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Abstract

Based on one of the most researched multi-input dc-dc converter topologies for renewable energy systems,
the multi-input dual-active bridge (DAB) dc-dc converter, the effectiveness of harmonic current absorption
by the energy storage branch in fuel cell power conditioning systems is critically evaluated. The closed-
loop output impedances of the converter under single-voltage-loop and dual-loop controls are derived and
compared. It is shown that both control strategies can effectively reduce the converter’s closed-loop output
impedance, thus favoring the flow of harmonic current and prevent it from being drawn from either the fuel
cell branch or the dc-link capacitor. However, as shown by experimental results, the use of conventional PI
control alone still produces noticeable voltage ripple on the dc voltage bus due to harmonic current being
drawn from the dc-link capacitor. Proportional-resonant (PR) control is proposed to effectively compensate
for the dc bus voltage variation by generating an extremely low-impedance path for harmonic current flow at
specific frequency. An analogue-based frequency tracking circuit is further proposed to adjust the resonant

frequency for compensating the effect of harmonic frequency variation.

1 Introduction

Fuel cells have been widely used in clean power generators for converting chemical energy carried by
hydrogen-rich fuels to electrical energy. Among the various types of fuel cells, proton-exchange membrane
(PEM) fuel cells are currently, and will remain, dominant in medium-power applications such as fuel cell
vehicles and stand-alone power generators. However, previous researches on PEM fuel cells show that their
lifetime performance and reliability can be adversely affected when they have to handle low-frequency current

ripple below 400 Hz [1], [2]. According to [2], fuel cells exhibit hysteresis at low frequencies around 100 Hz
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due to the proximity of these frequencies to the natural feegy of the chemical reaction kinetics at the fuel

cell electrodes, with time constant governed by the activation loss resistance and double layer capacitor. This
hysteretic behavior can cause additional loss to the operation of fuel cells [3]. Another research conducted by
Choi et al [4] shows that there is a 6% reduction in the available output power when significant low-frequency
current ripple is imposed on fuel cells. Recently, Setdil [5] reported that degradation in the cathode catalyst

was observed when fuel cells are subjected to low-frequency current ripple. Although the findings from the
current researches do not a give a conclusive explanation to the physical relationship between low-frequency
currentripple and the lifetime of fuel cells, it is evident that the electrochemistry and thermal properties of PEM

fuel cells, and hence, their physical health, are sensitive to low-frequency current ripple.
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Figure 1: Typical fuel cell power conditioning system: (a) system block diagram, and (b) power demand when
a single-phase inverter is connected as load.

In general, for fuel cell power conditioning systems connected to single-phase inverter load, such as that
represented in Fig. 1(a), the fuel cell’s output current ripple occurs at twice the inverter frequency, typically
100 Hz or 120 Hz. Assuming that the system has an efficiency of 100%, the inverter output voltage and current,

and hence, the instantaneous power drawn from the fuel cell, are given by



Vae(t) = V2U coswt
iac(t) = V21 cos (wt — @) (1)

P(t) = Vac(t)iae(t) = UL cose + Ul cos (2wt — ) = Davg + Pac(t)

It can be seen that the instantaneous power drawn from thedllés a summation of the dc component
Pavg @nd the harmonic componept.(t) oscillating at twice the inverter frequency. In order toyemet the
fuel cell from experiencing excessive power fluctuationsicl will degrade its lifetime, the dc-dc converter is
typically designed with a very small closed-loop bandwititthat the fuel cell will mainly deliver the dc power
componenp,,, While the harmonic power componeni.(t) is drawn from the dc-link capacita?;,s. The
dc-link capacitor is discharged whe(t) > p.., and is charged whep(t) < p..,. These periodic charging
and discharging processes will cause the existence ofgeotipple (at twice the inverter frequency) on the dc
bus voltage, and the inverter’s operation can be adverdidgtad when the amplitude of the voltage ripple
becomes excessively large.

