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Abstract

This thesis documents our investigation of state and parameter estimation of lumped
and distributed parameter circuits using real-time stochastic filtering algorithms. We
used Kalman filter (KF) and its variants for this purpose. The complete study consists
of investigation of three related problems. The state and parameter estimation of
nonlinear circuits require accurate mathematical modeling of the circuit. Therefore,
the first problem is to drive the mathematical model of nonlinear circuits. In the case
of nonlinear system, it is difficult to obtain a closed form input-output equation. In
this case, we try to obtain an approximate nonlinear input-output relation. For this
purpose, we used Volterra and perturbation theory. Besides these, we also used
the bipolar junction transistor (BJT) models and transmission line models to obtain
mathematical expressions that include nonlinearity. The second problem is to choose
an appropriate estimation algorithm that involves less mathematical computation. For
example, Particle filter (PF) can also be used and it may give better results than
KF, but it requires additional computations for this purpose. The H-infinity based
filtering has faster convergence than KF, but the computation complexity is higher
than KF. In this work, the computational complexity of extended Kalman filter (EKF),
iterated extended Kalman filter (IEKF) and unscented Kalman filter (UKF) has been
compared for a typical circuit. The third problem is to choose some mathematical
tools to reduce the mathematical complexity. We used Kronecker product for sparse

matrix representation and compact representation.
In the following, we present a chapter-wise summary of the thesis.

Chapter 1 begins with a literature survey. Section 1.2 and 1.3 present the literature
gap and objectives. The contextual review of state estimation is mentioned in section
1.4. Theory of KF, EKF, IEKF and UKF are presented in sections 1.4.1, 1.4.2, 1.4.3,
and 1.4.4 respectively. Further, a brief theory of perturbation method, stochastic

differential equations (SDE), Volterra series, least mean square (LMS) algorithm and

viii



recursive least squares (RLS) algorithm are presented in sections 1.5, 1.6, 1.7, 1.8

and 1.9 respectively. Section 1.10 presents the organization of the thesis.

Chapter 2 deals with the implementation of perturbation theory along with Ebers-
Moll model of BJT to derive the linear and nonlinear closed form Volterra expression
between input and output of silicon controlled rectifier (SCR) circuit. It also presents

the computation of the distortion occurring due to linear part only.

Chapter 3 includes state estimation of the higher order RC low pass filter (LPF)
and RC high pass filter (HPF) circuit using EKF and UKF methods and compared the

estimation performance with LMS algorithm.

Chapter 4 deals with the state estimation of single-phase rectifier circuit using
EKF, IEKF and UKF methods and compared the estimation performance with LMS

algorithm.

Chapter 5 presents the state estimation of BJT based common emitter (CE) and
Darlington amplifier (DA) circuits using EKF, IEKF and UKF methods. In the first
part, we estimated the output voltage of CE BJT circuit using IEKF and compared the
performance of IEKF with EKF method. In the second part, we present the application
of UKF for output voltage estimation of DA circuit. This work uses Kronecker product
for vector multiplication. We compared the UKF estimation results with EKF and IEKF

methods.

In Chapter 6, we present the modeling and real-time state and parameter estimation
of nonuniform transmission lines (NTL) of single-phase and three-phase transposed
and untransposed circuits. For modeling purpose, we used transmission line model,
Fourier series expansion and Kronecker product. In first problem, state-space model
of the single-phase NTL circuit has been derived. As Telegrapher’s equations used
for modeling the NTL are a function of space and time, the Fourier series expansion
of the voltage and current have been used to obtain the time-dependent equations.
The measurements have been obtained by solving the eigenvector problem. The
frequency-domain analysis is used to obtain the state-space equations. For this, the
four distributed parameters of the line are expanded in Fourier series. We compared
the estimation performance of KF, EKF and UKF with RLS method. Secondly, we
present KF based state estimation and EKF and UKF based parameter estimation
for three-phase NTL. For this, state space model for three-phase transposed and
untransposed NTL has been obtained. Clarke transformation matrix has been utilized

for phase to sequence transformation which allows to represent the three-phase trans-

iX



mission line (TL) into fully transposed TL. Measurement model for current and voltage
vectors along the line are expressed in terms of Fourier series. Also, the frequency
domain analysis is used to obtain the eigenvalue and eigenvector for measurement
model. The voltage and current of NTL are expanded in Fourier series to obtain the
sparse matrix formulation using Kronecker product. Kronecker product representation
of discrete unitary trans-forms results in computer efficient implementation. This work
implements the analysis of nonlinearity effect in transmission lines using perturbation
theory. For this, the nonlinearity of the transmission line is included by perturbing the
voltage and current of the line. Also, we compared the estimation performances with
RLS method.

Finally, some concluding remarks are presented in Chapter 7 and some future work

direction is also presented.



List of Abbreviations

BJT: Bipolar junction transistor

CE: Common emitter

DA: Darlington amplifier

ESD: Electrostatic discharge

EKF: Extended Kalman filter

HWR: Half wave rectifier

HPF: High pass filter

IEKF: lterated extended Kalman filter
KF: Kalman filter

KCL: Kirchhoff's current law

KVL: Kirchhoff’s voltage law

LT: Laplace transform

LMS: Least mean square

LPF: Low pass filter

MSE: Mean square error

NTL: Nonuniform transmission lines
PF: Particle filter

PDF: Probability density function
RLS : Recursive least squares
RMSE: Root mean sqaure error
SNR: Signal to noise ratio

SCR: Silicon controlled rectifier
SDE: Stochastic differential equations
TL: Transmission line

UKF: Unscented Kalman filter

UT: Unscented transformation

X1



List of symbols

o?: Variance

Y. Covariance

€, 0. Perturb value

n: State vector

V: Gradient

B: Current amplification factors
or: Forward current gain
og: Reverse current gain
Vr: Thermal voltage

¢, ¥: Nonlnear functions
x: Convolution operator
0: Unit impluse function
x: Multiplication

"+ Derivative

x: Estimated value of x
Ry: Load resistance

R,: Series Resistance
L,: Series inductance

C: Capacitance

Rc: Collector resistance
Rg: Emitter resistance
Cp: Base capacitance
Cc: Collector capacitance
Cg: Emitter capacitance
Is: Saturation current
Nr: Emission coefficient

N;: Gaussian noise

Xii



B; Brownian motion process

®: Kronecker product

C,,: Covariance of system noise

C,: Covariance of measurement noise
Wy: Weight matrix

&: Real and imaginary terms

v: For all

Q: Impedance matrix

: Agular frequency

Xiii



List of Figures

2.1
2.2
2.3
2.4

3.1
3.2
3.3
3.4

3.5

4.1
4.2

4.3

4.4

4.5

4.6

5.1
5.2

Circuitdiagram of SCR. . . . . . . . . ... . ... . .. 22
Anode currents of SCRoutput. . . . .. ... ... ... ... L. 27
Simulation diagram of HWR circuit using SCR. . . . . . ... ... ... 28
Input and output voltage across series RC component. . . . . .. .. .. 28
a) RC low pass filter, b) RC high passfilter. . . .. ... .. ... .... 31
Estimated output voltage of RC filter for sinusoidal wave. . . . . . . . .. 34
Estimated output voltage of RC filter for square wave. . . . ... .. .. 35

Comparison of output voltage estimation of LPF using noisy input with
a)u=0,02=0.1,b)u=0, 6>=0.5,c) u=0, 6> = 1.0, Comparison
of output voltage estimation of HPF using noisy input with d) u = 0,
62=0.1,e) u=0,06>=05Hpu=0,6>=10.. ... ........... 37

Comparison of estimation error for LPF using noisy input with a) u =0,
062=0.1,b) u =0, 6>=0.5,¢c) u =0, 6> = 1.0, Comparison of estimation
error for HPF using noisy input withd) p =0, 6> =0.1,e) u =0, 6> =0.5,
HU=0,02=1.0.. .. .. . 38

Circuit diagram of single-phase FWR. . . . ... . ... ... ... ... 41
Estimated voltage using EKF and LMS methods for noisy signal with a)
u=0,02=0.1,b)u=0,062=05,¢c)u=0,0>=1.0,d) u=0,0>=2.0. 44
Estimated current using EKF and LMS methods for noisy signal with a)
u=0,02=0.1,b)u=0,06>=0.5¢c)u=0,06>=1.0,d) u=0,06>=2.0. 45
Estimated voltage using EKF and IEKF methods for a) noiseless input
signal, b) signal with u =0, 6% = 0.1, ¢) signal with u =0, 62> = 0.5, d)
signalwithu=0,02=1.0. ... ... ... ... ... ... ... 47

Estimated current using EKF and IEKF methods for a) noiseless input
signal, b) signal with u =0, 6% = 0.1, ¢) signal with u =0, 62 = 0.5, d)

signalwith u =0,62=1.0. . ... ... .. ... ... ... .. ..... 48
Comparison of capacitor voltage and diode current estimation using

UKF and EKF methods. . . . .. .. ... ... ... ... ........ 50
Diagram of CE amplifier circuit. . . . . . . ... ... .. ... ... ... 54

a) Input signal, b) Estimated output for the noiseless input using the
IEKF and EKF methods with PSPICE simulation, c¢) Estimated output
for the noisy input using the IEKF and EKF methods with PSPICE
simulation. . . . . ... 58

X1V



5.3
5.4

6.1
6.2

6.3

6.4
6.5

6.6

6.7

6.8

6.9

Circuit diagram of Darlington pair amplifier. . . . . ... ... ... ... 60

a) Input sinusoidal voltage. Comparison of output voltage estimation of
DA using EKF, IEKF and UKF methods for noisy input with b) u =0,

62=0.1,c) u=0,062=05d)u=0,6>2=10. ... ........... 68
Circuit diagram of a nonuniform transmission line. . . ... ... .. .. 75
Voltage estimation using KF and RLS methods with Gaussian noise
input, (@) u=0, 6> =0.1, (b) u=0,62=05. . . . . .. .. ... ... ... 89
Parameters estimation using EKF and RLS methods with Gaussian
noise input, (a) u=0, 62 =0.1, (o) u=0,62>=0.5. . ... ... ...... 90
Circuit diagram of a three-phase transmission line. . . .. ... ... .. 97
Comparison of line currents using Gaussian noisy input (u = 0 and
o2 =0.1) with RLS, KF and UKF methods. . . . . .. .. ......... 111
Comparison of line currents using Gaussian noisy input (u = 0 and
o2 =0.25) with RLS, KF and UKF methods. . . . .. .. ......... 112
Comparison of line currents using Gaussian noisy input (u = 0 and
o2 =0.5) with RLS, KF and UKF methods. . . . . .. .. ......... 112
Comparison of line voltages using Gaussian noisy input (u = 0 and
o> =0.1) with RLS, KF and UKF methods. . . . . .. .. ......... 113
Comparison of line voltages using Gaussian noisy input (u = 0 and
o2 =0.25) with RLS, KF and UKF methods. . . . .. .. ......... 113

6.10 Comparison of line voltages using Gaussian noisy input (u = 0 and

o2 =0.5) with RLS, KF and UKF methods. . . . . .. .. ......... 116

XV



List of Tables

2.1

3.1
3.2
3.3

4.1

4.2
4.3

4.4
4.5

4.6

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8

6.1
6.2

6.3

6.4
6.5

Percentage of distortion errors for various input values. . . . . . . .. ..

