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ABSTRACT
In this paper, the state-of-the-art of mitigation technologies of low frequency
current ripple (LFCR) injected into fuel cell (FC) are reviewed. Although there are their
own merits and demerits, the optimized LFCR control techniques and topology
structures are characterized in many aspects like performance, durability, reliability and

lifetime of FC. Three mains topologies and mitigation methods of LFCR have been
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investigated based on the literature review, which are the passive compensation
approaches, active compensation approaches, and passive and active hybrid
compensation methods. Some rules based tables are set to evaluate the LFCR against
the topologies, control strategies, current ripple, application and advantages/limitations.
Moreover, the mitigation control strategies are compared side by side with their specific
applications in FC system. To select and implement them, this review can provide a
reference and basis for the researchers in related fields. Finally, a case study in an

uninterruptible power supply (UPS) application is conducted.

Keywords: Proton exchange membrane fuel cell (PEMFC); Low frequency current

ripple (LFCR); Mitigation technology; Active and passive hybrid compensation

Nomenclature

AC Alternative current

CBP Cascaded boost and push-pull converter
CCM Continuous conduction mode

CFBC  Current-fed boost converter
CFDHB Current-fed dual half-bridge
DAB Dual active bridge

DBI Differential boost inversion
DC Direct current
DCM Discontinuous conduction mode

DICM  Discontinuous inductor conduction mode
DSP Digital signal processor
EPLD  Electrically programmable logic device

EV Electric vehicle

FC Fuel cell

FCEV  Fuel cell electric vehicle

FIBC Floating interleaved boost converter

FPGA  Field-programmable gate array
IBC Interleaved boost converter
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LFCR  Low frequency current ripple
LFSC Line frequency switched cycloconverter
MPPT  Maximum power point tracking

NNC Neural network control

NSS Natural switching surface
ocv Open circuit voltage

PCS Power conditioning system
PEMFC Proton exchange membrane fuel cell
PFC Power factor correction
PGS Power generation system

PI Proportional integral control
PLL Phase-locked-loop

PP Push-pull DC/DC converter
PR Proportional resonant control

PSFB Parallel/series full-bridge

PSP Phase shifted boost and push-pull converter
SC Supercapacitor

SCC Series connected converters

SMC Sliding mode control

SOFC  Solid oxide fuel cell

STP Standard temperature and pressure

UPS Uninterruptible power supply

7VS Zero-voltage switching

1. Introduction

Proton exchange membrane fuel cell (PEMFC) is much suitable for a continuous
power source, which has high power density, long reliable run-time, and low operating
temperature as a fuel cell (FC) power generation system (PGS). However, because of
generating an low DC voltage, the PEMFC must employ a power conditioning system
(PCS), such as a DC/DC converter to promote the low DC voltage to a higher one, or a
DC/AC inverter to acquire an AC voltage. Meanwhile, there are severe current ripples,

including the low frequency current ripples (LFCR) and harmonics in the side of DC

bus.
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In practical FC PGS applications, Gemmen [1] provided a first attempt to examine
the influence of inverter load current ripple on FC operation condition in 2003. The
LFCR was found to be the major reason of performance degradation and lifetime
reduction of PEMFC when the loads change in a solid oxide fuel cell (SOFC) [2] and a
PEMFC stack [3]. Moreover, Wahdame et al. [4] investigated the impact of the DC/DC
power converter current ripples on the durability of PEMFC stack.

Because a power converter and its control strategy play a significant role on the
reliability and durability of FC PCS, many scholars have recently studied novel DC/DC
and DC/AC power converter topologies and some mitigation methods of LFCR and
low-current ripples in FC PCS [5-12]. Recently, some papers related to DC/DC
converters reducing the current ripple in the low-voltage DC side have been figured out
in literature. Moreover, this field has become a research direction and hotspot. A
6-phase interleaved boost converter (IBC) with semiconductors and inverse coupled
inductors for PEMFC vehicles has been proposed, which has the advantages of
low-current ripple, high voltage conversion ratio, high efficiency, high compactness and
high redundancy [13]. A bidirectional DC/DC converter with coupled inductor for FC
vehicles [14] and a quadratic buck-boost converter [15] was employed, which can
achieve a tiny input and output current ripple and wide voltage conversion range. An
interleaved boost converter topology with a multilevel diode clamped inverter was
proposed, which has achieved obtaining the high voltage gain ratio, mitigating the input

current ripple, and balancing the voltage across output capacitors [16]. An improved
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floating interleaved boost converter (FIBC) with a small capacitor and a small inductor
was proposed for FC applications, which can achieve zero input current ripple, high
voltage gain, and low voltage stress [17]. A two-stage DC/DC/AC front-end boost
converter with a new adaptive sliding mode control to reduce the influence of LFCR
without impacting the dynamic performance was proposed, which can reduce the input
current ripple, because the control function can cause the output impedance variation of
the proposed boost converter [18].

Based on our research findings in this field, to control and restrict the LFCR within
the required range, i.e. 5%, and extend the lifespan of FCs, three main kinds of LFCR
topologies and mitigation methods have been studied and reviewed in the FC PCS,
which are the passive compensation approaches, active compensation approaches, and
passive and active hybrid compensation methods.

In this paper, Section 2 first details the generating mechanism of LFCR and the
PEMFC stack equivalent circuit model. Secondly, the basic construction of FC PCS and
performance effect of LFCR on PEMFC are introduced in Section 3. Then, for
discussing the structure types, electrical characteristics, and application situations of
power converters controlling the LFCR, a comprehensive review is followed with three
main types of LFCR reduction strategies in Section 4, to assist the readers to master the
recent topologies and their mitigation control strategies in FC PCS. Finally, a case study
for a passive and active hybrid compensation method is conducted in Section 5.