The use of dc-link capacitors for passive filtering of lokguency harmonic current and preventing them
from propagating to fuel cells is traditionally employedfirel cell power conditioning systems. However,
since the dc-link capacitors are required to create an metselow impedance to the flow of low-frequency
harmonic current, the required capacitance is very largadlly mF). Alternatively, a series-connectéd’
network can be inserted to the capacitor branch to createcimgpedance branch for bypassing the low-
frequency harmonic current when the resonant frequendyedi€© network is accurately tuned to the harmonic
frequency [6]. However, with this solution, the requireduictance is typically very large and such an approach
is not applicable to the situation where multiple harmonicrents exist. Instead of reducing the impedance
of the capacitor branch, some researchers proposed t@setke impedance of the fuel cell branch [7]-[11].
These methods include using dual-loop control with a verglslmandwidth to give a ripple-free reference
for the fuel cell current [7], feedforwarding and subtragtthe low-frequency ripple derived from the dc bus
voltage to generate a ripple-free reference for the fudlocetent [8]—[10], and minimizing the low-frequency
ripple on the fuel cell current by proportional-resonanttcol [11]. Typically, since the harmonic current must
be completely delivered by the dc-link capacitor, the c#pace required to maintain a smooth dc bus voltage
must remain to be very large. In fact, all the passive-fitased methods discussed above share a common
drawback that large inductors or capacitors are neededfoifiequency harmonic absorption. In contrast,

when small dc-link capacitor is used, and large voltageleiggists on the dc bus voltage, additional control



must be introduced into the inverter for minimizing its etfeon the inverter’s output voltage [11].
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Figure 2: Fuel cell power conditioning system with energyage: (a) impedance model, and (b) practical
implementation of system.

To overcome this limitation, active-filter-based metholsidd be employed, where energy storages such
as batteries and supercapacitors are interfaced to theltdgedus through the use of bi-directional dc-dc
converters [12]-[14]. Since the dc-dc converters are glpiconfigured to tightly regulate the dc bus voltage,
thus behaving as voltage source, they are effectively ckaniaed by low output impedance that favors harmonic
current flow. Fig. 2(a) shows the harmonic curréptcontributed by the bi-directional converter having an
effective output impedance df;, in addition to those contributed by the fuel cel}{) and dc-link capacitor
(ic). To minimize the harmonic current drawn from the fuel cilis required that either the impedance of the
fuel cell branchZ,. is increased or the impedance of the bi-directional dc-aweder;, is reduced by means
of suitable controller designs.

Due to the slow dynamic response of the fuel cell branch, whidfers from the time lags associated with
the fuel supply system and fuel cell’'s internal electrocloaiprocesses, the use of active filter with energy
storage and bi-directional dc-dc converter is beneficiadéims of improving the overall dynamic response of
the fuel cell-energy storage system. Such a system confignria therefore capable of meeting the double
requirements of effective harmonic current absorptionigydonverter-interfaced energy storage and tight reg-
ulation of the dc bus voltage by fast voltage control. Vasioantrol strategies have been proposed for achieving
the desired control objectives. The most common one is tiralathie system in such a way that the fuel cell
branch delivers the average load power while the energggtooranch compensates for any power surplus or

deficit due to transient load power variations [15], [16]. &lternative approach is to employ one outer voltage



loop that generates the current references for the innegriloops of the fuel cell and energy storage branches,
which makes them share the total transient load power defdd@hdLastly, in [18], the energy storage branch
is controlled as current source while the fuel cell branalesponsible for dc bus voltage regulation.

In general, the control strategies for parallel-conneditrd cell-energy storage systems can be broadly
classified into three categories as depicted in Fig. 3: @)dell branch controlled as current source and energy
storage branch controlled as voltage source, (b) fuel cafich controlled as voltage source and energy storage
branch controlled as current source, and (c) both fuel cell @nergy storage branches controlled as current
sources. In general, fuel cells are characterized by slavaxhjc response and lifetime degradation if they are
subjected to frequent power fluctuations. These charatiterirender the fuel cell branch unsuitable for dc
bus voltage regulation, hence control strategy (b) shoalduwided. Control strategy (c) is feasible with the
fuel cell branch configured to respond to slow power chandekehe energy storage branch responds to fast
power changes, and dc bus voltage regulation is achieved tilegecombined slow and fast power changes of
the two branches equal the load power changes. The drawlbdbls @ontrol strategy is, however, that the
energy storage branch will not compensate for the slow pohanges even if the fuel cell branch fails to meet
them due to various reasons, such as fuel starvation, whictead to stability problems of the hybrid system.
In comparison to the previous two strategies, control atpa{a) offers more versatility in applications. Since
the energy storage branch is configured to regulate the dedbage, it will respond to all power changes that
cannot be met by the fuel cell branch. Hence, the fuel cefiditaan be configured to operate in load-following
mode or constant-power mode depending on applications.pamer surplus or deficit caused by the fuel cell
branch will be compensated by the energy storage brancherinid control strategy, the energy storage branch
therefore plays a critical role in both aspects of achiewrtght dc bus voltage regulation and absorption of

harmonic current.
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Figure 3: Possible control strategies in fuel cell-enetgyagje system: (a) fuel cell branch controlled as current
source and energy storage branch controlled as voltageesdb) fuel cell branch controlled as voltage source
and energy storage branch controlled as current source(carmbth fuel cell and energy storage branches
controlled as current sources.