Comparison of SNR value for different methods. . . . .. ... ... ..
Performance of different methods for LPF. . . . . . . . . . .. ... ...
Performance of different methods forHPF. . . . . . . . . . . . . .. ...

Comparison of capacitor voltage (v¢) estimation using different methods.
43

Comparison of diode current (ip) estimation using different methods.

Comparison of capacitor voltage (v¢) estimation using different methods.
46

Comparison of diode current (ip) estimation using different methods.

Comparison of capacitor voltage (v¢) estimation using different methods.
49

Comparison of diode current (ip) estimation using different methods.

Comparison of SNR value using EKF and IEKF methods. . . . . .. ..
Comparison of parameters using EKF and IEKF methods. . . . . . . ..
Comparison of SNR (dB) of DA for different methods. . . . ... .. ..
RMSE of output voltage estimation using EKF, IEKF and UKF methods.
Computational complexity for EKF method. . . . . .. .. ... ... ..
Computational complexity for IEKF method. . . . . ... .. ... ....
Computational complexity for UKF method. . . . ... ... ... ....

Comparison of MSE with different values of C,,x and C,  using trial and
errormethod. . . . . . . . ... ..

Comparison of RMSE for R, X,B using RLS and EKF methods. . . . . . .

Comparison of standard deviation of parameter errors (o,) for R,X,B
using RLS and EKF methods. . . . . . . .. .. .. ... .. .......

Comparison of SNR (dB) and RMSE for line voltage (v) estimation
using KFand RLSmethods. . . . . . ... ... ... ... ........

Unknown Parameters of Estimation Methods. . . . . . .. ... .. ...

Comparison of RMSE for line currents and line voltages using RLS, KF
and UKF methods. . . . . . . . ... ... ...

Xvi

44

47



6.6

6.7

6.8

Comparison of standard deviation of the parameter errors (c,) for line
currents and line voltages using RLS, KF and UKF methods. . . . . .. 115
Comparison of RMSE for different parameters in transposed line using
RLS, EKF and UKF methods. . . . . .. ... ... ... ......... 115
Comparison of RMSE for different parameters in untransposed line

using RLS, EKF and UKF methods. . . . . .. ... ... ........ 116



Chapter 1

Introduction

Real-time estimation is important for control and regularity of the system. Fast dynamic
state and parameter estimators are important for proper lumped and distributed para-
meter circuit monitoring. State estimation methods estimate and predict the desired
state variables of a dynamic system using noisy measurements. State estimation is
helpful for suppression of physical process where states cannot be measured directly
or the disturbance have a significant role. This thesis documents our investigation
of state and parameter estimation of lumped and distributed parameter circuits using
real-time stochastic filtering algorithms. We used KF method and its variants for this
purpose. The complete study consists of investigation of three related problems. The
state and parameter estimation of nonlinear circuits require accurate mathematical
modeling of the circuit. Therefore, the first problem is to drive the mathematical model
of nonlinear circuits. In the case of a nonlinear system, it is difficult to obtain a closed-
form input-output equation. In this case, we try to obtain an approximate nonlinear
input-output relation. For this purpose, we used Volterra and perturbation theory.
Besides these, we also used the BJT models and transmission line models to obtain
mathematical expressions that include nonlinearity. The second problem is to choose
an appropriate estimation algorithm that involves less mathematical computation. For
example, PF method can also be used and it may give better results than KF method
but it requires additional computations for this purpose. The H-infinity based filtering

has faster convergence than KF method, but the computation complexity is higher



than KF method. In this work, the computational complexity of EKF, IEKF and UKF
methods has been compared for a typical circuit. The third problem is to choose
some mathematical tools to reduce the mathematical complexity. We used Kronecker
product for sparse matrix representation and compact representation. This chapter
discusses the basics of state estimation methods such as KF, EKF, IEKF, UKF, LMS
and RLS algorithms.

1.1 Literature survey

Literature survey is presented in various chapters. Nonlinear circuit analysis can be
done using different methods [1] - [10]. Kuntman [1] used the Ebers-Moll model of the
transistor to obtain the optimum source resistance of the amplifier circuit. To obtain
the nonlinear nodal solution, Newton Raphson method has been used. Fong and
Meyer [2] presented the Volterra model of common emitter amplifier and differential
pair transconductance using large signal model. Song et al. [3] used Volterra model
together with memory polynomial model for compensation of nonlinear distortion of a
power amplifier. Though Volterra series is the extension of linear system theory, large
number of parameters related to the Volterra series limits the practical application
of this model having modest memory. Also, Volterra series has the disadvantage
that modeling using this requires immoderate computations as the determination of
unknown coefficients increases exponentially with degree of non-linearity and the
Volterra filter length. The perturbation theory has the advantage of simple implementa-
tion as the method is applied by continuously improving the previously obtained approxi-
mate solution of a problem. It is implemented by a small deformation of a system that
is exactly solvable. Wu et al. [4] used the perturbation technique to get the amount
of asymmetry and nonuniformity during the transfer from differential to a common
mode in a differential circuit. Afifi and Dusseaux [5] implemented perturbation method
on scattering of electromagnetic wave to obtain coherent and incoherent intensities.
Mishra and Yadava [6] studied the effect of internal and external noise perturbations
in chaotic Colpitts oscillator. Liu et al. [7] presented a robust KF method in which a
random perturbation is taken into account. These random perturbations of parameters
have been considered in state and measurement matrices, which are known as state-
dependent multiplicative noises. Thuan and Huong [8] studied the effect of nonlinear

perturbations on stability and passivity of delayed switched systems, as the instability



of system leads to poor performance of the dynamic system. Buonomo and Schiavo
[9] derived the nonlinear distortion in analog circuits using perturbation theory that
uses single and two-tone input signals. Wang et al. [10] presented perturbation
projection vector modeling of an oscillator which is based on memristor and used
it for pattern recognition. Wang et al. [11] studied the effect of nonlinear perturbation.
Lakshmanan et al. [12] presented the effect of the nonlinear perturbation on uncertain

systems.

1.2 Literature gap

(i) Estimation required for real time process:- Real-time estimation of lumped and
distributed parameter circuits are important for the reliable operation of systems as
the state and parameter change with time and environmental condition. Integration
of renewals, power electronics technology and new regulation of the market has
increased the complexity of power systems. This requires the proper monitoring and
control of power systems. There exist filters which can be used for nonlinear systems.
But, most of the noises are modeled as Gaussian noise. So, the use of KF method and
its variants is appropriate for estimations. For this purpose, modeling of these circuits
is obtained by stochastic differential equations and their estimation is performed by
real-time stochastic filtering algorithms.

(i) Requirment of nonlinear modeling for precise estimation:- Due to linearization
of nonlinear systems around the operating point of states, performance and stability
are not assured for all operating conditions. The use of linearized equation in place
of nonlinear equation results in improper analysis of the system. So, it requires the
nonlinear mathematical modeling of systems. The use of Volterra representation and

perturbation theory is useful for this purpose.

(i) Mathematical tools require to reduce the computation complexity:- The mathe-
matical derivations of nonlinear systems lead to mathematical complexity. Mathematical
tools such as Kronecker product and its properties are useful to reduce the complexity
of mathematical derivation. Kronecker product helps sparse representation of matrices

and compact representation of mathematical expressions.



1.3 Objectives

In this work, the following have been used for real-time estimation for lumped and

distributed parameter circuits :-

1. Volterra series, perturbation theory, transistor models and transmission line

models to obtain the nonlinear mathematical expressions of the system.
2. KF, EKF, IEKF and UKF methods for state and parameter estimation purposes.

