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  

                    
                      .

                      
              .        

                   . 
       .       dc-dc    dc   

            ac     .      
     -  .          - 

                      
    . 

  
  

           

  

           
          

        -

        
)DER(1     ]1[.   

    )DG(2  3  
        DG  

           
4  5  ]2[.     

           
         

     .      

                                                             
1 . Distributed Energy Resources(DER) 
2 . Distributed Generation 
3 . Microgrid 
4 . Grid-Connected 

            
DG           .

          
           

   ]3[.  
          

          
           

       .
)HRS(6          

      ]4[.     
  HRS .     ]5[ 

  7-8       
        

5 . Islanded 
6 . Hybrid Renewable Sources(HRS) 
7 . Photovoltaic(PV) 
8 . Battery 

صفلنـامه صنـايع ارتكلوينـك، دوره9،شمـاره2 ،تاتسبان 1397

تاریخ پذریش: 1397/07/20تاریخ دریافت: 1396/05/29



                6

         
        .

]6[     HRS    
9- 10-11      

 .    ]7[     
HRS   -- -

-         ac 
          .

          
           

   .]8[  - -
           

 .   
      12] 9[ 

      13]10[   
-14]11[   15]12[   
16]13[   17]14[   

   HRS       
 . 

        
 HRS         

          
         

        .
         HRS  
        

      .   
           

:         
        

        
 .           

  )SMC(18      
           

            .
           

         
     ]15[.    

                                                             
9 . Wind Turbine 
10 . Fuel Cell(FC) 
11 . Super Capacitor(SC) 
12 . Networked Control 
13 . Instantaneous Power-based Current Control 
14 . Distributed Control 

     HRS    -
   -- .    

          -
          

        19  
         . 
            

     .HRS     
          

  .         
          

   .       HRS 
     /  /

     dc        
          

 .      
         dc-dc   dc 

      HRS    
       .     

          ac  
          

      .   
        - 

   SMC   .    
         

          .
          

  .       
Matlab/Simulink       

           
  .  

  
  

   HRS   

 )1     (     
          .

 MPPT         
           

15 . Real-Time Coordinated Control 
16 . Fuzzy Logic Control 
17 . Artificial Neural Networks 
18 . Sliding Mode Control(SMC) 
19 . Extremum 

اسرتاتژی کنرتل و یریدمت توان منابع ارنژی تپدیدجذری دیربیه در ریزشبکه جزریه ای
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dc          .
      LC        

         . 
       .    

          
           -

          
 .          

           
         .

           
  dc  .    

  )2         (
   LC           
  R         

  L   C    LC 
   .ac )    LP   (

)LQ .     (  
   )P   ()Q  (

)abcV)   (i,abcI (    .
         

       PWM   
 . )1     (

   .  
  

PV

FC

Battery

SC

   Boost
Converter

   Boost
Converter

Buck-Boost
 Converter

Buck-Boost
 Converter

   MPPT
Controller

Inverter LC filter

AC Bus

AC Load
 Proposed
Controller

+L LP jQ
refPrefQ

DC Bus

PWM

  
1 .        

  

L

,i abcI ,L abcVrefP

refQ

PWM

FAFSMC

PCC

,i abcV

P+jQ

+L LP jQ

,L abcI

C
CI

R

  
2 .           ac  

   LC   

1   .ac    
    

   220 V AC   
   50 Hz  

     100 kW  
R  10 m ohm  
L  0.4 mH  
C  10 uF  

dcC  0.5 mF  
  dc 480 V  

  
  

    
          

          
)D      ()

phI ( .
) 3)      (

sR

)   (
pR ( .  

  
  

phI
DI

pvI

D pR

sR

pvV

  
3 .       