As the energy storage branch, typically made up of battersupercapacitor banks, is known to exhibit



fast dynamic characteristic, the overall performance ef fiell-energy storage systems, as discussed above,
then relies heavily on the performance of the bi-directialtadc converter interface. In this paper, the effects
of various control strategies are discussed from an oltppédance viewpoint. A bi-directional dual active
bridge (DAB) dc-dc converter modified for multi-input opgaam is chosen as the platform for analysis due
to its common use in renewable energy systems employingpteutic energy sources. Proportional-resonant
(PR) control, which is commonly used in grid-connected iteses for harmonic suppression, is proposed to
be used here for the attenuation of the 100/120-Hz harmamieist by implementing it on the bi-directional
converter. To account for the possible variations of thesiiter frequency, such as that occurs when grid-
connected inverters operate in the presence of grid frexyueariations [19] or when paralleled inverters are
controlled by droop method in a standalone microgrid [2Gfeguency-adaptive PR controller is proposed to
ensure an effective harmonic current absorption undeabbeinverter frequency.

This paper is organized as follows. In Section 2, the opsgatrinciple of the multi-input bi-directional
DAB dc-dc converter is discussed and the main small-sigaakter functions are given. In Section 3, these
transfer functions are used to derive the converter's didgsep output impedances under various voltage-
control strategies. For extending the effectiveness dfaga-control strategies on suppressing the harmonic
current being drawn from the fuel cell branch, a frequendgpdive PR controller capable of tracking the har-
monic frequency of interest is proposed for further redgdhme closed-loop output impedance of the energy
storage branch at the frequency being tracked, and itsmlasigjimplementation are discussed in Section 4. An
experimental prototype of the PR-controlled two-inputibiectional DAB dc-dc converter is constructed and

experimental results are discussed in Section 5. Finallyleision is given in Section 6.

2 Multi-Input Bi-Directional Dual Active Bridge DC-DC Conv erter

2.1 Steady-State Operation

Bi-directional dual active bridge (DAB) dc-dc converters svidely used in renewable-energy-based power
conditioning systems due to several advantages such dslégawer flow control, realization of zero-voltage
switching, and high efficiency. In this paper, a phase-stufitrolled current-fed DAB dc-dc converter is se-
lected as the platform for implementing the proposed fraquedaptive proportional-resonant (PR) control. In
comparison to the original topology discussed in [21], therlified converter shown in Fig. 4 uses two separate
transformers for the input half-bridge cells (instead o& daransformer with three windings) so that each of

the input half-bridge cells can be controlled independetiius enabling a more versatile implementation of
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Figure 4: Multi-input bi-directional DAB dc-dc converteiitiy shared secondary half-bridge cell.

various power-flow control strategies. By using phasetshbiftrol, the bi-directional power flow of each of the
input half-bridge cells can be controlled by adjusting thage difference between the transformer’s primary
and secondary voltages.

Referring to Fig. 4,1 ~ v, andv,.3 represents the output voltages of the two input half-brickjks and
the shared secondary half-bridge cell, respectively. BpacitorsC; ~ Cy andCf ~ Cf are assumed to be
sufficiently large that the voltagdg ~ V, andV ~ V¢ are reasonably assumed to be constant. The current
flowing through the transformer’s leakage inductance ofitfyalf-bridge cell 1 and 2 is denoted by andi,.o,
respectively. By controlling the power flows of both inputfiaridge cells, three operating modes are realizable
on the converter: (1) both input half-bridge cells delivewer to the load; (2) one input half-bridge cell delivers
power to the load while the other absorbs power; and (3) opetihalf-bridge cell delivers power to the load
while the other is at rest. The main operating waveforms efdbnverter for case (1) and (2) are illustrated in
Fig. 5.

