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Abstract

Abstract

With the development of edge computing, its power consumption is also increasing.
As a power system that can make full use of renewable energy, multi-microgrids system
provides a reliable solution to the problem of energy supply for edge task processing.
However, more and more edge computing tasks not only bring new pressure to the power
supply and demand balance of multi-microgrids system, but also bring new challenges to
the stability of multi-microgrids system due to its stochastic and possible external inter-
ference. Therefore, the control strategy based on energy routing is designed to effectively
meet the above challenges. In order to improve the rationality of modeling, this paper
uses a variety of complex differential equations to model the system, and makes progress
in improving the energy regulation ability, stability and performance of multi-microgrids
system by applying a series of stochastic control theory and technology.

The main contributions of this paper are as follows:

1) Considering the energy consumption of task computing as a controllable geo-
graphically transferable load, a new concept of energy routing is proposed, and vari-
ous dynamic processes including energy routing are modeled by differential equations.
Through the reasonable control of energy routing and generator, this study realizes the
power supply and demand balance and bus frequency stability control of each microgrid.

2)The stochastic differential equation with Markov jump is used to model the studied
system, which further improves the modeling accuracy of system dynamics and stochastic.
A robust control method is applied to improve the robust performance of the system. In
addition, the control effect of this method is further improved by optimizing the value of
Y.

3)By applying stochastic control theory and Nash game theory, this study optimizes
some important performance in multi-microgrids system. The balance between perfor-

mance optimization and system robustness is solved by Nash game.

Keywords: multi-microgrids system; edge computing; energy router; robust H , control;

H,/H , control
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% LMI J5 20 PAZ25 SCHik [68] H 1Y LB SR TS 2, VEAHATIIE I IS F2AE AR 3L
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24



2% T R 0 2 BN BRI (N H, BB
24 HEFME

N T AR IER AT, SCRG I T BUE RS R AT . 2.1 R CHR [16]
HSEE, Gl TS MM RESHNEE, Kb L] RESHERXANIX
] b LRI SRR 2R B LIE - AR F5 AR 55 PR BE I I SE (r) Bk 12 2. FFHL
ZIAIZEIR 7(r) BTEZ R IR 0 < 7(r) < p < 00,7(t) < h < 1 FHIREFBENLAE T,
Hrdr B2 0.06,

0.05
0.04 1
IC
¥ 0.03 1
£
1=
&
0.02
0.01
0.00
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t(s)
Bl 22 W4 ()
0.4 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.03 ‘
U _ e - - - -
03 — 0.02} — v, o vw, = um |
0.2 _— vpy,
0.01}
0.1 ,:
S > 0.00 o L)
0.0
-0.01}
-0.1
02 -0.02}

03505 10 15 20 25 30 35 40 %95 05 10 15 20 25 30 35 40

t(s) t(s)
(a) Bk HEBhH A (b) LR
Kl 2.3 PIRAN LS

N JERZBENL Hy, B FFEGIBOR, AU 70 01 R H PR A [R] S SR 80
TR, 43 A kb shim N (B2.3(a)) FEZRSIHA (E2.3(b) » Bkl
AN TIRS SRR — I 2 BORREE M R A, WiE2.3(a) T EIEhIE AR
L4s Zidn RAEAE BRI SN . 3B LETN BN HRE U A B I 8] 58 [l N P 8 %
AREER/NMOTLE), WK 2.3(b).

ERKMF BRI TR, @i 2.4 (a) 2.4 (b), [LLEH, ERTHR
H P SRS R, DU R I P AR 22 2 A SRR e 1. (AR, R
LR EEEEL T, 2413 PR IRaSBECRNMERE, X2 RS

25



552 & SR TRER I 2 RO BRI W ZE BB H, 42 87T

15 : : :

. - A - 4 /'-“’\ ',', — Afy - Afy

) i 0.010

0.0 e %4
5 e a— e Hel T 0005
S 05 S Y S
~ i =
< _10 i < 0.000 XY

-1.5 -0.005

-2.0 k

-0.010 |
“280 05 10 15 20 25 30 35 40 00 05 1.0 15 20 25 3.0 35 4.0
t(s) t(s)
(a) ToAEHlHIN (b) HHEHHAN

Bl 2.4 kRSN IR W 2
Wree, TR R B T PUAE BT I 4 N R & S BECNIBEED .

