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Closed-loop identification of power system with multiple disturbances
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Abstract: Small fluctuations caused by random changes of loads exist continuously in power grids, which are called am-
bient signals. We put forward a method of using wide-area measured ambient data to identify the power system model. This
model reflects accurate operating conditions currently, and provides information for solving problems in system analysis
and controller design. The closed-loop identification of system with multiple disturbances is theoretically studied, includ-
ing the closed-loop identifiability, the consistency and the convergence. The requirements for realizing the closed-loop
identification are summarized. Simulation examples validate the theoretical research results.
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2 (Real system and
identification model)
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Fig. 1 Real system and identification model

Θ, (1), Z∞ =
{y(1), u(1), y(2), u(2), · · · }.⎧⎪⎨

⎪⎩
y(t) = G10(q)G20(q)u(t) + H10(q)e10(t)+

H20(q)G10(q)e20(t),

u(t) = −C0(q)y(t) + r(t),

(1)

q , qu(t) = u(t + 1).
:⎧⎪⎪⎨

⎪⎪⎩
G0(q) = G10(q)G20(q),

H
′
20(q) = H20(q)G10(q),

H0(q)e0(t) = H10(q)e10(t) + H
′
20(q)e20(t),

, (1) Θ :{
y(t) = G0(q)u(t) + H0(q)e0(t),

u(t) = −C0(q)y(t) + r(t),
(2)

{
y(t) = S0(q)G0(q)r(t) + S0(q)H0(q)e0(t),

u(t) = S0(q)r(t) − S0(q)C0(q)H0(q)e0(t),
(3)

S0(q) =
1

1 + G0(q)C0(q)
.

, Ω{
y(t) = G(q, θ)u(t) + H(q, θ)e(t),

u(t) = −C(q, θ)y(t) + r(t),
(4)

:{
y(t) = S(q, θ)G(q, θ)r(t)+S(q, θ)H(q, θ)e(t),

u(t) = S(q, θ)r(t)−S(q, θ)C(q, θ)H(q, θ)e(t),
(5)

S(q, θ) =
1

1 + G(q, θ)C(q, θ)
.

3 (Close-loop identifiabil-
ity analysis)

,
, ,

. ,
,

[13, 14].
[13] .

ZN W (q, θ1)
W (q, θ2), :

0 = Ē [(W (q, θ1) − W (q, θ2)) Z(t)]2 =

Ē|[ΔWu ΔWy ]

[
u(t)
y(t)

]
|2, (6)
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:
Ēx = lim

N→∞
1
N

N∑
t=1

Ex(t), i = 1, 2,

W (q, θi) = [Wu(q, θi) Wy(q, θi)] ,

Wu(q, θi) = H−1(q, θi)G(q, θi),

Wy(q, θi) = 1 − H−1(q, θi),

ΔWu = Wu(q, θ1) − Wu(q, θ2),

ΔWy = Wy(q, θ1) − Wy(q, θ2).

.

3.1 (Without reference sig-
nal)

,
, ZN

W (q, θ1) W (q, θ2), (6) .

[
u(t)
y(t)

]
=

[
−S0(q)C0(q)

S0(q)

]
H0(q)e0(t). (7)

(7) (6),

Ē|(−ΔWuC0 + ΔWy)S0H0e0(t)|2 = 0. (8)

e0 ,
e10 e20

, ,
Φe0(ω) > 0 .

, C0 �= ΔWy

ΔWu

,

ΔWy = ΔWu = 0, (9)

W (q, θ1) = W (q, θ2). (10)

,
,

, ,
.

3.2 (With reference signal)
,

, ,
.

ZN

W (q, θ1) W (q, θ2), (6) .

[
u(t)
y(t)

]
=

[
1 −S0(q)C0(q)

G0(q) S0(q)

][
S0(q)r(t)
H0(q)e0(t)

]
.

(11)

(11) (6),

0 = Ē|
[
W̃u W̃y

] [
S0r(t)
H0e0(t)

]
|2 =

Ē|W̃yH0e0(t)|2 + Ē|W̃uS0r(t)|2, (12)

[W̃u W̃y ] = [ΔWu ΔWy ]

[
1 −S0C0

G0 S0

]
.

, (12) 0, .
1) Ē|W̃yH0e0(t)|2 = 0.

, e0

e10 e20

, Φe0(ω) > 0 ,
W̃y = 0.

2) Ē|W̃uS0r(t)|2 = 0.
W̃u = 0, Ē|S0r(t)|2 = 0. S0

G0 H0 , |S0|2
0. , Φr(ω) > 0 , Ē|S0r(t)|2 =

0. , r ,
W̃u = 0 .

, ∣∣∣∣ 1 −S0C0

G0 S0

∣∣∣∣ ≡ 1,

[
1 −S0C0

G0 S0

]
,

[W̃u W̃y ] = 0. (13)

, (9)(10) .
, , u(t) =

ay(t) , r

, ZN [13],
.

,
, ZN ,
, : ,

, .

