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Abstract—Availability of the synchronous machine angle and
speed variables give us an accurate picture of the overall condition
of power networks leading therefore to an improved situational
awareness by system operators. In addition, they would be es-
sential in developing local and global control schemes aimed
at enhancing system stability and reliability. In this paper, the
extended Kalman filter (EKF) technique for dynamic state es-
timation of a synchronous machine using phasor measurement
unit (PMU) quantities is developed. The simulation results of the
EKEF approach show the accuracy of the resulting state estimates.
However, the traditional EKF method requires that all externally
observed variables, including input signals, be measured or avail-
able, which may not always be the case. In synchronous machines,
for example, the exciter output voltage E;; may not be available
for measuring in all cases. As a result, the extended Kalman filter
with unknown inputs, referred to as EKF-UI, is proposed for
identifying and estimating the states and the unknown inputs
of the synchronous machine simultaneously. Simulation results
demonstrate the efficiency and accuracy of the EKF-UI method
under noisy or fault conditions, compared to the classic EKF
approach and confirms its great potential in cases where there is
no access to the input signals of the system.

Index Terms—Dynamic state estimation, extended Kalman
filtering, phasor measurements, power grid monitoring, power
system operation, state estimation, synchronous generator.

I. INTRODUCTION

N order to increase power system stability and reliability

during and after disturbances, new strategies for enhancing
operator situational awareness and power grid global and local
controllers must be developed [1]-[3]. But high-performance
monitoring and control schemes can hardly be built on the ex-
isting SCADA system which provides only steady, low-sam-
pling density and nonsynchronous information about the net-
work. SCADA measurements are too infrequent and nonsyn-
chronous to capture information about the system dynamics.
It is to remove these limitations that wide area measurements
and control systems (WAMAC) using phasor measurement units

Manuscript received December 28, 2010; revised January 17,2011 and March
14, 2011; accepted April 14, 2011. Date of publication June 09, 2011; date of
current version October 21, 2011. Paper no. TPWRS-01044-2010.

E. Ghahremani is with the Department of Electrical and Computer Engi-
neering, Laval University, Québec City, QC G1V 0A6, Canada (e-mail: esmaeil.
ghahremani.1 @ulaval.ca).

I. Kamwa is with Hydro-Québec/IREQ, Power Systems and Mathematics,
Varennes, QC J3X 1S1, Canada (e-mail: kamwa.innocent@ireq.ca).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPWRS.2011.2145396

(PMUgs) are being rapidly adopted worldwide. These systems
enable synchronous power system dynamics to be monitored on
a more refined time scale.

Building on the ability of WAMAC systems to capture
dynamic system information, the state estimators of a power
system can generate dynamic states, e.g., generator rotor angles
and generator speed, instead of (or in addition to) the static
states of voltage magnitudes and phase angles [4]. From this
point of view, this paper presents a dynamic state estimation
process based on Kalman filtering techniques to estimate the
dynamic states of the power system.

A number of papers and studies have focused on just one dy-
namic state of the power system at a time, typically the rotor
angle or speed which was estimated using artificial intelligence
(AI) methods such as neural networks [5], [6]. These Al-based
model-free estimators generate the estimated rotor angle or rotor
speed signal without requiring a mathematical model or any
machine parameters [5]. In the large-scale power system sta-
bility analysis, it is often preferable to have an exact model
for all elements of the power network including lines, trans-
formers, induction motors, FACTS, and also synchronous ma-
chines. Therefore, the physical model-based state estimator of
the generator including voltage states in addition to rotor angle
and speed would be more interesting in system monitoring and
control.

Use of the term “dynamic state estimation” can be traced
back to the 1970s [7] when Kalman filtering techniques were
first applied to improve the computational performance of the
traditional steady-state estimation process in power system ap-
plications. Since then, there have been several studies in this
area which have used different approaches to capture dynamic
states of the power system [8]-[10]. However, very few papers
on state estimators have set their focus on the synchronous gen-
erator which is at the heart of the power system. For example, a
gain-scheduling scheme was used in [11] for state observer de-
sign in a single-machine infinite-bus (SMIB) system while con-
stant voltages were assumed in the dynamic modeling, which
significantly reduces the ability to represent the full dynamics
of a power system. In [4], a dynamic state estimation method
was proposed for the second-order synchronous machine which
could be extended to a multi-machine system. The accuracy
of the proposed method was examined in terms of measure-
ment noise levels. But the problem lies in not including the field
voltage dynamic equations in the second-order system model
of a synchronous machine. Also reported in [12] is dynamic
state estimation scheme for a sixth-order power system with a
third order for synchronous machine. However, they assumed
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the exciter output voltage Frq and rotor angle 6 to be two mea-
surable signals, following on this respect, other papers in this
area [13]. More specifically, the latter proposed a parameter es-
timation procedure based on the unscented Kalman filter (UKF)
was presented for the third-order model of a synchronous gen-
erator assuming the output power P, as one of the states with
the E¢4 and the constant T,,, as input signals of the machine
[13]. A third-order model was also assumed in [14] and approx-
imate algebraic equilibrium equations were used to derive the
quasi-steady states of the generator, assuming the field current
1¢q was available in addition to the terminal quantities.