0.6

— A 0.015
0.4t wme Af,
0.010
0.2
S 0.0 fr=rtmmimimmrms e BIELE ~ 0.005
) g
S~ _ S~
<702 < 0.000 g
-04
-0.005
-06
VA
08505 10 15 20 25 30 35 40 008505 To 15 20 25 30 35 40

t(s) t(s)
(a) TCHE A (b) AN
K25 LN BRI 2

TEESINAMAITIT, WiRE2.S5 (@) ME2S (b), ATRLEH, Arigthi
TNEAEAR AR ZEE ST N R RS E . S5 K24 (b) #HLL, K25 (b) difiis
(i ZE M BORT 22, 10 o TR 8 T IR AR B 52

ASCHRY T —FoE (02 T RE R AP SRS, SR G I e R th 2 18] ) fE
AL AT S5 L LR AT X A R B TN LR L o A ST TH SR S5 9 —Fh
PR OB TR RS G, I I A R A AT 55 R B T RE ST AR FA TR T e
MR s T B PR T 2 M R G R RER AR RE 1, ATIAE RS [FI R A BEAL
VEFISI BRSNS RES S I iy B LR AR I - N EI2.6r 7%, ASHIF FE 8 Hh B T g
I B TE ST DR B S ORI P42 R R I S bl T 0008 RS R A i 1) VR DT gy
FEHIRCR

RO R (3-1) , AT LA R Gt 3 Hh ) B LAl 22 A0 ] 2
HL DR AR OB BRI BOR . W RAE Y, A2 55 R8I LA il H ] S it s K 1
ERRJE, BRI 22 R P ) ROCR BARAE R ) P A AR, (B R ARLE
ey AT -T2 H R SET 0. XS 1l 32k L Th 2 AR U, +70 B
B RAEHE S G, AT B Th A A 22 A AT AR AT . AL, s

26



552 & SR TRER I 2 RO BRI W ZE BB H, 42 87T

0.015
— AR

0-0101 — mFae@eiehepiabls R

0. 005

0. 000
-0. 005
-0.010

-0. 015 +

0.015
0.010

0. 005 :‘
0. 000

-0. 005

Af (pu)

-0.010

-0.015 +

Kl 2.6 SE57725 A

B TR T P b UG R BRI T AN, %628 R SR 7 S
R SRR R

0.015

— TEERIEERS —— FERIEES

0.010

S 0.005
&
&
£ 0,000
R
&
@ -0.005
-0.010
-0.015 4 . . . . . : :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
t(s)

B 2.7 BEZGHAR (220 L I

25 ARELR

ARCUTE 1 h e R i eh AR ERR I 22 UM 2R G BRI (e 22 A g 1A i . 5
JEBI RGBT AR e . AR S5 R LI IR AN T3, AR B ASR A — R 5 Jr
REXME S ML . AR5 B GEIR D R RSB S R AT . i), AT %
BRI A Z2 5 1AL O T — R RENLE B H o P R, R 2 3 R
PR PR SR A HE S RV IERE A TS AR (LMI 5D, AT e A

27



552 & SR TRER I 2 RO BRI W ZE BB H, 42 87T

0.010
— TERIEES  —- T
0.008 7 —— g B 42

0. 006

0.004

0.002 A |

0. 000 HH =

-0.002 4

AERBHEBINEEWL (pu)

o -0.004 -

-0. 006 A

T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t(s)

K2.8 AR TEHLI R A L

B ECEE SRR T RAKRMEA2IESIE S . BLAh, ERMEIEHE ST, &
3Gy AR 51N BT I 20 TR A SR A T TSR 0 S . KK SR
o B A, fE LR TR A RO AN AT AT PR U AU B D 1S B 1 RE

