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Design of Power Conditioning System for Fuel Cell Power Plant®

Huang Shi-sheng Tang Zhao-yang Wang Zhen-min  Chen Yi-ting
(School of Mechanical Engineering, South China Univ. of Tech. , Guangzhou 510640, Guangdong, China, )

Abstract; The power conditioning system of a fuel cell power plant is very important to the reliability and effi-
ciency of the power plant system as well as to the quality of the output waveform. In this paper, the optimized
cooperation between the main circuit structure of the power conditioner and the fuel cell parameters is investiga-
ted by simulation and experiment, and the law of designing efficient main circuit for the power conditioning sys-
tem is proposed. By investigating the mathematical model of the inverter system, some guidance is provided for
the inverter output waveform control. A digital intelligent control system with good practicability, high perform-
ance and low cost is then designed, in which the output waveform control is emphasized. Moreover, the wave-
form control scheme based on the sliding-mode control policy is investigated, and is then testified by experi-
ments. It is found that the proposed system satisfies the requirements of the power plant, and possesses good re-
liability, high output waveform quality and great efficiency.
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0 Introduction

Fuel cell is called the equipment using chemist
energy to generate electricity or molecule to generate
eleciricity that generates electricity by converting the
chemical energy of fuel into electric power directly. So
that it is of high ratio of energy converting and almost
has no negative influence on the environment. As the
energy source is lacking and the environmental pollu-
tion is severe nowadays, it is a favor to use fuel cell
power plants to substitute thermo-electric planis. The
output voltage of fuel cell, usually low, is a variable

determined by working temperature, pressure and out-
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put current. It is necessary to improve the performance
of output voltage of fuel cell by converting it into high
and stable voltage. Moreover, fuel cell supplies direct
current, but alternating eurrent is needed in most
applications. Thus, an inverler is needed to convert
DC into AC.

A fuel cell power plant consists of the fuel subsys-
tem, the cell subsystem and the power conditioning
system (PCS). The function of PCS is to convert the
output DC of the fuel cell into a three-phase AC with
stable voltage and frequency''™!.

Though fuel cell has many advantages, it is still
not popularized due to its high cost of building and run-
ning. In China, the study on the application technolo-
gies of fuel cell is in junior stage at present. The deve-
lopment of PCS with high conversion efficiency, high
quality, high reliability and low cost is important for
the generalization of the application of fuel cell power
plants. In this paper, the main circuit and digital con-

troller of PCS are studied.
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1 Main Circuit of PCS

There are two classes of main circuits of PCS, one is
an inverter connecting fuel cell directly, and the other
is an inverter appended some circuits to ascend and
steady the voltage, for example a boost. In this paper,
two different designs of the main circuit structure of fuel
cell power plant are proposed'*®!. By modeling and
simulating the main circuits with the Matlab software
the suitable one is chosen from the two schemes based
on the analysis of simulation results.

1.1 Fuel Cell Connecting Inverter Through
a Boost

The work voltage of IGBT ( Insulated-Gate Bipolar
Tyansistor) can be decided by the output voltage of fuel
cell and boost. By considering the voltage concussion
in the course of switching, the highest work voltage of
switch should be higher than the calculated value.

After the work voltage is decided, the work cur-

rent can be expressed as
S
I=— 1
u* (1)

where S is the total output power of the power plant, A
is the safety factor, and U is the output voltage of the
inverter.

The output waveform is better when the work
speed of switch is higher. But on the other hand, more
switch times bring more power wasting and more heat,
which should be considered concordantly.

In a boost-inverter circuit, the output voltage of
the boost is chosen according to the output voltage of
the inverter and the voltage converter efficiency of the
inverter. It is expressed as

U =£UD Xa (2)

2
Where U, is the input voltage of the inverter, and « is
the degree of modulation.

When an ideal boost is working under continuous

pattern, its voltage plus factor is expressed as

1
M= (3)

where M is the voltage plus factor and D is the break-

off occupying ratio of power switch.

