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Abstract: The popularization of electricity-gas systems leads to increasing demand for state manage-
ment of systems. However, the existence of neglected measurement correlations brings uncertainties
to the electricity-gas systems state estimation. In this paper, an interval state estimation method
that considers measurement correlations existing in the electricity-gas systems is presented. We
derive the linear measurement model for the electricity-gas systems through Taylor series expansion
and estimate the measurement variance-covariance matrix with measurement correlations. The
system parameter matrix and the measurement variance-covariance matrix containing measurement
correlations are combined into an interval, and the interval state matrix considering measurement
correlations is constructed. Then, the linear equations for the state estimation interval consider-
ing measurement correlations are established based on the measurement containing correlations
and interval state matrix; as a result, the electricity-gas system state estimation model containing
measurement correlations is established. In addition, a method for determining the range of state
estimation intervals is proposed. Numerical tests on an integrated electricity-gas system comprising
a 10-node natural gas network and IEEE 30-bus system indicate that the proposed approach has more
advantages over the UT+KO approach in computation accuracy and computation efficiency.

Keywords: electricity-gas systems; measurement correlations; interval state estimation

1. Introduction

The popularization of electricity-gas systems leads to increasing demand for system
state supervision, and electricity-gas system state estimation is becoming an important
role of effective monitoring and control systems [1]. Most studies of state estimation
assumed that the measurements follow the independent Gaussian distribution and ignored
the correlations of the measurements. Nevertheless, this is not applicable in practice.
Since measurement data is usually obtained by the data acquisition system and the same
measurement equipment, every step from data acquisition may be affected by the same
errors—after the superposition and propagation of these errors, there will be a certain
correlation between the measurements [2]. The research shows that the long-term existence
of measurement correlations may have adverse effects on the results of electricity-gas
systems state estimation [3-5], such as the impact on the precision of state estimation in
distribution systems [3], as well as the impact of bad data with measurement correlations
on the measurement sets [4,5]. Thus, it is necessary to consider the existing measurement
correlations in the state estimation of electricity-gas systems. However, in practice, the
impact of these correlations on the system is hard to quantify. Therefore, we need to provide
the uncertainty range of state variables induced by measurement correlations, and ensure
that the state variables always exist in this range, for the sake of reducing the influence
of measurement correlations on system safety and ensuring the stability and reliability of
energy system.
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Currently, there are relatively few studies considering the measurement correlations
of the electricity-gas system; most focus on the study of the electricity system, and few
involve both the measurement correlation of electricity system and natural gas system.
As for the measurement correlations of electricity systems, the unscented transformation
(UT) is regarded as an effective solution. For instance, a state estimation framework of
electricity system based on UT for measurement correlations and measurements with
incomplete time synchronization was developed in [6]. In [7-9], UT was employed to
calculate the correlations between the measurements of the electricity system and the corre-
lations between the voltage phasor, active and reactive power of the bus. These methods
based on UT considered the measurement correlations of electricity systems, obtained the
correlation between the measured values through symmetric sampling strategy, and then
utilized the covariance to transfer the correlation. Although they had a certain tolerance for
measurement correlations, they need to calculate the measurements independently and
symmetrically, and are therefore mainly aimed at small-scale electricity systems. As the
system size increases, the calculation efficiency will gradually decrease.

In addition to UT, some methods based on the Kalman filter were used to solve
measurement correlations, including the Kalman filter (to predict the error covariance
matrix) [10,11], and the point estimation method based on an extended Kalman filter [12].
In addition, the combination of untracked transform and Kalman filter has been used to
detect bad data with measurement correlations [13]. These Kalman filter methods reduce
the measurement correlations by filtering the measurement values, and the state estimation
is therefore still based on the filtering and depends on the precise measurement values to a
certain extent.

Furthermore, the measured data was modeled as multivariable time series to simulate
the spatial correlation in [14,15]. Nevertheless, time series is only suitable for simulating
the system state in the short term, and, because it is difficult to accurately describe long-
term and fluctuating energy systems, such studies have not delved into the calculation
of correlations. Apart from time series, some literatures combined least squares with
point estimation to calculate the measurement correlations of electricity systems [16-18].
However, least squares is mainly used for linear calculations and is not very suitable
for calculating nonlinear relationships in power systems. Although the correlations of
load and input variables were considered in other studies, they mainly focus on pseudo-
measurements and stochastic power flow calculation [19,20].

The above methods for considering the measurement correlations existing in the state
estimation are mainly aimed at the electricity system. Of these methods considering the
measurement correlations, the method based on UT obtained the correlation between the
measured values through the symmetric sampling strategy, which is inefficient to solve.
Although the Kalman filter method reduces the measurement correlation through filtering,
the state estimation still depends on the accurate measurement value to a certain extent,
and has low tolerance for measurement correlations. The time series is only suitable for
simulating short-term system states, and the least squares method is not very suitable for
nonlinear energy systems. Individual studies that considered correlation mainly focus on
pseudo-measurements and stochastic power flow calculations. Therefore, these existing
methods that considered measurement correlations in electricity systems still have some
limitations, and current research rarely involves both electricity system and gas system.

