¥ AT LSRR RS,

Vol. 32, No. 4, pp. 137-144, 2019

4707y RERICHT 52EESDOFIA*

i AT - DIE REdT

On the Use of Reachable Set for Safe Operation in Microgrid*

Nodoka AsavyaMA® and Takashi HIkiHARAT

Microgrid is one of the new power supply systems expected for expanding introduction of re-
newable energy and improving the power quality. However, generators in a microgrid have risk at
step-out because a microgrid utilizes many changeable power resources. For a safe operation in a
microgrid, we evaluate reachable sets for unsafe sets of gas-engine generators according to a micro-
grid model. Reachable sets have already been applied to a study on air traffic management and
electric power system. The unsafe sets are defined to avoid large deviations of rotor speed. Setting
plurality of unsafe set, system’s safe set can be obtained by calculating backward reachable sets for
unsafe sets. This paper considers two compensation operations for load fluctuation. Based on the
characteristic of reachable sets for unsafe sets, demand response strategy can be examined. Finally,
numerical simulation shows that setting based on reachable sets can suppress the angular frequency

variation of gas-engine generators in microgrid.
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Fig. 3 Using the backward reachable set to verify safety
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Fig. 4 Microgrid model that includes distributed energy
resources, a load, and a distribution net work [15]
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Table 1 List of variables and parameters in (4)

Og Angular position of rotor in the aggregated generator
with respect to the infinite bus
wg Deviation of rotor speed in the aggregated generator
relative to the system angular frequency
Pmg Mechanical input power to the aggregated generator
Peg  Electrical output power of the aggregated generator
n The number of operating generators
Pns  Volt-Ampere base 400kVA
P.zo Rated capacity of the single gas-engine generator 80kW
ke Damping coefficient in the aggregated generator 0.05
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Fig. 5 Transition of reashacle sets due to mechanical in-
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Table 2 List of parameters for the microgrid model

Nominal system frequency fs 60 Hz
Per-unit time inertia of the aggregated generator H, 0.332s
Rated capacity of the battery Pp,max 100kW
Maximal output of the solar power site Psmax S50kW
Voltage base Vns 210V
Terminal voltages for the aggregated generator E, 1.0p.u.
Terminal voltages for the battery Ey 1.0p.u.
Terminal voltages for the solar power site Eg 1.0p.u.
Terminal voltages for the infinite bus E 1.0p.u.
P,
Table 3 Complex-valued transfer admittances Gg; + jBgi A
for the microgrid model
i Ggi + ngi
g | 0.0229—j1.0792 P L
b | —0.0352+j0.3778 !
s | —0.0040+j0.1912 5
oo | 0.0484+j0.5070 . >5
o
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Fig. 6 Transition of reashacle sets due to mechanical in-
put power (Pmg)
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Fig. 9 Time responses of active power flows and trajec-
tory on (dg, wg) under the setting A

25,
FEBE A LBV TERAWTHFEOZIIIREHRIZL Y,
KEFHFBO HHZEEE RIS L) M ICH - Tw
B, —HOMEIEB IC BV TCIZAMEEDBINI S L
T RELOEL 2 A S &, BREZEOA I

LTIk ELo S 2 s €5 &) B 17 -
TWa, 7B, SHoHEFEICBVTEa=1 & L7

5.2 BIORERET & REOREE

Fig. 9 \ZHiEEIE A ICB U 2B OBEMIEEE L O
REBOMPEZ R, BREBIANFELEET LY
43IV 7 THRBROZERE S H SN 5 2 &% Fig.
9(a) 7*5b2 5. Fig. 9(b) I2BWTIid, MEEKIRE
ORFEE L THEDTEmwe=204pu. IZITEL TV
Vb oo, MEEEmAORK, kMElZERER
We max =0.053 .., Wgmin=—0.053p.u. TH Y, K
BICHAET L BLF £02Hz DREICHLT 5.
DIEIZ KB NEICL ) SHIMRT L LE
AbNA. Ld, FEHREIZBWTIZ £0.1Hz % HIE(E
L, £0.2Hz 2SBRFHEE S Tw3 [12].

Fig. 10 [2HEBEB B 2 BN ORMEE S X
OCRBEROBHELRT. AWMTFEOLH /Y — ik
Fig. 9 L1 <, RBEEEEORNEIHE Vb 0L
F%. Fig. 10(a) BT, #i#HE A 2B Tid—
ETHo7z KRB MPS OS] p, BEBHELSOH

-
—



B - BIE A 7uy)y FERICHT 2 HEESOFIH

143

0.8
S
a,
S~
5)
B
@]
[
024 10 20 30 40 50
Time /s
(a) Power flows
0.1
0.05]
S
2= 0
S'JD
-0.05]
0.1 s
01 0 01 02 03 04 05 06 0.7 08

8g / rad

(b) Trajectory

Fig. 10 'Time responses of active power flows and trajec-
tory on (0, wg) under the setting B

HOEA LT LT 5. Fig. 10(b) 2BV T
We max =0.024 p.u., wg min = —0.026 p.u. TH Y, Hlifit
BEAOYE LT 2 EBLER5OMEICHZS
NTWa, L7zo5o T, MEEEZEEASIIIED HiEEIMEIC
&0, BEEROABEEESHH SIS Z LDNERT
7.