A methodology for real-time dynamic monitoring of the elec-
tric power systems using optimal state estimators is presented
in [15], whereby the system state vector is extended to include
generator internal dynamic states (rotor speed w and angle 6),
in addition to algebraic states (e.g., terminal voltage, generator
internal voltage, output electric power, and so on). The measure-
ment set in [15] consists of V; and I; (both with magnitude and
phase), P;, @, and the generator speed and acceleration (fre-
quency and rate of change of frequency at the substation). In
[16], the measurement set also includes the generator speed and
acceleration like [15] while for the modeling of the generator,
the authors proposed a physically based generator model. The
presented model was expressed in terms of the actual self and
mutual inductances of the generator windings as a function of
rotor position.

In contrast with the above approaches, this paper proposed
a dynamic state estimator method based on extended Kalman
filtering (EKF) applied to signals obtained from a PMU which
is assumed to be installed in the substation of a power plant.
The synchronous machine model is a fourth-order, nonlinear
state-space model with E ¢4, T}y, and V; as inputs and P; and Q;
as outputs. In situations where the Fq signal is not accessible
for measuring, a novel method is proposed based on extended
Kalman filtering with unknown inputs (EKF-UI). From experi-
mental test considerations, it could become a critical factor since
measuring the field current and voltage is not easily applicable
to brushless excitation systems. In any event, it will involve ad-
ditional wiring and labor costs using existing technologies.

This paper is organized as follows. The fourth-order nonlinear
model structure considered for modeling the synchronous ma-
chine is given in Section II. In Section III, assuming that the
E'4q signal is accessible, dynamic state estimation of the power
system will be presented using the EKF method. Section IV
includes an extended version of EKF, the EKF-UI method for
an inaccessible or unknown F 4 signal. To demonstrate the ro-
bustness of the EKF-UI method, detailed simulation studies are
presented in Section V. Section VI discusses the findings and
Section VII concludes the paper.

II. SINGLE-MACHINE INFINITE-BUS POWER SYSTEM

A general power system configuration can be simplified to
an equivalent circuit system with a single machine connected to
an infinite bus via transmission lines [1]. The so-called single-
machine infinite-bus (SMIB) system, shown in Fig. 1, will be
the basis for developing and validating our generator state esti-
mator. Assuming a classical synchronous generator model, let
define ¢ as the angle by which e, the g-axis component of the
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Fig. 1. Synchronous machine connected to an infinite bus via transmission
lines.

voltage behind transient reactance :vil, leads the terminal bus £}
(or V;). If the terminal voltage V; chosen as the reference phasor,
the generator in Fig. 1 can then be represented in the dgo domain
by the following fourth-order nonlinear equation:

x=[0 Aw e e =[x1 zo x3 z4]"

u=[T, Epl =[wm u]"
.fi?l = WoT2
i‘2 = %(’Uq _Te _D‘TQ)
o= 1 (e 7o (s ) W

J.Z’4 = i(—a’q + (J,’q - J};)’Lq)

where w, = 27 f, is the nominal synchronous speed (elec.
rad/s), w the rotor speed (pu), 1, the mechanical input torque
(pu), T the air-gap torque or electrical output power (pu), E¢q
the exciter output voltage or the field voltage as seen from the
armature (pu), and ¢ the rotor angle in (elec.rad). Other vari-
ables and constants are defined in Table I in the Appendix. Based
on the phasor diagram associated to the network of Fig. 1, the
air-gap torque 7, will be equal to the terminal electrical power
P; (or P.) neglecting the stator resistance (R, = 0):

T, = P4 RI? 2= T, 2 Py = egiq + egig  (2)

where the d-and g-axis voltages (eq, eq) can be expressed as

:»Et:vt:\/m. ©)

Also, the d-axis and g-axis currents (44, ,) are

eq = Visind
eq = Vicoso

e,:] —V; cos &

ig = Iysin(6 + @) = ;

Moo= 2+ @)

ig = I;cos(§ + @) = Yrsind

Replacing 6 and e;, by the state variables x; and 3, we obtain
’L.d — .1:3—V,,/(‘,os T
F Vtsinmmdl (5)
Lq = T.

Using (3) and (5) in (2) and after some mathematical simplifi-

cation, the electrical output power P, at terminal bus (P. = P;)
with the state variables 1 and z3 can be obtained as

V V2 [1 1
T.= P = —/t.’li'g sing + — <— — —,) sin2x1.  (6)
T, 2 \zqg

To summarize, using (6) and (5) in (1), the fourth-order non-
linear synchronous machine state space model is rewritten as
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Fig. 2. Overview of the dynamic state estimator for a synchronous machine.

(7), shown at the bottom of the page, in a form suitable for
state estimation purposes, with the electrical output power F;
as the single measurable system output, where all the parame-
ters and quantities other than state variables are (or assumed to
be) known and measurable.