In practice, the components of circuit have para-
sitical parameters. By considering the parasitical pa-
rameters of R, and R, the voltage plus factor is ex-
pressed as

1 [D*R
M=— (=%~ 4
5% (4)
2 2
1

R+R,

where R = R, + (R/R;)D + and D, is the

switch-on occupying ratio.

Thus, the voltage plus of an applied boost is fi-
nite, and it should be always working in the range of
larger voliage plus.

High-power boost should be designed to work un-
der continuous current mode. So that, the parameters

of components can be calculated as

VOTS
Le=3;

Dmin(l_Dmin)z (5)

o, min

2

v, 1 1(1 1\ z
IL(rms)—E[ (I—Dl) +3 (2TL) DI(I_DI)]

(6)

where L is the critical value of inductance, V, is the

output voltage of the boost, T, is the cycle of the
switch, [

o

min 18 the minimum output current, D_, is the
minimum break-off occupying ratio of power switch,
I} (msy s the virtual value current of inductance, and z,
is the critical time factor.

Capacitance when boost working under limited
voltage ripple is expressed as
D, TS] )
AV,

where AV, is the fluctuation of output voltage.

C=

And its ability of passing ripple current Li(mey 18

expressed as

Vo Dl
leem =R [T~

A RCD (Resistor-Capacitor-Diode) protection snubber

+%[(1—12,)RTS]2 8)

circuit is adopted to protect IGBT, which is designed

as

Io(t, +1;) Lo 1
=C—VCE—f, =3c PR=70V<2;Ef (9)

where ¢, is the turning-on time of switch, ¢, is the

C

break-off time of switch, and V; is the working voltage

of switch.
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When the output voltage of fuel cell is 300V DC,
the power plant output is three-phase 220 V and 50 Hz
sine wave AC, and the rated output power is 50 kW,
the main circuit of boost-inverter structure is designed.
Then kMatlab software is used to model and simulate it.
Fig. 1 is the model of boost-inverter system and Fig.2 is

the simulated curve.
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Fig. 1 Model of boost-inverter system
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Fig.2  Simulation results of boost-inverter system

1.2 Fuel Cell Connecting Inverter Directly

When a fuel cell is linked with the inverter and
the output filter directly, the system has fewer compo-
nents. Thus, the ratio of component failure is smaller
and the system has higher reliability. The choice of IGBT
parameters can consult Eq.(1) , and its voltage concus-
sion protection circuit adopts RCD snubber. The criti-
cal capacitance C,, the critical resistance R, and the

power of critical resistance P, are expressed as
s

Ny 1
CElir Rsi3vesr

P, =C,AUf./2

where / is the working current, AU is the concussion

(10)

voltage, L is the wire parasitic inductance, and f, is

the working frequency of switch.

Under the condition that the output voltage of fuel
cell is 300V DC, the power plant output is three-phase
220V and 50 Hz sine wave AC, and the rated output
power is 50 kW, the main circuit of fuel cell directly
connecting the inverter is designed. Then, according to
the parameters of the components, simulation model is
established by using Matlab software. Fig.3 is the mod-

el and Fig. 4 is the simulation results.
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Fig.3  Model of the system that inverter directly connects to
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Fig.4  Simulation results of the system that inverter directly

connects to fuel cell

By comparing the simulation results, it can be
found that when the output voltage of fuel cell is 300V,
the power loss ratio of the main circuit linking fuel cell
via an inverter directly is smaller than that of the main

circuit of boost-inverter system.