3. Kronecker product to reduce the mathematical complexity and compact represen-
tation of the mathematical expressions.

1.4 A Brief Contextual Review of State Estimation

The KF, PF and H-infinity filter are some of the state estimation methods in which
KF is the most popular method. KF versions have been applied in various areas
such as control system, robotics, etc. [13] - [23]. But, the limitation of KF method is
that it can be used for linear systems only. The KF method evaluates the minimum
mean square error (MSE) estimate of the random vector that represents the system
states. The KF dynamics are derived in the frame work of Gaussian probability density
function (pdf). These dynamics result from iterative use of prediction and filtering.
The KF method can be implemented for systems having linear state dynamics and
observation dynamics. But, nonlinearity in system model or observation model results
in non Gaussian pdfs. The variations of KF method that can be used for nonlinear
systems are: - EKF, IEKF, UKF, PF and H-infinity filter [24]. These filters use different
approaches to handle the nonlinearity. The EKF method uses the linearization of both
the transition and measurement functions of the nonlinear system, which involves
computation of Jacobian matrices. But, EKF method has two important shortcomings.
The shortcomings are :-1) difficulty in determining the Jacobian, 2) These linearization
results in filter instability, when sufficient small time step intervals are not used. Also,
EKF method has limitation in prorogating the constraints through the state and co-
variance calculation. EKF and IEKF are analytical methods as the approximation is
based on Taylor’s series expansion. IEKF algorithm resembles the conventional EKF
algorithm. The linearization of the prediction function is same for both the filters but

the only difference is in how the updated estimate is computed. To remove these



shortcomings of EKF and IEKF methods, Julier et al. [25] and Simon [26] proposed
UKF method which is based on the fact that it is easier to approximate a probability
density function than a nonlinear function. It utilizes the statistical properties of Gaussian
variables having nonlinear transformation. The mean and variance are computed

using the unscented transformation (UT), which avoids the computation of Jacobians.

UKF method is an advanced version of KF method. It uses more accurate approxi-
mations to compute multi-dimensional integral as compared to EKF method. A set of
sample points knowns as sigma points are used for state distribution in UKF method.
These sigma points capture the posterior mean and variance of the state distribution.
Using a selected set of points, the UKF method accurately map the probability distribu-
tion of the measurement model. UKF method [27]- [28] is based on statistical approach,
which overcomes the limitations of EKF method. UKF method is used in many applica-
tions. In [29], Ahmeid et al. introduced a new method based on KF method for
real-time estimation to converter. The KF performance is improved using adaptive
tuning methods. Hoffmann et al. [30] used EKF method for grid impendence and
voltage estimation of power converter of electric network. The noise presented at the
connection point has been taken into account. This work also considered the use of
EKF method in distorted voltage waveform environment. In [31], Nadarajan et al. used
EKF method for state and parameter estimation of stator winding fault in brushless
synchronous generator. The model-based method is used and simplified the model
for online implementation. In [32], Yazdanian et al. used EKF method for parameter
estimation of ringdown signal. The method can be implemented for both constant and
time-varying parameters. In [33], Bogdanski et al. presented identification of vehicle
handling dynamics and presented review of UKF, EKF, and PF methods showed that
all three filters are suitable in real time for online estimation. For this, the paper used
simple and efficient model to obtain the independent parameters. Tian et al. [34]
proposed UKF based estimation for battery system which uses modified equivalent
circuit model. The method presents low computational cost and improved estimation
simultaneously. In [35], Ghahremani et al. implemented UKF method in synchronous
machine. Simple and effective propagation of probability density function in UKF

improved the estimation purpose.



1.4.1 Kalman Filter

KF is the least mean square error estimator for linear and Gaussian dynamic systems
where the state transition and observation models include additive Gaussian noise.
By propagating the mean and covariance at each time step, the KF method computes
the unknown state [26], [36]. The two steps of the KF method are :- (i) prediction step,

and (ii) updation step.

A discrete-time linear system is represented by the following equations :-

Xp+1 :ann+Bnun+ann (11)
z,=H)xX,+v, (1.2)

where x,, € R* and z, € R™ are state model and measurement model at time n respecti-
vely. F, e Rk B, € R*! and H, € R™ are the system transition matrix, input
matrix and output matrix respectively. u, is a known input vector. w, € R! and v, €
R™ are the system and measurement uncorrelated Gaussian noise with the following
assumptions :- W, =0, Vv, =0, w,w’ = C,, , v,vT = C, , VTVJT =0V n&j. KF steps

are :-
1. Initialization: Initialize X = Xo, o = Iy, C,, and C,,,.
2. State prediction:

(a) Computation of predicted state as :-
Xyi1jn = FnXpjp + Baldy (1.3)
(b) Computation of covariance matrix of prediction error as :-
Tt = FuZpuFy + Cu, (1.4)

3. Measurement update:

(a) Computation of Kalman gain as :-
K1 =2, 1,H ()™ (1.5)

where S = H,%,.1,H) + C,,



(b) Updation of estimated state as :-
Xt 1jnt1 = Xppifn + Knt1(Zn — Hu (X 110)) (1.6)
(c) Computation of covariance error matrix as :-
Zotpnr1 = (1= Kyt Hn)Zy 4 (1.7)
where n+ 1|n and n+ 1|n+ 1 are a prior and a post estimate.

1.4.2 Extended Kalman Filter

EKF is the modified version of KF method. EKF is broadly used for estimation
purpose in various applications [24], [37], [38]. It uses linearized model of the nonlinear
system to implement Kalman filtering. The linearization process uses the partial
derivative or Jacobian matrices of nonlinear function of the model. Using a priori and
posteriori error covariance, the estimation process is defined in terms of the linearized
observation model. The algorithm starts with initialization of mean value of the state
vector and covariance matrix.

A discrete-time nonlinear system is represented as :-

Xpt+1 = fn(xrn un) + ann (18)
z,=h,(x,)+V, (1.9

where f,(.) € R* and h,(.) € R™ denote the time variant nonlinear functions. EKF
algorithm is a nonlinear version of KF algorithm and has been designed for nonlinear
state estimation. Itincludes updation in time and measurement at time » after initialization.
EKF linearizes the nonlinear function f,(.) and h,(.) using Taylor series. (1.8) and (1.9)

has been approximated using Taylor series expansion as :-

X, = fn(ﬁn|n) + F, 6, + Higher order terms (1.10)
z, = h,(f,(X,,)) + H,6, + Higher order terms (1.11)

where §, = x,, — X,,. 0, denotes the priori estimated error. P, denotes the covariance
error at time n. EKF steps are :-



1. Initialization: Initialize Xy, = Xo, o = Iy, C,,, and C,,,.
2. State prediction:
(a) Computation of Jacobian matrix as :-

df, (X, Uy)
Fn= T|x:xnln
(b) Computation of state as :-
)A(n—i-l\n = fn(ﬁn|n)
(c) Computation of predicted covariance of error as :-

Zn+1|n = Fﬂzn|nFr7; + CW”

3. Measurement update:
(a) Computation of Jacobian matrix as :-

_ dhy(Xs,Uy)

Hn ax ‘x:ﬁn\n

(b) Computation of Kalman gain as :-
KVH-I = Zn—i—l|nH171"(S)7l

where S = H,%,,,,H} +C,,

(c) Updation of estimated state as :-
)A(n—o—] [n+1 — )A(n—i-l Int K1(z, — hn()A(n—H \n))
(d) Computation of covariance error matrix as :-

Zn-i—l\n-H = (I_ K"JFIH’Z)Z”‘H‘”

(1.12)

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)



1.4.3 Iterated Extended Kalman Filter

IEKF algorithm is the improved version of EKF method. The IEKF technique [24]
does the same linearization as the EKF method for f,, £,,,, and P, . The only
difference is that in IEKF, linearization of g, is based on the updated state estimation

of £,41,+1 rather than the predicted state estimate £, . In IEKF, v, is formulated as

Vi = 8n(2y,Xp) (1.19)

where g, is nonlinear function. In addition to additive white noise, measurement model
becomes
z, = h,(x,) + vy (1.20)

Therefore
Vo = (&) Nz —hi(x,)) (1.21)

where {, denotes the invertible matrix. IEKF algorithm steps have been mentioned as

1. Initialization:

(a) Set threshold value ¢, £y =11y, C,, and C,,.

(b) Seti=0 and initialize & ,,=Xo-
2. Prediction:

(a) Calculate £2+1|n and P!

-t @S depicts in (1.13)-(1.14) and increment i = i+ 1.

3. Update step:

(a) Linearization of error model as :-

; agn (Znﬁeﬁlm)
Hy = ox

(1.22)
(b) Computation of Kalman gain :-

i il (i iT -1
Kn+1:2n+l|an (an'n—l-l\an +Cvn) (1.23)



(c) Updation of state as :-

) _ i ai—1 . Al a1
xn+1|n+1 _xn+1\n +Kn+l(gn <Zn7xn+1|n> —J’_hl,k (xn+1|n xn+l|n+1>)

Repeat until

Al ai—1
(xn+l|n _xn+l\n+1) || <&
. Set iy =i and computation of updated estimate as :-
Alo

Al _
xn+1|n - xn—|—1\n—|—l

Computation of covariance of updated estimate as :-
St = = KPHL )Z0 1)

1.4.4 Unscented Kalman Filter
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(1.24)

(1.25)

(1.26)

(1.27)

UKF algorithm uses UT [39] to formulate the nonlinear transformation of a random

variable x by assuming its mean value x and covariance X,. UT consist of sigma point

denoted by Q;. UT steps are as follows :-

1. Calculation of sigma points for i =2L+1 as :-

-QO:ﬁn
Ql:ﬁn—i_(n V Zn)ia l_la ,L
Qi:in—(nvzk),-, i=L+1,..2L

(1.28)

where n = +vL+A. L and A are the number of state and scaling constant

respectively.



2. The weights associated to i’ column of matrix x are :-

oA
T(() ):ﬁ,
o A
Yg):5+(1—a2+l3),
Y(m) = (c) = i; i= 17 72L

Here, o and B indicate tuning parameter and positive weighing parameter

respectively.

3. Updation of time propagation using transformed sigma points as :-

Zi=0(Qpu,), i=1,...,2L

4. Calculation of priori state and covariance error as :-

5. The cross-covariance of x and z is estimated as :-

sz = ZY(C) (Qi - Z)(% - z)T
i=0

The steps for UKF algorithm are :-

1. Initialize Xy = Xy, X9 = .

11

(1.29)

(1.30)

(1.31)

(1.32)

(1.33)

2. Sigma point calculation: Computation of sigma point Q; according to (1.28).

3. Time updation: (i) Fori=1,...,2L, computation of Z;,, according to (1.30).

(if) Calculation of predicted mean z,, |, using (1.31).
(i) Calculation of predicted covariance £; = £, + C,, using (1.32).