To further effectively solve the state estimation of electricity-gas systems considering
measurement correlations, an interval state estimation method is developed in this paper.
Firstly, we derive the linear measurement model for the electricity-gas systems through
Taylor series expansion and estimate the measurement variance-covariance matrix with
measurement correlations. Subsequently, we combine the system parameter matrix with
the measurement variance-covariance matrix containing measurement correlations into an
interval to construct the interval state matrix considering measurement correlations. Then,
the linear equations for the state estimation interval considering measurement correlations
are established based on the measurement containing correlations and interval state matrix;
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as a result, the electricity-gas system state estimation model with measurement correlations
is constructed. Finally, a method for determining the range of state estimation intervals
is presented. By comparing the state estimation interval with the safe operating range of
system, we can determine if the safe operating range of the system fully covers the state
estimation interval, which helps the system administrators enhance situational awareness
capabilities, and guides administrators to make effective adjustments as well as to control
the energy system when needed. Compared with stochastic methods, the interval state
estimation method does not require iterative calculations, and the obtained interval results
are more stable, avoiding the randomness of the results. Nevertheless, stochastic methods
rely on random selection and have randomness and uncertainty. For multiple calculations
of the same case, the results may differ significantly, making it difficult to ensure the
reliability of the obtained results range. An integrated electricity-gas system comprised
of the 10-node natural gas network and IEEE 30-bus system is taken for numerical tests,
and the estimated results of gas demand, pressure at nodes, voltage amplitude, and
voltage angle in the integrated electricity-gas system are validated under different levels of
measurement correlation, to attest the effectiveness of the proposed approach.
The main contributions of this paper are summarized as follows:

(1) The derived linear model for measurements of electricity-gas systems transfers the
nonlinear electricity-gas system model into the measurements-based linear model,
describing the statistical characteristics of state variables in the nonlinear system
through linear equations and converting them into measurements.

(2) The constructed interval state matrix and the linear equations of state estimation
interval consider the correlation between measurements in the electricity-gas system
(including the correlation between pressure at node and gas mass flow in the gas
network, the correlation between active power and reactive power in the electricity
system), and establish the electricity-gas system state estimation model containing
these correlations.

(38) The proposed method for determining the range of state estimation interval allows
the existence of measurement correlations, has a certain tolerance for measurement
correlations, and provides the ideal distribution range of state variables under various
measurement correlations.

The remainder of this paper is organized as follows. Section 2 gives the basic model
and the linear measurement model for the electricity-gas systems. Section 3 gives the
measurement variance-covariance matrix containing measurement correlations, and also
establishes the interval state matrix and linear equations of state estimation interval.
Section 4 presents a method for determining the range of state estimation intervals.
Section 5 validates the effectiveness of the proposed method on an integrated electricity-gas
system. Finally, some conclusions are drawn in Section 6.

2. The Linearized Model for Measuring Electricity-Gas Systems

This part mainly introduces the basic model of electricity-gas system, as well as the lin-
ear measurement model for the electricity-gas systems deduced by Taylor series expansion.

2.1. The Gas Pipeline System Model

The transmission of natural gas in a pipe exhibits slow dynamic characteristics, and
the influence of temperature on the gas pipeline system can be ignored. It is generally
considered that the temperature of natural gas in pipe is close to the ambient temperature,
and the driving force of pressure causes natural gas to flow axially along a pipe, as shown
in Figure 1.
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Figure 1. Schematic diagram of natural gas flow inside the pipeline.

The dynamic behavior of gas system is depicted via partial differential equations [21,22],
and the state variables of natural gas flow mainly include pipeline pressure and gas flow.
The dynamic behavior of natural gas system can be expressed as follows:

a(n) , ZRT a(G)

ot T s Tar (1a)
f-ZRT-G|G

Am) 4 | ‘:0 (1b)

oL 2d-S%. 1t

where G denotes the natural gas mass flow, ¢t denotes the time, t = 1, ..., N, 7 refers to
the pressure, Z is the gas compressibility factor, R refers to ideal gas constant, f is the
friction coefficient, T represents the average temperature of natural gas in the pipeline,
L is the pipeline length, d represents the pipe inner diameter, S refers to the pipeline
cross-section area.

Since the natural gas system model is a set of partial differential equations, direct
calculation is more complex. Therefore, we linearize the above partial differential equa-
tions. It is assumed that gas flows unidirectionally in pipelines, so the time step is set as
At = T,/ N, the spatial step is set as AL = L/ M, then Equation (1) is rewritten as follows:

Mty — Al ZRT MG —AG
At s AL

0 (2a)

. .t .t
Amiy — A f-ZRT -Gy AGiy +AG; _
AL 2d - S277 2 o

0,t=1,...,N,i=1,...,M—1 (2b)

ot
where A7t} and AG; are the pressure and gas flow in the pipe; in length of i at time ¢, A7t}

denotes the pressure and AG,t 11 denotes gas flow in the pipe in length of i 4- 1 at time £. Gt
and 775 represent gas flow and pressure of steady state operation, respectively.

Then, we take a matrix to express the relationship between the gas flow and pressure
at the inlet of the pipe and the pressure and gas flow at the pipe outlet, and convert
Equation (2) into the matrix form in Equation (3).

