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Abstract: This paper addresses the problem of increased 

frequency regulation demand and pressure caused by the 

rapid development of distributed photovoltaic (DPV) systems 

by proposing frequency regulation ancillary service (FRAS) 

trading mechanisms. First, combined with the characteristics of 

DPV, the access conditions for DPV to participate in frequency 

regulation are provided. Then, an FRAS compensation 

mechanism for DPV under the “two rules” mode is added, 

including compensation methods, assessment criteria, 

settlement, and allocation methods. Next, an FRAS market 

mechanism for DPV is proposed, frequency regulation capacity 

and frequency regulation mileage are considered, and capacity 

prices and mileage prices are adjusted. A DPV credibility 

index is introduced, and the trading process and clearing model 

of the FRAS market are described. A two-part compensation 

mechanism is adopted, which considers capacity compensation 

with opportunity cost and mileage compensation with a 

frequency regulation performance index. The cost of frequency 

regulation is shared by users. Finally, the simulation results 

show that the effectiveness of the proposed FRAS trading 

mechanisms.

Keywords: distributed photovoltaic; trading mechanism; 

frequency regulation ancillary service

“ ”

2

distributed photovoltaic DPV
[1]

[2-3]

[4-6]

[7-10]

JGEI 

 
 

 
      J

GEI



478 3 5

10 kV

+

[11 12]

[13 14]

[15]

[16]

[17 18] PJM

[19]

“ ”

automatic generation 

control AGC AGC

[16]

[16]

“ ”

1

AGC

                     A R YAGC1, AGC, c, AGC1i i i 1

AAGC1,i AGC1,i Rc,i

i AGC

MW YAGC1Y

2

           2

            
3ßÙÝîô ßÙÝîô ô

ï

²

· · ¶

¶

ß ß
ã

ã

ßÙÝîô ô ô ßÙÝî· ¶ · ¶ß Ó Çã I

JGEI 

 
 

 
      J

GEI



Vol. 3 No. 5 479

AAGC2,i, j MiMM , j i j 

MWh

YAGC2Y AGC

AAGC2,i i n

AGC AGC

[20]

[21]

[21]

2

[19,21]

k1 k2

k3 AGC

k'

k1 AGC

                
4

                
5

PE PS TETT TSTT

AGC v AGC

vN

k2k AGC

                              k2 2
P

P

N

6

P AGC

PNP 1.5% PNP

AGC

k3k t tNtt

                             k3 2
t

t

N

7

k'k'k' 3

                    k k k k1 1 2 2 3 3 8

1 2 3 1 2 3 1

                
9

i i Rc,i
DPV

Rc,i'DPV''

ÜÐÊ

½ô

ÜÐÊ

½ô

·

·

·

Î

Î

Û Í

Û Í

Ð Ð
ª
Ì Ì
ã

Ò

ï î
ª

µ
ª

JGEI 

 
 

 
      J

GEI



480 3 5

              10

c,d c,
0
d d

Clo,
0
d d

[18]

                
11

KdK kd d

kmax

                  m,d
K

m,
0

d

d
  12

m,d m,
0
d

d

“ ”

