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Abstract 

The distributed power generation system of fuel cell has received the widespread attention in recent years for its pro-environment and 

high efficiency. The solid oxide fuel cell (SOFC) is a new power system, which turns chemical energy of fuels into electrical energy 

directly at middle and high temperature. Mathematical model of SOFC is analysed and the main circuit structure of independent 

power generation system is designed in this paper. The traditional PI control is adopted in DC/DC boost circuit to ensure the fuel cell 

can provide a stable DC output voltage. The three-phase inverter is used in DC/AC circuit and the dynamic equation derived from 

three-phase inverter is transformed to the synchronous rotating coordinate system. An innovative discrete sliding mode (DSM) 

control technology is applied and the system output stable sinusoidal AC voltage. The simulation experiments prove that SOFC 
power systems, in a certain range, can quickly and dynamically trace the change of the input voltage and load using DSM control. 
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1 Introduction  

 

As the global conventional energy is drying up and the 

environmental pollution problems are increasingly more 

serious, the distributed generation, in the form of small 

scale, scattered layout near the users and output the 

power independently, has received extensive attention for 

its advantages of pro-environment, high efficiency and 

flexible usage [1-2]. It will be an important part of micro 

grid in the future and a kind of competitive power in 

future power market.  

Among various kinds of distributed generation 

system, fuel cell, wind, water, solar and other renewable 

energy have received great attention. The fuel cell is not 

like the wind and hydropower limited by geographical 

factors. It has a constant power output and advantages of 

high energy conversion efficiency, clean, no pollution 

and low noise [3-4]. It is suitable for either centralized 

power supply or distributed power supply and it also can 

be used as power supply of space vehicle, transportation. 

So it possesses more special application value. 

Solid oxide fuel cell (SOFC) belongs to the third 

generation of fuel cell technology, the integrated 

thermoelectric efficiency of independent SOFC power 

system is 46% when the output power is 109KW [5-8]. It 

has the advantages of wide fuel adaptability, no leakage, 

high efficiency of comprehensive utilization and long 

service life. Therefore, it arouses people attention and is a 

hot and key point in the research of fuel cell. SOFC can 

be used as distributed power of network for fixed power 

generation. It also can provide mobile power supply for 

transportation tools, such as ships, vehicles, etc. [9-11]. 

Therefore, it is significant to develop the SOFC 

technology for improving the energy structure and 

maximizing the use of the existing energy and rare earth 

resources.  
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FIGURE 1 Main circuit of SOFC generation 

 

Due to the output power of fuel cell is limited by its 

physical properties, when the load is changes, the 

response speed is slow. The SOFC power generation 

system designed in this paper uses DC/DC power 

converter to provide stable DC voltage for the use of 

three-phase DC/AC power converter and the discrete 

sliding mode control is used in DC/AC circuit. The 

simulation experimental results show that, with the 

support of the power electronic converter equipment, 

SOFC can provide stable power output for the network 

and fast load tracking capability. 
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2 SOFC model 

 

The basic electrode reaction in the SOFC is different 

from that of other kinds of fuel cell [12]. The reaction is 

explained by the following formula: 

Anode: 2

2 2 2H O H O e    , (1) 

Cathode: 2

2

1
2

2
O e O   . (2) 

At the anode, hydrogen gas reacts with ions to create 

water in gaseous state and electrical energy is discharged 

in the configuration of the electrons. At the cathode, 

oxygen reacts with the electrons taken from the electrode, 

and oxygen ion is engendered. To count the open-circuit 

electromotive force of a stack of fuel cells in series, refer 

to the well-known Nernst formula [12]. In the formula 

above, E can be calculated by Nernst equation: 

2 2

2

0.5

0 0 ln( )
H O

f

H O

p p
E N E E

p
  , (3) 

where E0 is the voltage associated with the reaction-free 

energy of a cell, 0 / 2fE N RT F , R is the gas constant 

(8.31J/mol.K), T is the SOFC operating temperature, F is 

the Faraday constant (96487C/mol), and pi are the partial 

pressures of hydrogen, oxygen and water. 