We can therefore represent (7) in a global structure as (8):

{

where x is the state variable vector defined in (1), w the process
(state) noise, v the measurement noise, f the system function,
h the output function, and y the measurable output. After re-
placing the quantities P, i, and iq with the (5) and (6), which
include the terminal voltage V4, it appears that the vector u
in (1) now needs to be modified in order to add V; as third
input as (7). Therefore, will have in (8) the vector u defined as
u = [U1 (%) U3]T = [Tm Ef,l V}]T

In the nonlinear state space model (7), the terminal bus sig-
nals V;, P, and ), are accessible from a PMU device which is
assumed to be installed at the generator terminal bus. The PMU
is a power system device that samples input voltage V,;. and
current I,;. waveforms using a common synchronizing signal
from the GPS and calculates the phasors (magnitude and angle)
using the discrete Fourier transform (DFT) [17].

The overall plan of the estimation process is illustrated in
Fig. 2. The dotted line of E'¢4 shows that one of the approaches
in this paper, the EKF-UI state estimator, does not need the E¢4
signal which is estimated with the states. The classic EKF-based
state estimator will first be developed for the case where the E¢4
signal is measurable and used as the second exogenous input in

x = f(x,u,w)
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(1). This assumption may be defendable for machines on which
the field voltage is accessible or for the next generation of syn-
chronous machines with embedded smart sensors. But in cases
where the F¢4 signal is not available or measurable, the new ex-
tended version of EKF known as the EKF-UI will be employed.

III. EXTENDED KALMAN FILTER (EKF) METHOD

A. EKF Algorithm Description
To derive the discrete-time EKF algorithm, we start from the
basic definition of time derivation of a variable x:

x(k) —Axt(k —1) 3

where At is the time step, k£ and & — 1 indicate the time at
= kAt and t = (k — 1)At, respectively. Replacing (8) in
(9), we easily obtain (10) and (11) below:

x = ©)

= x(k) = %At + x(k —

x(k) =x(k — 1) + At.f(x,u,w)
xp = At X f(x,u, W) + Xp_1.

(10)
Y

If rewritten properly, (11) gives us the discrete-time system
equations presented in (12):

{

where xj, is the system state vector, uy, is the known input vector
of the system, wy, is either the process (random state) noise or
represents inaccuracies in the system model, y is the noisy
observation or measured variable (output) vector, and v, is the
measurement noise. It is assumed that measurements are made
at by the PMUs, at discrete sampling time instants k.7 (k =
0,1,...,n). The noises sequences { vy} and {wy,} are supposed
to be white, Gaussian, and independent of each other:

Xp = o1 (Xp—1, Wp—1, Wi—1)

12
Vi = hy (X, ug, vi) (12)

{ E{Wk]VV_k ]0_ = wi ~ (0, Q) (13)

{ gK:]vk_]o— = i ~ (0, Ry) (14)
Elww ]20 (for j # k)

{E[Vk T] =0 (forj#k) (15)

E[WkV |=0. (16)

Equations (13) and (14) imply that {v.} and {w},} have a zero
mean, with covariance matrices Qj, and Ry, respectively. Equa-

x=[6 Aw e e:i]T =[z1 x x3 x4]"
u= [T, FE Vt]T =[ur w2 u3]T
T1 = WoT2
Vé 2
Ty = % [Tm — (;—7303 sin(z1) + VTt (9% - ZL,) Sln(2m1)) DxQ}
d q d
13 = ﬁ [Efd —x3 — (zg — x}) (7””3_‘250”1
o= g [t ) ()
{yl = Vf (:1:3) sin(x1) + VTf (% - i) sin(2z1) 7
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tion (15) implies that the values of {v } (respectively, {w}, }), at
different times instants, are not correlated while equation (16)
shows that the process (state) and measurement (observation)
noises are not cross-correlated [18].

Starting from these initial considerations, the discrete-time
EKEF algorithm for the state estimation process consists of two
steps [18]:

Step 1) Initialization of the filter at k = 0:

ot
Xy = E(xo) |
B i o sxm O

where F indicates the expected value and the + in super-
script denotes that the estimate is an a posteriori estimate.
Step II) For k£ = 1,2, ... perform the following:

a) Compute the following partial-derivation matrices:

ofy,
F_ ;= LU
- ox |x]
- (18)
Ly = %=t
- ow X,

b) Perform the time update of the state estimate and es-
timation-error co-variance as follows:

P, =F,_P} F|_ | +Li,_1Qir1Li_,

%, =f_1(%{_;,up_1,0) (19)

¢) Compute the following partial-derivative matrices:

Hk:% %7
' (20)
M, = Zhe
k= "av X,

d) Perform the measurement update of the state estimate
and estimation-error covariance as follows:

K, =P; H{ (H;P_H} + MR, M) !
x5 =%, + Ky [yr — hi(%,,0)]
P} =(1I-K:H;)P; 21)

B. EKF Method Simulation Results

The discrete-time EKF algorithm has been implemented in
Matlab/Simulink using the embedded function programming
feature of Simulink. The simulation of the generator nonlinear
model is performed while including saturation assuming a two-
factor d-q saturation model [1], [2], with the parameters pre-
sented in Table I in the Appendix. On the other hand, the EKF-
based estimation of the dynamic states is carried out in par-
allel with the simulation, in a single run without any assumption
about saturation of the underlying generator. In the embedded
Matlab function block, the signals T,,,, E¢4, and V; and the
system observation signal P, (as y;) are used as inputs for the
EKF. The EKF block has access to the values of these signals
(T, Etq, V4, and P.) and known machine parameters at each
iteration. The embedded block then generates the state estimate
based on its inside algorithm which is described in the previous
section, while using the time step set through the Simulink con-
figuration panel (T = 500 pus).