  
  

) 
phI)   (

pvI     (
]16[:  

)1( [exp( ( / ) / ) / ) 1]pv p ph p s pv s pv s p cI N I N I q V N I R N kT A= − + − 
)2(  1[ ( )] /1000ph sc c refI I K T T λ= + − 

)3(  3( / ) exp[ (1/ 1/ ) ]s rs c ref g ref cI I T T qE T T kA= − 
  

  


sI   
pN 

sN    
  

pvV    q  
k 

cT  
refT      


rsI 

scI       
 

gE    ()
1K 

    λ   .  
  

  

رضا دصاتقی 
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1- )    MPPT   (
  

         
          

      .     
        

MPPT      . MPPT  
]17[           

.          
       :  

)4( 2
[ ]

1[1 ( 1)]oc

U
C U

scP U I U I C e= × = × − − 
  

  
       / 0dP dU = 

  :      

)5( 2
2

[ ]
[ ]

1
1

2

[1 ( 1)] 0
oc

oc

U
U C U

C U sc
sc

oc

UI C eI C e
C U

− − − =
 

  
-          -
.  

)6( 2

2

1

[ ]
1

2
1

[ ]
1

2 2

( )
( )

( )

(2 )( )

k

oc

k

oc

k
k k

k
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C Usc

k
oc

k k U
C Usck

oc oc

f UU U
f U

I CI U e
C UU U

I CU e
C U C U

+

+

′ = − ′′



+ −
 = −

 + −


 

  


1k kU U ε+ − ≺  ε  .   
max 1kU U +=  

kU  k  .( )kf U′  ( )kf U′′     
   

kU  .     
) 2 .    (   

)    4.   (  

  
2.      

  
        

     
5  

     66  
      96  

    642.2 V  
    5.96 A  
    1.25  

   1723 ohm  
   0.0101 ohm  

 forward    0.8 V  

  

  
4 .  MPPT        

  
  

       
)   SOFC    (

        
    ]18[.     

   SOFC .     
    :  

)7( 
2

( ) 2
2

ref s sofc
H sofc

n Im kI
F

= = 


2

ref
Hm    

sn     
sofcI 

     F   k   
.  

)8( sofc N A O CV V V V V= − − − 
  


sofcV       
NV  

 
AV    

oV    

CV        .  
  :  

)9( 2 2

2

0 ln
2

H O
N

H

gTV E
F

ρ ρ

ρ

 − = +  
  

 

  

   

   

 

 

 

 

  

 


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g   T   
2Hρ  20  

2Oρ    
2H Oρ    

0E  
.         -

)    3  ( .   

  
3.         

   
     52.2 V  
    52.46 V 

  )rated, Vrated(I  (250 A , 41.15 
V)  

   65  
   318 K  

     732 lmp  
    1.16 Bar  

    1 Bar  
   12.54 kW  

 SOFC 0.024 ohm  
  SOFC  1 second  

  )2O, H2, O2(H  (95.95 , 21 , 1) 

  

    

  -21       
          

   ]19[.    22    
       .   

:  
)10( bat oc i batV V R I= − 

  


batV   
ocV   

iR  
 

batI          
 :  

)11( 
2 4

2
oc oc i

bat
i

V V R P
I

R
− −

=
 

  
            ] 

21  20[:  

)12( ini bat
bat bat

ISOC SOC dt
q

η
= − ∫ 

  


batSOC    ini
batSOC     

η       q    -

                                                             
20 . Partial 
21 . Lithium-Ion 

   .SOC      
       -   . 

     - ) 4 (
.     

  
4.      

   
   48 V  

   40 Ah  
    65 %  
   0.012 ohm  
    55.87 V  

  

    

         ]22[ 
)  5)     (C  (

) 
SR)    (

PR (.  
  

SCV

SR

PR C

  
5 .        

  
         

   /    .  -

         .
            -

]23[:  

)13( 2 21 ( )
2SC ini finalE C V V= − 

  


iniV    
finalV     .

          
     )13     (

        .  
          

         
   .        

22 . State of Charge(SOC) 

رضا دصاتقی 



                10

           
        

         .
    :  

)14( s
t s

p

RR n
n

= 

)15( t p
s

CC n
n

= 

 
pn      

sn     
      .   