            d d dc, m, 13

d
d /MW

ð ð

½ô ½ô ´±ô¼ ¼ ¼Ý

³¿¨

¼
¼

µ
Õ
µ

15 min

5 min

3.4

AGC

5 min

30 min

3.5

3.4.1

14

DPV TH

XiXX DPV XlXXTHX i

l 1 0

c,
DPV,up
i c,

DPV,dn
i m,

DPV,up
i m,

DPV,dn
i c,

TH,up
l c,

TH,dn
l

m,
TH,up
l m,

TH,dn
l i

l

Rc,
DPV,up
i Rc,

DPV,dn
i Rm,

DPV,up
i Rm,

DPV,dn
i Rc,

TH,up
l

Rc,
TH,dn
l Rm,

TH,up
l Rm,

TH,dn
l i

l

NDPVNN NTHNN

3.4.2

1

ÜÐÊ

ÌØ

ÜÐÊ ÜÐÊô«° ÜÐÊô«° ÜÐÊô«° ÜÐÊô«°

½ô ½ô ³ô ³ô

ï

ÜÐÊô¼² ÜÐÊô¼² ÜÐÊô¼² ÜÐÊô¼²

½ô ½ô ³ô ³ô

ÌØ ÌØô«° ÌØô«° ÌØô«° ÌØô«°

½ô ½ô ³ô ³ô

ï

³·² Åø ÷

                     ø ÷Ã

       Åø ÷

              ÌØô¼² Ìô¼² ÌØô¼² ÌØô¼²

½ô ½ô ³ô ³ô      ø ÷Ã

JGEI 

 
 

 
      J

GEI



Vol. 3 No. 5 481

       
15

       
16

RC
up RC

dn

2

       
N

i l

DPV

1 1
i i lR R Rm, m, M

DPV,up TH,up up
NTH

17

      
N

i l

DPV

1 1
i R R Rm, m, M

DPV,dn TH,dn dn
i l

NTH

18

RM
up RM

dn

R s RM C
up up up

s R s RM C
dn dn dn

s ss
up ss

dn

7

3

    R P P Pc, ,max c,
DPV,up DPV DPV DPV,up
i i i imin ( ),      19

    R P P Pc, ,min c,

DPV,dn DPV DPV DPV,dn

i i i imin ( ),     20

Pi
DPV Pi ,max

DPV Pi ,min
DPV i

Pc,
DPV,up
i Pc,

DPV,dn
i

i

Pi ,max
DPV [22]

           P S Ri i i i,max dpv, ad,
DPV

N

i

dpv

1

        21

i Sdpv,i i

Rad,i'

NdpvNN

4

  R s Rm, c,

DPV,up DPV,up DPV,up

i i i            22

  R s Rm, c,
DPV,dn DPV,dn DPV,dn
i i i            23

si
DPV,up si

DPV,dn i

5

          R P P Pc, ,max c,
TH,up TH TH TH,up
l l l lmin ( ),       24

          R P P Pc, ,min c,
TH,dn TH TH TH,dn
l l l lmin ( ),       25

Pl
TH Pl

TH
,max Pl

TH
,min l

Pc,
TH,up
l Pc,

TH,dn
l l

6

  R s Rm, c,
TH,up TH,up TH,up
l l l             26

  R s Rm, c,

TH,dn TH,dn TH,dn

l l l             27

sl
TH,up sl

TH,dn l

d

         A A A R Rd d d d dc, m, c c, m m,       28

c m d

Rc,d Rm,dd

ddd

Ad Ac,d Am,dd

d

“

” “ ”
[23]

“

”

[24]

[25]

ÜÐÊ ÌØ

ÜÐÊô«° ÌØô«° «°

½ô ½ô Ý

ï ï

ÜÐÊ ÌØ

ÜÐÊô¼² ÌØô¼² ¼²

½ô ½ô Ý

ï ï

JGEI 

 
 

 
      J

GEI



482 3 5

  F FG,g

g

NG

Q

1

Q

G,

G,

g

g

29

  F FL,e (1 )