(iv) For i =1,2,..., computation of propagating sigma points as :-

Zi,n+1\n = h(%,rﬂrl\n ,un)

(1.34)
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(v) Calculation of estimated output as :-
2L (m)
fnptn = 2 X0 Zintijn (1.35)
i=0
(vi) The cross-covariance of x and z is computed as :-

2L
Yo=Y N (Zi—2)Zi—2)" (1.36)
i=0

4. Measurement updation :- (i) Computation of Kalman gain as :-
Kup1 = (Z:+ G )Z (1.37)
(il) Updation of state as :-
a1kl = Tnptfn T Kns1(zn — 2y 1)n) (1.38)
(iii) Calculation of covariance of updated estimate as :-

Zn+l\n+1 = Z"nJr1|n - Kn—o—lzz,,KZ (1.39)

1.5 Perturbation Thoery

Perturbation theory is used to model a small deformation of a system that is exactly
solvable. It is implemented on a system that can not be solved exactly. It uses the
mathematical method of approximation to obtain the solution to a deformed system. It
is the method that continuously improves the previously obtained approximate solution
to a problem. In this way, the method allows to implement the computational efficiency
of idealized systems to more realistic problems. Also, it presents analytic insight into

complex problems. This method includes a small term '€’ to solve the equation as :-
A=Ag+¢eA; +€*Ar+ ... (1.40)

where Ag is the known solution to the exactly solvable problem and A;, A,,... are
nonlinear terms. The use of only linear model for nonlinear system presents error

between the actual response and linear approximation, so nonlinear model is important.
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Nonlinear closed form input-output relation is also important for design and simulation
of complex circuits as transfer of physical description into mathematical form is required

for simulation.

Perturbation theory is widely used for different applications. Buonomo and Schiavo
[40] used perturbation method for periodic response of forced nonlinear circuit and
also considered the harmonic distortion. Majumdar et al. [41] implemented perturbation
technique to Ebers-Moll modeled transistor amplifier circuit. This method has been
used to derive the closed-form Volterra series. Rathee et al. [42] proposed perturbation-
based Fourier series model for representation of nonlinear distortion in circuits. This
method has the advantage of simple implementation. Rathee and Parthasarathy [43]
used perturbation method to decompose the driving force and circuit state into linear
and nonlinear components. Further, the nonlinear circuit is represented by a nonlinear
differential equation, in which the fluctuations are modeled using lto stochastic differential
equations. The results obtained in this way are compared with perturbation-based
deterministic differential equations. This comparison presents the noise component.
Dang et al. [44] used perturbation method for space variance of range envelope in
synthetic aperture radar. In [45], perturbation method is implemented on 64-PSK.

1.6 Stochastic Differential Equations
In general, a continuous nonlinear SDE [36] is represented by :-

d
Ex, = f(X;,Wy,1); t > 1o (1.41)

where f(.) is a nonlinear function of time ¢. w; is the random input function. Consider
the initial condition x,,. The integral of (1.41) is well defined when f and w; are

restricted. (1.41) can be written as :-

X — X, = | F(X;,Wy,1)dt (1.42)

Io

The SDE with an additive white Gaussian function is expressed as :-

d
Ext = f(X;,1) + G(X;,1)Wy; t > 1o (1.43)

dx, = f(X;,t)dt + G(X;,1)W,dt (1.44)
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where G(.) is matrix function and independent of w;,. Integrating (1.44), we obtain

Xi—Xio= [ f(X;,t)dt+ | G(X;,1)dB(t) (1.45)

Ty To

where w; = %. B(r) is the Brownian motion process. The first integral in (1.45) is

defined as the mean square Riemann integral. The second integral can be defined
only in the mean square sense by It6 because it has random component and is
known as Ir6 SDE. Let i(r) and v(¢) denote line current and voltage Fourier series
coefficient vector respectively with size (2N + 1) x 1 where the Fourier series truncation
is from —N to +N. Let 6 denotes the distributed parameter vector of Fourier series
coefficients. It is assumed that by taking the real and imaginary parts, in the voltage,
current and parameters Fourier series coefficients, the SDE becomes real. Then,
[v(t)T, i(r)", G(I)T] g 1n(¢) becomes state vector and state equation has been formed

as -
dx(t)=f(0(t))n(t)dt+ G(6(r))B(r) (1.46)

where B(r) is a Brownian motion vector derived from the line loading. The measure-
ment model involves measuring only a small subset of the voltage and current Fourier

series coefficients. Thus the measurement model is of the form
dz(t) = Hn(t)dt +dv(t) (1.47)

where H is a sparse matrix of ones and zeroes. It should be kept in mind that
measurement of a given Fourier component may not be possible. But, it is possible
to measure the current and voltage vector at a finite set of spatial points along the
line and express these spatio temporal measurements in terms of the spatial Fourier

series coefficients. For example, v(¢,z) can be measured as :-

v(t,z) = Zvn(t)eﬂ”’”/d (1.48)

nez
and likewise for i(r,z). The measured process [v(t,z1),...,v(t,2n),i(t,21),.,i(t,20)]"
can then be expressed as a matrix of size 2n x (2(2N + 1)) multiplied by the Fourier

coefficient vector [v,(t);i,(t) : —N < n < N]R. Thus H gets modified.
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1.7 Volterra Series

Volterra series gives the input-output relation of a nonlinear, causal, time-invariant
system with fading memory. Volterra series is an extension of linear convolution and

nonlinear power series. The Volterra discrete time domain series is expressed as :-

P M M P
yn)=Y Y ...Z_‘,lhp(il,...,ip)Hx(n—ij) (1.49)

p=lij=1 j=1

where input x(n) and output y(n) are considered for system. h,(.) is the p'* order

Volterra kernels.

1.8 Least Mean Square Algorithm

The LMS algorithm’s objective is to minimize the MSE to achieve the desired signal
at the receiving end. It is based on the gradient-based method of steepest descent.
LMS algorithm is used in various applications [46]- [50]. LMS has the advantage of
being easy to compute and not requiring matrix inversion. LMS method is based on a

linear regression approach to estimate the unknown parameters.

Let x(n) denotes signal at receiver end and output signal y(n) depends on x(n) as :-
y(n) = WH xx(n) (1.50)

W is the weighted coefficient W = [W;...W,] and x = [x(n)...x,(n)]. where p denotes the
number of input element and H denotes the hermitian transpose. The error between

a desired signal d(n) and received signal y(n) is :-
e(n) =d(n)—y(n) (1.51)

The LMS algorithm is used to minimize the error. Weight is updated using steepest

decent as :-

W(n+1)=W(n) -I-%,LL[—VJ(n)] (1.52)
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where p is step size (0 < u <1). The gradient vector VJ (k) is expressed as :-
VJ(n) = =2r(n)+2R(n)W(n) (1.53)

where r(n) and R(n) denote cross-correlation and covariance between d(n) and x(n)
which is expressed as :-

r(n) =d*(n)*x(n) (1.54)
R(n) = x(n) xx (n) (1.55)

Substituting (1.54)-(1.55) into (1.53), we get

W(n+1)=W(n)+ ux(n)e*(n) (1.56)

1.9 Recursive Least Squares Algorithm

The RLS is adaptive filtering. It obtains the filter coefficients in recursive manner. It
uses the minimization of weighted least square cost function criteria to obtain the filter
weights by considering the input signal as the deterministic signal. It has widespread
applications in engineering including signal processing and communication. Various
form of this algorithm is also used in literature for parameter estimation and system
identification purpose. The two classes of least squares method are :-

(i) Iterative method for offline identification.
(if) Recursive methods for online identification.

The least squares have applications in control and function fitting, estimation and
system identification. The RLS filter is used in different applications [51] - [54].

RLS computes the state recursively and gives the optimal solution in the mean
squared sense [55]. In the RLS algorithm, the past errors are rounded-off and present
state computations are propagated to the future instant which results in error accumula-
tion. Consider the desired signal d; and optimum solution W, = [W) Wz...WM_l]T. The
desired signal is given by

d; = y/ Wi+ wd (1.57)

where y; = [yt..ox_m+1]7 is the observation vector, w,((R) is the zero mean white

Gaussian noise. The aim of the RLS algorithm is to estimate W, such that sum of
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weighted mean square error Z Ak=i(d; —kaj] is minimized. Here A is forgetting
j=1
factor. Consider the correlation matrix C; = Y% /l"—"y(‘)yT(') = AC_1 + Y)Y (i).

P( ) is the inverse correlation matrix given by P =C, ! The steps involved in RLS
algorithm are

G = die —yi Wi (1.58)
P(R)
K" = L&f) (1.59)
1+ Py

W, =W,_ +KF¢. (1.60)
=1 <l_ )Ck (1.61)

k X .
P — PR Ak FyTpR) (1.62)

(R)

where { denotes estimation error, K, is the RLS gain. yx is constant value. The

variable forgetting factor is used to stabilize P,ER)

as it is sensitive to any disturbance
that causes the increase in estimation error. This algorithm can be easily derived

using the so called matrix inversion lemma.

1.10 Organization of the Thesis

The organization of the problems investigated in the thesis is as follows :-
Chapter 2 deals with the implementation of perturbation theory to derive the linear
and nonlinear closed form Volterra expression between the input and output of SCR
circuit. It also presents the computation of the distortion occurring due to linear part
only.
Chapter 3 includes state estimation of the higher order RC LPF and RC HPF circuit
using EKF and UKF methods and compared the estimation performance with LMS
algorithm.
Chapter 4 deals with the state estimation of single-phase rectifier circuit using EKF,
IEKF and UKF methods and compared the estimation performance with LMS algorithm.
Chapter 5 presents the state estimation of the following circuits using EKF, IEKF and
UKF methods :-

(i) CE-based BJT circuit.