 

3 Main circuit structure 

 

Electrical energy from the fuel cell itself is usually not 

stable and the output voltage tends to be weak, it cannot 

use directly for load or electrical power grid. In order to 

meet the load demand, some corresponding converter 

devices is required. Main circuit of SOFC generation is in 

Figure 1. The first stage is usually DC/DC processing 

circuit. The converter turns the unstable output voltage of 

fuel cell into input voltage VDC of the back stage inverter 

DC bus. The second stage is the inverter control, it is a 

core part of the distributed generation system, the current 

hot research spot and the technical difficulties are mainly 

concentrated in this part. The output DC voltage of SOFC 

boosts 35V by the boost converter; then three-phase AC 

sine voltage for load can be obtained from three-phase 

DC/AC inverter; after LC filter circuit 220V/50Hz AC 

output voltage is obtained. 

 

4 DC/DC converter control 

 

DC/DC boost converter control chart is exposed in Figure 

2, V
*
DC is set as the boost instruction voltage. If the 

voltage is not reach the set value, the required current 

command produced by the voltage controller GCV is 

compared with actual inductance current of converter, 

then the control command signal generated by the current 

controller is compared with the triangle wave to produce 

pulse width modulation signal, the duty ratio of the power 

switch is adjusted by control signals, the goal is to change 

the output voltage and achieve the stable output voltage.  

The traditional PI control is illustrated in Figure 2. 

According to the classic laws of Ziegler -Nichols, VDC is 

35V. KV of the inner current loop controller in DC/DC 

converter can be obtained as 19.72. In outer circle control 

loop, that is the voltage control loop and KL is 82.36. 

 

5 Three-phase DC/AC converter 

 

Three-phase and three-leg DC/AC power converter, the 

structure is illustrated in Figure 3. DC shunt capacitance 

on the side stabilizes the output voltage. Three-phase 

voltage is generated by the on-off of control switch. 

Three legs and six switch components can be seen in 

Figure 3, two switches constitute a leg, each leg consists 

of two power switch element and their states of 

connection or break are complementary. That is when the 

upper leg switch VT1, VT3 and VT5 are on, the lower leg 

switch VT4, VT6 and VT2 are off, and vice versa. If the 

upper leg switch and lower leg switch of the same leg 

turn on, it will cause instantaneous short circuit and 

produce large current to burn down switch components.  
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FIGURE 3 Three-phase DC/AC circuit 

The circuit model explained by Figure 3 makes use of 

the following quantities [13]. The inverter output line-to-

line voltage is expressed as the vector Vi=[ViAB ViBC 

ViCA]
T
, and the three-phase inverter output currents are 

ILA, ILB and ILC. According as these currents, a vector is 

defined as Ii=[IiAB  IiBC  IiCA]
T
=[IiA-IiB IiB-IiC IiC-IiA]

T
. Also, 

the line to line load voltage and phase load current 

vectors can he represented by VL=[VLAB VLBC VLCA]
T
 and 

IL=[ILA ILB ILC]
T
 respectively. On the L-C output filter, the 

following current and voltage equations are obtained after 

elementary calculation. 

Voltage equations: 

1 1
( )

3 3

1 1
( )

3 3

1 1
( )

3 3

LAB
iAB LA LB

f f

LBC

iBC LB LC

f f

LCA

iCA LC LA

f f

dV
I I I

dt C C

dV
I I I

dt C C

dV
I I I

dt C C


  





  


   


. (4) 

Current equations: 

1 1

1 1

1 1

iAB

LAB iAB

f f

iBC

LBC iBC

f f

iCA

LCA iCA

f f

dI
V V

dt L L

dI
V V

dt L L

dI
V V

dt L L


  





  


   


. (5) 

Rewrite equation (4) and equation (5) into a vector 

form, respectively: 

1 1

3 3

1 1

L

i i L

f f

i

L i

f f

dV
I T I

dt C C

dI
V V

dt L L


 



   



, (6) 

where 

 1     1       0

 0       1      1

1      0        1

iT

 
 

 
 
  

. 

 

6 Synchronous rotating transformation 

 

The influence of mutual coupling and time-varying exists 

in the dynamic equations of three-phase coordinate 

system and the design of the controller will be more 

complex.  
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FIGURE 4 Synchronous rotating coordinate transformation 

 

The derived dynamic equations can be converted into 

the synchronous rotating coordinate system before the 

design of controller. The geometric relations between 

three-phase coordinate system and the synchronous 

rotating coordinate system are shown as Figure 4.  
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The conversion relation is: 

0

0

2 2
cos   cos( )  cos( )  

3 3

2 2 2
sin    sin( )   sin( )

3 3 3

1 1 1
                                   

2 2 2

e

q a

e e

d qd b

e
c

e e e

a

e e e b

c

f f

f T f

ff

f

f

f

 
  

 
  

   
   

   
      

 
  

  
       
    

 
  

. (7) 

The inverse transform of the equation (7) is: 

1

0

0

0

cos               sin                1  

2 2
cos( )   sin( )   1

3 3

2 2
cos( )  cos( )   1

3 3

e

qa

e e

b qd d

e
c

e
e e

q

e

e e d

e

e e

ff

f T f

f f

f

f

f

 

 
 

 
 



  
  

     
      

 
   
   
     
   
      
  

, (8) 

where f denotes either a voltage or a current variable; 

2e ef dt   ; fe=50Hz. 