It can be seen from Fig. 5 that the input half-bridge cell\det power wherp > 0 and absorbs power
wheny < 0, wherey is the phase difference between the transformer’s primadysacondary voltages. For
the two-input converter shown in Fig. 4, the power delivebgdnput half-bridge cell 1 and 2, and the total
power delivered by both, is given by Equation (2), (3), and (dspectively.
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Since the two-input bi-directional DAB dc-dc converter wsimoin Fig. 4 is effectively two single-input

Figure 5: Main converter’s operating waveforms (a) whertaput half-bridge cells deliver power to the load,

and (b) when one input half-bridge cell delivers power toltal while the other absorbs power.
converters connected in parallel, each of them will exhitsit same small-signal characteristics. Hence, the

2.2 Small-Signal Transfer Functions

whereVo



small-signal transfer functions required for output imgeck analysis can be obtained by considering a single-

input converter. The state vectdrand input vectof: are defined as follows.

T
T = |: ’L~L UIQ 1156 :| (5)

T
QZ[v;-n 5 ] (6)

where, in Equation (5), is the boostinductor current;, (or vi4) is the total voltage across the input capacitors
(v1 + v2) (or (U3 + vU4)), vse is the total output voltage across the output capac(o%s%— Jg) reflected to the
transformer’s primary, and, in Equation (Gj;,, is the converter’s input voltage; is the phase difference
between the transformer’s primary and secondary voltages,, is the converter’s output (load) current.

With the input and state vectors defined, the converter'dlssitmal state-space model can be conveniently

represented in the following standard form.

& = A% + B (7)
where
1
0 — 5 0
_ —p(r—|el)
A= & 0 S ®)
0 e(r—|e]) —2
27 L,w(2C,+Cs) RL(2C,+C5)
% 0 0
B=|o0 —pfed o ©
0 Vaa(m—2|¢|) -2

2nLrw(2C,+Cs)  Rp(2C,+Cs)

In Equations (8) and (9Y, is the inductance of the boost inductdn(or L, ), L, is the leakage inductance
(Ly1 or Lyg), Cyp is the input capacitor; ~ C4), and,Cs, C,, and Ry, denotes the dc-link capacitor for
secondary half-bridge or C§), the output dc-link capacitot))), and the load resistoi(; ) reflected to the
transformer’s primary, respectively. The transfer fumes from the inputse,,, $, i,) to the boost inductor
currentiz, and converter’s output voltagg can be obtained by solving Equations (10) and (11). Theteau

summarized in Table 2.



ir=11 0 0 |(sI—A) 7" Bi=Gigvin + Gip@ + Giilo (10)

Go=10 0 1 |(sI—A) " Bi=Gyyvin+ Gopp — Zoio (11)

Table 1: Definitions of small-signal transfer functions dfiagle-input bi-directional DAB dc-dc converter.

Symbol Definition

Gig(s)  Input-voltage-to-inductor-current transfer function
Gi,(s) Phase-shift-angle-to-inductor-current transfer fusrcti
G (s)  Load-current-to-inductor-current transfer function
Gu4(s)  Input-voltage-to-output-voltage transfer function
Guwe(s) Phase-shift-angle-to-output-voltage transfer function

Zo(8) Load-current-to-output-voltage transfer function (otput impedance)

3 Output Impedance Analysis

It has been discussed previously that the fuel cell brancansidered unsuitable for dc bus voltage regula-
tion due to its slow dynamic response, hence it is typicadigfigured to deliver the average load power while
the energy storage branch achieves dc bus voltage regulatioompensating for any transient power surplus
or deficit. This control strategy, where the fuel cell braiecbontrolled as current source and the energy storage
branch is controlled as voltage source, is adopted in thpepand the equivalent circuit is shown in Fig. 3(a).
In general, two voltage-control strategies can be implaadan the energy storage branch by employing: (1)
single voltage loop, and (2) dual (outer voltage and inneretu) loop. The main control objective of the energy
storage branch is to tightly regulate the dc bus voltageThe two voltage-control strategies applicable to the
energy storage branch are represented by the block diagtaoms in Fig. 6.

Since the harmonic current drawn by the inverter load wilimyaflow from the energy storage branch, the

10



Table 2: Small-signal transfer functions of a single-inpiediirectional DAB dc-dc converter.
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output impedance of the energy storage branch is thus ofegriederest and will be analyzed in more detail.
For this purpose, the control block diagrams shown in Figiebcanverted into the corresponding signal-flow
diagrams for easier visualization. The resulting sigmaiftliagrams are depicted in Fig. 7.