The initial values for states and state covariance matrix are
xo = [0.6;0;0;0] and Py = diag([10%,102,102,10%]). Also,
the process and measurement noise covariance matrices are set
as wi, ~ (0,Qp) = (0,0.08% x (I4x4)) and vy ~ (0,Ry) =
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Fig. 3. EKF state estimation results with noise. (a) Estimated states. (b) Esti-
mated output.

(0,0.22 x I). The size of vector Iy 4 arises from the fact that
there are four states. For simulation near real system condi-
tions, white-noise sequences with covariance (0,0.001%) and
(0,0.012) were added to the state process and output measure-
ment, respectively. Under these conditions, the EKF states es-
timates are presented in Fig. 3(a). The estimated output signal
Ve = hy (%, , 0) compared with the real output signal y;, is
shown in Fig. 3(b). To save space, we will present just the re-
sults in the presence of noise. It is obvious that accurate and
nearly perfect state and output estimates results were obtained
for the system without noise.

IV. EXTENDED KALMAN FILTER WITH UNKNOWN
INPUTS (EKF-UI) METHOD

A. EKF-UI Method Background

The EKF method of the previous section requires that both
the deterministic inputs in the model and the measurement equa-
tions be known, which sometimes may not be the case in reality.
The presence of unknown inputs could severely restrict the per-
formance of classical nonlinear filters since a high bias will be
introduced into the state estimation due to uncertainties from the
unknown inputs. On the other hand, it is not always appropriate
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to treat unknown inputs as random noise to fit those traditional
nonlinear filter approaches because 1) the unknown inputs could
be signals with an arbitrary type and magnitude so it is not ac-
ceptable to assume them to be stationary and zero-mean random
noise; and 2) some unknown inputs need to be estimated for
process control and optimization purposes.

In this regard, joint estimation of the states and unknown
inputs for nonlinear stochastic systems becomes a meaningful
task [19], which is often addressed as a constrained optimiza-
tion problem [20], [21] where the state unbiasedness is the con-
straint and a joint global optimization of states and unknown
inputs cannot be guaranteed [20]. To avoid the shortcomings of
those approaches, an EKF-UI [22] was proposed in the field of
civil engineering for earthquake damage estimation studies. Its
major novelty is that the unknown inputs are regarded as part of
the states instead of disturbances (see [20] and [21]). As a re-
sult, the EKF-UI approach can be directly derived from the un-
constrained objective function of the traditional EKF (weighted
least-squares objective function) and thus becomes a more gen-
eral version of EKF. Since no prior information about unknown
inputs is required, the proposed EKF-UI is quite suitable for
the state estimation of a nonlinear system in the presence of
unknown inputs. Therefore, it could be employed in state esti-
mation of a synchronous machine with the unknown E4 input
signal.

B. EKF-UI Algorithm Description

An analytical solution for the proposed EKF-UI approach de-
rived and presented in [22] for earthquake damage estimation
studies will be modified and applied here based on the nonlinear
synchronous machine system. This proposed EKF-UI technique
[19] is applicable to both linear and nonlinear structures. Let the
continuous-time nonlinear system (8) be represented in the dis-
crete domain by the following (22), in which the subscripts &
and k — 1 indicate time instants ¢ = kAt and t = (k — 1)At
respectively:

*
X =f(Xp_1, Wpm1, Wj_q) + Wioa

Vi =h(xg,ug) + vi (22)
where f denotes an n-dimensional nonlinear system function;
h, a p-dimensional output function; x; and x_; are the n-state
vector of the system; uy and ui_; are s-known input vectors;
uy_, is the r-unknown input vector; yy is the p-observation
(measured) output vector; wi_1 and vy are n-model noise
(uncertainty) and p-measurement noise vectors assumed to be
mutually independent Gaussian white with the same charac-
teristic presented in (13)—(16). Based on the above system,
the EKF-UI approach can be used to estimate unknown state
and unknown input vectors xi and uy_; at ¢ = kAt given
the observation (y1,ys2,...,yk) denoted as X and ui_llk,
respectively. The derivations of the system which are essential
for the EKF-UI method [19], [22] are briefly explained below
from (23)—(29):