2 Digital Control of PCS

The digital control system consists of the hardware
and the software. The former is composed of the sam-
pling module, the embedded microcontroller and the

IGBT driver. The latter is developed using embedded
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C language on the integration development system
CCS2.2.
2.1 Hardware of the Controller
2.1.1 Embedded Processor

High-performance DSP ( Digital Signal Process-
ing) microprocessor TMS320F2812 of TI is adopted as
the core of the embedded controller. It has many digi-
tal 170 and useful on-chip peripherals. The embedded
control system is illustrated in Fig. 5, which possesses

high running speed, large memory space and flexible

structure.
i M SRAM
56 kX 16bit
RTC+EEPROM
F2812
PWM output ¢—— @150MHz (=)
%1/5115 iﬁﬁﬂ: = USB2.0{=— USB2.0

RS232~— [

ks el i
pia = D/A

[ output
Z DSP b K= 10 ]

Fig.5 Diagram of embedded DSP control system

2.1.2 Sampling Module

The sampling module provides the embedded con-
trol system with feedback control signal. A real-time
feedback signal without distortion is required for a con-
trol system to work stably. It consists of the sensor, the
filter and the AD converter. Here, the sensor adopts
Hall components to fulfilling the real-time AC signal
collection.

The filter can adopt hardware filter and digital fil-
ter. The hardware filter adopts L.C low-pass filter. The
F2812DSP AD module has an input voltage ranging in
about 0 ~3 V. Therefore, the sensor output signal vol-
tage must be limited and moved to the range of 0 ~3V.
. To protect the peripherals from over voltage, a circuit
is used to limit the signal voltage before the signal en-
ters AD converter module. And, at last a digital filter
is needed to restrain the noise from entering into the
feed back signal. .

2.2 Software and Control Arithmetic
The embedded DSP control software should have

the functions such as the PWM arithmetic and drive,

the safety running control for PCS and the output wave-
form control for power plant. The flow chart of system

software is illustrated in Fig. 6.
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Fig.6 Flow chart of system control software

Among the control functions, the waveform quality
is the main target for the performance of power condi-
tioner system. And the waveform control in embedded
DSP control software is key and difficult. In this pa-
per, sliding mode control policy is adopted, the advan-
tage of which is that it is not sensitive to structure pa-
rameter change and external disturbance. It has strong
robustness and inherent switch characteristics. So that,
it is particularly suitable for the closed-loop control of

U101 Analysis and study of

power electronic system
sliding mode control of power conditioning system’s out-
put waveform will be carried out in the following
sections.

In Fig.7, there is a neutral, and the phase volta-
ges and currents of the three phases of inverter are in-
dependent upon each other. So that, there are six in-
dependent variables in the system. By taking the out-

. and inductance

put voltages of inverter u, ,,u,,,u,
currents i, ., i,,, i;, as state variables, the state
space equations of the three-phase inverter can be for-
mulated. Every equation relates only parameters of one
phase, and the equations can be decoupled. Thus, the
three-phase output can be controlled separately, and a
system can be regarded as three single-phase inverter
systems with 120-degree phase differences among
them. In order to simplify the analysis, one can choose
only one phase to study, and the parameters of the other
two phases are the same. Based on the current and

voltage laws of Kirchhoff, equations can be written as
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Fig.7 Circuit of three-phase inverter system

du,,
C‘—aTZLL,a—L

0,8

(11)

L, .
u, —u,=L hrip, U,

? de
where u, is the output voltage of phase A of the inverter,
u, is the grounding voltage, L is the inductance of the

inductor, C is the capacitance of the capacitor. If

R 1
- C c 0
Uy, = Uy up’AO_ , By = 1 |
o A
L L
Eq.(11) can be expressed as
i, | [-E  Lllu,
Cc Cc '
= +
. 1 r .
l L,a L - f - f LLs'l

07 u
l:L [ul,a] :Ao[.m] +BO[ul,a] (12)
L N l’L,a

In discrete time, the state equation is expressed as
x(k+1) =Ax(k) +Bu(k) (13)
Let r( k) to denote the voltage instruction, dr(k) to
denote the change rate of voltage instruction and R =
[r(k),dr(k)],R, =[r(k+1),dr(k+1)], there is
r(k+1) =2r(k) - (k-1),
dr(k +1) =2dr(k) —dr(k-1)
The switching function s(k) can be expressed as
s(k) =C.(R-x(k)) (15)

where C, =[¢, 1] ,¢, is parameter of the controller.