By using Mason’s formula and the converter’s small-sigrehsfer functions tabulated in Table 2, the con-
verter’s closed-loop output impedances under singleagelloop controlZ, ,, and dual-loop controlZ, , ;.
can be derived and the results are summarized in Table 3 attdgin Fig. 8. For both cases, the converter’'s
closed-loop bandwidth was limited to well below the freqcies of the RHP zeros, and, for single-voltage-loop
control, the poles on the imaginary axis too. It can be seanttie converter’s output impedance at the har-
monic frequency of interesite. 100 or 120 Hz, has been strongly attenuated compared to #relopp case.
Both control strategies show similar performances at 10026r Hz, although dual-loop control slightly out-
performs single-voltage-loop control at low frequencieghis work, single-voltage-loop control is used, for it
has a simpler structure while showing a similar performargcdual-loop control at the harmonic frequency of

interest.

Table 3: Closed-loop output impedances under two voltaggrol strategies.

Single-voltage-loop contrat, . (s) o go(s() —
vEmGouc(8)Gop(s

[14Fi Frn GLpp (5)Gic(8)Giyp (5)] Zo(8)+ Fi Fn Gii (5)G L pF (8)Gic (5) Gup ()
1+FiFnLGLPF(5)Gic(S)Gi<p (5)+FanLGic(S)Gmp(s)cvc(s)

Dual-loop controlZ, ,+i(s)
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Figure 6: Control strategies for two-input bi-directiod2AB dc-dc converter: (a) constant current control

(fuel cell branch) and single-voltage-loop control (eryestprage branch), (b) constant current control (fuel cell
branch) and dual-loop control (energy storage branch).
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Figure 7: Signal-flow diagram for (a) single-voltage-lo@mtrol, and (b) dual-loop control.

4 Frequency-Adaptive Proportional-Resonant Control

It has been shown that the output impedance of the energgg&diranch can be effectively reduced by
tightly regulating the dc bus voltage using either singdtage-loop or dual-loop control. As the converter’'s
closed-loop output impedance is related to the magnitudesdbop gain, a further suppression of the har-

monic currents being drawn from the fuel cell branch can beexed by increasing its loop gain at the har-
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Figure 8: Closed-loop output impedances under two voltagsrol strategies.

monic frequencies. Ideally, the harmonic currents will lenpletely delivered by the converter that offers
infinite loop gain at the harmonic frequencies. Proportisraonant (PR) control, which is frequently used in
grid-connected inverter systems [22] and recently in dcatwerters [23]-[24], is attractive in the way that it
provides large amplification of loop gain at selected fremires only and has a unity gain elsewhere. This al-
lows a PR controller to be conveniently cascaded with the@eotional PID controller designed to meet certain
steady-state and transient response requirements.

The transfer function of a general PR controll&s; (s) is given by Equation (12), whete, is the resonance
frequency (or the harmonic frequency to be suppresseis)the harmonic order, an@ is the quality factor.
The bode plots of7 p(s) for various quality factors are shown in Fig. 9. It can be syt a higher quality
factor will introduce more phase lag to the converter’s lgajn and the maximum permissible quality factor
must be considered when designing the controller for cldsed stability. By inserting the PR controller with
Q@ = 5 andf, = w, /27 = 100 Hz into the loop gain designed for single-voltage-loop colnthe resulting
bode plots and closed-loop output impedances before aadthé addition of PR control are shown in Fig. 10

and Fig. 11, respectively.

WhS
Grr(s) = Z (sQ—l—whS/Q—i-w,%) +1 (12)

h=2,3,5,7,...