Moreover, the research trends in this field are proposed in the conclusion section.
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2. Generation mechanism and analysis of LFCR

To research the generation mechanism and spreading process of LFCR during

changing loads, a push-pull DC/DC converter and a single-phase half-bridge DC/AC

inverter system is employed as a case study, as depicted in Fig. 1, where .. and V.
are the voltage and current of PEMFC, [, and V),  are the current and voltage of

DC bus, and i, and v, are the current and voltage of inverter output, respectively.

DC/DC Converter _ _ DC/AC Inverter_ _

PEMFC s — - | Co=
1" e :\E N2 D3 '|'J_ . V2
I R N Cour== Ipur o
| S2ed Y | B T ! D6
I L1 P |
| - DA Law I5:*) -380Vdc
L ____ 4 __ ]

Fig. 1 — Circuit structure of two-stage DC/DC converter and DC/AC inverter.

2.1. Equivalent circuit model of PEMFC stack

According to the electrochemical energy conversion principle of PEMFC, the

output voltage of the stack is [19]:

1
+Eln PHz(P02)2 +A§29&151<

Vi =N{E’ (T-298.15)
H,0 n
(1)
v ALy, lJ.rl” +R0hm(i+in)+ﬂ[l+ljln —h
anF I nF\ «a lL—(l-I-ln)

where N is the number of cells of a PEMFC stack, n the number of electrons per
molecule of Hy (2 electrons per molecule), a the transfer coefficient, 7 the operating

temperature of stack (K), R the universal gas constant (J/(mol-K)), F the Faraday’s

constant (C/mol), R,,, the area-normalized Ohmic resistance of PEMFC (Q-cm?), i
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the current density of stack (A/cm?), i, the limiting current density (A/cm?), i,the

exchange current density (A/cm?), i the internal current density (A/cm?), P the partial

pressure of species i (i is Hz, Oz or air, and the liquid water at cathode side) (kPa),
E’the single cell open circuit voltage (OCV) at the standard temperature and pressure

(STP), E°=1.23V,and AS,,,, the molar entropy at STP (J/(mol-K)).

Based on the voltage output equation above and electrochemical reaction principle,

an equivalent circuit model of PEMFC are acquired, as depicted in Fig. 2 [20], where
R,and R, are the cathode and anode Faradaic resistances (Q-cm?), respectively,
reflecting the kinetics of the electrochemical reaction; C, and C,, are the cathode

and anode double-layer capacitances (F), respectively, indicating the double electrode

layer feature of the electrochemical reaction interface; and Z,, is the porous bounded

Warburg impedance, reflecting the mass transport model in FCs, which is expressed as

[19]:

RT 1 , jo
- 1- j)tanh| & |22 2
“r \/2a;A(niF)2(c?,/DJ( J)tan ( D,J @

where 4 is the cathode electrode area (m?), c¢/the cathode bulk concentration of

species i (mol/m?), n, the number of electrons per molecule of species i, & the

thickness of diffusion layer (m), and D, the diffusion coefficient of the species i

(m?/s).
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Fig. 2 — Equivalent circuit model diagram in a PEMFC [20].

2.2. Generation mechanism of LFCR

For the DC/AC inverter outputting a 50 Hz or 60 Hz sinusoidal waveform, its

output current and voltage after filtering are determined by the expression:

i (1) =~21, cos(et + @) 3)
v, (1) =2V, cos(er) (4)

where [, the output current for the inverter (A), V, is the output voltage of the

inverter (V), @ the angular frequency (rad/s), and ¢ the phase angle between the

current and voltage (°).
Assume that there are no power losses in the UPS system. As the output voltage of
PEMFC could be considered as current control voltage source, the input current of an

FC is expressed as:
IFC (t) = vBus (t)IZ’us(t) / VFC (5)
where

I
V() =V, + CL [ (0de=7,, | 1+ %sin@aﬂ + gp)} (6)

Bus Bus” Bus
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I, ()= L) = M[cosqo +cos(Rat + go)] (7)
Bus Bus

P(t)=Vyoel o () =V L5 (1) = v, ()i, () =V, I [cos(2at + @) + cos ] (8)

whereV,, is the DC bus filtered voltage (V), and 7, the DC bus filtered current (A),

which comprises a pure DC value and a 100 Hz or 120 Hz AC value. The 7, is the
input current of inverter (A), which is composed of 7,  and the higher frequency

values Al, because of the inverter switching mode of action.

Consequently, the LFCR injected into the FC stack could bring about adverse
effect on the voltage and current of FC, such as producing more heat, increasing the fuel
consumption, reducing the output power and efficiency of FC, and impacting its
availability [21].

As previously mentioned, when a PEMFC stack is with the LFCR , its output

current is:

i=1,c+15,sm(20t+0) )

where 7 . is the DC side current value of the DC/DC converter load (A), 1 w, and

BUS ?
¢ are the amplitude (A), angular frequency (rad/s) and phase (°) of the perturbation
signal from DC/DC converter, respectively.

When a PEMFC is without LFCR, based on the equivalent circuit model, as

depicted in Fig. 2, the total AC impedance is expressed as:

1 1
R,-——— (R, +Z,)———
fa . fe w R
Z(]a)) — RO/ + chdlu + ]a)Cdlc (10)
nm 1 1
Rﬁ,+7. RfC+ZW+ -
JjoCy, ' JoC,,
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When a PEMFC is injected by LFCR, Z,| =R, =00, /%, where R 1S

called as the concentration resistance indicating the mass transfer value in PEMFC, Eq.