(14)

It can thus be deduced that
s(k+1)=C_ (R, -x(k+1)) =
C.R, - CAx(k) - C,Bu(k).
The control law is expressed as
u(k) = (C.B) " (C.R, - CAx(k) —s(k+1))
(16)
The discrete reaching law based on exponential

reaching law is expressed as

s(k+1) =s(k) +T(-esgn(s(k)) —gs(k))
(17)
Deduced from equations (16) and (17), the
control law based on exponential reaching law is ex-
pressed as
u(k) = (C.B) "' (C.R, —C,Ax(k) —s(k) —ds(k))
(18)
where ds(k) = — eTsgns(k) —qTs(k).

3 Simulation and Experiments

The parameters and performance requirements of
power plant are as follows: the fuel cell output is 300V
DC, the power plant outputs three-phase 400V and 50Hz
sine wave AC, and the rating output power of power
plant is 50kW.

By analyzing the simulation results of the model,
the inverter circuit directly linking to the fuel cell is se-
lected as the main circuit. The IGBT adopts 450-am-
pere work current under 80 Celsius degrees, and the
work voltage is 1200 V. The switch speed is 6 kHz.
The capacitance of the output filter is 30 pF and the in-
ductance is 700 wH. The equivalent inner resistance of
the system is 0. 1), and the experiment load is 20 kW
resistance load. The sampling frequency of the control

system is 48 kHz, and the discrete time state is ex-

pressed as
x(k+1) =Ax(k) +Bu(k),
0 33333 -33333
where A = ,B= .
-1428 -142.8 1428

The parameters of the controller are ¢, =10, & =5 and
-0.5].

Experiments on the designed PCS are carried out.

g =25. The original state assumes as [ —0.5

The results are shown in Fig. 8.

Fig.8(a) is the voltage curve of phase A electri-
city when the three phases of electricity are fully loa-
ded. Fig.8(b) is the voltage curve of phase B electricity
when phase B electricity is fully loaded and the other
two phases of electricity are emptily loaded. Fig.8(c)
is the voltage curve of phase C electricity when phase C
electricity is emptily loaded and the other two phases of

electricity are fully loaded.
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Fig.8 Waveforms of the output voltage of power plant

4 Conclusion

The PCS for fuel cell power plant designed in this
paper adopts high-efficiency power switch IGBT.

Efficient and stable main circuit is the base of a
good PCS. When the fuel cell has low output voltage,
taking measures to ascend and stabilize DC voltage is
helpful to improve the working performance of system.
In this paper, the fuel cell is of an output voltage of
300V, when considering the power wasting of ‘booster

itself , the circuit connecting an inverter with fuel cell

directly will has better efficiency.

The digital controller uses a DSP microprocessor
as the core processor, which can adopt intelligent con-
trol policy conveniently. Experimental results indicate
that the adopted sliding-mode control for waveform con-
trol works well. The PCS works stably and the fuel cell

power plant output voltage waveform is good.
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Review of High-Speed & Precise Progressive Dies of IT Products

Ruan Feng Huang Zhen-yuan Zhou Chi Wang Bo
(School of Mechanical Engineering, South China Univ. of Tech. , Guangzhou 510640, Guangdong, China)

Abstract: This paper investigates both the intelligent design technology and the fracture failure of high-speed &
precise progressive dies of IT products. In the investigation, the methods of fuzzy processing, fuzzy clustering and
attribute reduction are adopted to make the tacit knowledge of stamping die design explicit, thus achieving the
knowledge mining from the design of precise progressive dies. The results of microscopic test show that, in the frac-
ture section, the WC grains are inhomogeneous in size, and the Co content is less than that of the initial carbide
material. Analytical results indicate that the fracture failure of the die occurs possibly because the inhomogeneity of
WC grains reduces the hardness and wear resistance of the carbide material, and because the Co loss weakens the
strength of the material.

Key words: IT product; high-speed & precise progressive die; knowledge mining; fracture
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