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This paper presents a new technique of dynamic state estimation (DSE), utilising a robust filtering scheme. Tl
method is derived from the statistical approach of M-estimation. Also a new model for the dynamics of the pow:
system is presented. The proposed scheme of DSE has been tested on IEEE 30-bus and 118-bus test systems
normal and bad data conditions. The performance of the proposed scheme of DSE has been assessed for botf
filtering and prediction stages and compared with that for Extended Kalman filter (EKF). The error analysis
presented, reveals the superiority of the proposed scheme in presence of bad data.
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NOTATION dynamics furnishes the predicted data base, necessary for opera-
E : expectation operator tion and control strategies in either normal or abnormal circum-
. . . stances for the next time instant. Besides the above benefits
H . jacobian matrix . : : e .
. _ ] ) ) improved detection and identification of bad data, topological
hx : nonlinear function relatingandx error and observability analysis are also acquired. At filtering
[ : complex bus current step, the states at present time instant are extracted from the
L selected redundant imperfect power system measurements.
k . atime sample
. In designing a DSE, it is important to model the dynamics of the
m : number of measurements ¢ n) . ) .
complex bus voltages, due to their reliance on the continually
n : number of states . - .
varying power system loads. The existing modélaot only fail
R © covariance matrix of to depict the true behaviour of the power system dynamics but
S : complex bus power also some of the parameters appearing in these models do not bear

any physical meaning. To override the limitations of the existing

fe + tuning constant models, a novel method has been considered in this paper to
\ : complex bus voltage model the dynamics of the power system, wherein, complex
W,V : real random variables with properties of whitevoltage at any bus at any instant not only depends on its value at
noise the previous time instant but also on the last available change of
W, - complex random variable with properties ofvoltages at the buses to which it is connected.
white noise At the filtering step the state of art is to use the EKF. Unfortu-
X . state vector nately, the distribution of the measurement noise deviates fre-
v - bus admittance matrix quen_tly frc_)m the ass_ume_d G_aussia_m quel, ch_ara_cterized by
] ) .. heavier tails, generating high intensity noise realizations called
Y - equivalent complex admittance for bus injecq, yjiers. In presence of outliers the performance of EKF de-
tion grade$ thus, there is considerable motivation to consider robust
z . power system measurements filters to improve performance in non-Gaussian environments,
Y : filtering or prediction error covariance particularly in presence of outliers. Robust statistical procedures
N . filtered or estimated value !nvolve metho_ds_to spot the outl_ylng datg p0|_nts and reduce their
' influence. Majority of the contributions in this area have been
- : predicted value directed towards censoring dafathat is, if an observation differs
INTRODUCTION sufficiently from it's predicted value, it is discarded. In this paper,

To oversee an electrical power system in efficient, economic athdS Proposed to perform the filtering step robustly utilizing a
secure manner, it is utmost important to be acquainted with thi@tistical approach, derived from M- estimation techriicfile

states, both at present time instant and one step ahead, fqh@ main aim of this paper is to present a new dynamic model of
particular network topology and loading condition. It is DSE ifhe power system for the prediction step and at the filtering step,
electric power system, which apprises of the aforesaid informayopst filtering scheme to treat the bad data more effectively.
tion. The one step ahead prediction based on modelling of sys@m change in operating conditions due to large change in load or

S S Thakur and A K Sinha are with Department of Electrical Engineering, Unscheduled outage of generating units or change in network
IIT Kharagpur, Kharagpur 721 302. configuration have not been considered. Distinction of a sudden
This paper, received on September 1997, was presented and discussed icffange in operating condition due to one of the aforesaid reasons
Semi-Annual Paper meeting held at Kolkata on August 14, 2000. from occurrence of bad data can easily be incorporated with the
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proposed scheme utilizing any of the suitable existing tech-[(‘/j (k+ /k+ 1)—(‘/j (kK] =
niques™.

PROPOSED SCHEME OF DSE [Oj (4 _<\/j (k=LVk-1)] (7)

It is very important for both the prediction and filtering steps tGonsidering equation (7), the proposed model of system dynam-

work in conjunction for satisfactory performance of a DSE. Thigs can be expressed from equation (6) as :
means, it is imperative to model the time behaviour of the com- .

plex bus voltages accurately, as well as to use an efficient robust; (k+ 1) = V, (k) - [Y; + Q(,i (kK] %
filtering scheme. The proposed scheme of DSE consists of :

® modelling of system dynamics and,
® robust filtering.
SYSTEM DYNAMICS MODEL

nb
S Y 19 (00 =G (k= k- D] +wg () (8)

j=1
j#i

In matrix form equation (8) can be expressed as :