To account for the possible variations of inverter frequeid®], [20], it is required that the resonant peak
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of the PR controller be synchronized with the inverter frerggy in order to generate and maintain a very high
loop gain, and hence a very low closed-loop output impedaoitine energy storage branch at the harmonic
frequency of interest. For this purpose, a frequency-agaPR controller is proposed with the implementation
shown in Fig. 12. It operates by sampling the real-time itardrequencyf, by detecting the zero-crossings of
the inverter current waveform. The output of the zero-drapdetector is a bipolar square wavefathat forms
the reference input to the phase-locked loop (PLL). The Ratks the inverter frequengf and produces an
output signal with frequency in multiples ¢gf. Since the center frequency of the switched capacitor baswlp
filter (f,) is defined by dividing its clock frequency by a predefineddgahe PLL's output frequency is set to
100f, and the frequency division factor of the bandpass filter i®80 in order to realiz¢, =2f,. Finally,

the input of the bandpass filter is added to its output by ugisgmming amplifier for realizing the ‘+1' term
in Equation (12). It should be noted that the overall efféddneerting the PR controller is to provide a high
gain at 2, only, which is particularly valid wher is high, while the converter’s loop gain outsidé 2emains

dominantly shaped by the PI controller.

5 Experimental Verification

A prototype of two-input bi-directional DAB dc-dc convertemploying the proposed frequency-adaptive

PR control is constructed with the specifications listed @bl& 4. In the experiment, the fuel cell unit is
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Figure 13: Modified control strategy for two-input bi-ditemal DAB dc-dc converter (with PR control and
grid-frequency tracking) — constant current control (foell branch) and single-voltage-loop control with PR
(energy storage branch)

emulated by using a dc power source, and to avoid low-frecquearmonic current being drawn from the fuel
cell branch, its closed-loop bandwidth is designed to be 7ildz: 1/10 of the harmonic frequency at 100 or
120 Hz. Lead-acid batteries are used as energy storagepuitth2-V, 18-Ah batteries connected in series. The
closed-loop bandwidth of the battery branch is designecetagproximately 180 Hz to provide non-minimal
gain at 100 or 120 Hz while avoiding the effects of the RHP gamd poles on the imaginary axis. The inverter

is a conventional one based on full-bridge topology drivesibusoidal PWM.

Table 4: Specifications of the two-input bi-directional DAIB-dc converter prototype.

Description Parameter| Value
Fuel cell’s output power Py, 160 W
Fuel cell’'s terminal voltage Vie 20V
Transformer’s leakage inductance (fuel cell branch) Ly 4.7 uH
Transformer’s turn ratio (fuel cell branch) Npi1 : Ns1 1:10
Dc-link capacitor for input half-bridge (fuel cell branch)  Cj1 80 uF
Maximum battery power Pyat 160 W
Battery’'s terminal voltage Viat 48V
Transformer’s leakage inductance (battery branch) Lo 25.5uH
Transformer’s turn ratio (battery branch) Np2 : N2 6:25
Dc-link capacitor for input half-bridge (battery branch Chpo 6 uF
Dc-link capacitor for secondary half-bridge Cs 100 uF
Output dc bus voltage | 400V
Output dc-link capacitor C, 470 uF
Switching frequency Sow 52 kHz

The circuit implementation of the overall dc bus voltage teolter of the two-input bi-directional DAB
dc-dc converter is shown in Fig. 14. The fuel cell branch istaaled by a simple Pl-based constant-current

controller that produces a control signal for the UCC389&asahshift modulator. Four gate drive signals are
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generated by UCC3895 based on the control signal (whichrdétes the required phase difference between
the transformer’s primary and secondary voltages). “Outaid “Out B1” are used to drive the primary half-
bridge’'s MOSFETS, and “Out C1” and “Out D1” are used to drive secondary half-bridge’s MOSFETSs. The
battery branch is controlled by a PI+PR controller alreaidguksed in Section 4. Similar to the fuel cell branch,
the PI+PR controller produces a control signal for anoth€3895 phase-shift modulator that generates the
gate drive signals for driving the primary half-bridge’s IBEETs of the battery branch. Since the two primary
half-bridge cells share a common secondary half-briddetbel transformer’s secondary voltage is used as the
reference for phase-shift control, thus the two UCC3895%p¥shift modulators are synchronized by applying

a common synchronization signal to the “Sync” pin.

Single-Phase Out 4, to S;

Full-Bridge Inverter in1 > e . <
ut B, — to

(Unipolar SPWM) Ly ontro ! 2

Current Out C;[—to Ss

Constant Current
Sensor -+— Sync

/\/ Controller Qut D[ to Sg
UCC3895

Zero-Crossing | Fuel Cell Branch
Comparator | N
Vo(de) R
V,
£ o Out 4,
PI Controller Control 2
PLL ut B,
(CD4046)
Out C—to S3
£ 1007 Logic clock | Switched Capacitor Filter | : — Sync
Circuits (MF10-N) — Out D;—to S,
E UCC3895
rlgi(iz(eir:y Clock Frequency 0
(CD4518) Center Frequency of Battery Branch
Adjustable PR Controller BP Filter Phase-Shift Modulator

Figure 14: Overall control block diagram of the two-inputddiectional DAB dc-dc converter.