28



03 & BB IR RS HAR ) 2 I L B R T T

3T ERDRTRSHUTSMMEE SR

3.1 MRE=MTEK

AN B TRIE FE ) 2 AT R AR oA B RS TR B 2 B AR G b 1 L R IR BB AL
BRI . D IR BRI IR R GiARE ISAT, AR UR N RGP R
LI A A 2 el A 07O e e O 22 Y 5 I R 3R 1L
TRz, RIZE I 7 S5 AR R S ar i AR 2 T8 B 22, AL Rl A REVR 10 K &
AN EAL ST U FEAMBAC e R BENLIE IR AE DL K %S850 46 (1 2 B A A0 25 ]
Tt S L FE T 2T A T 45 e Al 2 ™ i 161

5 S8 B n] AR REURAE AL N smFE LR AN (B &, BN IR T Al X RT g
AECLE IS 5 A L N B R TR, BRI 2 A B R 2 TR] ) RE AT
W2 B T Tz RPN AR, VR 2B SIS P U e e RS R
SO o SR [717 320 7 — Pl i) RIS HISmE,  DLORSS B MR i 22 ) A
EME. BEAL, RO R Y — AN B ) R I KA RE R I A U Dy TSR
FERA RGN AR RE AR AL, A SCHR [43] TR HY 17— Fiukep e X 28 ABE AL 73 T
FEARES & BT k. $E 7B K AERE B A7 a1 ik IR H., FORM R G AU e E
JEAEAE W R BENLEE AR B e T, Bt iR i B2 B SR EE R, 513
b S e SR T2 0 A P TRER =S =t AR e el i IR C R N e AR /1K
REE S A TSRS MR SE . O TR AR G A P I LSBT LVE RSB 5 12
—Z MOV, WAREE) . Mg P, EN T2 Rl

SRIMAR DA LW 18 RES MBI E ST, EBlSR TR, S
M T TARSE A D) B E AN AR R, HXE RN Al 7 R R S B A S —
JRANAZIT,  RIIE I Bl oy 7 RN AR G REAT AN, 2 2 K AR A T e R
JERIRERI R TSP, WL, N T RIX — RESHRL, AERAWE SR
RSHHA I J7 XS o W rp (e -5 B ah S sk AT @ t. JFH, hT%
JE L R AT RS M AL 5 o T B0 R AR AT O R AR AE, AR T W 7R —FhoE
BERE S IR AT RS HO AR BN & H o, 3207775 AR UKL 71 S0 13K
i IX )L

LR RV R G R — N H—HEE RGP D REEHNAE RS €
H —ANIELEI 8] () SR i R R e, %I R 2 R GRS Id fE . 2 /K]
RISRER) AR R A AR, LRSI 12— ARG “BhEk” 25— &
iU, Ty Rl RS 2 Gt OO Tk s i R VF 2 R TR 7E SRR [76]

29



03 & BB IR RS HAR ) 2 I L B R T T

r,  Hy IR T R B R AR ok L R 2 e sk O BERLIE . O T AEREHL DoS Brih T R
R AR R 1, AESCHR [15] 7, By /R ] R B 2 GEp IRt IR R e e A
Al By N AN FRRIRES

i Eprid, e i AGUR BRSSO REBL % BAT — e BENLIEAT
ANHENE, QR A B R AR B AN NN SE, AR B T e LA Rl I
FH AR, N T A RIB X AR, AT AR WA /R W RS H AR 1
W DT REXT RGHHAT A . B RGUEAR, (AT DOEE AR R N H, B
HITTEAF B HE 5 AT e B AR AR Sh AT AR, SEILS MR W R 4t
PN ) T 5T A DL e L R BEBLE R RS E 1 A b ARE BRI R, Tt 7 ] R S
R T BB R RSEARR) H, B2, el id S LM R AR
i FPRE T HEDCAL SR S SRR L R BEAT SR HIE 5, B 1R ish 1 1) e e
A5 2 1) 22 folt FEL R 2R 9 PAY B ) L L T A e 4l

AREREENEWT:
1) ARERLTCE UK S IR AT RS HO AL H W T AU TREIR R GE i, M

HHFE B EERMESS TR . A T ARH e B bl A 45 10 22 Sl AR e o
N RA B/R ] RS HEAR . BEALVE . SN ORI AT RS IR, %
ARG RO FL B s, JF BT U G aRik R R sk