(10) becomes:
R 1C (R +R.0) IC
Z'(jo)=R,, + ]a)ldza n ]Ce)1 e
Rﬁl + / Rﬁ’ +Rconc + .
JoCy, ’ joC,,
Ry R, +R ot R, ot (R, +R
=R0hm + faz 2 + L 2602’16 -7 4 2 j; + c( Jc : 2conc) (11)
l+o'r, 1+, l+o'7; 1+ o7
= A(w)£Lp(w)

where 7,=C,, R, is the anode time constant (s), 7.=C,. (R, +R

conv

)is the cathode
time constant (s), and A(w) and ¢@(w) are the amplitude and phase shift (°) of

Z(jw) , respectively.

Fig. 4(c) shows the measured AC impedance variation of a 300 W air-breathing
and self-humidified, 63-cell PEMFC, when the frequency changes from 0 to 200 Hz
under the rated loads. Moreover, the lower the current ripple frequency, the higher the
PEMFC impedance. Hence, the current ripples including LFCR and harmonics will lead
to detrimental influences on the performance of PEMFC. Moreover, the LFCR has a

greater impact on FC performance, compared with the high-frequency current ripple.

3. Basic construction of FC PCS and performance effect of LFCR on FC

As shown in Fig. 3, there are two types of topological structure in an FC PCS. One
is the multiple-stage power converters, such as the two-stage DC/DC converters and
DC/AC inverters, and the other is the single-stage power converters, such as a
differential boost inversion (DBI). Moreover, the former has higher boost ratio and

efficiency than the latter [22].

10
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Fig. 3 — Fundamental configuration for FC PCS.

The LFCR injected into a PEMFC will influence its performances, as depicted in

Fig. 4(a). Fig. 4(a) indicates that the voltage current waveform is a hysteresis

performance by simulating and testing the model parameters of a 300 W of PEMFC on

two different branches with LFCR and without LFCR. In the figure, the slope of the

major performance curve with LFCR is different from that of the reversal branch

without LFCR, which illustrates the performance degeneration of PEMFC with LFCR.

On the other hand, the current ripples could even shorten the lifetime of PEMFC, as

depicted in Fig. 4(b) [23].
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Fig. 4 — Characteristic charts of PEMFC stack with LFCR and without LFCR:

(a) performance, (b) lifetime, and (c) impedance variation.

4. A review on mitigation technologies of LFCR

As previously mentioned, because the FC is a high current low voltage device, its
LFCR becomes a poignant problem for the DC/DC conversion and/or DC/AC inversion
design [2, 24]. It is necessary to limit the LFCR within 5% of normal rated value of
input current and to ensure the output performance of FC. The USA National Energy
Technology Laboratory suggests that the 100 Hz or 120 Hz current ripple should be
lower than 15% and the 50 Hz or 60 Hz current ripple should be lower than 10% when
the load changes from 10% to 100% [25]. Therefore, to acquire an in-depth
understanding in the influences of current ripple and harmonics on an FC, three forms
of main topologies and control strategies of mitigating the ripple current have been
presented and reviewed, which are the passive compensation methods, active

compensation methods, and passive and active hybrid compensation methods [26].

12
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To reduce the undesired LFCR, a lot of research works have been investigated with
three types of topological and mitigation approaches as follows. Furthermore, in
practical FC PCS applications, because of the sizes and cost of mitigation control
devices for LFCR, the research results are inclined to the active compensation

approaches to obtain a high voltage boost ratio and high power efficiency.

4.1. Passive compensation approaches

Passive compensation methods are some input current ripple cancellation networks
composed of the inductors, filter capacitors, or supercapacitors (SCs) in DC bus sides of
a DC/DC conversion based on a basic boost converter [17, 27], or applying the input
and output inductance and capacitance series resonance circuits [28], and the current
ripple compensation of parallel and multiple boost converter. However, in spite of that
the current ripple percentage has been mitigated, raising the size and space of the power
conversion devices may result in lower efficiency in PC PCS.

The overview in each reference in this section is shown in Table 1. In the table, it
is often common to necessitate a component increase to mitigate the effects of LFCR on
FC and to obtain other benefits. Therefore, when choosing a power converter type of
passive compensation methods, the designer must establish the exact requirements of
FC PCS to determine the most appropriate design.

In the single-stage power conversion, [29-32] used the three-phase boost inversion,

single-phase boost inversion, and boost-buck inversion topologies respectively with the

13
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boosting and inversion functions. On the one hand, the boost inverter output voltage is
the voltage control mode and the DC/DC bidirectional converter was the current control
mode. On the other hand, the proposed system contains an additional battery as the
energy storage and a DC/DC bidirectional converter for supporting momentary load
changes. Because the load energy is supplied by the battery, the effect of such LFCR is
minimized.

In the multiple-stage power conversion, the parallel boost converters using the SCs
for the LFCR for a high frequency ripple could ensure efficient energy operation of FC
stack, and to minimize the output current ripple of FC stack [33]. In [34], a two-stage
PCS includes a single-phase full-bridge inverter and a switched capacitor DC/DC boost
converter. To improve the FC hybrid electric vehicle (EV) application, a new DC/DC
converter topology was proposed [35], which is defined as floating interleaving boost
converters. Compared with the conventional boost converter, although containing the
passive components, such as the inductance and capacitance, it has the advantages of
lower volume and weight, mitigation of LFCR, and improving the efficiency and
transfer boost ratio of the system. In Table 1, a two-stage three-bridge isolated
bidirectional DC/DC conversion and DC/AC inversion was presented [36]. A two-stage
capacitor division and synchronizing operation can reduce the LFCR currents of the
high voltage source through linking the capacitor. To mitigate the input LFCR, a parallel
input and series output DC/DC boost converter was adopted [37], and two capacitors in

series were linked on the output side for achieving a higher voltage step-up. The