e

N

Q

L

1

Q

L,e

L,e

30

FG,F g FL,FF e g e

F

QG,g QL,e

g e NGNN NLNN

4.1.1

1

2019 10

1

 1 

Table 1 Installed capacity and electricity generation of DPV in a province

/MW /GWh /GWh

35 kV 2 18 236 73

10 kV 834 1 063.3 752 677

380 V 14 215 672.7 458 403

220 V 44 949 245.5 178 167

60 000 1 999.5 1624 1320

2

2019

0.1 /kWh 0.414 3 /kWh

3

4~5 /W

5 /W 1.5 /Wh

1 10 kV

1.275 MW

90.168 MWh 81.175 MWh

1.3 MW

90 MWh 81 MWh

10% 5

30

81 MWh×5/30=13.5 MWh

2 h 7 MW/14 MWh

2.8 MWh

1 2

 2 

Table 2 Cost of DPV and energy storage system

1.3 MW
7 MW/14 MWh

650 2100 420

4.1.2

3

1

2

0.1 MW

3

3 2

A B

A

B

3 MWh
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 3 

Table 3 Monthly electricity generation and consumption of DPV 

per household

MWh

1 2
3

A

3

B

90 83.08 90 90

9 9 9 9

81 71.08 0 78

0 6 6 6

0 0 78 84

4.1.3

1 kV

4

0.616 1 /kWh 10 kV

0.414 3 /kWh

0.1 /kWh

0.8 /kW

1.2 /kWh

1.009 8 /kWh

0.441 8 /kWh

 4 

Table 4 Monthly income of DPV per household

1 2

3

A

3

B

/ 0.9 0.830 8 0.9 0.9

/ 0.554 5 0.554 5 0.554 5 0.554 5

/ 3.356 2.945 0 3.232

/ 0 0.24 0.24 0.24

/ 0 0.72 0.72 0.72

/ 0 0 7.88 4.91

/ 4.810 5 5.290 3 10.294 5 10.556 5

/ 650 650 1070 1070

/ 4.5 4.1 3.47 3.38

4

3

A B

0.568 /kWh

0.347 1 /kWh

0.414 3 /kWh

0.75 /kWh

2

2019

5

YALMIP

CPLEX12.6

MATLAB2014a DPV1 DPV2

0.8 0.9 DPV3

1

6

6 3
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 5 

Table 5 Frequency regulation parameters and biddings of all market players

/MW /MW / ·MW-1 / ·MW-1 / ·MW-1 / ·MW-1

DPV1 — 10 — 3 — 7.5 3.5 2

DPV2 — 10 — 3 — 7.5 3.5 2

DPV3 15 10 2 2 8 6 3 2

1 20 20 3 2 7 7 4 3

2 20 15 6 4 10 10 4.5 3

3 10 10 2 2 12 12 6 5

 8 

Table 8 Winning bid of up-regulation service

MW

1 1 2 2 3 3

DPV1 — — — — — —

DPV2 — — — — — —

DPV3 12 24 14 28 5 10

1 20 60 20 60 20 60

2 2 6 9 27 20 60

3 6 30 7 35 10 50

 9 

Table 9 Winning bid of down-regulation service

MW

1 1 2 2 3 3

DPV1 0 0 0 0 0 0

DPV2 0 0 9 18 3 6

DPV3 10 20 10 20 10 20

1 20 60 20 60 20 60

2 5 15 3 9 15 45

3 5 25 9 45 10 50

 10 

Table 10 Clearing results of up regulation service

/( ·MW-1) /( ·MW-1) / /

1 6 16 2160 1562

2 6 16 2700 2014

3 6 16 3210 2400

 6 

Table 6 Biddings corsidering frequency regulation performance of 

all market players

/( ·MW-1) /( ·MW-1) /( ·MW-1) /( ·MW-1)

DPV1 — 3 0.583 — 12.87

DPV2 — 3 0.583 — 12.87

DPV3 2 2 0.5 16 12

1 3 2 0.667 10.5 10.5

2 6 4 0.75 13.333 13.333

3 2 2 1 12 12

3 7

 7 

Table 7 Frequency regulation demand scenarios in a certain 

scheduling period

MW

1 40 120 40 120

2 50 150 50 150

3 50 180 50 180

3

8 9

8 9 2

DPV1 DPV2

2 DPV1

DPV1 DPV2 DPV1

10

11
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 11  

Table 11 Clearing results of down regulation service

/( ·MW-1) /( ·MW-1) /

DPV1

/

DPV2

/

DPV3

/

1 4 13.333 1 759.96 0 0 306.66

2 4 13.333 2 230.616 0 248.395 306.66

3 4 13.333 2 645.273 0 82.798 306.66

10

2

2

DPV1 DPV2

DPV3

3 DPV2

2
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