- -t
At At ] | ZRT-AG,
ltJrl — A At S-A'L o (3)
AG; 8| Anl _ fZRTGyAG
i+1 AL 1Sy,

where input variables consist of pressure Ar(f;ll in the pipe in length of i + 1 at time t — 1,
t
gas flow AG; in the pipe in length of i at time ¢, pressure A7t! in the pipeline in length of

t
i at time t. The output variables are composed of Art! 41 and AG; . Ag denotes network
parameter matrix.
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For a natural gas network, taking the length of the pipeline as the step, the change of
pressure and the mass flow are expressed as:

t—1 -t
Am; ZRT-AG;

At
Y] 5L .
Gl=a 2 i | ije{l,..., Ny} (4)
AG Aﬂ:i o fZRTGstAGl
] Lij 44827y

where N, is the number of node, L;; is the pipeline length, An]tfl is the pipeline outlet
-t
pressure at node j at time t — 1, AT[; is pipeline outlet pressure and AG; is outlet gas flow.

Lt
A7t is pipeline inlet pressure and AG,; is inlet gas flow. The network parameter matrix is
expressed as Equation (5). The elements A11, A1p, A1, A2 of A are represented as below:

An Alz}
A, = 5a
§ [A21 Axp (5a)
All :f Gst . At' L;Z,]/Ao
A12 =—-44-§5- TTst * At - Li,j/AO (Sb)
Ay = —4d - S? - 7g - At- L i/ (ZRT - Ag)
Ay =4d - 5% g - LZ%]./(ZRT.AO)
Ag=f- GstLl%j —4d-S- Ty - At (5¢)

In a natural gas system, the gas flow at a node should satisfy the mass conservation

constraint as: o
- load - inject

Yy Gii—-Y.Git+G —G =0 (©)
i— —1

where Y G ij 1s the sum of gas flows from node i, ) Gk,,- means that the gas flows into i
i— —i

- inject L . - load .

from other nodes, G;~  represents the gas injection at node i, G;  is the gas load at node i.

2.2. The Electricity System Model

The electricity system model is represented as follows [23]:
P, = (VIZ — VZV] Ccos 91])31] — VlV] sin Ql]bl] (7)

Qi = — (V2 = ViV costy; ) by — ViV;sinbyg; ®)

where Q; represents the reactive power at bus i, P; denotes the active power at bus i, 6;;
denotes the voltage angle between bus i and bus j, V; refers to the voltage magnitude at
bus i, b;; refers to the susceptance, g;; represents the conductance.

In the integrated electricity-gas system, the general efficiency of gas-fired generators
in converting natural gas into electric energy is stated as [24]:

2
HE = o + B - APS + 77 (AFF) 9)
aGS = i (10)
"7 GHV

where AP;g represents the electric energy generated by gas-fired generator, Hf denotes the

heat value of gas, AG;g represents the gas flow demand, GHV denotes the gross heat value
of gas, zxig , ,B‘f , and 'yl.g refer to fuel coefficients.
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2.3. The Derivation of Linear Measurement Model for the Electricity-Gas Systems

In this section, we use Taylor series expansion to derive the linear measurement model
of electricity-gas systems, thereby further linearizing the nonlinear gas system model,
enabling us to then obtain a model for measurement. Firstly, we write the independent

N
variables in the natural gas system, namely, A7l and AG; at node i in the following
function form:

AG; = g7 [fm (Acfﬂ (11a)

A7t = g5 (g2 (A7) (11b)

1

t
Then, the outlet pressure A7t and outlet gas flow AG; of the pipeline at node j in
Equation (4) are respectively written in the following form:

At ZRT-AG A7 f.ZRT -Gy - AG,
At = A / Ll+a - ot i 12
7 1 ( At + S- Li,j + A Li,j 4dS% g (122)
i (BT zrT AG; (B feZRT Gy AG; (12
Y S-Li; 2\ L, 4452,

-t
Subsequently, we linearize An]’?, AG;, and Art! by Taylor series expansion, and obtain:

oA ZRT ZRT -G
=t = A g W
ING;| AG; = AG;y ij st
Art = Art,
B, = o =Ap— 14
7 0Ant| AG, = AG; Lij
At = Antt
t t aAGt t !
AG; — AGjy & ——— - {4)1 (AGi> — 1 (AGi,o) } (15)
91 (AGi> G
AT
AT} — Amtj & m {p2(A7}) — g (A7) } (16)
2 i lant=ant,

-t t
Then, we replace ¢; (AGI») with AG; and ¢, (Ar}) with A7l to obtain the linearized

ot
model for measurement An]t- with respect to variables AG; and Art!:
t o - -t t t t

) Lt
where, we take Gy and 715; in steady state as the initial values, expressed as Anfo and AG;,
respectively. An]to can be derived from Equations (12a), (13)—(15).