14
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experimental results validated the feasibility and suitability of the proposed topology for

the fuel cell electric vehicle (FCEV), in which the DC/DC converter maximum and

minimum efficiencies are 96.62% and 94.14%, respectively.
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1 Table 1

2 Summary of passive compensation approaches in the literature.

Topologies/ Application/ Advantages/
Refs. Circuit Configuration
Control strategies Current ripple Limitations
5 Current-mode-controlled FC energy Single-stage
Lo 1LFs +|. bidirectional boost inverter system power
> =
cl 4 - + with back-up unit conversion
L ) =
vl 3 4.5%
[29] 2
| Double loop control: Inner
current and outer voltage
e TN T IR T TN Sk AT T Current-mode-controlled FC energy Single-stage
k ok Unit. oo T ‘
o I Dol fs e Inverter ), Loadg, .
ol i | three-phase boost inverter system power
|
|
\ i with back-up unit conversion
|
[30] ! Not mentioned
|
| Double loop control: Inner
|
" current and outer voltage
L Buck-boost inverter FC energy Single-stage
system power
+ Double voltage control conversion
[31] A 2.0%
@)
<
(32] -
fs Multi-boost converter FCEV High
Drilk Dr:f S %}U%Ué efficiency
Differential flatness Not mentioned
(33]
control: energy and current
control
Switched capacitor boost PEMEFC energy  Digital
converter system control
Proposed voltage and
[34]
current control: 3.0% Large size

FPGA-based adaptive

control

AN W A~ W

16



1 Table 1(continued)

Refs. Circuit Configuration Topologies/ . Apphcatlf)n/ Adv?tnt?lges/
Control strategies Current ripple Limitations
N-phase FCHEV Low volume,
N
‘_AZY\ D floating-interleaving boost weight, and
Y Y Y N
d) l_,YL‘iY\ l D Jz cr converter (FIBC) 1.5% high boost
Li ¢
Vic s K; 524 K‘ 84 Kl b (6-phase) ratio
2%
R [] Sliding mode control 6.5%
[35] sl sl sl
L pi L (4-phase)
|_IYY\(‘ m -
Ls Ds
YY) m
Ls Ds
<
Two-stage A2-kW Zero-voltage
isolated/bidirectional prototype switching
i DC/DC converter converter
Large size
[36] Ve Buck-boost control modes Not mentioned
with zero-voltage switching
(ZVS)
=
Input-parallel and FCEV High
output-series DC/DC boost efficiency
converter <20%
[37] Continuous and
discontinuous conduction
mode (CCM and DCM)
2
3 4.2. Active compensation approaches
4 Passive compensation approaches would cause the power converters higher cost,

5 larger size and less efficiency, thus the recent researches have focused on the active
6  compensation approaches, which have different types of topologies and mitigation
7  control strategies.

8 According to [26, 38], there are two main categories in the active compensation

9  methods: the power conversion self-regulating approach [24] and the current ripple

17
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injecting control approach [39]. In these approaches, the mitigation strategies have been
conducted using different control technologies, such as the proportional integral (PI)
control technology, waveform control technology, proportional resonant (PR) control
technology, neural network control (NNC) technology, sliding mode control (SMC)

technology, and other control strategies, which are reviewed as follows.

4.2.1. Topologies and design of power electronics

As mentioned above, to reduce the effect of LFCR on an FC, the power converter
topological designs may also cause the increase of the cost and size in the power
converters due to the cost of extra components as the passive compensation approaches.
A low component number and high boost abilities are necessitated for PEMFC
application, so the high step-up converter and high efficiency are the best choice.
Therefore, adding a boosting capability based on the conventional power converters,
applying the digital signal processor (DSP), and having a high efficiency through the
implementation of control technologies for sacrificing the power density and device
number, are the latest research trends in the developments of FC power electronics
design, and advanced control methods to improve the lifespan and the robustness of FC
PCS.

The overview in the references in this section is shown in Table 2. In the overview,

multiple types of topologies designs for the active compensation methods are examined.

18
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Table 2 reveals also some of the advantages and limitations of the power converter

topologies.
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Table 2
Summary of the topologies and design of power electronics in the literature.
Refs. Circuit Configuration Topologies/ . App hcatl.o v A.d V.ant?geS/
Control strategies Current ripple  Limitations
Tx Lo Phase-shifted, cascaded FC PCS General
) * b boost, series connected, analysis of
i I l?vii/:oc“ Load| and push-pull converter ~ 18%(PSB), LFCR
D2 20%(CBP),
[40] Not mentioned 28%(SCC),
[pesrc] F} | } 31%(PP)
—
s1 Sﬂ
[n T TTT T T T T T T \ Multi-input FC renewable  Bidirectional
Fuel Cell | . .
! SIS I ss8 L dual-active-bridge energy power flow
! T . - csl (DAB) DC/DC systems
} Rin 3 g } C== Re converter
! [ 0 Reduced by
[i;] VinT o\ F2 i 1] Current and voltage P1 85.5%
[42] Sl — < | |6 control;
[43] ! Battery S3\ L c3 T2 0 frequency-adaptive
! Rin * '} proportional-resonant
! ! (PR) control
s ]
} Vin sS40 TC4 !
‘f' E;efrg}““f' © HPFFrontend” \ High power factor (PC)  FC-powered Simple
|_Storage | Converter | ! frond-end boost UPS System topology and
>t ‘
L1 Do | converter control
! Less than 7%
[44] KD D2 12| iR A d °
. L] | wverage current an
Vin 1l S2 ! voltage PI control
S1 ‘
TCI i_Tcz !
|
Frond-end boost two-stage Low LFCR
converter and power
single-phase inverter converter
[43] Inverter —
ACGL f’;d Current and voltage PI 2.98%
o control
{~ Active Clamp Flyback-Forward (™ Full Bridge
| Converter I dmverter | Active clamp ZVC FC power High
| | flyback-forward generation efficiency
| converter system
! Low LFCR
[46] IR0 Average current mode Below 1.5%
! and voltage PI control
|
|
|
> .
Tl el Back-boost converter FC power Simple
’ L T converter topology and
o i Leonverter Current control control
1<)
[47] =l oL (l) 4.5%
o

