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Abstract- This paper describes a boost converter cascaded high 
frequency link direct de-ac converter suitable for fuel cell power 
sources. A new multi-loop control for a boost converter to reduce 
the low frequency input current harmonics drawn from the fuel 
cell is proposed. A new PWM technique for the cycloconverter at 
the secondary to reject the low order harmonics in the output 
voltages is presented in detail. The front-end boost converter 
regulates the de bus voltage effectively where the fuel cell voltage 
varies widely depending on the power demand, and provides a 
constant de voltage to the high frequency link de-ac converter. 
The proposed multi-loop control reduces the low frequency 
(120Hz) input current harmonic of the boost converter without 
additional filter requirement in order to improve the 
performance of fuel cell system. The proposed PWM technique 
for the cycloconverter cancels the low order harmonics in the 
output voltage caused by the low frequency voltage ripple in the 
de bus and guarantees the high quality of the output voltage. The 
trade-offs of proposed scheme are described in detail with 
mathematical evaluation approach. 

I. INTRODUCTION 

Fuel cell has been considered as one of the highly promising 
alternatives for environmentally friendly renewable energy 
generation due to its high efficiency, modularity, and 
cleanness. One of its applications for medium power is the 
residential power system, where a compact dc-ac converter 
with galvanic isolation is required [I]-[4]. 

The high frequency link power conversion technique is 
attractive for this application because a bulky 60Hz 
transformer can be repIaced with a compact high frequency 
transformer, and a high frequency link direct dc-ac converter 

'which consists of a high frequency inverter, a cycloconverter, 
and a high frequency transformer between them, presents a 
possible way to build a compact direct dc-ac converter 
without the dc link capacitor and provides high conversion 
efficiency due to the reduced conversion step [6][7][1 I]. 

Since the dc voltage generated by a fuel cell stack varies 
widely and is low in magnitude (36V to 60V), a front-end 
step-up dc-dc conversion stage is required to provide a 
regulated higher dc voltage to the high frequency link direct 
dc-ac converter. Due to the nature of the fuel supply process, 
the fuel cell response time to changes in power demand is 
slow and varies from few seconds to few minutes. Therefore, 
it is necessary to improve the dynamics of the system by 
introducing the auxiliary power source [SI. In addition, it is 
crucial to reduce the low frequency current harmonics drawn 

from the fuel cell by high frequency link dc-ac converter 
because the varying reactant conditions surrounding the 
cells due to the low frequency current ripple may impose a 
severe impact to the performance of the fuel cell [5]. The 
dominant harmonic of the low frequency current harmonics 
drawn from the fuel cell is a 120Hz harmonic by a single 
phase high frequency link dc-ac converter whose output 
frequency is 6OH2, and the limit of l2OHz current harmonic 
is specified as 0.15 per-unit (i.e. 15% of its rated current) 
from 10% to 100% load in [12]. The low frequency voltage 
ripple in the dc bus caused by the substantial low frequency 
current ripple and a conventional sinusoidal PWM 
technique assuming a ripple-free dc voltage are the primaty 
contributors for the appearance of low order harmonics in 
the high frequency link dc-ac converter output not present 
in the PWM switching functions, and are responsible for the 
deterioration in the quality of output voltage. A simple 
straightforward solution to this problem is to increase the 
output filter capacitance of the step-up dc-dc conversion 
stage, which makes it bulky and contributes to slow 
response, increased cost and losses [9]. 

In order to overcome these problems, a boost converter 
connected in series high frequency link direct dc-ac 
converter is proposed in this paper. A new multi-loop 
control to reduce the low frequency current harmonics 
drawn from the fuel cell and a new sinusoidal PWM 
technique for the cycloconverter at the secondary to reject 
the low order harmonics in the output voltage caused by the 
low frequency input voltage ripple are presented with 
proposed topology. The proposed multi-loop control 
reduces the 120Hz input current ripple of the boost 
converter dramatically without additional filter requirement, 
and the proposed PWM technique guarantees the high 
quality of the ac output voltage. 

The performance of the proposed schemes is verified by 
the various simulation and experiment results, and their 
trade-offs are described in detail using mathematical 
evaluation approach. 

