in the dc-bus voltage vo control loop for ensuring
the system’s stability, as explained in Section II. However,
the experimental tests under constant load conditions have
confirmed superior performance of the SPH topology. The
latter achieves higher efficiency than the other two studied
topologies in both numerical and practice.

B. A load profile with a constant duty cycle

This subsection explains the experimental validation of the
numerical efficiency (see Fig. 9 (d) of [9]) for duty-cycles
within the range of 0 < D < 0.5. A cyclic load profile with a
duty cycle of D = 0.3 and a frequency of f = 1/T = 100 Hz
was generated for obtaining the experimental results shown in
Fig. 11. According to the numerical results, the SH topology’s
efficiency is approximately in the middle between the PH and
SPH topologies at the load duty cycle of D = 0.3. However,
the PH topology’s experimental efficiency shown in Fig. 11
exhibits a drop of 1.50%, 2.66%, 3.06%, and 2.52% for the
average load powers of 100 W, 150 W, 200 W, and 250 W,
respectively. This results in an average efficiency decrease of
2.44% for the PH topology in respect to the numerical esti-
mation. Again, this difference is mainly due to the inclusion
of a minimum current Imin into the dc-bus voltage vo control
loop for ensuring the whole system’s stability. Fig. 11 clearly
demonstrates the relation ηP < ηS < ηSP for the entire load
power range. Such relation is in agreement with the numerical
efficiencies for the load duty cycle range of 0 < D < 0.5.
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Fig. 11. Experimentally measured efficiencies for the SH, PH, and SPH
topologies tested under a cyclic load variations with a duty-cycle of D = 0.3
and a frequency of f = 100 Hz.

The experimentally measured efficiencies in Figs. 10 and
11 exhibit lower than numerical estimated efficiencies at
lower load powers. This is mainly due to the constant power
consumption of the drivers and control stages, which have
a stronger influence on the whole system’s efficiency when
operating under light load conditions.
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C. Load profiles that cause different voltage ripples in the
ASD voltage vASD

This subsection extends the efficiency study to load profiles
that cause different voltage variations in the ASD voltage
vASD. Fig. 12 shows the experimentally measured efficiencies
of the SH, PH, and SPH topologies as functions of the
steady-state load duty cycle D for a constant load variation
frequencies of 100 Hz and 0.5 Hz, respectively. The SPH
topology achieves a higher efficiency than the SH and PH
topologies within the entire the load duty cycle range and
for both load variation frequencies, as shown in Fig. 12.
In addition, ηS > ηP for duty-cycles within the range of
0 < D < 80% with a load variation frequency of 100 Hz and
duty-cycles within the range of 0 < D < 50% with a load
variation frequency of 0.5 Hz.

It is important to note that the reference ASD voltage
VASDref is equal to 50 V and the reference dc-bus output
voltage Voref equals 48 V for all performed experiments.
Therefore, the ASD voltage vASD remains close to the dc-
bus voltage vo when the load variation frequency is 100 Hz,
since the ASD cannot be discharged considerably in such
short interval. As a consequence, the converter or converters
between the ASD and the dc-bus in each topology operate
close to the buck-boost mode which is the most efficient
operating range of the utilized converters [11]. On the other
hand, with a load variation frequency of 0.5 Hz, discharging
and charging of the ASD causes different voltage variations
which distance the converters between the ASD and the dc-
bus from their most efficient operating range. This is clearly
evident from the efficiency curves for the SH topology shown
in Fig. 12, which has more converters connected between the
ASD and the dc-bus than other two topologies. Additionally,
if the ASD’s voltage ripple increases, the losses also increase
due to the ASD’s ESR (RASD). It has been experimentally
verified that the efficiency of each topology depends on the
load variation frequency. Hence, there are slight differences
between the numerical efficiency analysis presented in [9] and
the experimental results illustrated in Fig. 12.

V. CONCLUSION

A PEMFC-based PH power system with an ASD and three
current controlled dc-dc converters has been simulated and
experimentally tested. The system’s design criteria, compo-
nents, and features are similar to the ones of the recently
published SH and SPH power system topologies. The effi-
ciency comparison between the three different hybrid power
system topologies was obtained by testing them with a generic
cyclic profile of the load power, which commonly appears
in the distributed generation systems. The same versatile
non-inverting buck-boost modules performed the tasks of
dc-dc converters in the three investigated topologies. The
voltages of these dc-dc converters were controlled indirectly
by controlling the converters’ input and output currents. The
usage of the same converter modules reduces the costs and
development time, as well as simplifies the control design.
Another benefit is a fairer efficiency comparison between the
studied topologies, since the losses in each power converter
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Fig. 12. Experimentally measured efficiencies for the SH, PH, and SPH
topologies presented as a function of the steady-state load duty cycle D for
a load variation frequency of: (a) f = 100 Hz, (b) f = 0.5 Hz. All the
experiments were performed with load variations between Pomin ≈ 50 W
and Pomax ≈ 350 W.

in all systems can be assumed as equal. Thus the effects
of components are eliminated and an exclusively topology
dependent power conversion efficiency comparison of the three
studied hybrid topologies is achieved. In addition, the usage of
the same power converter modules simplifies the mathematical
analysis and derivation of the analytical efficiency functions.
The simulation and experimental results have demonstrated
that the proposed PH topology exhibits the same features
and functionality as SH and SPH topologies. However, the
efficiency analysis supported by experiments under pulsating
load profiles showed a superior performance of the SPH
topology in respect to the other two. For this reason SPH is the
preferred option for applications with an unknown load profile.
The experimental tests have also shown that the efficiency of
the different topologies depends on the pulsating load profile
parameters, such as the duty cycle, the switching frequency,
and the maximum and minimum power levels. Although fully
functional, the PH topology suffers from potential instability of
the dc bus regulation due to the antiparallel connection of two
converters in the system. In the scope of this work, this issue
was solved at the expense of decreased total power conversion
efficiency. However, a solution for the dc-bus instability issue
that would preserve a close-to-theoretical efficiency of the PH
topology remains a challenge for the future.
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