20



1 Table 2 (continued)

o ) Topologies/ Application/ Advantages/
Refs. Circuit Configuration Control strategies Current ripple Limitations
Three port FC-powered UPS Bidirectional
P Jocdgor bidirectional DC/DC  system converter
converter and
grid-interfacing No mentioned More switches
inverter
[48]
Active current
poy igh Frepunct estimator, current Pl
42v Link control, and
phase-locked-loop
(PLL)
L L Single-stage and FC power single-stage
boost-voltage generation system circuits
Ci grid-conditioned
[49] Grid inverter 1.6% Lower LFCR
Boost inductor
current and resonant
control
Current-fed FC PCS Low LFCR,
dual-half-bridge two-stage
(DHB) DC/DC 2.55% circuits
[50] converter
Proposed pulsation
power decoupling
control
Zero-ripple boost FC PCS Small size,
converter, multilevel and cost
high-frequency 5% t0 97%
inverter and line
[51] frequency switched
cycloconverter
(LFSC)
Current and voltage
PI control
. AD3 A novel current-fed High voltage Simple
_ boost converter with conversion circuits
ripple reduction applications
CII ZSDi_ (BCRR) High boost
I cal H Ri No mentioned ratio
[52] NDI Control modes of the
‘ BCRR
ND2 .
o Current-fed resonant ~ FC PCS High
A LThdG v e
, DI push-pull converter efficiency,
54 0 Rl s B e with active clamp Less than 2% Low LFCR,
. . 2 circuits and a
N3 T Gri d%) full-bridge inverter Excellent
[53] ° 1 control
£ [V 4 Control modes of strategy
D2 T | 5‘} proposed step-up
J converter
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2 Table 2 (continued)

N . Topologies/ Application/ Advantages/
Refs. Circuit Configuration Control strategies Current ripple Limitations
L , Anovel parallel-series  FC PCS Novel DC/DC
| ] full bridge (PSFB) conversion,
s 53 Lk DIN ZSDEZM DC/DC converter Less than 3% Lower LFCR
Fuel — _1 O .
Cell — _E/ g_‘ - C3
[54] T R Input current control
52 54 D2R R==C2
J D4
DC/DC converter Grid-connected  High boost
(two boost converters ~ FC power ratio,
and a voltage doubler)  generation Novel
and DC/AC inverter system configuration,
(dual-back converter Lower LFCR
and full-bridge 4.2%
[55] inverter)
Input current control
for DC/DC converter
and direct double
closed-loop control
for DC/AC inverter
Cc2
4| A new single-switch FC PCS Simple
LI — CI3 D3 non-isolated DC/DC circuits,
- [ B converter Near-zero High boost
DI L2 ;
ratio,
[56] — Vin o By Cca== ” R Contlnu9us Near-zero
sile ci== D2 conduction mode and LFCR
— discontinuous
inductor conduction
mode (DICM)
e Single-phase pulse Grid-connected Low number
Ll 55 57'% width modulated and FC System of switching
NeY isolated inverter devices,
2 &K b2 Reduced 20%  Common
- L % g_‘ L Current and voltage mode
[57] - CI Grid control with DC
Vin W E L poR K |s6 ks ) active filter function
52 gy i o D4 | 4[&A Kai
3
4
5 Ref. [40] compared analytically and discussed the LFCR with different conversion

6  topology, such as the cascaded boost and push-pull converter (CBP), phase shifted boost
7  and push-pull converter (PSB), series connected converters (SCC), and cascaded
8  push-pull DC/DC converter (PP) in FC PCS applications. The parameters of peak

9  switching currents and the percentage of peak to DC level of LFCR were analyzed using
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these conversion topologies in this system. Refs. [41-43] presented a multiple input
bidirectional dual active bridge (DAB) DC/DC converter with shared secondary
half-bridge unit and a systematic derivation of four basic modes of output impedance.
Using the double PI control and adaptive frequency PR control respectively and the
minimized impedance design for the harmonic currents flow in the battery branch can
help improve the system dynamic response and harmonic absorption. Ref. [44]
proposed the front-end converter with an integrated power factor correction (PFC) and
an additional dedicated DC/DC converter in a PEMFC PCS. The PEMFC replacing the
battery banks was applied in a UPS system as an energy storage unit, dispelling the
common shortcomings related to the performance and lifetime of PEMFC. Similarly,
[45] designed a two-stage front-end boost converter with PI control, based on series and
parallel feedback control technology, which increases the boost converter output
impedance, and decreases the LFCR in this converter.