The power system dynamics is represented by a pragmatic model,

derived from basic power system relations. At time ins¢attite

current injection aitth bus can be expressed as :

nb
10 =3 Vv ® @
j=1
Also,
0 = e =~V X Y @

From Equations (1) and (2),

nb

ICERI VR IS AVICS 3
j=1
j#i

Similarly for time instantk + 1),

nb
Vik+ D) = - [V + Yik+ D] Y Yy Vik+D) ()
jai
In equations (3) and (4}; (.) are much smaller t4;. Hence,
[Yi + Yi(k+ D] = [Y;i +Y; (K] ©)

So from equations (3) and (4),

-1

Vik+1) = Vi) - [Y;i +Y, (K]
nb

V(k+1)=V K-, (KK %\/(k/k) -
k- 1k- D we (K 9

Where,ﬁ\(N (k/K) is aN x N matrix with elements :

0 if i =] or buses
%O andj not connected
i (=0 s O
Y- if i#] or buses
él{” Hi +Q” (k/k)H andj connected
where % (k/K) is given by,
9tk = - X0 (11
3 (/KO
Considering rectangular coordinate formulation,
V() =Ve() V() (12
A () g*/(k/k) -0 (k- 1k- HH
= U (K +ju, (K) (19
and,
We (K) = Wi (K) +jw, (K) (14

Equation (9) can be rewritten in terms of rectangular coordinates
as:

x 3 Y [Vik+ D -V (K] ®) X(K+1) = x () +u (K +w (K (15
=1
JJ' # where,

Although, the power systems rarely attain a true steady state T
operation, the magnitude of oscillations due to variation of loads® (= B/; (), Vi (')H (16)
are in general small. So, it is justifiable to consider a quasi-static T
operation, in which change in loads take place at the beginning! (K) = [ug (K), u (K] 17
of each time sample and are instantaneously met by adjustment
of a generated power. So, under quasi-static operation with smajj, K = [w; (K), W|T (k)]T (18
time period between time samples (5 mins - 10 mins), it can
be assumed that change in complex voltages from time instgRk covariance matrix of (k) is defined as :
kto k+ 1) are nearly same as that(lof 1) tok. Hence, it
can be written that the change in estimated complex voltgidpe at QK = E[w®) W (K] 19

bus as :
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The prediction for equation (15) is : functionp’ () is bounded and continuous. Accordingly, Huber's

K(k+ 1K) = XK +u® (200  score functiofi” ° can be chosen for any argumenhas :
The prediction error covariance matrix is calculated as : M - ty2 for f 2t
p() = i (30)
S k+ K=Y KK +QMK 1) {2 for f| <t
FILTERING where,t. is a tuning constant, to provide high efficiency for

- . Gaussian model.
In almost all the existing methods of DSE, the filtering step is

performed using the well known EKF, utilizing the power systen order to obtain the optimum solution, the first partial derivative
measurements and the predicted states. But it is recognized didt@( (k)@with respect to each elementxdK) is equated to zero.
outliers, which arise from heavy tailed distributions or simply bathus,

data, have a degrading performance on the EKF, as the outller

O
pull the ‘fit’ towards them and the examination of the residuals 0_
become misleading because then their residuals look more Ilkez Gi ® ¢ g{ ® - Z Gj ® 5 (k)E 0 (31
normal ones. Hence, robust filtering techniques are needed fg L =1 O
reduce the influence of the outliers on the final estimates. A filter j=1,2,..n

is known to be robust, if it remains finite as one or more meaT:_sr—] ¢ 31 b ;
urements become arbitrarily large in any direction. e set of equations (31) can be written in matrix form as :

T —
Proposed Robust Filtering Scheme G Mulyk - GRx(K] =0 (32
) where
Let the nonlinear measurement model be : . .
g u
z(K) = hix (®+v (K 22) > D (9 Z (G0 ®0 J
a O
Expandingh §< (k)@in Taylor series abodti(k/k — 1) and neglect- [y (k) - G (K) x (K] = S B (33
ing higher order terms, 0. 0
[I DD
Ze(K) = H (K x(k) +v (k) (23 Dp D’m(k) Z Gy (K% (D5
0o

where, the ‘effective’ measuremezgi(k) is defined as : Application of Newton’s method of solution for the set of equa-

0 = 20 -hKk-D+HERR(wk-1) (24 Hons(32)yields:

Multiplying both sides of equation (23) IR ? gives Ax( =[CTWOa®GHE] GKa® (34)
Y0 = GRXM + YK (25 MO
Oa (k) = diag @)" Y X(KKk=-D)5 ...,
where
y(K) = RY?(K) 25 (K (26) P Y (X (k- 1))% (39
GK = R V2K H (K 7  and,
YK = R2®v (K (29 a® = vyK-GKX(Kk-1): (36)