For the electricity system, the voltage amplitude V and voltage angle ¢;; are repre-
sented in the following function form:

V=97 g1 (V)] (18a)
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0ii = ¢; ' [¢2(65)] (18b)

Then, we linearize the active power P; injected at bus i via Taylor series expansion to
obtain the linearized model for measurement P;, with respect to voltage amplitude V and
voltage angle 6;;:

~ 9B V. -V op; P
Pi_Pi,O"‘ 8V,-V/-‘ V=1V (VzV]_Vz,OVJ,O)+ ﬁ”’ V=1 (91]_91],0)

_ P ViV N _ , ViV Ny _ :
= | V=V aq,,l(v,.))vzv(){qvl(m 91Vio)} + 550y V:VO{%(V]) 4>1(V;,o)}} 19)
6:j = Bijo

+ ﬂ) 861]-
Wi V=V, a2 (6;7)
0i; = bijo

{¢2(65) — ¢2(6310) }}

0i=0i

where we take voltage amplitude, as well as voltage angle at the balance node in electricity
systems, as the initial values, denoted as V;, Vj o, and 6;;.
We define «, and B, as:

aP,
pr— 2
Ko AR (20a)
ti; = bijo
P,
= 20b
0ij = Bij0

Assuming that there is only one branch connection between bus i and bus j, we replace
¢1(V) with V and ¢, (6;j) with 6;; to obtain a linearized model for measurement P; with
respect to voltage amplitude V and voltage angle 6;;:

P; = . (ViVi — VigVio) + Be(6ij — 0ij0) + Pio (21)

It should be noted that Equations (19)—(21) represent the case where there is only one
branch between bus i/ and bus j. For other special cases with multiple branches, the flux
increment needs to be summed.

3. The Construction of State Matrix and Linear Equations of State Estimation Interval
Considering Measurement Correlations

In this section, we calculate the measurement variance-covariance matrix containing
measurement correlations, and combine the system parameter matrix and measurement
variance-covariance matrix into a unified framework to construct a state matrix considering
measurement correlations, and construct the state estimation model of the electricity-gas
systems containing measurement correlations.

3.1. The Calculation of Measurement Variance-Covariance Matrix with Measurement Correlations

t
We extend the gas flow AG; and pressure A7t at pipeline inlet of the natural gas

-t
network to A7tt, and AG; ; with the same mean and variance, as follows:

AT+, 4, ifk=1
Arcf/k—{ i+ Onnts 1f (22)

AT — 65, if k=2
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—t
ot AG;+06 .1, ifk=1
AG;
AGi,k = —t ! (23)
AGi =6, ifk=2

—t Ot
where AT} and AG; are the means of A7t! and AG;, respectively, and 6, .+ and 5Act are the

1

t
standard deviations of A7t and AG;, respectively.

Lt Lt
Then, we replace AG; with AG;; and Ar! with Art!,, and rewrite (15) as:
Lt Lt
AT = g (AGi,k - AGi,O) + Bg (A”f,k - A”f,o) + AT, (24)

o t
where A”]‘,k = {Anjll,

Lt
An]t. ) } ; similarly, we also need to calculate the expanded AG]-,k, and
t Lt t
finally obtain AG;; = {AGj,l, AGj, }
We select N sets of experimental data and calculate the measurement variance-
covariance matrix on the basis of an extended matrix:

A = E|anly] = 1y i A (25)
e AN =R
—t ot 1 N _t,(n)
1 T
2 _ t,(n) —t t,(n) —t
Thmt = 2211;1[@”“‘ — o) (arly”) - a7) ] 27)
n=1k=

(28)

—t
where Aﬁ; and AG j are the mean values of pressure and gas flow, respectively. ‘Tin]f.’ Ui &
are variances of pressure and gas flow, respectively. :

We further calculate the correlation parameters of gas network measurements. For
the measurement variance-covariance matrix, the non-diagonal term corresponds to the
value of the measurement correlations. We take the product of standard deviation of the
measurements and the correlation coefficient between the measurements as measurement

correlation parameters, as follows:

orr b = Opat O .t Lt 29
ARt AG; L N AN Ny (29)
j 7 ] j j
2
Tyt CorrAﬂt AG
L= om0 @)
g Corr .: s,

where 0, + is the standard deviation of ATL’;, UAGt is standard deviation of the outlet gas flow
J j
t Lt
AG]-, pA Al is the correlation coefficient between the measurement An]t. and AG]-, Zg is the
2t AG
7
measurement variance-covariance matrix in the gas system considering the measurement

correlations.
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Similar to the gas system, we extend voltage amplitude V as well as voltage angle 6;;
in the electricity system to Vj, Vj, 0;;x with the same mean and variance, as follows:

Vz,k{ Vi_(svi, ka:2 (31)
Vi+6y, ifk=1
A ) j
V]'k { Vj-&vj, ifk:2 (32)
gi'+§9.., ifk=1
bix=2 = .1 33
ijk {eij—(sgﬁ, ifk=2 (33)

Furthermore, we assume that there is only one branch connection between bus i and
bus j; we replace V; with Vi, V; with V; , and 6;; with 6;; x, and Equation (21) is rewritten as:

Pix = e (Vi,kvj,k - Vi,oV‘,o) + Be (Bij,k - 6ij,0> + Pip (34)

where P, = {P,;1, P;» }, Equation (34) represents the case where there is only one branch
between bus i and bus j; for other special cases where there are multiple branches, the flux
increment needs to be summed. Similarly, we also need to calculate the expanded Q; ;, and
finally obtain Q;r = {Q;1, Qin}-

We calculate a measurement variance-covariance matrix of the electricity system
as follows:

o 1 N 2 (n)
Pi:E[Pi'k]:ﬁZ:lkzpi,k (35)
n=1k=1
5 L&y o
Q = ElQu] = 35 L. 1. Qi (36)
n=1k=1
1 N 2 " . " T
U%,:zxékl{(l’i(,k)l’) (P’ =) } 47
1 N 2 _\T
‘75_2;,(_21“(2’("‘) Q) (ay Q)} (38)

where P; denotes mean value of active power and Q; denotes mean value of reactive power,
respectively; (TP is variance of active power, (fé is variance of reactive power.