Ref. [46] presented an interleaved soft switching flyback-forward DC/DC
conversion and a full-bridge inversion with a high power efficiency and high voltage
gain. Ref. [47] proposed an auxiliary type of power converter, which operated as an
active filter to supply the LFCR required by the load and PCS. It can improve the
typically slow dynamic response of FC stack, and in turn optimize the system operation.
Ref. [48] proposed a line-interactive FC-UPS system. In a three-port bidirectional
converter, an FC and an SC were connected to a grid-interfacing inverter, in which an

active filtering device was integrated into the hybrid FC/SC system. Moreover, the SC
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can not only used as both an active and a passive energy storage, but also buffer the
periodical LFCR in the requested power. Ref. [49] presented a new single-stage boost
voltage inversion with a boost current inductance in a grid-connected system, which can
effectively reduce the LFCR in the output current of FC. Ref. [50] proposed a
current-fed dual half-bridge (CFDHB) DC/DC conversion with a power pulsation
decoupling control strategy. Low LFCR can be achieved since the conversion as the
load of PCS was linked to the FC system. Ref. [51] proposed an FC PCS system, which
comprises a zero ripple filter and boost converter followed by soft switches and
multilevel high frequency inverter and a single-phase cycloconverter in the stationary
application. Ref. [52] proposed a novel current-fed boost converter with LFCR
mitigation method, which features a high voltage gain with small transformer turn ratio
and minimum components. Ref. [53] proposed a push-pull DC/DC conversion using the
current-fed resonant and active clamp circuits and a full-bridge DC/AC inversion in FC
PCS, indicating a high voltage boost ratio and high power efficiency. Ref. [54]
presented a new parallel/series full-bridge (PSFB) DC/DC conversion for improving its
phase shifting value, which can mitigate the LFCR suppressing applied on PCS.

Ref. [55] presented a novel power electronic interface in the grid-connected system.
A double voltage topology was employed to configure the DC/DC conversion to obtain
a high voltage step-up. Ref. [56] proposed a new high voltage boost ratio non-isolated
single-switch DC/DC converter for reducing semiconductor voltage stress. The near

zero LFCR can be achieved at the input DC bus side for improving the lifespan of FC
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stack. Ref. [57] proposed an LFCR reduction method to realize a DC active filter

function without increasing the number of switching devices.

4.2.2. Waveform control
Refs. [46-49] proposed a waveform control strategy that can reduce the LFCR of
DC/AC boost inverters in a single conversion stage grid-connected system, as shown in

Fig. 5, which is a boost-type differential inverter.

S34
L2

—Vin

13 5 T S44

Fig. 5 — Configuration of a differential boost inversion [58-61].

If the amplitude B is determined by:

max

B=—tw [P U C2 4 (12)
&V, C

and the phase angle ¢ is determined by:

Q= 7 _ arcsin Lo (13)
2 VL +@°CV, /4

the input current of low frequency component at 2w is:

;VZ oCsinQQot) -V 1_ cos(2wt)

max max~ max

i, Qw) =

2, (14)
N 8V, BawCcosQwt +¢)
2V,

in

0

4.2.3. Proportional resonant (PR) control
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Refs. [62, 63] proposed a swinging bus technology in an FC stand-alone
application, and a natural switching surface (NSS) was used to operate DC/AC
inversion with very large input voltage swing, as depicted in Fig. 6. To explain the
superior function of the NSS, a comparison was performed to a PR controller. Moreover,
the small film capacitors instead of electrolytic ones were employed in the single-phase

inversion in FC PCS application.

Swinging )
s / Stratagy /Con ventional 1 I
T AV VA V=€ Control 1< Tiie -;L A |<.T,I.m.>l t
I Tlirm—ﬂ p 2 t |
N N
N Lpus ~~a
. >
—Pp—o +
A
|
. . |
1
. bus
+ V_/r H Vbu.s' ;
— 1
i
DC-DC v
Converter -

Fig. 6 — Schematic diagram of PCS with a swinging bus technology [62, 63].

The switching surfaces o,(i=1,2,3) ruling the behaviour of the swinging bus

inversion are expressed as:

O-1 = iérn + (Vrn - vbusn )2 (1 5)
0-2 = iérn + vrzn (1 6)
0-3 = iérn + (vrn + vbusn )2 (1 7)

where i 1s the current reference of normalized output filter capacitor (A), v the
normalized reference output voltage (V), and v, the normalized DC bus side voltage
(V).

Ref. [64] proposed a direct LFCR control in a single-phase high PCS, which can

achieve lower LFCR without using large electrolytic capacitors, as shown in Fig. 7. A
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PR controller was also developed to eliminate the LFCR disturbance introduced by the
load of single-phase DC/AC inversion, and to achieve an extra high voltage step-up at

designed resonant frequency.
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Fig. 7 — Proposed diagram of direct LFCR control system [64].

4.2.4. Intelligent and advanced control technology applications

Refs. [26, 65] proposed a two-stage power converter with a dual active low
frequency ripple control circuit (DALFRCC) and an active LFCR circuit respectively,
as depicted in Fig. 8, in which a linear adaptive neural network was applied as a neural
filter for generating the compensation current, and an SMC was used to regulate the
ripple control circuit to inject a suitable compensation current into the high voltage side
in the PCS. Ref. [66] proposed a new FC hybrid power source topology to mitigate the
LFCR of FC PCS and realize the maximum power point tracking (MPPT) function, as

depicted in Fig. 9, in which the LFCR reduction method was based on active
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1 compensation control strategy. Two methods were used to design the nonlinear control
2 law. One is the simulation trials to help drawing the characteristic of mitigation ripple
3 ratio through the current ripple of FC; the other is the fuzzy logic controller, in which
4 the ripple factor could be reduced up to 1%.

General Power Conditioner

|
|
|
Clean p—— DC/DC > DC/AC [P AC
|
Energy p— Converter [ Inverter T Load
A
el i e ———
| 3L L3
I |
I A g Yy :
| = I
|
 EGR|EE |
| |
5 '\ DALFRCC |
6 Fig. 8 — Structure chart of the general PCS with DALFRCC [26, 65].
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8 Fig. 9 — Hybrid power source topology operating in MPPT of PEMFC stack [66].
9 Ref. [18] proposed a new adaptive sliding mode control for a two-stage

10 DC/DC/AC front-end boost converter to reduce the influence of LFCR without

11 impacting the dynamic performance, as depicted in Fig. 10, which can reduce the ripple
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component at battery input, and the control can form the output impedance of the

proposed boost converter.
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Fig. 10 — A two-stage DC/DC/AC converter with adaptive SMC approach [18].
4.2.5. Other control strategies
Ref. [10] presented the front-end DC/DC converter with the load current

feedforward, to reduce the LFCR, as depicted in Fig. 10.
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Fig. 11 — A two-stage single-phase inverter with load current feedforward [10].