Fig. 15 shows the steady-state waveforms of the transfésrpemary voltage, secondary voltage, and
leakage inductor current for four possible scenatii@s,when (a) fuel cell delivers power, (b) battery delivers
power, (c) battery absorbs power, and (d) battery at res@aritbe seen that these waveforms correlate closely
with the theoretical waveforms depicted in Fig. 5.

In order to verify the effectiveness of the proposed freqyesdaptive PR controller, the main converter
waveforms were captured for three inverter frequenciesstnosvn in Fig. 16 (40 Hz), Fig. 17 (50 Hz), and
Fig. 18 (60 Hz). For each of these figures, (a) and (b) showsvtheforms of the converter employing Pl
control and PI+PR control, respectively. Four traces amevshin each of these figures, wherg is the fuel

cell's output current;y,,; is the battery’s output current, 4. is the output dc bus voltage, ang ;. is the

17
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Figure 15: Steady-state transformer’s primary voltageosdary voltage, and leakage inductor current wave-
forms for the case when (a) fuel cell delivers power, (b)dygttlelivers power, (c) battery absorbs power, and
(d) battery at rest.

inverter’'s output voltage. For the dc bus voltage, only tbecaupled waveform is shown in order to give a
magnified and clear view of the ac ripple voltage. In all casesan be seen that no harmonic current is
drawn from the fuel cell branch due to the high output impeeathat it presents to the harmonic current
flow, as intended by design, and the harmonic current is malalivered by the battery branch. However,
for the converter employing Pl control only, a portion of ti@monic current is also drawn from the output
dc-link capacitor, thus causing the presence of a signifilcarmonic voltage component af 2in the output
dc bus voltage. By including PR control, it can be seen thatsilae of this harmonic voltage component is
considerably attenuated. Similar harmonic voltage rédogierformances are observed for all three inverter
frequencies, indicating that the frequency-adaptive PiRrotler is capable of tracking the inverter frequency
accurately and maintaining effective harmonic currenpgition by the battery branch.

In order to quantify the harmonic-voltage-reduction perfance of the proposed frequency-adaptive PI+PR
control more accurately, FFT analyses were performed oddHris voltage waveform. The spectra of the dc

bus voltage with PI control and PI+PR control are shown in Ef Fig. 20, and Fig. 21 fof, = 40, 50, and
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Figure 16: Static converter waveformsjat=40 Hz with (a) PI control only; and (b) PI+PR control (Labels:
output current, 4. is the dc bus voltage (ac-coupled),

60 Hz, respectively. By comparing the magnitudes of tifig @mponent with Pl control and PI+PR control,

it can be calculated that the harmonic voltage componerntaesaated by 86.6%, 90.4%, and 87.7% for=
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Figure 18: Static converter waveformsjat=60 Hz with (a) PI control only; and (b) PI+PR control (Labels:
it is the fuel cell’'s output currenty,; is the battery’s output current, 4. is the dc bus voltage (ac-coupled),
andv, ;. is the inverter’s output voltage).

controller, which consistently tracks the grid frequenag grovides the high loop gain required for tightly

regulating the dc bus voltage.
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Figure 19: FFT analysis of the dc bus voltagg at=40 Hz with (a) PI control only; and (b) PI+PR control.

Next, the dynamic response of the prototype converter wstedeby introducing a load change in the
inverter, with the inverter's load stepped from half-loadll-load. Comparisons were made between the Pl
and PI+PR control schemes under three grid frequencie&®@&nd 60 Hz), and the measured waveforms are

shown in Fig. 22 to Fig. 24. In general, the converter showslai behavior under all three grid frequencies.