£ ~f 11+ Froape 1 (Xeo1 — Xpo151)
o Bl o (W — W) (23)

hy—1 ~hyeor + Hppon (%6 — Xgjpen) (24)
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where
f‘k—1|k—1 =f(Xp—1k—1, W1, @) q) (25)
flk|k71 =h(Xpp_1,uz) (26)
[ Of—1
F/'€—1|1€—1: axk_1:| X1 =R o1 k-1, =W oy
27
% _ -afk—l
1T Gy X1 =Rpoape—1 W =W
(28)
[Ohy
Hyr 1= 8—XJ ——— (29)

The estimates Xy and ﬁl’i_2|k_1 can be determined by
minimizing the objective function of the summed square error
between y; and h;(i = 1,2,...,k) as follows:

J.= A, WA, (30)
where Wy, is a (pk x pk) weighting matrix defined as the
inverse of the covariance matrix for model and measurement
noise; (A; = y; — h;) is a p-output error vector at t = . At(i =
1,2,...k),and Ay = [AT AT AT is a pk-vector
[19], [22]. By minimizing J with respect to the unknown ex-
tended state vector X,  (subscript “e” denotes extended):

T
Xe =[xl uifhughl - il (1)

to obtain the least-squares estimation (LSE) XE, k| of X i at
t = kAt and by taking the partial derivative of J with respect to
X ¢ x|k and setting it equal to zero [0 /0X k] = 0 at X =
X&klk; we will have Xe,k‘k as (32) and in turn (33):

Xe,k|k =P, [Al W, Y] (32)
-1
P.r= [AZ:kaAe,k]
v ~T ~xT | ~xT ~xT T
X ek = [Xklk‘ Uyk u2|k"" uk71|k:| (33)

where Y, is a [pk] known vector and A. . is a [pk x (n +
(k — 1)r)] known matrix. After some algebra, the recursive so-
lution for Xy, 1 and ﬁﬁ_”k is obtained by the following steps
[19], [22]:

Step 0) Initialization of the filter at k = 0

)A(O = E(XU)
uj = E(ug)
N . 34
P, = E[(xo — %0)(x0 — %X0)" G4
Su 0 = El(uf — i5)(ug — 45)7]
where S, is a gain factor for the unknown input.
Step I) Prediction
Xppp—1 = F(Xpoqpp—1, W1, Wy _pp_y) (35)

where X;,_1|;—1 and ﬁi72|k71 are the estimation of states
and unknown inputs at ¢t = (k — 1).At.

Step II) Gain Computation

The computation at ¢t = k.At of the gain matrix for estima-
tion of the states and for the estimation of unknown input is
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given by (36) and (37), as shown at the bottom of the page.
In (36) for the gain matrix P, x_1, we will have

Popjp-1= Fk71|k71Pa:,k71|k71Fq];_1|k_1 +Qr—1 (38)

and Qy_1 is the autocovariance function of the model

noise process vector wy_i.

Step I1I) Update

In this step, the estimation of state and unknown inputs

att = k.At, Xy, and ug_,,_is updated from the com-

bination of the state prediction and current measurement

by (39) and (40), respectively, the latter of which is at the

bottom of the page:

Ko = Xpp—1 + Kok [y — DX gpp—1, ur)] (39)

The covariance matrix Py 11 in(38) is updated at ¢ =
(k — 1).At using (41), which is shown at the bottom of the
page. Ky k1, Susk—1,and Py x—1)x—2 can be calculated
from (36)—(38) by replacing k by k — 1, respectively [19],
[22].

Note that by checking the existence condition for P, =
[AT, WA, k]7! in (32), it can be concluded that the major
restriction of EKF-UI is that the number of output measure-
ments (p) should be larger than the number of unknown in-
puts (r). Based on this and because our system has just one un-
known input, we need to add a new output from possible can-
didates accessible from PMU measurements not yet involved
in the EKF-UI: I; and Q.. Since we have chosen to compute
the gradients in (18), (20), and also in (27)—(29) analytically, as
presented in the Appendix, using I; as the second output would
require an appropriate and explicit equation of I; with respect
to the states and inputs to be able to compute its gradient for
Hy matrix. By replacing (5) in (4), it appears that such an equa-
tion for I with respect to the states and inputs would be highly
nonlinear and time consuming for analytical gradient calcula-
tion. Therefore, the reactive power of synchronous machine Q.
has been added to the active power P, for a total of two system
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outputs. Similarly the active power equation, the reactive power
equation, Q; = eqiq — eqtq With the state variables z; and x3
can be derived as (42):

Vi cos? sin’z
2 1 1
Y2 = Qs = —x3cosxy — V — + . (42)
Tq Tgq Lq

Thus, with the greater number of system outputs (y; = 2)
than the number of unknown inputs (uv* = 1), we can imple-
ment the described EKF-UI on the fourth-order synchronous
generator model.