11. PROPOSED HIGH FREQUENCY LINK DC-AC 
CONVERTER 

Fig. 1 shows the proposed boost converter cascaded high 
frequency link dc-ac converter for residential fuel cell 
power system applications. Since the fuel cell terminal 
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;d(f) = Id + id.vpl(f) 
Vo.rmslo.rm V0.mlo.rm (2) 

- - cos+ cos(2mt - )) 

L(t) = - id rpp l ( f )  ( 3 )  

vd vd 

, where 120Hz ripple current as large as fundamental 
current is included in the current of dc bus terminal. The dc 
bus voltage with a voltage ripple caused by the 120 Hz 
current ripple across Cd is expressed as follows, 

= Vd(l+ksin(2ubt-()) 

voltage varies significantly depending on the load change, it 
is required to boost and regulate the fuel cell voltage. The 
high frequency link transformer needs to he designed to 
accommodate the lowest magnitude of the fuel cell voltage. 
During the normal operation the nominal input voltages are 
typically much higher than the minimum value and the 
transformer does not operate optimally [8]. Therefore, the 
boost converter step-up the fuel cell voltage to 84V, 
regulates and supplies a constant dc voltage to the input 
terminal of high frequency inverter at the primary, which 
allows the inverter to operate with a fixed duty ratio and 
does transformer to operate optimally. A battery pack is 
connected to the dc bus to provide fast system dynamic 
response. The high frequency inverter in push-pull 
connection at the primary generates a rectangular voltage 
waveform with 50% duty ratio and provides it to the 
secondary side through a high frequency link transformer. 
The cycloconverter with a new PWM technique produces 
sinusoidally modulated 6OHz split single phase output 
voltage waveforms with high quality. 

111. MULTI-LOOP CONTROL FOR BOOST 
CONVERTER 

The main propose of the front-end boost converter is to 
step-up the fuel cell voltage and regulate the output voltage 
and the input current. The magnitude of the low frequency 
(120Hz) input current ripple is highly dependent on the 
voltage control loop characteristic and the size of capacitor, 
Cd, in the dc bus. 

The output voltage and current of high frequency link dc- 
ac converter are defined simply as follows, 

vo(r) = f i ~ ~ . , ~  sin(ubt) 

io(t) = J T I ~ . , ~  sin(ubt- 4) (1) 
, where 4 is power factor angle. 

The instantaneous output power, P,(t), is 

Po(I) = vo(t)io(f) 
= vo.rmlo.rmcos(- v".rmlo.~mcos(2ubf - )) 
Considering power balance with assumption that vd(t) is a 

constant dc value, Vd, the dc current id(t) is 

v0.rms10.rms 
,where k = 

2ubcdvd2 
(4) 

The steady state voltage error calculated in the voltage 
control loop of boost converter becomes 

V*.mlo.mU 
verr( f )  = vd - vd(f) = - sin(2uht-4) ( 5 )  

2ubcdVd 

, and the current reference of the current loop is the 
voltage error multiplied by voltage loop gain. Therefore, a 
large l2OHz ripple current which is 180" phase shifted from 
the 120Hz ripple voltage in the dc bus is induced at the fuel 
cell terminal with a conventional PI control, and deteriorates 
the performance of fuel cell power system. In order to 
reduce the 120Hz input ripple current, a new multi-loop 
control is proposed (Fig. 2). An additional control loop with 
gain K, is added to the PI voltage control loop, and the 
voltage error multiplied by K, cancels the 120Hz ripple 
component of the current reference of the current control 
loop and eliminates the 120Hz input ripple current at the 
fuel cell terminal. A limiter on the current reference limits 
the sudden large current reference command during start up 
or load change and prevents the inductor from saturating 
and does the switching devices from being damaged. 

f 
Vd * - "" 

Fig.2 Block diagram of proposed multi-loop control 

Fig.3 shows the simulation results obtained with 10% 
voltage ripple at the output of boost converter. The input 
current ripple with the proposed multi-control scheme is 
reduced from i,.,,=27.2 to ir.,,=3.8A, and the l2OHz 
harmonic of input current is reduced from I,h2=0.3p.u. to 
l,.h2=0.008p.u., while the output voltage ripple, vd.pp, is 
increased by 2.1%. The increased voltage ripple in the dc 
bus is counted into designing a new PWM scheme for the 
cycloconverter at the secondary. During load transition, the 
maximum overshoot of vd is increased by multi-loop 
control, hut its effect is mitigated by the battery in parallel 
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For the ripple-free dc bus voltage, Vdr the respective 
output voltages are given by 

10 

vm(t)= nVd&(t) = nVdxAmsinm(mt) 
n-l 

1o 

v ~ ( t )  = nVdSh(/) = nYdxAmsinm(mt -n) 

, where n is transformer turn ratio 

However, the dc bus voltage of single phase high 
frequency link dc-ac converter has 120Hz voltage ripple 
caused by the inherent 120Hz input current ripple as 
mentioned in the third section. The output voltages with 
120Hz voltage ripple in the dc bus can be written as follows 
using (4) and (6) 

m-1 

(7) 