2) ASEEATTORS 2 1 B M 2R GE ) B IR AR E R R IR D By IR ) R Sk AR A
GUBENLE R H, FEH . BB ARG R E L, E RS LA
SR LMI 5, X% R ARG 5 i — e BUA I BCA R AT R . 46
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STFERAT A, A @A AT A SEbR, SR [2] WRR A 1 AT B R AR
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L L L\
T (rf, 1) G
. 1 1
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MRS AE U IR TAE. I, ARSORIE RIS St A BE IR TR A <5
WA Dy — b ] 2 vRL T 2 A2 N X o o L 5 R R R R LI A e i, T A
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A B ARG BLIIREIE /I MECK, Az H & ] UB IR 65 5 u) () B RE R %
% A [A] B R B AR SR R M BRAR S m S ARtk DB AR ST . IR,
ESHERS 5 7B ZHMM ARG REE 0T B b, B3him B S
W 28 48 A #8110 P Il 22 AR
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Prh 2 REGEERZS H 5. AT, GRS R RS A FBAEM RS
]I RE A DI RE, AT ORI BEA 2B M R SR IR Bt R 11T . 5 1 S RE AR
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NSRS R B R G R
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3.2.6 fEEEIRFMEERENER
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k _ k k k k
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+ APS, () + ) flk, 1) - AP (1) (3-10)
=1

34



3 E BB KRS Hh AR 0 2 P i R R T AT
M
+ ) glk.m)- E - ASP (D).

m=1
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{5 Hf) R %L E PSR BUINA DAL, W1 E - ASK () — RS k AN I p
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FEA/NTT A, BTRETCI) 2 R U (A oy — R B RS 2 i f R 5. &
55, BT AR B DPIRES T2 M RGP 3 k AR I IR S ) & LA
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AU o), FHETFIEN R E A @) = (0500, 0%, 0, 0k @)« LI &
GUIRZS AL N x (1) = [APL (1), APE (1), ..., APL (D] o IBIELEHE I RGURTS
B E SCA xps(t) = [ASy (1), AS7 g(0), ... AST (D) o ARHRL R B SN R B E X
A upp(t) = (Ul p (0,62 g (0, oty o (O] o SEE LR HH I N B SE SUN upg(r) =
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BRJG, BRI ARGIEAREE, B x() = [V (0,32 (0), oo X (1), X (1), %7 (D]
SR () = Uy (01 (O ooyt (O, (0, 10 (D) o Z RGOSR 1 B
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EIL X, R PLEAOS — MRS i H R4 (3-11) , H AL B,
C. D. A, NRGSHUERE, AR (3-2) & (3-9) BHMAH . ARk BRI
T, AR Z N 5 G AN [ 1 0 2 Ok A A [ — AN T AR AT R BES% o
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I RS (3-11), AT 1 TAE R KRS B EHIE S u XHES
FE. BemR AL AN AT R R R ALEAT ], AT B i BT A 2 () LR 28
BRAZ 2 TN R G RS z LRSI TH 0 ARSI H z R R
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B Hy, PEREIFIN E TR B KPR IR R, AT 45 R K SR 18 2 2%
TPt N X T 55k L I PN 8RR 2 F R 22 [ 2 T 75 15 204G R . s
Pix—HAr, ARG G-1D 47T - EEfke (EENMEERe) ME
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SESL AT S — AN y > 0, ASCHE A B L B e sl 1) Y 1
BEFEARE (1zON < yllo@ll, Fe || - | B5E R

|M@ﬂ|é<£{[|4m2m})z, (3.12)
0

Horh EFRBra . T H e, R,

T
Jagu)éﬂELLﬁKﬂzO)—yQUXQUODdJ. (3-13)
0

WSS R (3-13), % H o P&l i) AT U 4% 21— 15 5 P 41
W), RIS T IEERS) o), J(u,0) < 0 #RAEKST, BERT LASZHLINE 4
FBFHA AT TN e ] P S RELR U A 22 152 . AR (3-13), B4R, v i
/N, PERIER BTN R Sk . R SCER [74] R AOHES RS, BT X
— AR LMI 72 S FE MR 3%

EE 1 i AFLER L T 5 LMI FIXFRAERE X, > 0, R > 0 FIMfE v,. Fa
E RGN R R T RAR N K, = VX M u = —Kox.