C. EKF-UI Method Simulation Results

The EKF-UI algorithm was developed in Simulink using the
embedded function block, just as we did for the EKF method.
In the latter case, P. was the only measurable output signal
and Eyq4, T,,, and V; were the three input signals. But in the
EKF-UI method, P, and (). are the two output measurements
and the input signals T},, and V; are still necessary. The input
Eq is now assumed to be inaccessible or unknown. The ini-
tial values vector for states is xo = [0; 0; 0; 0] and for the gain
factor matrix P is P = diag([10%,10%,102,102]). The initial
values related to the unknown input are: uf; = 0 and Sy.0 = 0.
Also, the mean and covariance of the state and output noise ma-
trices are as: wi ~ (0,Qy) = (0,0.12 x (I4x4)) and vy ~
(0,Ry) = (0,0.12 x Inx2). To better reflect real system con-
ditions, white noise was added to the state with (mean, covari-
ance)= (0,0.001?) and to the measured output with (mean, co-
variance)= (0,0.01?). Under these assumptions, the results of
the EKF-UI algorithm for online state estimation of the fourth-
order nonlinear model of the synchronous generator subjected
to a step on E ¢4 are presented in Fig. 4(a). The estimated output
signals and the unknown input estimate E ta are also shown in
Fig. 4(b) and (c), respectively.

The results obtained for the system without noise were even
better than Fig. 4, achieving a match near to perfect between
EKF-UI estimates and theoretical values.

Kok = Pm,k|k—1H7];‘k_1 X |:Rk + Hk|k—1Pm,k|k—1H€|k_1] (36)
* — * -1
Susk = [Bk?:1|k—1H’II;|k—1Rk P (I, — H71;|k_1Kx7k) X H 1By ] (37)
1A11C—1|k = Su*,kBZT—1|k—1H£\k—1R1:1(Ip - Hi\quz,k) X [yk_h(f{klk—huk)+HII;|k—1B#;¢Zl\k—1ﬁ#;c—2\k—l] (40)

Por—1ji—1 = (I — Ko g1 Hp_qjp—2) X |:P.1:,lc—1|k—2 + B _ap—oSur k1B oo (Tn — Kz,k—lHk—l\k—2)Tj| 41)
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Simulation Test: Efd = Step ; Tm = Constant ; System = Noise Added; No Fault
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Fig. 4. EKF-UI state estimation results with noise. (a) Estimated states. (b) Es-
timated outputs. (c) Estimated unknown input and the error.
V. ROBUSTNESS CHECKING OF THE EKF-UI METHOD

For checking the effectiveness and robustness of the EKF-UI
method, especially under time variant unknown input, the
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state estimation process will be performed assuming that E¢q
is a ramp signal. The EKF-UI performance under network fault
disturbances will also be analyzed.

A. FEyq Input Signal: Ramp

In the simulations of this section, all settings including the
initial values, time steps, and noise characteristics are the same
as in the previous section, except that we replaced the step Fq
with a ramp signal having a slope = 5%/s . The simulation
results for the ¢4 ramp signal are illustrated in Fig. 5. They
confirm that the proposed method is capable of tracking a time-
variant unknown input, while estimating the states correctly.
Again to save space, we present in Fig. 5 the first and third states
only.

B. Fault Analysis: Middle-Line Short Circuit Fault

Based on the equivalent circuit in Fig. 1, network distur-
bances impacts on the EKF-UI state estimator is studied by
applying a short-circuit contingency at the mid-point of the
transmission line at t = 20 (s). The fault analysis relied on
the fourth-order synchronous machine described in Section II.
The synchronous machine model used in the fault simulation
includes a two-factor saturation model with the parameters
given in Table I in the Appendix. The analysis will be based on
two post-disturbance scenarios: 1) stable and 2) unstable. For
the first scenario, the fault is cleared after 0.1 (s) at t = 20.1 (s)
and the system remained stable.

The Simulink SMIB model settings and estimator initial
values are the same as in Sections IV and V studies, except that
we removed the noise in order to have clarity in the results and
be able to track the performance of the state estimator at the
time of fault occurrence. For this reason, we show the first 4 s
after the fault only. The results in the stable case are presented
in Fig. 6. To save space, a single output estimate, P, and two
states (first and third) are presented. From these results, it is
clear that the EKF-UI estimator generates the correct estimates
under network fault disturbance.

However, attentive verification of the fault time-period re-
vealed that, just after the fault occurrence, the estimator pro-
duces discontinuous responses and will track the actual outputs
only after fault clearing.

In the second scenario, the fault was cleared after 0.3 (s) only,
at T = 20.3 (s), and the system therefore went into an unstable
condition. Like for the stable case, the state estimator gener-
ated the estimated states with appropriate accuracy as shown
in Fig. 7. Based on these two scenarios, we conclude that the
EKF-UI approach is capable of estimating the dynamic state of
the power system independently of the stability condition. Also
when the fault simulations were repeated with the noise added
of the same magnitudes as in Fig. 4, the results were satisfac-
tory, similar to Figs. 6 and 7 in terms of accuracy.