Y ” N ( I )  = nvd(l)&(l) = nYdxAmsinm(&t) 
n-l 

nVdk - 
2 ,“-, 

+ -1 Am(cos(2mt - 4- mmt) 

- cos(2mf - 4 + mmt)) 

m m  6iam aom mam m.m m m  
T.rr@”Sl 

(b) vd and i, with proposed multi-loop control 

f,=40kHz,L,=60uH,Cd=S.SmFandP,=I.SkVA 

Fig.3 Waveforms of i, and vd 

nVdk - 
2 md 

+ - x Am(cos(2mt - 4 - m(mt - n)) 
- cos(2ubf - 4 + m ( m t  - n))) 

(8) 

It  is apparent that low order harmonics at (20,t - 4 * m 
mot) and (2mJ - $4 * m( mot - n)), not present in the PWM 
switching functions, appear in the output voltages due to the 
dc-link voltage ripple. The simulation is carried out with 
120 Hz voltage ripple of 20% (i.e., b0.1) in the dc bus. 
Fig.4 illustrates that the conventional PWM technique with 
120Hz voltage ripple in the dc bus generates the 3‘d 
harmonics in the output voltages and distorts the output 
,ul,,pfnm. 

1V. PROPOSED PWM TECHNIQUE FOR 
CYCLOCONVERTER 

In this section, the performance of the proposed PWM 
..I. __“._.I. 

technique for the cycloconverter at the secondary is 
analyzed using a switching function approach. The PWM A .  Proposed PWM technique to cancel the low order 
switching signals of cycloconverter are obtained by 
converting the level of the PWM switching signals of the 
single phase inverter composed of unidirectional switches 
according to the polarity of the ac link voltage. The PWM 
switching signals of cycloconverter are same as those of 
single phase inverter when the polarity of ac link voltage is 
positive. On the other hand, when the polarity of ac link 
voltage is negative, the PWM switching signals of 
cycloconverter are generated by reversing the level of PWM 
switching signals of the inverter [6]. Therefore, the PWM 
switching functions and output voltages of the 
cycloconverter can be expressed in the same manner as 
those of single phase inverter using Fourier series. The 
switching functions can be written as 

r 

harmonics 

In order to eliminate the low order harmonics in the 
output voltages caused by the conventional PWM switching 
functions, (6). with 120Hz voltage ripple in the dc bus, new 
PWM switching functions are proposed as follows, 

2 A ,  sin m(mt) 1 [ ~~~~~] = 1 + k sin(2mt -4) 

(9) 

The respective output voltages then become 

vm(t) = nvd(l)Sa.nm{t) = nVdxAmsinm(mt) 
- 

__I  
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Equation (IO) is identical to (7) where the 120Hz voltage 
ripple is zero. Therefore, the proposed PWM technique 
cancels the low order harmonics in the output voltages 
without increasing the filter capacitor (cd), and guarantees 
the output voltages with high quality. Fig.5 shows the 
simulation results obtained with proposed PWM switching 
functions, where the PWM technique is implemented by 
changing the modulation index according to !he voltage 
ripple adaptively (Fig.5 (b)). Fig.5 (d) illustrates the 
frequency spectrum of output voltage and depicts the 
cancellation of low order harmonics. 

B. Evaluation ofproposed PWM technique 

the dc bus with proposed switching technique is given by 
(a) Current ripple in the dc bus: The dc current: i&), in 

b(f) = n(Sa.nm{t)iAN(t) + Sb.nn,(f)iSN(f)) (1 1) 
The magnitude of dc component and the low order 

harmonics can be obtained using a geometric series. The 
simplified dc term and the low order harmonics are given by 

Aik' 
l h 2  =-nf((Al+-)cos2~bI 4 

3A1k3 
+(Atk+-)sin2&1) 

4 
Aik' Aik 3Aik' 

1h4 = -d(- 2 cos 4&f - (- 2 8  + -) sin 4abt) 

(14) 
, where I is a peak value of each phase current and m=l . 

Fig.6 shows the frequency spectrum of dc current, id, with 
20% voltage ripple in the dc bus. For a modulation index 
ma=0.7 (i.e., AI=ng/2=0.35), Ih2=0.36 p.u. at 120Hz and 
lh4=0.036 p.u. at 240Hz. Thus, it can be concluded that the 
proposed PWM technique effectively eliminates the low 
order harmonics of the output voltages, but the dc current of 
the dc bus, id, will he distorted by the increased Ih2 and lM. 
For reasonable magnitude of voltage ripple in the dc bus, 
the magnitudes of Ih2 and lM are not high. 