(ii) BJT-based DA circuit.
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In the first part, we estimated the output voltage of CE BJT circuit using IEKF method
and compared the performance of IEKF method with EKF method. The state space
model of CE BJT circuit has been obtained using Kirchhoff’s current law (KCL) and
Ebers-Moll model of the transistor. In second part, we present the application of UKF
method for output voltage estimation of DA circuit. Implementation of UKF algorithm
requires state-space model of DA circuit, which has been obtained using Kirchhoff’s
voltage law (KVL), KCL and Gummel-Poon model of BJT. This work uses Kronecker
product for vector multiplication. We compared the UKF estimation results with EKF
and IEKF methods. We present the brief description of few recent methods of state
estimation and compared estimation using EKF, IEKF and UKF methods.

In Chapter 6, we present the formulation of NTL dynamics modeling using Fourier
series expansion and Kronecker product along with the state and parameter estimation
using KF and EKF methods. The following circuits have been used for estimation

purposes :-

(i) Single-phase NTL circuit.

(ii) Three-phase transposed and untransposed NTL circuit.

In first problem, state-space model of the single-phase NTL circuit has been derived.
As Telegrapher’s equations used for modeling the NTL are a function of space and
time, the Fourier series expansion of the voltage and current have been used to obtain
the time-dependent equations. Kronecker product has been used for representation
of Fourier unitary transform. The measurements have been obtained by solving the
eigenvector problem. The frequency-domain analysis is used to obtain the state-
space equations. For this, the four distributed parameters of the line are expanded in

Fourier series.

Secondly, we present KF-based state estimation and EKF and UKF-based parameter
estimation for three-phase NTL. For this, state space model for three-phase transposed
and untransposed NTL has been obtained by including Fourier series expansion of
state and Gaussian noise vectors in the SDEs. Clarke transformation matrix has
been utilized for phase to sequence transformation which allow to represent the three-
phase TL into fully transposed TL. Measurement model for current and voltage vectors
along the line are expressed in terms of Fourier series. Also, the frequency domain
analysis is used to obtain the eigenvalue and eigenvector for measurement model.

The voltage and current of NTL are expanded in Fourier series to obtain the sparse
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matrix formulation using Kronecker product. Kronecker product representation of
discrete unitary transforms results in computer efficient implementation. This work
implements the analysis of nonlinearity effect in transmission lines using perturbation
theory. For this, the nonlinearity of the transmission line is included by perturbing the
voltage and current of the line. Also, we compared the estimation performances with
RLS method. This chapter also discusses a few recent methods used for state and

parameter estimation and their disadvantages.

Finally, some concluding remarks are presented in Chapter 7 and some future work

direction is also presented.



Chapter 2

Nonlinear Modeling of Analog Circuits

Using Perturbation Theory

This chapter ! presents the modeling of SCR circuit using perturbation theory (Chapter
1.5). Generally, nonlinear circuit components are approximated by linear model for
different applications. But, use of linear model causes signal distortion, which affects
the performance of the nonlinear circuit component. This requires nonlinear closed-
form expression of circuit components. For the simulation of on-chip circuits, an
accurate model of the SCR is necessary. Although models are available based on the
experimentally reported behaviour of the SCR, nonlinear closed-form relationships
between the SCR’s input and output are unavailable. Further, these models were
developed using the existing device models, which affects the overall SCR model.
However, the model developed in this work makes it possible to use a single block
as an SCR model in software like SIMULINK, which offers flexibility and access to
all the SCR circuit parameters [56]. The derived equation can be applied to the
SCR model for computer-aided design. Typically, the SCR model is effective for
designing systems that prevent electrostatic discharge (ESD) [57]. Tap changing
transformers based on thyristor are used in various applications ranging from very
high power aluminum potline to small hydrogen electrolyzer for gas station. [58] used

I'The result of this chapter is based on the following research paper (i) Amit Kumar Gautam and Sudipta
Majumdar, “Volterra model of silicon controlled rectifier,” in International Conference on Functional Materials,
Characterization, Solid State Physics, Power, Thermal and Combustion Energy, AIP Conference Proceedings
1859, 020060, pp.1-8, 2017.
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SCR for ICS’s ESD protection that is operated in K/Ka band (26.540 GHz) and used in
short range communication. [59] applied SCR for ESD issue of differential low noise
amplifier that is used in RF receiver. [58] proposed inductor assisted light activated
silicon controlled rectifier (LASCR) for ESD protection of the Gigahertz ICs in nanoscale
CMOS technologies. In the design of integrated circuits, simulation is essential. It
reduces the amount of time needed for circuit design. Before manufacturing the
chips, it also provides circuit verification, testing, and early modifications. However,
mathematical expressions of the circuit are necessary for accurate simulation. Addi-
tionally, the device’s nonlinearity property is an important feature, therefore we used
the Ebers-Moll model and perturbation theory to obtain closed form nonlinear express-

ions of SCR input and output.

SCR are commonly used as front-end devices in recent adjustable-speed drive
system [60]. [61] used SCR as a reliable switch in high rating power electronics. [62]
used SCR as a bridge-type fault current limiter. The p-channel laterally diffused
metal—-oxide-semiconductor (PLDMOS) works as a high voltage power SCR [63]. In
IC applications, electrostatic discharge (ESD) is a major reliability problem. SCR
provides significant ESD (anti-electrostatic device) robustness per length [ [64], [65],
[66]]. The stacked high holding voltage silicon controlled rectifier (HHVSCR) is
proposed by [67] for ESD protection. The laterally diffused metal-oxide-semiconductor
(LDMOS) transistor, which is used in RF and microwave communication power amplifier
modules, has also been used in high voltage integrated circuits (IC) [65]. Further,
Various systems including power management IC, dc-dc converters, LED and liquid
crystal display, drivers power electronic modules and automotive microcontrollers
(MCUs) use LDMOS transistors. SCR stacking architectures with high holding voltage
are useful for a battery monitoring 60 V pins IC. In continuous torus, the circuit is
triggered by SCR [68]. Altolaguirre [69] introduced the quad-silicon controlled rectifier
which is a revolutionary electrostatic discharge prevention device. According to [70],
SCR is also used in line commuted converters (LCC) for controlling the speed of DC

motors.

Volterra modeling (Chapter 1.7) of SCR using Ebers-Moll model with perturbation
method has been presented in section 2.1.1. To observe the effect of nonlinear
expression, simulation results have been presented in section 2.1.2. Also, the distortion
error has been computed by varying input amplitude and frequency is shown is Table
2.1.
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2.1 Volterra Model of Silicon Controlled Rectifier

2.1.1 Mathematical Modeling

The SCR circuit shown in Figure 2.1 contains input resistance R, and output resistance
Rg,. Q1 and Q, represent the transistors with current amplification factors 8, and B,
respectively. The gate voltage V; is applied to Q» as the trigger voltage. v denotes

the sinusoidal input voltage. Following equations represent the circuit dynamics using

Figure 2.1: Circuit diagram of SCR.

KCL and KVL as :-

—V+ite XRE, +Vieh +Voce = 0 2.1

—Ve+ (i2b —i1c) X Ro+vope =0 2.2)
1

<l—|——> Xile—i1e=0 2.3)
B

The three state variables namely vy., v, vi. are obtained by equating the values of

Vop = Vies Vae = 0, vo. = v1p. Emitter, collector and base current are denoted as i., i,
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and i, respectively. (2.4)-(2.5) represent the Ebers-Moll model [41] of BJT circuit.

i = aplgs [exp‘;/—b: - 1} e [exp“}/—b; - 1] (2.4)

. Vbe Vbe

i. = —Igg {exp— — 11 + oglcs {exp— — 1] 2.5)
Vr Vr

where ar and ag are forward current gain and reverse current gain. Igg and Icg
denote leakage current at emitter terminal and leakage current at collector terminal.
Vr denotes thermal voltage. (2.4) and (2.5) for both transistors are now separated into
linear and nonlinear parts as :-

; (0) (0)

(0)
llc =a11vy, +anv,, +asvy, + ey (vp, Ve, Ve)

:allvg%) + algvgg) + al3v§2) + S(bllvigo) + blzvfgo) + b13v?£0) + b14vféo)v?£0) + blsvi(?o)v%go))

(2.6)
e = lvg%) + aggvgz_) + cmvé? + eWva(vp, Ve, Ve)
=ay) vg;) + azzvgz) + a3 vg;) +€(bay v;}(}o) + bzzvggo) +by3 vggo) + b24v§l(90)v§£0) +bys vglgo)vggo))
2.7
i1e :cllvg(l)?) + clzvg(c)) + c13vgg) + €01 (vp,ve,ve)
e+ D e+ B0+ 0+ 220+ A + 0N
(2.8)
e =C21 vg?)) + szvgz) + cmé? + €2 (Vp, Ve, Ve)
=02 Vg;),) +c2 Vé(z) +c23 Vg;) + €(dn) V%,(,O) +dx» V%EO) +dy3 V%go) + dz4v§§°) V;go) +dps V;;(,O) V%EO))
2.9)

where the parameters y1, v, , ¢; and ¢, are nonlinear function. € uses a small value
that accounts for the circuit’s nonlinearity. Comparing the equations (2.4), (2.6), (2.7)
and (2.5), (2.8), (2.9), the values of a;; and b;; are :-

_ar s, —lcs, Ies, o lgs, o lesi—Ics:

ap = Vr , apn =y aiz = Ve b1 = V2
T
g, _aplps, ol e
s ?, I s 12VT2 , s V—i, blS—V—Tzl’ I
OF,1Es, —1cs CS OF, 1ES O, 1gs, —Ics
ay = ——=, axn = %, ap =——42, by = ===,
T
Ics op, Igs, R, IES Igs
by =—7% by = —52 by = ——252 bys = —2
v’ 7 ZB vz
o lcs, —Igs, _ oglcs, _ gg, di — o, Ics, —Igs,
Cll - VT 3 C12 - VT ) C13 - VT 3 11 — zv2 )
T
oR, Ics Igs Igs oR, Ics
dip = ——" diz =—53% dig = <+ dis = ——1
2wz 7k V2o Z

oR, Ics, —Igs oR, Ics Igs oR, Ics, —Igs
e = 2, n=——92 3=t dy) = =552,
T



Ry lcs, _ ey _ s
dy = W dy3 = 7k drs = Vi
where ¢ is assumed to be unity.
1
vy = VZ(JO) + Svl() )
Ve = v§°> + Svgl)
Ve = v§°) + 8v£1)

Substituting values of v, v, and v. from (2.10)-(2.12) a
(2.1)-(2.3), we get
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or,Ics,

drs =

(2.10)
2.11)
(2.12)

nd i., i, from (2.6)-(2.9) into

v=Rgcn (V(l(l)p) + evglb)) + RE1012(V§2) + gvglc)) +REg c13 (Vgg) + Svg?) + RE, g(dll"%l(ao)

i+ i+ v disvigvi + O+ eny) (2.13)
R.a R,a R

Vo= (B52) 08 e+ (B2 00+ eld) + () eoandl) o2

+ b23V§£0) + b24vg;)v§2) + b25vgl)7)vgz) —Rqay (vgg) + SVEI)) — Rgalz(vg?_) + SVS?)