3.3 (Closed-
loop identifiability requirements with multiple
disturbances)
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2) ,

.
, ,
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4 (Consistency analysis
of closed-loop identification)

1 ,
Hθ H∗.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Φε(ω, θ) =

|G0 + Bθ − Gθ|2Φu(ω)
|H∗|2 +

|Dθ|2
|H∗|2 (λ20 − Φue20(ω)Φe20u(ω)

Φu(ω)
)+

|H10 − H∗|2
|H∗|2 λ10 + λ10 + λ20−

|H10 − H∗|2Φue10(ω)Φe10u(ω)λ20

|H∗|2 (λ20Φu(ω) − Φue20(ω)Φe20u(ω))
,

Bθ =
Φe20u(ω)(H

′
20 − Hθ)

Φu(ω)
+

Φe10u(ω)(H10 − Hθ)
Φu(ω)

,

Dθ = (H
′
20 − Hθ)−

Φe10u(ω)Φue20(ω)(H10 − Hθ)
λ20Φu(ω) − Φue20(ω)Φe20u(ω)

,

(14)

: Φu u , λ10 λ20 e10

e20 , Φuei0 Φei0u u ei0

(i = 1, 2), eiω .
. ,

(14) , Gθ G0 + Bθ,
Bθ .

, u ei0

:

|Φei0u(ω)|2 = Φei0
u (ω)λi0. (15)

Bθ :

|Bθ|2 =

|Φe20u(ω)
Φu(ω)

(H
′
20−Hθ)+

Φe10u(ω)
Φu(ω)

(H10−Hθ)|2 �

|Φe20u(ω)|2
|Φu(ω)|2 |H ′

20−H∗|2+ |Φe10u(ω)|2
|Φu(ω)|2 |H10−H∗|2.

(16)

(16) , ,
, :

1) ;
2)

;
3) .

2) 3) . ,

. .
, ,

.
,

, H10 �= H
′
20, ,

H∗
. (14) , Bθ �= 0. ,

, .

L ,
Bθ .

|Bθ|2 = |
L∑

i=1

[
Φei0u(ω)
Φu(ω)

(H
′
i0 − H∗)]|2 �

L∑
i=1

[
λi0Φ

ei0
u (ω)

|Φu(ω)|2 |H ′
i0 − H∗|2]. (17)

(17) ,
, Bθ . r ,

Φr
u ,

Φu , Bθ .

,
, ,

. ,
,

.

5 (Convergence analy-
sis of closed-loop identification)

1 ,

, .

5.1 (Identifying with un-
fixed disturbance model)

covĜN ≈ n

N

Φv0(ω)
Φr

u(ω)
, (18)

: N ,

v0(t) = H10(q)e10(t) + H
′
20(q)e20(t).

,

covĜN ≈ n

N

|H ′
20|2λ20 + |H10|2λ10

|S0|2Φr(ω)
. (19)

, :
1)
, ;

2) ,
.
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L ,

covĜN ≈ n

N

L∑
i=1

|H ′
i0|2λi0

|S0|2Φr(ω)
. (20)

(20) , ,
. ,

. ,
, .

5.2 (Identifying with fixed
disturbance model)

,

covĜN ≈ n

N

Φv0(ω)
Φu(ω)

=

n

N

|H ′
20|

2
λ20 + |H10|2λ10

Φu(ω)
. (21)

(21) , ,
,

.
L ,

covĜN ≈ n

N

L∑
i=1

|H ′
i0|

2
λi0

Φu(ω)
. (22)

(22) , ,
. ,

, .
, ,

.

,
n

N

Φv0(ω)
Φu(ω)

<
n

N

Φv0(ω)
Φr

u(ω)
. (23)

, .
,

, , .

, ,
.

6
(Requirements for realizing the closed-

loop identification with multiple distur-
bances)

,
, :

1) ,
,

,
,

;
2) ,

, ,
.

,
, .

,
,

,
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7 (Simulation validation)
2 4 ,

.

2 4

Fig. 2 Four-machine two-area system

, MAT-
LAB ,

,
.

.
, ,

[15, 16]

, 4 ,
, 4

,
. ,

1 min, 0.5 min,
(auto regressive exogenous,

ARX), .
MATLAB

, ,
, 1 .

, . , ,
, .

errMag = [1 −

Nω∑
i=1

|Miden(ωi) − M0(ωi)|2

Nω∑
i=1

|M0(ωi)|2
] × 100%,
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errPha =
1

Nω

Nω∑
i=1

{ΔPiden(ωi) −

Nω∑
i=1

ΔPiden(ωi)

Nω

}2,

: Miden M0

, Piden P0

, ΔPiden , Nω

.
, .

1 3 5 ,
,

.
, , 3 .

3
Fig. 3 Closed-loop identification results with different number

of disturbance signals

3 ,
, ,

. ,

.
, ,

. , 3
, ,

,
, 4 .

.

4 \
Fig. 4 Closed-loop identification results with\without

reference signal

4 ,
, ,

,
. ,

.
, .

3 ,
,

, 5 .
,

.
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5
Fig. 5 Closed-loop identification results with increasing

energy reference signals

5 ,
, ,

,
. , ,

.

, 1 , Bode ,
, 6 .

1
Table 1 Dominant low frequency oscillation modes of

closed-loop identification model

/%

1 /Hz 1.174618 1.163930 0.918268
1 0.109619 0.100376 9.208263
2 /Hz 0.648041 0.653445 0.827002
2 0.0489100 0.053702 8.924001

6 Bode

Fig. 6 Bode figure of closed-loop identification result

1 6 ,
,

,
.

8 (Conclusions)

,
.

, :
,

,
;

,
. ,

.
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