The overview in the references in this section is shown in Table 3. As seen in the
table, based on the traditional boost converter, adopting different control strategies, such
as the digital-controlled control, current-fed control, active clamp control circuits, and
pre-regulator control, the proposed power converters in mitigation of the LFCR and

harmonics can realize the high boost ratio and high efficiency.
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Table 3

Summary of other control strategies in the literature.

- . Topologies/ Application/ Advantages/
Refs. C t Configurat . . N
o troutt Lontiguration Control strategies Current ripple Limitations
igh-Voltage DC Bus Current-fed PEMFC PCS High
< High-Valtage o .
J"z"h Interleaved DC-DC Converter %X‘ﬂ‘f ﬁlll'brldge DC/DC efﬁmency,
s }g s } b Vol Dotk converter with Not mentioned ~ High boost
beAC voltage doubler and ratio
[67] H verter active clamp circuits
S ﬁ} Sy ﬁ} . .
JW JW Digital-controlled
Step-up DC-DC Converter current and voltage
control
3 Boost full-bridge Grid-connected Low LFCR,
E J_ DC/DC J_ DC/AC Grid DC/DC converter FC System Long lifetime
o T Conversion T Inversion _ with proposed active of FC
ripple reduction 1.2%
Irc| |Vic T Vo i T __Jo Io network
Wide- Wide-bandwidth | ]
bandwidth output current
[68] controller controller Wide-bandwidth
6 Towbandwidh voltage ar}d current
* Energy-storage control with MPPT
MPPT output current function
controller
) e — Boost converter with FC PCS DSP digital
E R DC/DC " J_ R DC/AC AC active ﬁlter'01rcu1ts controller
5 ! Converter T Inverter Load 'find Full-bridge Reduced about
[69] & — T — T T T T — inverter 50%
[70] ’ N Active filter control
HActive-filter gé?scl;jmﬁ?i of input current and
N 7 voltage using DSP
[ S— |
t ||
Cascaded low ripple FCs or Simple
voltage doubler photovoltaic circuits and
pre-regulator and systems control
boost regulator strategy
converter Reduced 12%
e L, Classical Boost Regulator i, Load
[71] gara Pre-regulator control
o . i and classical boost
"1=" control
Controller;
Y Buck-derived Simple LFCR
f A 2 ol front-end DC/DC two-stage compassion
ol + converter inverter study
Vi J 2] Y C) @
[72] - « L i BPF-ICFS 1%
W W NF-LCFFS 5%
ETRET NF-CR+LCFFS 3%
VRS 5%
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To mitigate the LFCR and raise the FC reliability, a high efficiency and high boost
ratio digital-controlled interleaved DC/DC conversion with an active clamp circuit in
PEMFC application was proposed in [67]. Ref. [68] proposed a two-stage single-phase
inversion in FC PCS application and a novel control strategy, to mitigate the LFCR of
FC and guarantee the FC reliability. It can increase the FC lifespan, and avoid
unnecessary consumption of reactants and high mechanical stress of the membrane.
Refs. [69, 70] proposed an active filtering method to remove the LFCR drawn from the
FC in a single-phase and three-phase FC systems, respectively, which provides an
alternate path to prevent the 100 Hz or 120 Hz LFCR from flowing through the FC. Ref.
[71] proposed a classical boost converter with the series connecting of LFCR voltage
double pre-controller for improving the efficiency of PCS and reducing the LFCR,
which is suitable for current ripple sensitive PGS, such as FC or photovoltaic systems.
Ref. [72] took the front-end buck-derived DC/DC converter, which can realize the
implementation of the virtual impedance. Based on the theoretical analysis and
experimental verification, a comparative study was conducted on different control
schemes, such as the bandpass filter incorporated inductor current feedback scheme
(BPF-ICFS), bandpass filter incorporated capacitor voltage feedback scheme
(BPF-CVEFES), notch filter inserted current mode control scheme (NF-CMCS), notch
filter inserted load current feedforward scheme (NF-LCFFS), notch filter inserted
current reference plus load current feedforward scheme (NF-CR+CFFS), and virtual

resistor control scheme (VRS).
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4.3. Passive and active hybrid compensation methods

Regarding these methods, a hybrid filter topology with a passive stage and an
active stage was presented in [73], which can be implemented in any renewable energy
system.

Based on our researches in this field, a case study in this method will also be

designed and discussed in Section 5.

5. Design and experimental of a passive and active hybrid compensation method

5.1. Design of digital current ripple controller
In this paper, as a case study, to mitigate the LFCR and harmonics and not to
increase the size and cost in a PEMFC PCS, a push-pull DC/DC conversion with

current-fed resonant function and active clamp circuits is conducted, as depicted in Fig.

12.

|<_ DC/DC Converter with Passive and Active
Clamp Circuits

D5 Lsus

1
11 + D9
° m p— 55Jé} Lo

>l€ DC/AC Inverter ¥

Fig. 12 — PEMFC-UPS system with passive and active hybrid compensation circuits.
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In Fig. 12, the DC/DC converter contains the main power switches S1 and S2, the
auxiliary clamping power switches S3 and S4, the anti-parallel diodes D1 and D2, the
active clamping diodes D3 and D4, and the active clamping capacitors C1 and C2. The

operation principle of the push-pull DC/DC converter on the condition of the successive

current is:
Vaus _ 2n (18)
Ve 1-D,

where n=N,/N,, D, is the basic duty ratio of output control for regulating the
voltage of DC bus side, V,,, the voltage of DC bus side (V), and V. the voltage of
PEMFC (V).

