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Stability Analysis of Cyber-physical Fusion in Cyber-energy Systems
WANG Rui' SUN Qiu-Ye"? ZHANG Hua-Guang"?

Abstract Although the cyber-physical system stability has been widely studied, most scholars pay more attention
on system stability with communication time delay or attack. It is urgent for numerous scholars to provide one
guide regarding cyber-physical system without communication network. Therein, the system regarding grid-connec-
ted inverters with the digital control system is regarded as one simplest and typical cyber-physical energy system.
Meanwhile, the switching/sampling frequency of the inverter is always selected as low as possible from an efficiency
viewpoint, resulting in unavoidable delay time (time delay in control theory). This delay time is always apt to cause
the system low frequency/sub-synchronous oscillation, which is more prone to severity under weak grid. To this
end, this paper provides one stability-oriented analysis approach of cyber-physical fusion in cyber-energy systems,
which is suitable for grid-connected inverters under weak grid. Firstly, the system impedance model with equival-
ent delay time is constructed, which is based on the Pade approximate approach. This equivalent delay time con-
sists of three parts, i.e., sampling delay time in cyber/physical level, calculation delay time in cyber level and pulse-
width modulation delay time in physical level, which reflects the cyber-physical interaction impact. Furthermore,
the stability forbidden criterion is applied to make the switching/sampling frequency solving process become a Hur-
witz matrix identification problem through space mappings. Based on these space mappings, the adaptive step col-
lection algorithm is adopted to obtain the minimum switching/sampling frequency. Finally, the simulation and ex-
periment results illustrate the effectiveness of the proposed approach.

Key words Cyber-physical energy systems, stability analysis, stability forbidden region criterion, Hurwitz matrix
identification, adaptive step collection algorithm
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fi. @ ERSHTAIAT, 4 Ry Ry MR /& Hur-
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S5 I B SR SR /T R AR (1 LR A
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J82 AU R AR DLR G F I A A8 T RRAE /T 5%
B IR BIEL. Dy 1 48 9 VR O ad N, A SR
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r(m+1) =r(m) + sign(Lmin) X A7 (0) X | Lyyin|*™
(31)

A(m) = ax (1+ekmr) (32)
s(m)=ys(m—1)4 (1 =7) Lnin (33)

A, sign(c) RRFF TR, Ly 2820 LA
WO PR 25 /N AE AR BT S8, | L™ AN () 2675 W
BHKRAFHS KKK T, oM 3 R HEER T,
v R B, VEAR RPN Bk

BiE 1 HiE A K REE

Ak, 2RZ R r(0) =0, m =0 M Ar(0) =

&L

1) WA SR, W1 Linax1 = 0, Limax2 = 0, Linaxz =
PRI i =1;

2) TF B R S A B LR B R(s), s = —j2-
wfi. FEULARRT ) 43 v H 240 LLAERE Ry« Ro 1 Rg;

3) THE = A A0 In] bl AR B B R SE R, B Ly =
max(real(eig(R1))) « Lo=max(real(eig(Rz))) Fl L3=
max(real(eig(R3)));

4) FRHPE, Linaxt = [Lmaxts 1]~ Lmax2 = [Lmax2,
Lo) I Linaxs = [Lmaxs, Ls]. W% i < 20000, i =i+ 1,
IRIFIRIAIES 2) 35, TIMREATER 5) 2,

5) B Lmaxt ~ Lmax2 M Limaxs W A0 8 KA, AP
Liax—1=maX(Lax1)+ Lmax—2 =maxX(Lmax2) M Lmax—3
= maX(Lmax3)- B X Lnin #& Limax—1 ~ Lmax—2 1 Lmax—3
T ME, B Linin = min(Limax—1, Lmax—2, Lmax—3);

6) HUWT (m) T Liin £ 5T 0. £ R4 R, WAE
fEFFIX[E] (0, r(m)) AR, RIEHNE 7) 2. RZ r(m+
1) = r (m) + sign(Lmin) X A7 (0) X |Lmia ™, 4 J5 &
[\55 1) 255

7) tHEEE 6) BT A TR G ES,
SERUE (R 5 RAE Tinax.-
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Fig.7 Relationship curve between Ly, and Tiax
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Table 1  Simulation system parameters
24y il

o 28 Gy"=1+8/s
) 28 Ge" = 4+150/s
B LR 700 V

BE HLUE 220 V

BUE R 50 Hz
kg 5 Hz
TERE AR 600 pF
BV AR R 6 mH

FooE M, 2T SEFRE Matlab/Simulink £ 5 4K 4 it
PR AT &, ) R 55 o 00 I ) 1A 3% 2 (]
A2 UL R FEL S BB T 1 100, SR 36 F A% ST T4 2
[ B RE R 1 1 3 A AR R SR I A R, BT
4 L7 LI UE R 1 T B
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KA R B SR AR A B 1 BME S, Rk, &
gin] MR RRFRE . (AR T 30k [29], Wl 8 Bk, &
S 1) [ B AR FE ) G 55 JE4(E (126 Hz, 212 Hz) K58
FIRNRT 1, FIb REW R KA RIS, RGLR
W RO E A& 9 Fros, s a2 9 B R i
TR 0, 555 FL IO R O 308 A 25 2 T 1) 38 i BR R F
JEAH 2 (RFFAE 220 V/50 Hz, LA WA REE T
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Fig.8 Infinite norm criterion
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