VI. DISCUSSION

By comparing the initial values of the states in the
EKF method xo = [0.6;0;0;0] and the EKF-UI method
xg = [0;0;0;0], it is noticed that the latter is more robust
against a poor initial value of the rotor angle 4, than the EKF
method, for which we cannot set 8, far from the nominal rotor
angle.
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Simulation Test: Efd=Ramp; Tm=Constant; System=Noise Added; No Fault
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Fig. 5. EKF-UI state estimation results with Ty = Constant and E fd =
Ramp. (a) Estimated states. (b) Estimated outputs. (c) Estimated unknown

input.

Noticing in Figs. 6 and 7 that some state estimates are wrong
during the fault, it could make sense to block the slow-changing
states at their pre-fault values during the fault, in order to reduce
the discontinuity-induced errors. The simulation studies were
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Simulation Test: System = without Noise & Stable Fault
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Fig. 6. EKF-UI state estimation results in stable short-circuit fault. (a) Esti-
mated states. (b) Estimated output. (¢) Estimated unknown input.

repeated for different sets of machine and external system pa-
rameters to verify the EKF-UI method capability with respect
to different sets of parameters and to analyze the influence of
changing parameters on the proposed method. As expected, we
obtained acceptable results in the simulations when we had dif-
ferent test machines (such as salient versus round rotor) and ex-
ternal systems with varying reactance. Lastly we performed ad-
ditional simulation studies at different operating points consid-
ering saturation factors, in order to check the accuracy of the
proposed EKF-UI method while varying the synchronous ma-
chine operating point. In all these sets of simulations, we again
obtained accurate estimation of the states, outputs, and unknown
input.
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Simulation Test: System = without Noise & Unstable Fault
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Fig. 7. EKF-UI state estimation results in unstable short-circuit fault. (a) Esti-
mated states. (b) Estimated output. (c) Estimated unknown input.

Another interesting result, based on the estimated states of
synchronous machine, would consist to estimate the capability
curve of machine. First, let us define the internal generator
voltage, F1, as the voltage proportional to the field current i¢4:

E] = xadifd- (43)

Then, the relation between Fp and third state of machine eﬁl
can be expressed as

ey = Er — (x4 — xy)ia. (44)
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Based on efl and 44, which are now available through the
EKF-UI method estimation results, the value of £} and in turn
itq can be estimated. Then using the field current ¢4 estimated
as above and assuming x4 and z to be known (including even-
tually the impact of a saturation model), the following equations
can be derived [1]:

Tad,. .
P =""Vyigqsiné
Ts
2

T . V.
Q= Lthzfdcosé— -t
Ts T

S

(45)

where x4 is the synchronous reactance, V; is the terminal
voltage, and i¢q is the field current. The equations in (45) can
be used to estimate one part of capability curve which is known
as field current heating limit [1].

VII. CONCLUSION

In this paper, two different approaches were presented for
dynamic state estimation of a power system including the syn-
chronous generator rotor angle and rotor speed. The first ap-
proach was the traditional nonlinear state estimator, the EKF
method, which includes linearization steps in its algorithm. Sim-
ulation results of the EKF estimator showed appropriate accu-
racy in estimating the dynamic states of a saturated fourth-order
generator connected to an infinite bus, under noisy processes
and measurements. However, the EKF method requires that all
input data be measured or available, which may not be the case
in some configurations (e.g., with brushless exciters) where the
field voltage E'¢4 is not easily measured from the power plant
control room. The EKF-UI was consequently proposed for ad-
dressing this issue. We implemented it to simultaneously esti-
mate the states of the system and the unknown input voltage
E¢4. The robustness and effectiveness of the proposed EKF-UI
approach was checked by successfully applying it to various
kinds of field voltage and mechanical torque 7, inputs, ranging
from step to ramp signals. The developed EKF-based estima-
tors were effective as well under network fault conditions with
process and measurement noise included.

APPENDIX

Definitions of Variables and Constants: The main variables
and constants of the system presented in (1)—(7) and their values
in p.u are expressed in Table I. “No.” in the table means nominal
(or initial) value.

Gradient Calculation in the EKF and EKF-UI Methods:
The gradients in (18), (20), and also in (27)—(29) are computed
analytically. We now show the mathematical procedure of the
calculations. By using (8) in (27) to compute the gradient matrix
F\._1, we will have (46) and in turn (47):

afk,1 axk
F 1 = = —
et ox ox
= %(At x f(x,u,w) + xp_1) (46)
Frq = [azalik) c‘)ragik) azag)gk) Bzé;)gk) ]T (47)
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TABLE 1
VARIABLES AND CONSTANTS DEFINITIONS
D,J Damping factor and inertia constant per unit 0.05, 10
o0 Tlho D- and q transient open-circuit time const. 0.13,0.01
X4, Xg Direct- and quadratic-axis reactance 2.06,1.21
X, x, Direct- and quadratic-axis transient reactance 0.37,0.37
X., R, Line reactance and resistance 0.193,0.0
Xad s Xag Direct- and quadratic-axis mutual reactance 1.91, 1.06
Xadu » Xagu | Unsaturated d- and g-axis mutual reactance 2.15,1.36
T,,T. Mechanical input and electrical torque T, =08
[} Power factor angle 0.062
kg, ksq Direct and quadratic saturation factors 0.88, 0.78
| X Field circuit reactance 2.165
Vs (Ep) Infinite bus voltage No.=0.98
S 1* state, rotor angle (respect to the infinite bus) | No.=0.82
Aw, ay 2™ state, rotor speed and nominal synch. speed | No.=377
Ey Steady-state internal voltage of armature No.=2.29
R Field Current No.=1.09
E; Internal generator voltage proportional to it No.=2.09
el ey 3"and 4" states, d- and g- transient voltage | = ------
X, Synchronous reactance [ --—ee-
€4, €, Direct- and quadratic-axis voltage No.=0.62, 0.78
ig, i, Direct- and quadratic-axis current No.=0.63, 0.51
V,(E,)), I, | Terminal bus voltage and current No.=1.02, 0.81
P, 0O, Terminal active and reactive power No.=0.80, 0.05