According to the designed DC/DC converter, a DSP for output voltage £V, and

reducing LFCR is adopted to regulate the total duty ratio D,

out >

including the duty ratio
control of the DC bus side voltage and the duty ratio control of mitigating the LFCR

and harmonics, which is:

Vpus() __2n _ 2n (19)
VFC I_Drmt 1_(D6+Dr)
where D, is aripple mitigation control duty ratio. Eq. (19) can be rewritten as:
VFC
D =(1-D)-2n- (20)
Vius (1)
There is:
Vi1
Ve, (D) =V, | 1+ —22sin(2aor + 21
Bub( ) Bu5|: 260CB“S Bzus ( (D) ( )

where C,  is the filtering capacitors of DC bus side (V).
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Substituting (18) and (21) into (20), there is:

Vol sin2at + @)
D = 2nVic 2a)C{QUSVBzUS (22)
" Vs 1+ Vol sin(2at + @)
2a)CBUSI/BzUS
Letting 1+ Vo, sm(2a)tz+ ?) ~1, Eq. (22) becomes an open-loop control mode for
2a)CIBUSVvBUS

active compensation function, which is:

_nVy . Vol,sin(2at + @)

Dr
VBUS a)CBUSVBzUS (23)
=kV.o1,sin2ot + @)
where k= vy 3
BUSVBUS

In practical PEMFC UPS application, the designed coupled inductances for passive
compensation function are L, =23.0uH , L, =525uH , the turn ratio

a=N,/N,=11/7, and C,=10uF . Therefore, when u, =aV,., the almost

zero-ripple current condition can be expressed as:

di, — 1 | Ve — k i.uac (24)
dt L,(1-k7) L,

Fig. 13 shows the DSP TMS320F2406 push-pull DC/DC converter controller,
following an electrically programmable logic device (EPLD). All the control functions

are fully executed in software of DSP [74].
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Fig. 13 — Construction diagram of LFCR reduction controller in UPS system.

5.2. Experimental setup

The experimental setup contains a 700 W high frequency UPS system, a 300 W 36
V of PEMFC PGS, a data-acquisition test system, and lead-acid batteries. In the
PEMFC PGS, the hydrogen and air mass flows are controlled by F-201C-GAS-22V and
F-112AC-GAS-22V (Bronkhorst). The humidity and temperature measurement devices
of air and hydrogen are the type of hydrotransmitter HD2008TV1 (Delta OHM), and the
pressure transmitter is the AUS EX 1354X (Burkert) between the inlets of cathode and
anode. A LA55-P and a LV25-P are used to measure the current and voltage of PEMFC.
The data-acquisition system can record all the physical parameters in the PEMFC PGS

and PCS system [75].
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5.3. Experimental results

There are severe LFCR and harmonics in DC bus side, as depicted in Fig. 14(a),
The figure indicates the voltage and current waveforms of a 300 W 36 V PEMFC
without any LFCR reduction strategies of DC/DC conversion and DC/AC inversion in
PEMFC PGS, in which a 100 Hz of large current ripple exists. As a case study, when the
peak to peak current ripple value (/ FCpp) of PEMFC is 2.0 A, and the input current

average value (/. ) of PEMFC is 8.218 A, the current ripple percentage (CR%) of

PEMFC can be computed as:

2.0 AA «100% = 24.3 % 25)

1
Current ripple (CR%) = IFA x100% =

FCLI ve

Using the proposed digital-controlled LFCR reduction control strategy in the
push-pull DC/DC with active clamp circuits for PEMFC PCS application, as shown in
Fig. 12, the experiment and computing results show that the current average value of
PEMFC is 8.198 A and the peak to peak current ripple value of PEMFC is 0.098 A. The
current ripple and voltage ripple percentages of the PEMFC can be mitigated to about
1.2 % and 4.8%, respectively, as shown in Fig. 14(b). Therefore, the digital-controlled
LFCR reduction controller in a push-pull DC/DC converter with active clamp circuits

could effectively reduce the LFCR.

37



(U I NS N S

10

11

12

13

14

15

16

17

18

19

0 2004/ @ 200v/ § ¥ 00s 10008/ Stop # ) O00A

L\vng] 35.98V

=
| =

(a) (b)
Fig. 14— Current and voltage waveforms of PEMFC in an UPS system: (a) with LFCR and
harmonics; (b) with a digital-controlled push-pull DC/DC converter with active clamp circuits.

6. Conclusion and research trends

The construction, types, application and electrical characteristics of PCS
controlling the LFCR in PEMFC PCS application are reviewed and discussed in this
paper. Firstly, the basic structures of PEMFC PCS and the performance effect of LFCR
on PEMFC are analyzed and validated. Secondly, the three types of LFCR reduction
methods and their control and diagnosis strategies are reviewed. Then, the passive and
active hybrid method is designed as a case study. Finally, the experimental results show
that the proposed mitigation control strategy has better performance on reducing the
input current ripples, cost and size.

According to the summary and review results, the current research and
development trends in the power electronics for extending lifespan and robustness of
FC PGS are as follows: (1) Influence of power converter with LFCR, current ripples,
and harmonics on FC degradation and lifetime; (2) Novel topologies and control

strategies of power electronics to enhance the lifetime and reliability for FC PCS; (3)
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Optimal power electronics for reduction and elimination of LFCR and harmonics in FC
PCS; and (4) Reliability analysis of FC power conversion methods for preventing FC
degradation.
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