22



Tek Run ) ] Trig'd
a] [b] :
@ 100 Hz 210.8mv
O 200Hz 43.50mvV
A100 Hz A167.3mV
| /\ A
(@ s50.0mv 50.0 Hz ) (100ms 10.0KS/s @ s asomv
10k points
4 Mar 2014
19:38:02
(a)
Tek Run PrTrig
3] (bl :
@ 102Hz 20.29mV
® 203Hz 51.21mv
A102 Hz A30.92mV
) L J\ IL
P SN NN PN | W \ A | 8
(@ 10.0mv 50.0 Hz ) (100ms 10.0kS/s @ s 40.0mv
10K points
5 Mar 2014
15:51:01

23

Figure 20: FFT analysis of the dc bus voltaggat=50 Hz with (a) PI control only; and (b) PI+PR control.

Since the fuel cell is controlled to deliver a constant powrez difference between the fuel cell's output power
and the load power flows into the battery and provides chgrgower to it, as can be verified by the negative
battery’s output current. As the inverter’s load is stepteefdill-load, the fuel cell's output power is equal to the

average power consumed by the inverter, while the fluctgatistantaneous power aff 2is absorbed by the
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Figure 21: FFT analysis of the dc bus voltaggat=60 Hz with (a) PI control only; and (b) PI+PR control.

battery. Thus, the average battery’s output current is.zZ8omnparing the case with Pl control to the one with
PI1+PR control, it is observed that the amplitude of the bgReutput current is increased when P1+PR control
is employed due to the increased loop gain at the harmoniuémcy of interest (), hence less harmonic

currentis drawn from the dc-link capacitor, resulting ingngficant reduction in the amplitude of the harmonic
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Figure 22: Dynamic converter waveformsfat=40 Hz with (a) PI control only; and (b) PI+PR control (Labels:
io(inv) IS the inverter's output current,,; is the battery’s output currenty, j.)(ac—coupled) IS the ac-coupled dc
bus voltage, and,4c)(dc—coupled) i the dc-coupled dc bus voltage (with 390-V dc offset)).

voltage component on the dc bus voltage. The absence okabti voltage undershoot on the dc bus voltage

waveform verifies that the adoption of PI+PR control, wheoperly designed, does not degrade the stability
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Figure 23: Dynamic converter waveformsfat=50 Hz with (a) PI control only; and (b) PI+PR control (Labels:
io(inv) IS the inverter's output current,,; is the battery’s output currenty, j.)(ac—coupled) IS the ac-coupled dc

bus voltage, and,4c)(dc—coupled) i the dc-coupled dc bus voltage (with 390-V dc offset)).

and dynamic response performance of the converter.

Finally, the conversion efficiencies of the prototype caotetewvere measured for three operating modes: (1)
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)

with (a) PI control only; and (b) PI+PR control (Labels:
io(inv) IS the inverter's output current,,; is the battery’s output currenty, j.)(ac—coupled) IS the ac-coupled dc

bus voltage, and,4c)(dc—coupled) i the dc-coupled dc bus voltage (with 390-V dc offset)).

both the fuel cell and the battery deliver power to the loauir(pA in Fig. 25); (b) the fuel cell delivers power

to the load while the battery is at rest (poitin Fig.

25); and (3) the fuel cell delivers power to the batter
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Figure 25: Three operating modes of two-input bi-directidDAB dc-dc converter.

thus charging the battery (point in Fig. 25). For these measurements, the fuel cell's outputep is kept
constant atv160 W, and the battery’s output powerigd 60 W when discharging or—160 W when charging.
The measured conversion efficiency is (1) 89.2%; (2) 87.84d;(8) 89.2% for the corresponding operating
mode. In all these measurements, conversion efficiencyfisegkas the ratio between the total load power and

the total source power, where the battery is treatezbascein mode (1) andoad in mode (3).

6 Conclusion

The effectiveness of harmonic current absorption by thegnstorage branch in a fuel cell power con-
ditioning system based on two-input DAB dc-dc converter staslied. The output impedance of the energy
storage branch under open-loop condition, as well as clmsguiconditions with single-voltage-loop and dual-
loop controls, were analyzed and compared. It was found aéifthibugh the existing voltage-control strategies
are shown to be effective in lowering the output impedancthefenergy storage branch, significant voltage
ripples still exist on the dc voltage bus. The introductidriP&® control was experimentally shown to be very
effective in suppressing these voltage ripples by divgrtiarmonic current flow from the dc-link capacitor to
the energy storage branch. A low-cost, analogue-baseddrmy-adaptive PR controller was proposed to track
the harmonic frequency changes and its performance oveeg@ted range of grid frequency variatiore.

40 Hz to 60 Hz, was experimentally verified.
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