and therefore, taking the first state equation from (7), f1(x,u),
the F'y 1 elements [ 11 and F51] can be calculated as (48):

z1(k) =At x fi(x,u,w) +z1(k—1)

dz1 (k) [aml(k) az (k) Ozi(k) Bml(k)]
ax - 811 3$2 8333 81‘4
0z1(k
:I;—X(): [Fll F12 0 0]:[1 At.wo 0 0]

(48)

Similarly, using the second state equation fo(x,u) from (7),
some other elements of Fy_; matrix can be calculated as (49):

$2(k) = At x fz(X,u,W) + $2(k‘ - 1)

0o (k) _ [3x2(k) Owa(k)  Owo(k) 3:r2(k)]
ox Oz Oxo Ox3 Oxy

Oxs(k

Fy = —82(1 )
—At V;Il?g, 2 1 1

b <le cos(z1)+V; <a:q 37:1)008( x1)>
Foo = ——> = —At— +1
22 8;1:2 J +

Oxa(k AtV .

Foy = %3) = _Tw_'t sin(x1) (49)

d
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while the value of Fi4 is zero (Foy = 0). Also, for the third
state equation, the elements of the Fy._; matrix with F3o, = 0
and F34 = 0 can be calculated as (50):

z3(k)= At x <TL’ [uz—xg—(wd—xfz) <mn>

do Tyq
+ .173(k‘ — 1)
Ox3(k) At ;.\ Visinag
F = —G= — —— d— [
31 8131 Téo (1171 :Ed) 97:1
Ox3(k) At Tq— xh
Foyo=—>"=1—— 11 — 50
3= o0, i + = (50)
and finally, for the fourth state equation, we will have
1 , Visinxq
(g [t - (P5)])
+ $4(k — 1)
Ozga(k) At [ Vicoszy
Fri=——2 — — — _tm
u 0z T, (g a:q) Zq
Oz4(k) At
Fy=—-—>=——4+1 51
44 924 T, + (51

while the values of F» and Fj3 are all zero.

For calculating the H}, matrix in (29), we could do the same
as we did for F_1, except that in the output matrix, we do not
have the At factor in the discrete form of the equations. So, we
can easily calculate the gradients based on the main equations
in (7) and (8). From (8), the output equation of the system is

Y = hg(Xx, ug, vi.) (52)
and for calculating Hy in (29), we will have
_1ohy ohe 1T _ | Hi1 0 Hiz O
Hk - [ ox ox ] - |:H21 0 H23 0 (53)

Replacing y; = hi(x,u) from (7) in (49), the first row of the
gradient matrix Hy can be calculated as (54):

v V2 /1 1
hy = x—;(xg)sin(:vl) + Tf (E, - w_d> sin(2z7)
Ohi(k) _ [(Qh Ok Ohy Ok
ox Oz, Oxo ox3 Oxy
= [H11 0 H13 0]

v
H11 = —/tl'g COS(JZ’l)
Zq

V21 1
+ 7" <w—q - x_fi> X (2) x cos(2z1)
H13 = —/t sm(a:l) (54)
Tq
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Similarly, we could compute the second-row elements of the
Hj, matrix by substituting (42) in (52) to obtain Hy1 and Hoaj
as follows in (55):

.2
Vi cos?zy  sin?a
h2 = —T3COST1 — ‘/152 7 +
T Zq

a Tyq
Oho Vi
Hoy = — = T3 sin(x
21 o a 3sin(z1)
—2V2 o1 sin(z1) cos(x1)
¢ zg ) ! !
Ohsy Vi
Hoz3 = — = — .
23 81‘3 :l OS(:I?1) (55)

Finally, using the state equations from (7) for calculating the
matrix Bj;_, in (28), the elements of the B};_; matrix can be
computed as follows:

% _ 8xk
k—1lk—1 — 8112_1
_ |:87‘1(k) Oxa (k) dx3(k) 87‘4(k) :|
- 8uk 1 Buz_l 3u;_1 k |
* T
k—1|k—1 — 0 BBl 0]

[0
[0 Loo]” (56)

The Bj_, vector in (56) which is related to the unknown
input estimation has just a single nonzero element. We have just

one unknown input and it is in the third equation of the system.
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