— Rga13(v(lg) + SV(lle)) — Rge(bllv?,go) + blzv%go) -+ b13vi(30) + b14v(1(;)v§2) + blsv(l(l?vg(c))) (2.14)
1

(1 + E) lan (vg(,)j) + SVS,)) + alz(vgg) + svg?) +a3 (vgg) + 8V(1?)

+e(buviy) +buvie) +bisviy ) + bV v +bisvig )

—c11 (vg(l),) + SVE}))) — clz(vg(z,) + Svglc)) — cm(v%? + Svgle))

— 8(6111\/?1(90) +d12v%£0) + dwv?io) +d14v§(l)7)v§2) + d15vgg)v§2)) =0 (2.15)

The linear and nonlinear components of voltages are

obtained by comparing the

coefficient of € in (2.13) - (2.15) . The linear components are expressed as :-

(0) (0)

V:RElc”vg(;)—i-RElC]zvlc +(1+RE1C13)Vle (2.16)

R
V, =R, (@ —an) WO 4 (1 —Reaps + g““) W~ Reay ¥ 2.17)

B> B2
1 1 1
{(1—|—E)a11 —cll}vg(;)+ {(l —l—E)a]z—C]z}VE? + {(1 +E)a13—c13}v(12) =0

(2.18)

Equation (2.19) represents state vector as :-
XO(S> = [Vlb,VIC,VIe,VQb,VZC,VZe]T (2.19)
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The Laplace transform (LT) equation obtain the following solution as :-

Xo(s) = F Y (s)G(s)v(s) +F ' (s)H(s)Vce (2.20)
where
c11RE, c12REg, 1 +c13RE,
F = (—au + %)Rg R{’Em +1-— Reais —a3R,

—611+(1+Bi1)a11 612+(1+B)a12 —013+(1+ﬁ)a13

Zi(s) = F ' (5)G(s) 2.21)
WO = vz (6) + 61 (2) (2.22)
V%?-) (1) =vxza(t) + ¢2(t) (2.23)
WO (1) = veza(t) + 9s(1) (2.24)

where convolution operator is represented by '+’ notation. Representing (2.21) in terms
of LT as :-

Zi(s) =1 Za(s) =18, Z(s) = 0i1() = EVe b2(s) = FVe 03(5) = FVe
where ¢(¢) represents the inverse LT of F—l(s)H(s)VCC. The small signal equivalent

model’s impulse responses are :-

(1) = v 8(1) x Ky + Ky x Vg x 8(1) (2.25)
vﬁ? (1) = v 8(1) x K3+ Kg X Vg x 8(1) (2.26)
WO (1) = v 8(1) x Ks+ Ko x Vg x 8(1) (2.27)

where d(¢) denotes unit impluse function.

— I _ s
Ki=t,  K=f  K=H  K=@E K= K

Now comparing the coefficients of ¢!, we obtain the expressions of nonlinear components



as :-
uj (t) = bllvigo) + blzv%_o) -+ b13v?£0) + b14v(1(;)v§2) —I—blsvg?j)vgg)
us(t) = borvy " 2b + bV +basvi) + baavyy v + basvi i
us (t) = dnvigo) +d12vf£0) +d13V%£0) +d14v(l(l)))v§2) +d15v(1(z)v§2)
ug(t) = d21v§1(70) + dzzv%o) + d23v%£0) +d24v§[(70)v§£0) +d25v§l(70)v%£0)
[ReF>1 — (1+ 4 )F31 ] "R, Py ] [Fy —Rg1Fiy |
(1) g B 121 31 E1l11
B = — -2 RPN
vl ( )(S) i ’F| _ Ul(S) _‘F’ﬁZ_ UZ(S)+ |F’
[RyFy — (143 )F3] "R,Fy ] [F3 — Rg 1 Fiy ]
(1) _ |28 Bi | Nel22 32 —RE1F12
R N I A 1727 R T
[ReFy3 — (1+ 1) F33] r : [ Fax ]
(1) 8723 /33 RgF3 F33 —Rg 1 Fi3
vi (E)(s) = U (s)— Uy(s)+ | ———
i G FIB. | I
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(2.28)
(2.29)
(2.30)
(2.31)

Us(s) (2.32)
Us(s) (2.33)

Us(s) (2.34)

V(1) = Ky ¢ (un (1) + 8(£)) + Ks x (ua(t) % (1)) + Ko x (uz(t) % 8(2)) (2.35)
W (8) = Kio x (1 (£)  8(2)) + Ky x (ua(t) # (1)) + Kia x (us(t)  8(¢)) (2.36)
W) = Kia > (un (1) % 8(1) + Kua x (w2 (1) 8(1) + Kis x (us (1) 8(1))  (2.37)

where
ReFo1—(1+5-)F31 R,F _ ReFoy—(144-)Fs
— 1 Ke = | Ss21 Ko — [F31 REIFII] _ By
7 { g k=T K ] Ko 1 ’
1
_ | Ref22 _ F31*R51F11] _ RSFB‘(”K)F” _ [RgFZS]
Kll — [|F|ﬁ2]s K12— [ F] s K13 — [F] ’ K14— Fip |
F33—Rp  F;
Kis = [ 33 |FL‘TI 13]_

2.1.2 Simulation Results

From the circuit shown in Figure 2.1, the linear (zeroth order) and first order nonlinear
output voltages have been plotted in MATLAB for various input voltages and frequencies
which is shown in Figure 2.2. The percentage distortion due to linear term only has
been calculated using (2.38). Table 2.1 shows the distortion error by varying the value
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Figure 2.2: Anode currents of SCR output.

of amplitude and frequency of input signal. Percentage distortion is expressed as :-

Percentage distortion =

Iel _Ie

el

x 100% (2.38)

The result shows the significance of nonlinearity. In SIMULINK software, the resulting

equations are used as a half wave rectifier (HWR) circuit. The input output voltages

are presented in Figure 2.4.

Table 2.1: Percentage of distortion errors for various input values.

S.No. Peak amplitude (Volts) Distortion error(%)
1 0.70 0.3883%
2 0.90 0.4640%
3 1.00 0.5028%
4 1.30 0.6117%
5 1.50 0.6729%

2.1.3 Conclusions

In this chapter, the closed form nonlinear expressions of SCR has been derived. The
derived expressions have been used to plot the SCR characteristic in MATLAB. The
use of closed form expressions to model SCR in SIMULINK provides direct access to

circuit parameters, which is helpful for designing and analysis of new circuits.
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Chapter 3

State Estimation of Higher Order RC

Circuit

This chapter ! presents the implementation of different versions of KF algorithm on
higher order RC LPF and HPF circuits for state estimation. For this, the state space

model of the circuit is obtained using KCL.

In the previous chapter, the closed form Volterra expression of SCR has been
derived. In this chapter, state space model of the circuit has been derived as required
by KF methods.

The Major contributions of the proposed work are :- (i) state estimation of the analog
RC circuit using different versions of KF have been computed. (ii) state-space model
of dynamic analog RC circuits has been obtained using KVL and KCL. (iii) input
voltage is modeled as the zero mean white noise. (iv) The output results of different
versions of KF algorithm have been compared with each other. Simulation results

demonstrate the effectiveness of the proposed method.

Parameter estimation is an important area in the field of science and technology.
Various estimation techniques have been used by researcher. There are two basic
parameter estimation methods: - 1) methods based on optimization approaches and
2) methods based on stability theory. Differential evolution, particle swarm optimization

'The result of this chapter is based on the following research papers (i) Amit Kumar Gautam and Sudipta
Majumdar, “Parameter estimation of RC circuits using extended Kalman filter,” International Journal of
Advanced in Management, Technology and Engineering Sciences, ISSN no. 2249-7455, vol. 8, no. 1, pp. 83-91,
2018, (i) Amit Kumar Gautam and Sudipta Majumdar, “State estimation of RC filter using unscented Kalman
filters,” International Journal of Innovative Technology and Exploring Engineering, ISSN no. 2278-3075, vol. 9,
no. 9, pp. 91-96, 2020.
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are examples of optimization-based methods and Lyapunov stability method, synchro-
nization approach based on Lasalle’s principle are stability-based estimation methods.
The parameter estimation methods based on the deterministic minimizes error function
between model output and measurement data. Various methods have been used for
parameter estimation of systems. In [71], the effects of white noise perturbation on
the parameters of electrical network have been analyzed and least square estimation
has been used after transferring the deterministic model into stochastic models. [72]
presented the total least square estimation of signal parameter via rotation invariance
method. [73] proposed an extended stochastic gradient (ESG) filtering and multi-
innovative filtering for parameter estimation. [74] proposed a parameter estimation of
permanent magnet synchronous machine using a dynamic particle swarm optimization

method.