Coordinating the transformation formula, the equation 

(4) and equation (5) are converted into the voltage and 

current equation of quadrature axis and direct axis in 

synchronous rotating coordinates, as shown in the 

equation (9) and equation (10) [14-15]. 

_
_

_
_

_ _

_ _

0     

     0

1 1
     0      0

1 1
 0      0     -

e
e

q UVM
q UVMe

e
e e d UVM

d UVM

e e

f q abc f q UVM

e e

d abc d UVM

f f

d
V Vdt

d V
V

dt

C I C I

I I

C C





 
    

     
      

  

   
      

       
            
      

, (9) 

_
_

_
_

_ _

_ _

0     

     0

1 1
     0      0

1 1
 0      0     

e
e

q UVM
q abce

e
e e d abc
d UVM

e e

f q abc f q UVM

e e

d abc d UVM

f f

d
I Idt

d I
I

dt

L V L V

V V

L L





 
    

     
      

  

   
      

       
            
   

, (10) 

where 
_

e

q abcV , 
_

e

d abcV  is the output voltage of quadrature 

axis and direct axis for three phase DC/AC inverter 

respectively; 
_

e

q UVMV , 
_

e

d UVMV  is load voltage of 

quadrature axis and direct axis for three phase DC/AC 

inverter respectively; 
_

e

q abcI , 
_

e

d abcI  is the output current 

of quadrature axis and direct axis for three phase DC/AC 

inverter respectively; _

e

q UVMI , _

e

d UVMI  is the load current 

of quadrature axis and direct axis for three phase DC/AC 

inverter respectively. 

 

7 Discrete sliding mode control 

 

The design of discrete sliding mode controller includes 

two aspects [16]: one is to seek the sliding mode plane 

function, which makes the system sliding mode motion 

on the surface stable gradually and has good quality. The 

second is the designing of variable structure control, 

which can make the system reach the sliding surface from 

any point of phase space in finite time and form sliding 

mode control at sliding surface. 

The continuous-time state space equation (9) and 

equation (10) of the plant system can be expressed to 

include dynamics of DSM below: 

( ) ( ) ( ) ( )

( ) ( )

X t AX t Bu t Ed t

y t CX t

   



, (11) 

where X(t) is the system state vector, X(t)R
n
; u(t) is the 

system control vector, u(t)  R
m
; d(t) is the system 

matching noise, d(t) R
m
. 

Given the sampling period Tz, the equation (11) can 

be transformed to the following discrete-time state space 

equation: 

* * *( 1) ( ) ( ) ( )

( ) ( )

X k A X k B u k E d k

y k CX k

    



, (12) 

where * zAT
A e , 

( )*

0

z
z

T
A TB e Bd 

  , 

( )*

0

z
z

T
A TE e Ed 

  . 
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In order to control the output y(k) to follow the 

reference yref(k), a sliding mode manifold may is selected 

in the following. 

( ) ( ) ( ) ( ) ( )ref refs k y k y k CX k y k    , (13) 

where 
_( ) ( )ref cmd iqdy k I k . 

In other words, when the discrete sliding mode exists, 

which means s(k)=0, the output y(k) is identical to the 

reference yref(k). Therefore, the discrete sliding mode 

exists if the control input u(k) is designed as following: 

* * *

( 1) ( 1) ( 1)

( ) ( ) ( ) ( 1) 0

ref

ref

s k y k y k

CA X k CB u k CE d k y k

    

     
 (14) 

The control algorithm that satisfies equation (14) and 

yields motion in the manifold s(k)=0 is called equivalent 

control. For the given system, the equivalent control 

ueq(k) is given as follows: 

* 1 * *( ) ( ) ( 1) ( ) ( )eq refu k CB y k CA X k CE d k        (15) 

Then the required control command can be calculated. 