Most of the robust regression procedures are minimization praince the nonlinearity of the score functj) is almost like a

lems and the M-estimate$are obtained from minimization of quadratic function, it is reasonable that the filtering error covari-

the following loss function : ance matrix be calculated, using the same expression that is used
for EKF as :

m 0
IXWI=Y P - z Gy (K) X (k)D (29 " E
o - a
S L s 0 S (= 0, RIQHEO Y (Wk-D] (37
wherep (.) is a robust score function to cut off the ontliers. ThPESCRIPTION OF SIMULATION

probability density function of (k) is considered to be GaussianThe performance of the proposed scheme of DSE has been
like middle and heavier tails. The desirable feature is not onlyéwaluated by testing it on IEEE 30-bus and 118-bus test systems,
have high efficiency at Gaussian noise but also the influengsing simulations for both the normal and bad data conditions.
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The simulation study has been carried out over a period of 30 tifige performance indek(K) is calculated as :
samples, varying the load from 70% to 120%. A jitter, represented
by a normally distributed random fluctuation with zero mean and

N
standard deviation of 2% is added to the load pattern for each bus. Zi - 2 (k7K - Z} @1
The power factor of the load is assumed to be constant. Thd (K) = — (39
corresponding adaptation to the load variation is taken care of by Z |z (k) - zf K |
P21

the generator participation factors to preserve the overall power i
balance. At each sampling instant, a load flow is performed usin

the load and generation data as generated in the aforesaid maWE'
to obtain the true values of the state vector and the measurenféif® measurement.

vector. The simulated measurements are obtained by adding vAfadiction Step

the true values, a Gaussian noise with zero mean and standard ) ) )

deviation of 2% for active and reactive power measurements afif Maximum absolute error in state is calculated as :
0.2% for voltage magnitude measurements. & (K = Max|X (k/k- 1) - x,t ® | (40)

ere, the (k/K) andZ (K) represent the filtered and true values

The bad data is simulated by adding an error to the aforesaid test Oi

systems as follows :

. . . The average absolute error in state is calculated as :
1. For IEEE 30-bus test system at 8th time instant, at line

number 4, both the active and reactive power flows and at n

18th time instant at line numbers 18 and 19, both the activea, (k) = nt z |% (k/k=1) - x,t K | (41
power flows are corrupted by adding error of magnitude i=1

100.

DISCUSSION OF RESULTS

2. For IEEE 118-bus test system at 15th time instant, at I'Ef%e choice of explicit results to present is difficult as the number

number 4, both the active and reactive power flows are. . .
. . ) of interesting outputs is very large. Hence, the performance of the
corrupted by introducing error of magnituded.O

proposed scheme of DSE has been presented for the simulated
The prediction step is initialized by the load flow solutidias  test conditions, in terms of the performance indices as mentioned
the first two time instant, along with null covariance matrixabove. In order to show the filtering performance of the proposed
z (2/2). The elements of the diagonal mat@qk) has been scheme, it has been compared with a DSE scheme utilizing EKF

at the filtering step and at the prediction step a system dynamic
chosen arbitrarifyy as 10° and kept constant throughout themodel, as used in the proposed scheme of DSE.

simulation study. The tuning constants are chosen to provide hilct:jh tound that th ; ¢ th d sch ¢
efficiency for Gaussian noifas 1.1 and 1.2 times the maximu IS Toun at the periormance ot the proposed scheme o

" . . o mfiltering is same as that of EKF under normal operating condi-
absolute value of (k /k) during the normal operating Condltlonstions, which is also evident from the theory already discussed.

for IEEE 30-bus and 118-bus test systems respectively. Therefore, the performance indices for normal operating condi-
Table 1 shows the number of measurements and redundatiogs are not presented, whereas, the performance under bad data

provided for the two test systems used in this paper. conditions are discussed below.

PERFORMANCE ASSESSMENT Smaller values of performance indicggk) andJ (K) expresses
The test results are presented in terms of the following perforRtter filtering operation in reducing the uncertainty present in the
ance indices : measurements. Figures 1 and 2 portray the time evolution of the

filtering performance indices; (k) and J (k) for 30-bus and
118-bus test systems, respectively. It is found that on occurrence
The maximum absolute error in state is calculated as : of bad data in 30-bus test system at 8th and 18th time instant and
in 118-bus test system at 15th time inster(k) [Figures 1(a) and

2(a)] for the proposed robust filtering scheme remain almost
i unchanged whereas, the valuegpofk) for EKF is considerably
increased, showing poor filtering performance in presence of bad
data. In Figures 1(b) and 2(b), it is observed that, on occurrence
of bad data the performance indefk) for the proposed scheme

Filtering Step

e () = Max|% (k/K) —x (K) | (39

where X (K) represents the true value of the state vector.

Table 1
of DSE reduces from normal level. It is due to the thresholding,
Test System Total Measurements Redundancy . . .
employed by the robust filter, which causes the estimates to
30-bus 132 224 remain good, resulting almost unchanged numerator, whereas the
118-bus 489 2.08 bad data increase the denominator. In case of EKF, estimates are
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