(Q,+ A;RAd] X!D' C; E ]
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, <0 (3-14)
Ci 0 —}/21 O
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A FORES R I AR uf () = —K;x(t), F&ERFGUARGH R LML, BlsE
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3.3.2 fiiLy BUE

WA AL (3-13), BATRT UL y BRI, 2688 1S By, ik, 3
AT e B 1 HE B — AR . LM A AN SR, DUs/MbE v
oFJ5 . PeA il An k.

min ky2
(Q,+ A;RAd] X!D' C; E ]
» DX, -I 0 0 <0
C! 0 -yl 0
i H 0 0 I
y>=0
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R>0 (3-15)

Horb k 2 BCE R

Bz ARG R (3-15), ARTATRA TR HUCEIE AT KRG, R HE
FEEAPAT LR H R

1. e b B E R sha B, Ed i B LR 46 R (s B AN B

2. f& Bl MATLAB ) u-Analysis and Synthesis . 248 M T 5 (3-15) it
SEARFASRLT I I8 B FEAE

3. VHERZ ATV ek AN 1 i A B pbest 14 R B AT B gbest.

4. A5 PAT 772 2 EEORL - 1 18 BE AL
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W= W, — Wﬁer. (3-18)
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F={ap -1-nQ 0 [+ 0 00 (A.1-8)
c'p 0 -y’ I| | 0 0 0]
Hr, Q=PA+A'P+PBK+K'B'P+D'D+0Q
HARX (A1-6) BIAK (A1-8), ATLIGH:
t
J(<e {J[[X’(S), x'(s =), V' ()IP[x'(5), X" (s — 1), 0" ()]'] (A.1-9)
0
FEFE PN
[ 0 PA D R PC|
AP -1-mO 0 0 0
Y=| D 0 -7 0 0 (A.1-10)
R 0 0 -X 0
c'p 0 0 0 —yI

KA (AL-100 G plkesfe. figext fsERE [P~ P11, 1,11, W LAME SR &

LMI Ji#2.
[ o AX XD’ XR C |
XA, -1-mS 0 0 0
DX 0 -1 0 0 |<0 (A.1-11)
RX 0 0 -X 0
| 0 0 0 -1
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A2 FEIELNNES
E‘%I‘_‘EX Ali = Ai - BiKi° #E@ﬁj@ u, = —KI-X E‘;IJ\@J%QEE/A\:‘EQ (3'11) Z

H, AT DR ENZ AR KRG TR (A2-1) -
{dx = [A,;x + Ayx(t — 7) + Coldt

(A2-1D
z = D;x

FEARSCH, BTk PRI A A 2 66 V) P o R s
0
V(x,i) = x'(t)Px(1) + J x'(t — 0)Ox(t — 0) (A2-2)

-7
ZJE AT IS H]
N
AV (x, D) =X[[Ap; + P A, + ) 701X,
j=1
+ X[ (t—1)A, PX;+ X/ PA;; X;(t —7)

+0'C/PX; + X PCiv + X! OX,

1

— X/t = )OX,(t — 7). (A2-3)
PR, BATAT PSRN AR

T
EV(x,i) = E{J AV (x(s), i(s))ds) (A2-4)
0
R, A R BT BLECS s

J = E{|[z'z=y*'v+ AV (x,D)]dt} — EV(x,i)

Ny O—— N

S E{|[z'z=y* v+ AV (x,i)]dt}

= E{|[6'0,5]dt} <0, (A.2-5)
0

K6 =[x",x"t—2),0'1, 6, FIRENXAT.
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Ali PiAdi Plct
6, =|a,p -0 0 |<O (A.2-6)
(C/P, 0 —pl|
Mt A, = AP+ PA + 3)_ 7P, + Q + DD, JBEEF/RANT, AT LI BIHEF
(A.2-6) - 15 3| () F R ANZE 2K, %EMET S SW/ I NPT
AP+ PA+Y_ m;P;+Q PA,; PC, D]
A P, -0 0 0
dir! <0 (A2-7)
C!P, 0 -y 0

ujﬁﬁﬁ? T, = diag(X;, I, I, 1) MHEFEAE (A2-7) Jﬁﬁﬂéﬁu%ﬂﬂ@FzF %

FEPEANSE ISR T PN AR
o, A, ¢ XD
Al -0 0 0
Cl 0 -yl 0
DX, 0 0 I

AT REREAER (A2-9). ST ARMRE

V/A\

(A.2-8)