We then calculate measurement correlation parameters of electricity systems. For
the electricity system measurement variance-covariance matrix, we take the product of
standard deviation of measurement and correlation coefficient between measurements as
the measurement correlation parameter, which is expressed as a non-diagonal term, as
shown below:

Corrp,Q; = 0p, - 0Q; - P,Q; (39)
o2 Corrp. 0.
Lo [COrrPI " (40)
Qi Pi 70,

where op, is standard deviation of active power, oQ; is standard deviation of reactive power,
pp,Q; Tepresents the correlation coefficient between measurements P; and Q;, and }_, repre-
sent the measurement variance-covariance matrix considering measurement correlations in
electricity systems.

3.2. Constructing the State Matrix and Linear Equations of State Estimation Interval Considering
Measurement Correlations

Considering the existence of measurement correlations, we combine the natural gas
network parameter matrix A¢ in Equation (5) with the measurement variance-covariance
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matrix Zg in Equation (30) into a framework through interval to further construct the state

matrix gg considering the measurement correlations of natural gas network.
Firstly, we extend the natural gas network parameter matrix Ag in Equation (5),
as follows:

(1 0)
Y ' \0_ 1) (41)

where Ajg is the expanded natural gas network parameter matrix.

-t
We represent the natural gas network state variables Ar[f and AG, in Equation (4) as
Xg, and include the measurement noise e, .+ and e .: in X, as follows:
j AG;

— -t
At ZRT-AG,

ar T SAL
Amtl  f-ZRT-Gg-AG;
Xe = | AL 4dS? gy (42)
e
An/t.
e .t
AG;

Lt
where e, + and e\ take the standard deviation of measurements An]t. and AG;.
J j
Lt
Then, we use Bg, to denote the measurements An]f and AGj, and extend the matrix

as follows:
At
Y
_ |26
Be = |epn (43)
i
e .
AG

j
The relationship between extended gas network parameter matrix A}, natural gas
network state variable X, and measurement B; is established as follows:

. A7th+11 + ZRT'AGI AT[t

Ag | 01 Arl  f-ZRT-Gg-AG; AG;
,,,,,, B VA I .v3 1A%y = / (44)

0 0) (10 epnt eant

0 0 1 01 e / e .t

]

According to Equations (41)—(43), Equation (44) is further rewritten as:
AgXg = By (45)
Furthermore, considering the computational dimension of the matrix and taking

Yol lea e .| = [0;0] as the target for calculation, we extend the measurement variance-
s ATGTAG;
covariance matrix Zg considering measurement correlations in Equation (30) as follows:

(0.)
01 (46)

where J; is the extended matrix with respect to ).
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We take s = [s1,Sp, . . ., Sn] to represent correlation factor, and s; € {s; € R| —1 <s; <1},
i=1,2,...,n. We combine expanded matrix A; and expanded measurement variance-
covariance matrix d, considering measurement correlation into the interval, as follows:

Ay = Ay +sy, Ag € |Ay—bg, Ay + 0] (47)
where Ag denotes the natural gas system state matrix with measurement correlation.
We represent gg in Equation (47) as the interval {gg} , where Ag IS [Ag,fg] , we
define [gg} as:
(4] = [Ag Ag] = { & e |4, < Ay < A} (48)
where A~g is lower bound of interval [A g} , Zg is upper bound of interval [A g} .

Similarly, we rewrite the measurements B, containing the correlations of natural gas
network measurements as interval [Bg] and introduce ABjg as follows:

By = By +sABg, By € B — ABg, By + ABy | (49)
eArr/t.
e .t
ABg = | AG; (50)
0

-t
where ¢, .+ and e take standard deviation of An]t», AG;, respectively.
/ j
Then, the X, of the natural gas network is represented as interval [X,]. Based on

Equations (45)-(50), combined with Equations (45), (47) and (49), we can obtain the approx-
imate linear equation of state estimation interval that considers measurement correlations
of the natural gas network.