  - ) 5.    (  
  

4.      
   

   291.6 V  
   30 F  
   298 K  
   150 mili ohm  

     10 A  
  

  

       LC   

       )P (
   )Q)     (PCC (

]24[         .
    abc  dq    .  

       PLL  
         .

       LC  ]25[  
     P  Q   .  

       abc    
)6 (    :  
)16( , , , 1,

1 ( )i abc i abc i abc abc
RI I V V
L L

•

= − + − 

)17( 1, , ,
1 ( )abc i abc L abcV I I
C

•

= − 
  


,i abcV     

1,abcV      
 LC  

,i abcI      
1,abcI   

1 .  
  

,i abcV

R L

C
,i abcI

1,abcV

+L LP jQ

  
6 .         LC   

        :  
)18( 1 1 1a ia b ib c icP v i v i v i= + + 
)19( 1 11/ 3[ ( ) ( ) ( )]a ib ic ib ic ia c ia icQ v i i v i i v i i= − + − + − 
  

)  16      (qd  
   :  

)20( 1
1 ( )id

id iq id d
di R i i v v
dt L L

ω= − + + − 

)21( 1
1 ( )iq

iq id iq q

di R i i v v
dt L L

ω= − − + − 
  


,i abcV       .   

    dq    :  

)22( 1 1

1 1

( )
( )

d id q iq

q id d iq

P v i v i
Q v i v i

= +

= −
 

  
         

            
:  

)23( 
q

p

udP R P Q
dt L L

udQ R Q P
dt L L

ω

ω

= − − +

= − + +

 

  
      :  

)24( 1 1

2 2
1 1 1 1( )

p q id d iq

q d id q iq d q

u v v v v

u v v v v v v

= −

= + − +

 

  
  

    

      

    
a tD α    a  t  -

   α ) 0α ≻     .(
           

     ]26[.    
 1: Grunwald-Letnikow  

)25( 
0

0

( ) lim ( 1) ( )j
a t h

j

D f t h t jh
j

α α α∞
−

→
=

 
= − − 

 
∑

 
  

 2: Riemann-Liouville  

)26( 1
0

1 ( )( ) [ ]
( ) ( )

tn

a t n n

d fD f t d
dt n t

α
α

τ τ
α τ − +=

Γ − −∫
 

 3: Caputo  

)27( 1

1 ( )( )
( ) ( )

t n

a t n
a

fD f t d
n t

α
α

τ τ
α τ − +=

Γ − −∫
 

  

  

   D α   
a tD α  .   
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    

          If-

Then    ]27[ :  
 1 1: ... ,l l l l

n nR if x is A and x is A then y is B 
  

l
iA  lB     

ix  y   
n   )1,...,l n=  .(    

  23   
ix  y :      

)28( 
2

2

( )( ) exp( )
2l

i

i i
iA

i

xx ψµ
σ
−

= −
 

  


iσ  
iψ         .

       -center

average       singleton    .   

)29( 1 1

1 1

( ( ))
( ) ( )

( ( ))

l
i

l
i

nM

l iA
T Tl i

nM

iA
l i

h x
y x x

x

µ
θ ξ

µ

= =

= =

= =
∑ ∏

∑ ∏

 

( )l
i

iA
xµ   

1 2( ) ( ( ), ( ),..., ( ))Mx x x xξ ξ ξ ξ= 

1 2( , ,..., )TMh h hθ =         
  .  

  )    1    (
          

   .  

  
 -      

)    23(       
.  