(b) Voltage gain of high frequency link dc-ac converter: 
The 120Hz voltage ripple of the dc bus(Fig5.(a)) also 
appears in the ac link voltage at the secondary with an 
amplitude multiplied by the transformer turn ratio (n), and 
reduces the margin to incorporate higher instantaneous 
values of the modulating signal given by the proposed 
switching functions (9). Moreover, this insuacient margin 
is proportional to the magnitude of voltage ripple. Thus, 
there is an upper limit to which the modulation index can be 
raised with proposed switching functions for a particular 
magnitude of voltage ripple, which results in losses of 
voltage gain. Therefore, considering the increased voltage 
ripples by the multi-loop control and the increased lh2 and 
Ih4 resulted from the proposed PWM technique, Ak, and Ak2 
each, the percentage voltage gain of high frequency link dc- 
ac converter with voltage ripple of magnitude k is given by, 

(15) Gv = (1 - (k+ MI cM2) )x  100% 

The reduced voltage gain at 20% voltage ripple is 11.5% 
in Fig.7. 

(c) Output voltage quality: Fig.8 presents the total 
harmonic distortion (THD) of the output voltage (vAN) at 
various percentage of dc voltage ripple, both with a 
conventional PWM technique and with the proposed PWM 
technique. For 50% voltage ripple, the total increased 
voltage ripple by the multi-loop control and the proposed 
PWM technique is 63.4% (i.e., k+Ak,+Ak2=0.32) at the 
modulation index, m=0.7, where the margin to incorporate 
higher instantaneous values of the modulating signal is 
insufficient and the THD of output voltage is increased to 
11.6%. Thus, the margin of modulating signal should be 
larger than the total voltage ripple of the dc bus to avoid a 
severe distortion of output voltage. 

l -ma t k + M i + M Z  (16) 

C. Calculation of C, 

ripple (2kVd) is calculated using the equation (4) as follows 
The required capacitance of Cd for a desired voltage 
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(17) 
P O  

(k- (Aki  + Ak2))2ubVd2 
cd = 

In addition, the capacitance of Cd also satisfies the 
following equation for the proper operation of the boost 
converter. 

I+& 
c d  = 

2kVd(Vd - V,) 

IP"1 t 

Fig.6 Frequency spcclmm of id 

va M W , . "  ..... .. , ........... .. . . .. . ..,.. .. ... . , 
i 

Fig.7. Voltage gain versus Vd.pD 

r.D (nsl 

(b) Modified modulation index, m, 

m im rPZ1 

(d) Frequcncy spectrum of vm 

Fig.5 Output voltagc waveforms with proposcd PWM tcchnique 
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Fig.8. THD ofoutput voltage (vm) 

V. EXPEIUMENTAL RESULTS 

In order to provide experimental verification of the 
proposed scheme, a boost converter cascaded high 
frequency link direct dc-ac converter has been built with 
TMS320LF2407 and FPGA chip, where the &el cell 
voltage (36V) is converted to the 6OH2, 120V, split single- 
phase ac output voltages. The boost converter and dc-ac 
converter operate at 40lcHz and at 20kHz each. The input 
inductor of boost converter is 6OuH, and the output 
capacitor, Cd, is 3.3mF which was properly designed using 
equations (17, 18) for a 20% voltage ripple in the dc bus. 
Fig.9. shows that the waveforms of the output voltage and 
input current obtained from the boost converter, and 
illustrates that the proposed multi-control scheme reduces 
the 120Hz input current ripple harmonic to the magnitude 
less than 10% ofdc value, which improves the performance 
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of fuel cell system. Fig.10. shows that the voltage ripple in 
the dc bus with a conventional PWM technique assuming 
ripple-free voltage in the dc bus generates distorted output 
voltages with the 3'd harmonic at 180Hz. The proposed 
PWM technique is implemented by DSP, where an adaptive 
modulating signal is generated based on the sensed dc 
voltage ripple, and it eliminates the 3'' harmonic of output 
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voltage effectively and produces the output voltage 
wavefonns with high quality (Fig. I 1.). 

VI. CONCLUSION 
In this paper, a boost converter cascaded high frequency 

link direct dc-ac converter for fuel cell power sources has 
been proposed. The boost converter has been shown to 
regulate the dc bus voltage effectively when the fuel cell 
voltage varies widely depending on the load condition. 
Further, the proposed multi-loop control of the boost 
converter has been shown to reduce the 120Hz input current 
harmonic drawn from the fuel cell to less than 10% without 
additional filter requirements. The evaluation of proposed 
PWM technique illustrates that immunity to voltage ripple 
in the dc bus can be achieved only at the expense of loss of 
voltage gain in the dc-ac converter and marginal dc current 
distortion. Experimental results have been shown to 
validate the feasibility of the proposed approach. 
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