(45 + 58| [X] ~ [B; +saB] (51)
For electricity systems, the transformation of system model into equation form is given

by [25]; active power P;, reactive power Q;, voltage amplitude V, and voltage angle 0 are
classified according to different bus types:

Pr Apn A Az A As A [OL G
Ps Ay A Ay Axy Axs A |05 G
Pri| _ |As1 An Az Ass Ass Ase| |0r| | |Gs (52)
QL Ay Ap A Ay A Agk| | VL Cy
Qs As; Asy Asy Asy Ass Asg| | Vs Cs
Qr Ag1 As2 Asz Ass Ass Asel LVR Ce
=[P T PL]

p
T
Q=[Qf Q5 Qx| (53)
14
0

where subscript L denotes PQ bus, subscript S denotes PV bus, subscript R denotes V6
bus. A;; is the electricity system parameter matrix, C; is the constant term.
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Considering the electricity system measurement correlations, the parameter matrix
Ajj is represented as A, and it is extended as:

(1 0
v o)
P N0 1) (54)

where A} refers to the expanded electricity system parameter matrix.
The X, is employed to represent the V and 6 of electricity system in Equation (52), and
measurement noise ep, and eq, are included as follows:

0
X, = |V (55)
ep;

eQ;

where ep, and eq, take the standard deviation of P and Q, respectively.
Then, we use B} to represent the measurements P and Q in the electricity system, and
extend the matrix as follows:

e (56)

The relationship between the extended electricity system parameter matrix A}, elec-
tricity system state variables X,, and measurement B; is established as follows:

(10 0 P
o)
,,,f,,:,,o,,l,, 14 - Q (57)
0 0y ,/1 0 ep; ep;
0 0 1 0 1 eQi EQI.
We denote Equation (57) as:
A:X, = B} (58)

Then, considering the computational dimension of the matrix and taking
Yo L. [€pi ; eQi] = [0;0] as the target for calculation, we extend the measurement variance-
covariance matrix ), considering measurement correlations in Equation (40) as follows:

H
5= -2 Y N1 (59)

where J, is the expanded measurement variance-covariance matrix with regard to } _,.

Similar to gas systems, we combine expanded electricity system parameter matrix A}
and the expanded measurement variance-covariance matrix J, considering measurement
correlations in the interval, as follows:

Ao = A7 +56, Ao € [A; =6, A7 +0.] (60)

where A, is the electricity system state matrix containing measurement correlations.
We rewrite the measurement B} containing the measurement correlations of electricity
system, and further express it via interval [B,], and introduce AB,, as follows:

B, = B} +sAB,, B, € B} — AB,, B} + AB,] (61)
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ep;
€.
AB, = | Qi (62)
0
0

where ep, and eq, take the standard deviation of P and Q, respectively.

We represent X, of electricity system as the interval [X,]. According to Equations (58)—(61),
the state estimation interval approximates linear equation; in considering measurement
correlations of electricity systems, we can obtain:

[A} 4 s6¢)[Xe] = [B; + sABe] (63)

4. Determining the Range of State Estimation Intervals with Measurement Correlations

In this section, we put forward an approach to determine the range of state estimation
intervals containing measurement correlations. We represent the natural gas network state
variables X, and the electricity system state variables X, as interval [X], the gas system
measurement B, as well as the electricity system measurement B, as electricity-gas system
measurement [B]; and A; and A} as A*, respectively. Combining Equations (51) and (63),
the linear equation of state estimation interval considering electricity-gas system measure-
ment correlations is stated as:

[A* + 56][X] ~ [B* + SAB] (64)
We define U = (A*) ™ 's6 and multiply Equation (64) by (A*) ™! to obtain:
[X] + U[X] = (A*) 'B* + (A*) 'sAB (65)

Then, we replace (A*) 'B* with X, and further define [X] = X 4 sAX, and
Equation (65) is stated as:

X +sAX +U(X +58X) = X+ (A7) 'sAB (66)

After simplification, we obtain:

~ 1 ~
sax (D) — (A*) -$AB — UX — UsaX® (67)

The termination condition for iteration is set to:

HAX("“)HOO - HAX(”HOO <ee>0 (68)

5. Case Studies

In the current experimental conditions, our method is validated on an integrated
electricity-gas system shown in Figure 2, which is comprised of a 10-node natural gas
network and the IEEE 30-bus system. In Figure 2, there are six generators in the electricity
system, where G2, G5 are gas-fired generators. In the natural gas network, nodes five
and ten are load nodes. Node six is connected to G5, and node nine is connected to G2.
Table 1 provides standard parameters of gas in the pipeline network, Table 2 gives the
gas network parameters, Table 3 shows the node parameters. The IEEE 30-bus system
parameters are given by Matpower 4.0 [26]. We also simulate the integrated electricity-gas
system to calculate the established state estimation model in MATLAB/Simulink (2021
version). MATLARB is an effective tool for simulating hybrid energy systems [27], which
can, in combination with Matpower [28,29], be used to test and calculate the power flow of
the power system. The widespread use of MATLAB in various energy system situations
sufficiently demonstrates its effectiveness.
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Table 1. Natural gas operating parameters.
Term Value Term Value Term Value
Z 0.9 R 500/ (kg-K~1) T 278 K
Table 2. Node parameters of 10-node natural gas network.
Node Gas Injection (kg/s) Pressure (MPa)
5 —16.3 3.01
6 —11.8 3.04
9 —13.2 2.86
10 —18.7 2.93
Table 3. 10-node natural gas network parameters.
Number From To L (km) f d (m) Mass Flow (kg/s)
1 1 2 10 0.01 0.5 60
2 2 3 20 0.012 0.4 34.6
3 2 4 15 0.011 0.45 25.4
4 3 5 10 0.01 0.5 16.3
5 3 7 15 0.011 0.45 18.3
6 4 6 10 0.01 0.5 11.8
7 4 7 20 0.012 04 13.6
8 7 8 5 0.01 0.4 31.9
9 8 9 5 0.01 0.4 13.2
10 8 10 5 0.01 0.4 18.7