RC LPF has many applications. It is used as a discrete-time repetitive controller
for a fly-back inverter in continuous conduction mode. The RC LPF has been also
used for tracking and rejection of periodic signals in a typical frequency range. In [75],
RC circuit has application in micro-electromechanical systems (MEMS) sensor that
includes a ring oscillator, an RC controlled pulse generator together with a self-tuned
inverter converter. The RC HPF reduces the bandwidth of noise source. [76] proposed
RC LPF with good asymptotic behavior in the pass band. In [77], the RC LPF is
also used in a flexible continuous time delta sigma modulator. [78] presents RC filter
implementation in chopper stabilized thin film transistor low noise amplifier, which
is used for electroencephalogram (EEG) signal acquisition and biomarker extraction
system. In [79], it is used in linear periodically time-varying filter circuit which is used
in spectrum scanner.

The state space representation of higher order RC LPF and RC HPF using KCL has
been derived in section 3.1. Section 3.2 presents implementation of EKF method to
RC LPF and RC HPF circuits. Simulation results of RC circuits using EKF and UKF

methods are presented in sections 3.3 and 3.4 respectively.

3.1 State Space Model

A second-order dynamic LPF with R and C components is shown in Figure 3.1(a).
Let u; () be the input sinusoidal signal. V., () is capacitor voltages across C; and V.., (t)

is the capacitor voltages across C,. The state space model for the circuit shown in
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R1 R2 + VC1(t)' + ch(t)-

W?—o @__I
us(t) Ci==va(t) C.== ch(t) U1(t) R2 Vot
o ) I

(a)

Figure 3.1: a) RC low pass filter, b) RC high pass filter.

Figure 3.1 (a) is obtained by using KCL. The equations are as follows :-

Vey (t) w(t) Vey (t) Vep (t) dve, ()
— — C =0 3.1
R R + R> Ry T dt G-
Vey (t) Ve (t> dvcz (t>
— = 3.2
Ry Ry TG dt 0 (3-2)

Representing (3.1)-(3.2) as state space model, we have

1/1 1 1 1
vaW| _|mamte) ma | Y0 |ma u (7) (3.3)

v, () ey 5 | Vel 0
where ’ symbol represents %. The output voltage of RC LPF can be written as :-
Z=v(1) (3.4)
Representing (3.3)-(3.4) as state space model, we have
ix =Fx+Bu (3.5)
dt” '

where x and u are state and input vector respectively.
1 /1 1 1
F[c—1<ze—l+ze—2> R ]73[; o] (3.6)
z is the measurement model given as :-

z=Hx+ Cu 3.7
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where H denotes the measurement matrix as :-
H:[oﬂand C:[o} (3.8)

Similarly, state-space model for RC HPF shown in Figure 3.1 (b) can be represented

L1y 1 1l 1
di ve ()| _ CI(RI]“LRz) Rcy valt)| | CI(R1]+R2> w() (39
e, (1) “RG “RG Ve, (1) e

2= -1 -1 {vc‘ (t)] +12(1) (3.10)

Ve, (1)

as :-

The matrices F, B, H and C for RC HPF are :-

1 1 1

1 1
po|am ) wel g a0 ) e=o o] e
RG RG G,

3.2 Implementation of EKF algorithm

The state model in (3.5) and (3.7) can be discretized using first-order exponential
method. The transformed equations are expressed as :-

Xi+1 = FiXg + Brug + Grwy (3.12)
z; = Hyxy + Crug +Dyvy (3.13)

(3.12) and (3.13) are discrete representation of equations (3.5) and (3.7) respectively
obtained using ¢t = kT, where k = 1,2,3,.... where T; is sampling time. The matrices

F;, B, C; and H; are obtained by discretizing F, B, H and C respectively. They are :-

1_£ L+L I
Fr=els =I1+FT, = G (fl R:) RlclT (3.14)
e L ey

B =87~ L o] M=o 1].co=o]. (3.15)
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Table 3.1: Comparison of SNR value for different methods.

Input signal SNR by EKF method SNR by LMS method
Sinusoidal signal in LPF  43.769 32.737
Square wave in LPF 55.994 34.314
Sinusoidal signal in HPF = 58.144 26.866
Square wave in HPF 62.650 60.480

The matrices Fy, By, H, and C; for RC HPF are obtained by discretizing equations
(3.9)-(3.10). They are :-

Lol 1y _ .1 Lol 1
Fi = {IC_I(RI tm) TRG ] By = [CI(R‘ +R2)] yHi = [_1 —1}T7Ck: [0 1}

Ty T

T RG 1 Ry,

3.3 Simulation Results using EKF Method

We estimated the output voltage of RC LPF and RC HPF for two different inputs. The
applied sinusoidal input contains maximum amplitude of 10 V and frequency 0.01 Hz.
The white Gaussian noise of zero mean and 0.5 variance has been used for estimation
purpose. The output response of LPF circuit using EKF method (Chapter 1.4.2)
and LMS method (Chapter 1.8) is shown in Figure 3.2(a) and 3.2(b) respectively.
Figure 3.2(c) and 3.2(d) show output voltage estimation of HPF using EKF and LMS
methods respectively for sinusoidal noisy input. Figure 3.3(a) and 3.3(b) show the LPF
estimated output voltage for noisy square wave input signal. Similarly, Figure 3.3(c)
and 3.3(d) show output voltage estimation of HPF for noisy square wave input signal
using EKF and LMS methods respectively. Table 3.1 shows the signal to noise ratio
(SNR) in each case. The SNR expression is given as :-

Y 5’
SNR = 10log1o ’—2 (3.17)
i —yi)

Tpas

1

It

where y denotes estimated value, y denotes actual value and » is the number of
samples.
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(a) Estimated output voltage of LPF using EKF method.  (b) Estimated output voltage of LPF using LMS method.
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Figure 3.2: Estimated output voltage of RC filter for sinusoidal wave.
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Table 3.2: Performance of different methods for LPF.

input signal Parameter EKF method UKF method
Noisy input signal with  SNR(dB) 24.44 40.55
u=0,0>=0.1 RMSE 0.2842 0.0402
Noisy input signal with  SNR(dB) 11.17 31.56
u=0,06>2=05 RMSE 0.5803 0.0991
Noisy input signal with  SNR(dB)  7.57 23.66
u=0,062=10 RMSE 1.4794 1.2746

Table 3.3: Performance of different methods for HPE.

Input signal Parameter EKF method UKF method
Noisy input signal with  SNR(dB) 28.57 40.12
u=0,0>=0.1 RMSE 0.1588 0.0457
Noisy input signal with SNR(dB) 14.46 26.15
u=0,06>2=05 RMSE 1.0521 0.1867
Noisy input signal with  SNR(dB) 8.96 20.99
u=0,06>=1.0 RMSE 1.810 0.2175

3.4 Simulation Results using UKF Method

We estimated the output voltage of RC LPF and RC HPF for two different inputs:-
(i) noiseless input, and (ii) noisy input. The applied sinusoidal input with maximum
amplitude of 10 V and frequency 0.04 Hz. The white Gaussian noise of zero mean
and different variances have been used as noisy input for estimation purpose. The
PSPICE simulated values have been taken as actual value. The output voltages of
LPF and HPF circuits using UKF method (Chapter 1.4.4) and EKF method under
different noisy inputs have been shown in Figure 3.4. Figure 3.5 presents the error
comparison of EKF and UKF methods for different noise values. Table 3.2 and 3.3
show the comparison of SNR and root mean square error (RMSE) for both circuits
using UKF and EKF methods. RMSE is expressed as :-

RMSE = (3.18)

where ¥ denotes estimated value, y denotes actual value and n is the number of

samples.
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Figure 3.4: Comparison of output voltage estimation of LPF using noisy input with a) u =0,
62=0.1,b) u=0,06>=0.5,¢c) u =0, 6> = 1.0, Comparison of output voltage estimation of
HPF using noisy input withd) g =0, 6> =0.1,e) u =0, 62 =0.5,f) u =0, 6> = 1.0.
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Figure 3.5: Comparison of estimation error for LPF using noisy input with a) u =0, 6> =0.1,
b)u=0,062=0.5c)u=0, 6> = 1.0, Comparison of estimation error for HPF using noisy
input withd) 4 =0, 62 =0.1,e) u=0,6>=0.5,) u =0, 6> = 1.0.
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3.5 Conclusions

In this chapter, output voltage of RC LPF and HPF has been estimated using EKF
and UKF methods. Results show that though EKF method provide better estimation
as compared to LMS method, But UKF methods results are better than EKF method
due to smaller linearization error of UKF method. Also, the SNR value of UKF method
is better than EKF method. UKF method presents smaller RMSE as compared to EKF

method as UKF method is accurate to the third order for any nonlinearity.




Chapter 4

State Estimation of Single-Phase Rectifier

Circuit

This chapter ! presents the implementation of different versions of KF algorithm on
single-phase rectifier circuit for state estimation. For this, the nonlinear system dynamics
have been modeled using differential equations. To obtain the state space model of
the circuit, Kirchhoff’s laws have been used.

In the previous chapter, EKF and UKF methods have been implemented on RC
circuits. In this chapter, EKF, IEKF (Chapter 1.4.3) and UKF methods have been

implemented on diode circuit.

The Major contributions of the proposed work are :- (i) real-time state estimation of
the single-phase rectifier circuit using different versions of KF has been computed. (ii)
state-space model of dynamic single-phase rectifier circuit has been obtained using
KVL and KCL (iii) input voltage is modeled as the zero mean white noise. (iv) The
output results of different versions of KF algorithm have been compared with each

other. Simulation results validate the performance of the proposed method.