Discrete slide model control is based on the double 

loop control of voltage and current and turns the voltage 

equation (9) into the discrete state equation [17-18]. 

_ _ _* *

1 1

_ _ _

_*

1

_

( 1) ( ) ( )

( 1) ( ) ( )

( )
                           

( )

e e e

q UVW q UVW q abc

e e e

d UVW d UVW d abc

e

q UVW

e

d UVW

V k V k i k
A B

V k V k i k

i k
D

i k

     
      

          

 
  

  

, (16) 

where 
*

1

0   

   0

e

e

A




 
  
 

, *

1

1
     0

1
 0     

f

f

C
B

C

 
 
 
 
 
  

, 

*

1

1
       0

1
 0        

f

f

C
D

C

 
 
 
 

 
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. 

The feedback values of three-phase voltage and 

current are substituted into the equation (17) through 

synchronous rotating coordinate conversion. The filtering 

inductance current command 
*

_ _q abc cmdi , 
*

_ _d abc cmdi  can be 

acquired.  

_ _

_ _

_ _ _

1 1

_ _ _

e

q abc cmd

e

d abc cmd

e e e

q UVW q UVW q UVW

e e e

d UVW d UVW d UVW

i

i

V V i
B A D

V V i

 
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  
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         
            

, (17) 

where *

1 1

1   0

0   1
A A

 
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 
, 

1

*

1 1

1   0

0   1
B B



   
    

   
, 

*

1 1

1   0

0   1
D D

 
   

 
. 

The current loop equation (10) can be converted into 

discrete state equations. 

_ _*

2

_ _

_ _* *

2 2

_ _

( 1) ( )

( 1) ( )

( ) ( )
                      

( ) ( )

e e

q abc q abc

e e

d abc d abc

e e

q abc q UVW

e e

d abc d UVW

i k i k
A

i k i k

V k V k
B D

V k V k
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      

   
    

      

, (18) 

where *

2

0   

   0

e

e

A




 
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 

, *

2

1
     0

1
 0     

f

f

L
B

L

 
 
 
 
 
  

, 

*

2

1
       0

1
 0        

f

f

L
D

L

 
 
 
 

 
  

. 

Taking the filtering inductance current commands and 

three-phase voltage obtained by synchronous rotating 

coordinate transformation into equation (19), the output 

voltage adjustment of three-phase DC/AC converter can 

be obtained. 

_ _

_ _

_ _ _

2 2 2

_ _ _

e

q abc cmd

e

d abc cmd

e e e

q abc q abc q UVW

e e e

d abc d abc d UVW

V

V

I I V
B A D
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8 Simulation results  

 

The software of Matlab/Simulink is used for simulation 

analysis in the paper and Figure 5 shows the output 

voltage waveform of DC/DC converter. When the input 

voltage of SOFC drops down at t=0.1s, the change of the 

boost converter can be seen in Figure 5. As the decline of 

input voltage, the output voltage of boost converter drops 

down instantaneously. However, the output DC voltage 

can restore 35V at short time for the error compensation 

action of controller. 
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FIGURE 5 Output response of DC/DC 

 

The independent operation mode is shown in Figure 

6. The three-phase equilibrium resistive load, when the 

load power is 2000W, the output voltage and current of 

three-phase power converter are controlled by DSM 

controller. It can be seen from Figure 6, the peak value of 

output a phase voltage is about 311V and a peak value of 

phase current is about 4.28A. 
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FIGURE 6 Output response of voltage and current of three-phase 

DC/AC inverter 
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FIGURE 7 Output response of voltage and current RMS value for three-

phase DC/AC inverter in load variation 

 

When load is changed, Output response of voltage 

and current RMS value is shown in Figure 7 for three-

phase DC/AC power converter. When it is increased from 

990W to 2000W at 0.01s, the RMS (root mean square) 

value of voltage and current can be obtained. It is can be 

seen from Figure 7, which the voltage can restore stable 

in 0.015s by DSM controller, the current can restore 

stable in 0.023s. 

 

9 Conclusion 

 

The SOFC generation system based on PI and discrete 

slide mode control is designed in this paper. Its output 

power can reach 2000W and it can be applied in the 

SOFC generation system. When the load of three-phase 

power converter is changed, the voltage and current can 

be effectively controlled by DSM controller with fast 

dynamic response. The convergence rate is fast and there 

is no overshoot. The output of power is stable. It is more 

suitable for distributed generation system at steady state. 

The simulation results verify the feasibility of control 

algorithm. 
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