Y,B + AX, + X, Y\_ 7, P X, + X,0X,. BT I/RHN, AL E

i=1,..,s, ZHEEAERT DLERSCN R
K] LMI (A.2-10) J5 &
Q,+A,;07'AL X,D] G
DX, —I 0 |<0 (A2-9)
Ci/ 0 —yzl
Q+AuRA,, XD C
DX, .y 0 0
<0 (A2-10)
Ci/ O —yzl O
I = 0 0 I
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A3 FA4ELNNHES
WRYE LR, FEARTAES, BiJa, ZEEVR S HyHy, R SR IS By
T RGN A w A oY, IR R S AN AT 21 L -

J W, v < J,Ww,v
) S it o) (A3-1)
Jo(w*, v%) < Jy(u, %)
H, 2 ut = —Kyx, RABI RS 7 FE4-9F 715
dx = [(A — BKy))x + Ayx(t — ) + Coldt + Dxdw(r) (A3-2)

% P(T) =0, tifrt e A = BT 45
dx' Pix =[x'"(PA+ A’ P)x + 2x' P(Bu + Cv) + x' D' P Dx + x' p,x]dt
+ 2x" P, Dxdw (A.3-3)
25, FFRITEAS H, R J,:
T -
J, =E I(yzv’v —z'z)dt

0 J
T -

=E n(yzu’v —z'2)dt |+ E [x’(T)Pl (T)x(T) — x'(0) P, (O)x'(O)]
0

[T 7] T
=E||G*'v-z'2)dt|+ E J dx' P xdt
0 | 0

=E | y>0'v—x"F'Fx +x'(PjA+ A'P, + D' P, D + P))x + 2x' P,(Bu + Cv)dt

T
=E | (0 +y72C'Pix) (v + y2C' P;x)
0

+x'"(2PjA—y*P,CC'P, — F'F + D' P,D — 2P, BK, + P))xdt (A.3-4)

R T @, 0" < T @, 0) FTEL, FERER o = —Kyx BIEEAD B, % (A3-4)
LT 0, MR J, ", o) THANTEET J,, v), EHATEEITEER:
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P,— F'F+2P A+ D'P,D—2P,BK, — y*P,CC'P, =0
(A.3-5)
v=—y2C'P|x
FIEL, 20" = =K x, (RANBIR G FE4-9+ [ 15
dx = [(A— BK,)x + Adx(t — 7) + Cv]dt + Dxdw(t) (A.3-6)
dx = [(A — CK|)x + Buldt + Dxdw(t) (A.3-7)

fs P(T) = 0, A A1
dx'Pjx = 2x" B,[(A — CK)x + Bu] + x' D' Dx + x' p,x]dt + 2x' P,Dxdw (A.3-8)

ZJa, AR ERY H AR J, TS N

T
J, =E I(x’Mx + u' Ru) + x"(T) P,(T)x'(T) — x"(0) P,(0)x' (0)
0

+ x'(0) Py(0)x’ (0)dt
T
=E J(u + R™'B'P)x) R(u+ R™'B'P)x)+ x'(~P,BR™'B'P) + M +2P,A
0

+ D'P)D —2P,CK; + P))xd1 (A.3-9)

BB A Ty (™, 0%) < Jo(u, 0*) TR FEBR 0* = — K x I3ERE L, 75 (A3-9)
S0, ML ot v BN FEF T o), FILAEU %L,

- P,BR'B'Pj+ M +2P,A+ D'P)D - 2P,CK, + P, =0
(A.3-10)

u=-R"'B'P)x
wE, ¥ o' =-Kxu" = -Kx RAAR (A3-100 Al (A3-5) o, AIfFEE
HIEE R IR IT T
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-

P, — F'F+2P,A+ D' P,D—2P,BK, —y*P,CC'P, =0

P, +2P,A—2P,CK, +D'P,D— P,BR"'B'P,+ M =0
17272 S 2 2 2 (A3-11)

K =yC'P|

K, =R"'B'P,
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