®—> Fixed Load
(3)
O

Source e @
o’o 0
(10) Fixed Load
©O—6

(b)

Figure 2. The integrated electricity-gas system comprising 10-node natural gas network and IEEE
30-bus system. (a) Topology of 10-node natural gas network; (b) Topology of IEEE 30-bus system.
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ot
5.1. Case 1: The Correlation Coefficient Pt i between Measurements An; and AG; and the
e ;
7
Correlation Coefficient pp, o, between Measurements P; and Q; Are Set to 0.15
In this section, considering the existence of measurement correlations, our approach
is used to estimate integrated electricity-gas system state. As shown in Figure 2, the
natural gas network is connected to the electricity system through gas-fired generators
G5 and G2 respectively, and nodes six and nine are supplied with gas by nodes four
and eight respectively. Therefore, changes in gas flow at node six and node nine will
result in changes in pressure of nodes four and eight. When gas demand of gas-fired
generator G2 changes constantly, we track inlet pressure dynamic response of node 8.

We set measurement correlation coefficients i nc! and pp, o, in Equations (29) and (39)
T BGj

i
to 0.15, and set termination threshold e in Equation (68) as ¢ = 10~*. The gas flow of
G2 at node 9 and pressure at node 8 are estimated with our method, and the results are
compared with those of the Krawczyk operator (KO) interval method based on unscented
transformation (UT). Krawczyk Operator (KO) is an iterative method that takes the interval
vector obtained by the interval Gaussian elimination method as the initial value, and
obtains the solution set of the interval linear equation by iterating the interval vector. The
Krawczyk operator (KO) interval method based on unscented transformation (UT) mainly
obtains the correlation between measurements through the symmetric sampling strategy of
unscented transformation (UT), and describes and calculates the interval range where the
correlation exists by using the Krawczyk operator (KO) interval method.

Figure 3 provides state estimation uncertainty ranges caused by measurement corre-
lations obtained through the proposed method and UT+KO method. This paper mainly
studies the slow change of natural gas flow. It can be intuitively seen that, compared
with the UT+KO method, the interval boundary of the state variable of gas flow variation
and pressure change given by the proposed method is more compact; while the interval
upper boundary and lower boundary provided by the UT+KO method is far from real
values, the interval range is larger. This is because UT requires independent calculation
of measurements, and the KO interval method requires measurements to participate in
multiple iterative operation. Multiple iterative operation of measurement interval at the
same time will lead to the superposition and transmission of measurement correlations,
which inevitably expands the interval range. These will easily exceed the operating limit of
the system, thus losing the reference value.

Then, the voltage magnitude and voltage angle of electricity system is estimated.
Figures 4 and 5 give voltage amplitude interval, voltage angle interval, and corresponding in-
terval widths when the measurement correlation coefficient pp, . = 0.15. In Figures 4a and 5a,
we use purple vertical lines to represent the voltage amplitude range obtained through
the proposed method, green vertical lines to represent the results provided by the UT+KO
method, and blue horizontal lines to represent the real value. In Figures 4b and 5b, we
highlight the voltage amplitude interval width and voltage angle interval width given
by our method and UT+KO method in red and blue, respectively. Obviously, the upper
boundary and lower boundary of interval obtained by our method are closer to real values,
while interval range provided by the UT+KO method is larger, and the estimation results
are somewhat conservative. This is mainly due to the superposition and transfer of mea-
surement correlations of each measurement interval in the process of iterative calculation
of multiple measurement intervals by the UT+KO method, which enlarges the interval and
makes estimation results more conservative.
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Gas flow demand variation at node 9 (kg/min)
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Proposed method
------- Real value
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Pressure change at node 8 (kPa)
N
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Time (min)

(b)

Figure 3. State estimation interval bound of the natural gas system, considering the measurement

correlation coefficient Poani g = 0.15. (a) Gas flow demand variation; (b) Pressure change.
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Figure 4. State estimation interval bound of IEEE 30-bus system with measurement correlation

coefficient pp, 5. = 0.15. (a) Voltage magnitude; (b) Interval width of voltage magnitude.
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Figure 5. State estimation interval bound of IEEE 30-bus system with measurement correlation
coefficient pp, . = 0.15. (a) Voltage angle; (b) Interval width of voltage angle.

St
5.2. Case 2: The Correlation Coefficient N between Measurements An]f and AG; and the
TTt., j
Correlation Coefficient pp, o, between Measurements P; and Q; Are Set to 0.3
To further verify the effectiveness of our method at different measurement correlation

levels, the measurement correlation coefficients N and pp, o, are set to 0.3, and the
s ]
/)

changes in gas flow demand and pressure at nodes are estimated, as shown in Figure 6.
In Figure 6, the estimated range of gas flow demand variation and pressure change at

Partac = 0.3 is greater than thatatp . = 0.15 in Figure 3. The measurement correla-
TT. : 7T .
7 Vit

tion level therefore affects the estimation accuracy. When the measurement correlation is
large, the upper bound and lower bound of estimation interval will deviate from the ideal
state interval. Although state estimation interval range will increase as the measurement
correlations increase, our method is superior to the UT+KO method.