)30( ( )x f x bu d
•

= + + 
:  

 [ , ]Tx P Q= 
 1b

L
= 

 ( )

R
PLf x Ax

R Q
L

ω

ω

 − −   
= =    

  −  

 

 2 2
1 1 1 1 1 1[ , ] [ , ( )]T T

p q q id d iq d id q iq d qu u u v v v v v v v v v v= = − + − + 
  

d        
1dρ σ− ≻  

  
1σ  ρ         

        .
de x x= −   

                                                             
23 . Membership Function 

 24           
:  

)31( 1
1 2 3S e e D eαλ λ λ −= − − −∫ 

  


1 2 3, ,λ λ λ  .      
 ( 1)α −        -

:        .  
)32( 

1 2 3( ( ) )dS x f x bu d e D eαλ λ λ
• •

= − − − − − − 
  

    0S
•

=  :  

)33( 1 1 1 2 3
1

1 [ ( ) ]eq du f x d x e D e
b

αλ λ λ λ λ
λ

•

= − − + + +
 

  
        :  

)34( 1 1 1 2 3
1

1 [ ( ) sgn( ) ]eq du f x S x e D e
b

αλ λ ρ λ λ λ
λ

•

= − − + + +
 

  


1 sgn( )swu Sλ ρ=  .       
   :  

)35( 0.5 TV S S= 
  

        :  
)36( 1 1( sgn( )) ( ) 0T TV S d s S dλ ρ λ ρ

•

= − ≤ − ≤ 
  

    )34(   d ( )f x  
    .       

  ˆ( )f x  ˆ( )h S  ( )f x  sgn( )Sρ 
     .      

  :        
)37( 1 1 1 2 3

1

1 ˆ ˆ[ ( ) ( ) ]k du f x h S x e D e
b

αλ λ λ λ λ
λ

•

= − − + + +
 

  
ˆ( ) T

f ff x θ θ ξ=  ˆ( ) ( )T T
h hh S Sθ θ φ=  ( )xξ  ( )Sφ 

         .  
:  

)38( 
1 1 ( )Tf rS xθ λ ξ

•

= 
)39( 

1 2 ( )Th r S Sθ λ φ
•

= 
  


1r   

2r      .  
  

         :x  
   

dx        
 ( )f tθ  ( )h tθ  .     

24 . Tracking Error 

رضا دصاتقی 



                12

       :.  

)40( ˆarg min[sup ( ) ( ) ]
nf f

f f
x R

f x f x
θ

θ θ∗

∈Ω ∈

= −
 

)41( ˆarg min[sup ( ) sgn( ) ]
nh h

h h
x R

h S S
θ

θ θ ρ∗

∈Ω ∈

= −
 

  


hΩ   
fΩ     

hθ  
fθ    .

   .sup ( )f x    ( )f x    -

  .arg min ( )f x    x  
 ( )f x       .   

  :  
)42( ˆ( ) ( )ff x f xω θ∗= − 
  

   
ĥθ        θ  ĥ 

:       
)43( ˆ( ) ( )sgn( )hh S Sθ ρ η∗ = + 

 ( )d t ρ≤  0η ≥  
maxω ω≤      .

     :  

)44( 

1 2 3

1 1 1

1 1

1 1 1

1 1 1 1 1

[ ( ) ]
ˆ ˆ[ ( ) ( )] ( )

ˆ ˆ ˆ ˆ[ ( ) ( )] [ ( ) ( )]

ˆ( )

ˆ( ) ( ) ( )

d

h

f h h

h

T T T T
f h h

S x f x bu d e D e

f x f x h S d

f x f x h S h S

h S d

x S d h S

αλ λ λ

λ λ θ λ

λ θ λ θ θ

λ θ λ λω

λϕ ξ λϕ φ λ λω λ θ

••

∗ ∗

∗

∗

= − − − − − − =

− − + =

− + − =

− + + =

+ + + −

 

  
 

h h hϕ θ θ∗= −   
f f fϕ θ θ∗= −      .