6. b

RESCTIE, FEREO M E LS 7R E
ORI AT prg B L ZREMD LT pr, DUIETT
FEICOWTHE 217072, T U OIS RELESZFH L
PRI FEE R L, pmg BET py I & 2 WHEE
BOEERD 2. frn T EEE S OBILOFFRN S,
BWMHEOEEIENET 2 8EBRE KB hoH o
BERET S LI L) RO LB & ER L 7.

<A zuryy FNEEEROBERTTEE LCTE
HREOEZHEEA, WEEEGOZIIEDZ /8T
A=Y DEBRFML, ~A 70y FEFVIZET
LEEEORE % L OBFEOHMIIIEHEE R L 72
HEEOARERREZORIEY 0L L I2XD, 1T
FEEGOREL R fEMESEZRELL. JhUCX
D, SEEBEOMEELIES X OEGE ISR 5 54t
IRENTz, T, /89 X —F OEBFMIZBTIE 3R
LTy MEITH) T EILY, WMEELEEOELOFFR

WL YBHMEICENS Z L 2R L. 2 LT, WMHEEE
BERERBLIEBALZ) THEVEAIZOWT, vAf 71
7)) v FNEEROBREENIN T 588 % i3 4 2
LT, AEEBESTIETE2 LR Y I 2 —
Ta v IZL ) REREL 7.

SRIIKE B BN EHRLHBEROBEKI ) 2
LEDIHEIEICOVWTIHRFHZENQ T EZLTHD.

2 £ XM

NIL: ST EEVEIRE OB A DBUIR; Flii ik
102, No. 2, pp. 4-8 (2015)
Frr v F— - EESERAT RS FEREN: NEDO #ii4:7]
RET AV ¥ — AT HE 28 2 WL, pp. 7-11 (2014)
A SEEENR & B SR OSIE, BT
Vol. 121, No. 9, pp. 1065-1068 (2001)
HEAERIESZ: v A2707 )y FOBEAOTTO
(2005)
HH: NEDO 2BV 2 /FER 70T = 7 M OBIK; %
ke OHM, Vol. 91, No. 6, pp. 44-48 (2004)
Microgrids; Proceedings of the IEEE
Power Engineering Society Winter Meeting Panel,
pp- 146-149 (2001)

[7] WHE: WS RBEORIME; WAL, pp. 38, 79-80 (1986)

[8] C.J. Tomlin, I. Mitchell, A. M. Bayen and M. Oishi:
Computational techniques for the verification of hy-
brid systems; Proceedings of the IEFE, Vol. 91, No.
7, pp- 986-1001 (2003)

9] ®ik, BIE: ~A4 7027 v FICBIT 5 BEROEHH
BT 24 7 v FET IV BRI IE 2 il
WFgEH 2, Vol. 108, No. 336, pp. 41-45 (2008)

[10] Y. Susuki, H. Ebina and T'. Hikihara: Application of
hybrid system theory to power system stability anal-

OHM, Vol.

B,

[6] B. Lasseter:

ysis; Nonlinear Theory and its Applications, TEICE,
pp. 202-205 (2005)

(11] B4 EHHEMOERE % 2 M, LHELMR, pp. 228
229 (2011)

[12] 1A BH Y AT L2 T5 (RE #), +— &%, pp. 29-41
(2001)

(13] R EIRMOL LTINS 5 77/ 7%
DISHIZRIY 2058, SO RS: 184w ST (1981)

[14] Hrion— - EEREAHEERERE Fol e
ISP EAFM A ¥ 7y 7 IR, pp. 41-64 (2008)

[15] Y. Takatsuji, Y. Susuki and T. Hikihara: Hybrid con-
troller for safe microgrid operation; Nonlinear Theory
and Its Applications, IEICE, Vol. 2, No. 3, pp. 347—
362 (2011)

[16] RAfR: BWII> AT A TE, 4 — Ltk pp.63-65 (2008)



144 VAT AR SWOGE 328 H45 (2019)

& & B E BE B Lo (Esa)
T 1087 4 3 H SRR A I T e R G T B -
2017 4 3 { B R TR E T TR %, [ME4 8 WIRRAEP SRR R E R Y, BIVE R 2T, 1997 £ 4 A5
RS AT HE LRI L, BIEICES. & FAEHEIE, 200148 ARBIEE 2 Y, BEICES. 20
- TANE =T AT AORRIHEE. BFHAREEFRO W, 1993 4 3 H~1994 4 3 AR E T — F OV K5 e H.
kA E RN FEOTEWIGHE, NXJ—TL 7 hu=7 A, LT

FNVE =T AT LDORSE EOWEICHEE. T AL E
+. WRE¥S, BFRHEHEFESES, [EEE, APS, SIAM %
EOEZE.