Furthermore, we estimate the electricity system state when the measurement correla-
tion coefficient pp, o, = 0.3; the results are shown in Figures 7 and 8.
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Figure 6. State estimation interval bound of natural gas system with measurement correlation

coefficient N 0.3. (a) Gas flow demand variation; (b) Pressure change.
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Figure 7. State estimation interval bound of IEEE 30-bus system with measurement correlation
coefficient pp, 5. = 0.3. (a) Voltage magnitude; (b) Interval width of voltage magnitude.
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Figure 8. State estimation interval bound of IEEE 30-bus system with measurement correlation
coefficient pp, 5. = 0.3. (a) Voltage angle; (b) Interval width of voltage angle.

In Figures 7 and 8, when measurement correlation coefficient pp, o, changes from 0.15
to 0.3, the estimated ranges of voltage magnitude and voltage angle expand. Both our
method and the UT+KO method are affected to a certain extent, but the overall variation
of our method is relatively small. This is because our method does not need to perform
the iterative calculation of measurement interval at the same time, which avoids the
accumulation and transmission of measurement correlations.

Furthermore, we evaluate the accuracy of results by using the following two indicators:

M, = %Z?:l(fi —x)) (69)

My = max(X; — x;) (70)

where X; represents the upper boundary, and x; represents the lower boundary of the
interval variable, respectively. M is the interval width average value, M; is the interval
width maximum value. When M; and M, are smaller, accuracy is higher.

Table 4 provides statistics for the estimation results of integrated electricity-gas system
given by two methods, and provides the corresponding estimation accuracy indicators
when the measurement correlation coefficient is 0.15 and 0.3, respectively. The results
indicate that although estimation results accuracy decreases as the measurement correlation
increases, the M; and M, indicators corresponding to the proposed method are smaller.
This is mainly due to the accumulation of the measurement correlation of UT+KO method
during the multiple iterative calculation of various measurement intervals, which enlarges
interval range and reduces estimation results accuracy. In addition, Table 5 provides
the calculation time of our method and UT+KO method. It can be seen that when the
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measurement correlation coefficients are smaller, the average execution time is shorter.
The UT+KO method uses multiple measurement intervals iterative calculation, so the
calculation time is longer.

Table 4. Estimation accuracy (of the IEGS) of different measurement correlation coefficients.

The Measurement Correlation Coefficients The Measurement Correlation Coefficients

P . z=0.15, ppi, i=0‘15 P . r=0.3, PPi, i=0'3
Accuracy Indices ATt} AG; Q AmT[,AG; Q
Ml M2 M1 MZ
Proposed method ~ Gas flow demand variation at 0.3964 0.4541 0.5391 0.9308
UT+KO node 9: AG; 0.8070 0.9681 1.2772 2.0476
Proposed method Pressure change at 0.2749 0.3516 0.3704 0.6096
UT+KO node 8: Art! 0.7523 0.7846 0.8961 1.3971
Proposed method Voltage magnitude of IEEE 0.0046 0.0065 0.0084 0.0143
UT+KO 30-bus system: V 0.0099 0.0110 0.0161 0.0176
Proposed method Voltage angle of 0.371 0.4486 0.4055 0.5495
UT+KO IEEE 30-bus: 0;; 0.527 0.7703 0.8143 1.0329

Table 5. IEGS computation time with different measurement correlation coefficients.

Average Execution Time (s)

Method The Measurement Correlation Coefficients  The Measurement Correlation Coefficients
pAnjt,AG;=0.15/ pPirQi =0.15 PA;-[JTIAG;, =0.3, pPirQ,’=0'3
Proposed method 2.68 3.41
UT+KO 43.59 54.37

6. Conclusions

An interval state estimation method that considers the measurement correlations
of electricity-gas systems is presented in this paper. The linear measurement model
of electricity-gas systems is derived via Taylor series expansion, and the measurement
variance-covariance matrix with measurement correlations is estimated. Then, the system
parameter matrix and the measurement variance-covariance matrix with measurement
correlations are combined into an interval, and the interval state matrix and linear equa-
tions of state estimation interval considering measurement correlations are constructed;
as a result, the state estimation method for the electricity-gas system with measurement
correlations is proposed. Finally, a method for determining state estimation interval range
is presented. Comparing the state estimation interval with the safe operating limit range
of the system will help system administrators to make effective judgments and effectively
adjust electricity-gas systems. The numerical tests on an integrated electricity-gas system
illustrate that our method outperforms the UT+KO method in terms of calculation accuracy
and efficiency.

This paper quantifies and describes the measurement correlations of electricity-gas sys-
tems, but does not deeply consider the effects of measurement correlations on electricity-gas
systems. In future work, we will further analyze the impacts of measurement correlations
on electricity-gas systems, and will develop an adaptive interval state estimation method
that dynamically adjusts the estimation process on the basis of real-time measurement data.
This will improve the robustness and adaptability of interval state estimation, helping it to
adapt to different working conditions and system changes.
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