:      
)45( 2

1 2

1 10.5[ ]T T
f f h hV S

r r
ϕ ϕ ϕ ϕ= + +

 

  
        :  

)46( 

1 2

1 1 1 1 1

1 2

1 1 1 2
1 2

1 1 1

1 1

ˆ[ ( ) ( ) ( )]

1 1

1 1[ ( ) ] [ ( ) ]

ˆ( )

T T
f f h h

T T T T
f h h

T T
f f h h

T T T T
f f h h

h

V S S
r r

S x S d h S

r r

rS x r S S
r r

S Sd Sh S

ϕ ϕ ϕ ϕ

λϕ ξ λϕ φ λ λω λ θ

ϕ ϕ ϕ ϕ

ϕ λ ξ ϕ ϕ λ φ ϕ

λ ω λ λ θ

• • • •

∗

• •

• •

∗

= + + =

+ + + − +

+ =

+ + + +

+ −

 

  
    ˆ( ) ( ) sgn( )hh S Sθ ρ η∗ = +   0η ≥  ( )d t ρ≤ 

   
f fϕ θ
• •

= −  
h hϕ θ
• •

= −:      

)47( 

1 1 1

1 1 1

1 1 1 1

1 1 1

1 1

1

ˆ( )

[( ) sgn( )]
sgn( ) sgn( )
sgn( ) [ sgn( )]

[ ] [ ]

( )

hV S Sd Sh S

S Sd S
S S S Sd S S
S S S S d S
S S S S

S

λ ω λ λ θ

λ ω λ λ ρ η
λ ω λ η λ λ ρ
λ ω λ η λ ρ
λ ω η λ ω η

λ η ω

•
∗= + − =

+ − + =

− + − =
− + − ≤

− ≤ − =

− −

 

  

                                                             
25 . Barbalart Lemma 

   
maxη ω≥    0V

•

≤       
    . ( )S t    .  

  (0)V    ( )V t     
     

0
( ) (0) ( )

t
S d V V tω η τ− ≤ − ≤ ∞∫   .)44(   

( )S t
•     ( )S t  .  

   25 lim ( ) 0
t

S t
→∞

=     

  lim ( ) 0
t

e t
→∞

=.  

  
    

    HRS   ac    .
            

HRS     .  
  
)48( load PV Battery FC SCP P P P P P= = + + + 
)49( load PV Battery FC SCQ Q Q Q Q Q= = + + + 
  

    { }2exp [ 4 2( 1)] , 1, 2,...,6x i iµ = − + − − = 
  i  .    6i = 

 36         
)     .7 .    (  
  

  
7 .    x   

  
      :    

 1( )
1 exp[5( 3)]NM S

S
µ =

+ +
 

 2( ) exp( )ZO S Sµ = − 
 1( )

1 exp[5( 3)]PM S
S

µ =
+ −

 

  
   

1 2 318, 5, 1λ λ λ= = =  
    

1 210000, 500r r= =  .  
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 [ ]1 2 3
T

h h h hθ θ θ θ= 
 [ ]1 2 3 4 5 6

T
f h h h h h hθ θ θ θ θ θ θ= 

  
         

     Matlab/Simulink   
   .dc       

        .220 V AC 
      dc ، 480 V .    

  
       

            
        --

-     .80    
 kVA 12/18  kVA 08/24     .

         
          

            .
           

           -

      .      
      ) 20  ( 

            
.          

             
           .

        021    .
  021        

            .
  .          

          .150 
      )  200  250 

          ( 
             .

           .
            

    .)8(     
          

          .  
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)      9  ( -

             
   .        
.      

 

  

8 .          

  
  

  
9 .          

  
  

       PI )   10 (
           

.         
)10  (         

80           
  26          

           .   
)11     (  .   

AC      220      
         

  .  

رضا دصاتقی 
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10 .  PI        

  
  

  

11 .    ac   

  

       

     50  52       
 ) .12  (     

          
 )   .     (

  ( )      
    . ) 13  (

          .
           

           
 .      

  

  

21 .                        
(    )  

  

  
31 .                        

(    )  

  
)  14)  (15          (

 dq        .   
      q     

.   ()           
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14 .  dq      

  

  
15 .  dq      

  
   

         
           

 HRS     .HRS    
         

          
           .

           
       .   

          
     .       

        
        dc    

       .     
          

           

 MPPT     .   
       HRS    

      -   
           
  .         -

        
   HRS       

          
  .  
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