I'The result of this chapter is based on the following research papers (i) Amit Kumar Gautam and Sudipta
Majumdar, “Parameter estimation of diode circuit using extended Kalman filter,” World Academy of Science,
Engineering and Technology International Journal of Electronics and Communication Engineering, ISSN no.
1307- 6892, vol. 12, no. 9, pp. 605-610, 2018, (ii) Amit Kumar Gautam and Sudipta Majumdar, “Iterated
extended Kalman filter based state estimation of diode circuit,” in Journal of Physics: Conference Series 2070
(2021) 012092, pp. 1-10, 2021, (iii) Amit Kumar Gautam and Sudipta Majumdar, “State estimation of single-
phase rectifier based load using unscented Kalman filter,” in 2nd IEEE International Conference on Power
Electronics, Intelligent Control and Energy Systems (ICPEICES-2018), pp. 1172-1177, 2018.
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Single-phase rectifier circuit has been used in various applications including voltage
clamper for ac-dc power conversion [80], as pulse width modulation rectifier [81] and
railway electrical traction system [82].

The state space modeling of single-phase full wave rectifier (FWR) circuit has been
derived in section 4.1. Section 4.2 presents implementation of EKF method to single-
phase FWR circuit. Simulation results of single-phase FWR circuit using EKF, IEKF

and UKF methods are presented in sections 4.3, 4.4 and 4.5 respectively.

4.1 State Space Model

Single-phase FWR circuit is shown in Figure 4.1. v;(¢) is the input voltage. The
circuit consists of inductor L; and resistor R;. The capacitor C is used at the output,
which is in parallel with the load resistance R;,. We assumed that D, to D, are
identical diodes with voltage drop equal to vp. ip(¢) and v.(¢) are the diode current
and capacitor voltage respectively. Using the KVL and KCL, we have

R + ]
s D D,
[t A [ e

¥ L § R

Figure 4.1: Circuit diagram of single-phase FWR.

d ve(t)
C—v,(t
dlvc( )+ Ry,

=ip(?) 4.1

vi(t) = Rsin(t) +LS%iD(t) +2vp 4 velt) 42)
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where ip (1) = Ip(e’»'T —1). Representing (4.1) and (4.2) in terms of state equations,

we have
d 1 1
Zve(t) = ——— —i 4.
dtvc(t) RLCVC(Z)—i-CtD(t) 4.3)
d . 1 (Rs+2Vr/ly) . Vr o, 1
EZD([) = —stc(t) — L ip(t) + leg in(t) st,(t) 4.4)

Here, Vr and Iy denote the thermal voltage and reverse saturation current of diode

respectively. Representing (4.3) and (4.4) in state space form as :-

%X =Fx+Bu 4.5)

where x is the state vector consisting of two states v.(r) and ip(z) respectively. The

state transition matrix F and input vector B are :-

1 1

—_L T
_ R C c _ 1
F= 1 (Rs+2Vr/ly) | 2V7 B = [ 0 ] (4.6)
s T Ls &

The state space model is given as :-

d |ve(r) _ _1% é ve(t)
. - 2
dt | ip(1) _L_1S _(Rs-i-zfr/lo) j&% in(t)

The measurement model is :-

0
+ [ | ] vi(?) 4.7)

z = Hx (4.8)

where

H= 4.9)
01

4.2 Implementation of EKF algorithm

The discrete form of equation (4.7) can be obtained using Euler-Maruyama method.

Substituting r = k7T;. Where k = 1,2,3,... and T; is sampling time. In general, the
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Table 4.1: Comparison of capacitor voltage (v¢) estimation using different methods.

Input signal Parameter LMS method EKF method
Noiseless SNR(dB) 0.42 1.07
input RMSE 1.24 0.86
Noisy input signal with  SNR(dB) 0.40 1.01
mean 0 and variance 0.1 RMSE 1.50 0.96
Noisy input signal with  SNR(dB) 0.35 1.00
mean 0 and variance 0.5 RMSE 2.10 1.01
Noisy input signal with  SNR(dB) 0.26 0.90
mean 0 and variance 1.0 RMSE 2.15 1.02
Noisy input signal with  SNR(dB) 0.10 0.76
mean 0 and variance 2.0 RMSE 3.17 2.42

discrete-time state-space equations can be written as :-

Xi+1 = Fixp + Brug + Grwy

z, = Hpx; + Cruy + Dyvy

The matrices Fy, B, and H; are :-

e ¢ 0 1
— L o B
Fie= _I (Rs+2Vr /1) v V2T, By = T JHp = 0
LS LS [0 LS
C,=0,D;,=0.

4.3 Simulation Results using EKF Method

(4.10)
(4.11)

(4.12)

The states of single-phase rectifier circuit have been estimated in MATLAB using

EKF method and compared with LMS method. The sinusoidal input of 10 volts and 50

KHz frequency has been used. The system noise and measurement noise are white

Gaussian noise of zero mean with 0.5 and 0.1 variances respectively. The PSPICE

simulated values have been considered as the actual value. Simulations have been

performed using noiseless input signal and noisy input signal respectively. Figure 4.2

to 4.3 show the comparison of estimated capacitor voltage and diode current using
EKF and LMS methods with PSPICE simulations. Table 4.1 and Table 4.2 compare
the RMSE and SNR(dB) of EKF and LMS methods for capacitor voltage and diode

current respectively.
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Figure 4.2: Estimated voltage using EKF and LMS methods for noisy signal with a) u =0,
62=0.1,b)u=0,06>=05,c)u=0,0>=1.0,d) u =0, 6> =2.0.

Table 4.2: Comparison of diode current (ip) estimation using different methods.

Input signal Parameter LMS method EKF method
Noiseless SNR(dB) 0.258 1.290
input RMSE 0.69 0.3359
Noisy input signal with  SNR(dB) 0.20 1.05
mean 0 and variance 0.1 RMSE 1.40 0.66
Noisy input signal with  SNR(dB) 0.16 1.01
mean 0 and variance 0.5 RMSE 245 1.56
Noisy input signal with  SNR(dB) 0.10 1.0
mean 0 and variance 1.0 RMSE 2.55 1.82
Noisy input signal with  SNR(dB)  0.054 0.87
mean 0 and variance 2.0 RMSE 2.95 2.56
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Figure 4.3: Estimated current using EKF and LMS methods for noisy signal with a) u = 0,
62=0.1,b)u=0,6>=05,c)u=0,0>=1.0,d) u =0, 6> =2.0.
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Table 4.3: Comparison of capacitor voltage (v¢) estimation using different methods.

Input signal Parameter IEKF method EKF method
Noiseless SNR(dB) 1.42 1.07
input RMSE 0.24 0.86
Noisy input signal with  SNR(dB) 1.39 1.01
mean 0 and variance 0.1 RMSE 0.50 0.96
Noisy input signal with  SNR(dB) 1.15 1.00
mean 0 and variance 0.5 RMSE 0.89 1.01
Noisy input signal with  SNR(dB) 1.06 0.90
mean 0 and variance 1.0 RMSE 1.10 1.57

4.4 Simulation Results using IEKF Method

The simulations have been performed in MATLAB software. The capacitor voltage
and diode current have been estimated using IEKF method and compared with EKF
method. A sinusoidal input of 10 volts and frequency 50 Hz has been used at input for
simulation purpose. The system and measurement noise are white Gaussian noise
with zero mean and variance 0.5 and 0.01 respectively. The thermal voltage (Vr) and
reverse saturation current (Iy) are 0.025 volts and 10 amperes respectively. The diode
model used for PSPICE simulation is D1N4002. The circuit component values are:
Ry =750, Ry =17.5, Ls = 91.9mH and C = 100uF. Figure 4.4 to Figure 4.5 show
the comparison of estimated capacitor voltage and diode current using IEKF method
with EKF method and PSPICE simulated values. The PSPICE simulated values have
been considered as the actual value. The RMSE and SNR(dB) values have been
used to evaluate the performance of proposed method. Table 4.3 and 4.4 present
the comparison of the estimated parameters using IEKF method with EKF method
and PSPICE simulated values. The estimated currents are identically mapped to
the transients over the first half period, whereas deviations are noted between the
estimated and actual values in succeeding half periods due to change in initial value
of the capacitor voltage.
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Figure 4.4: Estimated voltage using EKF and IEKF methods for a) noiseless input signal, b)
signal with u =0, 62 = 0.1, ¢) signal with =0, 6> = 0.5, d) signal with u =0, 6> = 1.0.

Table 4.4: Comparison of diode current (ip) estimation using different methods.

Input signal Parameter IEKF method EKF method
Noiseless SNR(dB) 1.55 1.290

input RMSE 0.19 0.336

Noisy input signal with  SNR(dB) 1.20 1.05

mean 0 and variance 0.1 RMSE 0.40 0.66

Noisy input signal with  SNR(dB) 1.16 1.01

mean 0 and variance 0.5 RMSE 0.50 1.56

Noisy input signal with  SNR(dB) 1.10 1.0

mean 0 and variance 1.0 RMSE 0.53 1.82




] [
5 2 F. | )\ £, ||I ill.'“‘
s | 1 e i |
g | . ;] 1] I
=) 4oL = L
3 1 1T 2 |
g | L i
5 .y B
2 W II| I] / 4
-t \ g
&L 1
- . . . . . . .
0 001 002 003 004 005 006 007 008
Time(Second)
(a)
10 T T T
IEXF
8 EKF 1
6l
e} M
4 i A\ /\ I ;I 4
it | [
] [ [ {
32 { l. I'l,u\'|| (e, Il.l’“‘
= J| '\‘ i\ \ {1 |
g, pa Ve wiy Vs gl g !
- | f o T B
E |l \n | ' \
< 1 { 1y i
25 1§ Y | 1
\ A= -
] \] H‘{j | \J |
£ 1
- . . . . . .
0 001 002 003 004 005 006 007 008
Time(Second)

(©)

Amplitude (Cumrent)

Amplitude (Cumrent)

48

—IEXF
L EHF ]
A A ) ’
B X |
- e \ \ |II
1% rf \ | i\ | \ |II Ii.\
| ! b (!
b i [\ [
N :_\ i i )
| o II| .
L ¥, I l]‘ /
o1 o0z oo oor o0 o0 007 008
Time(Second)
(b)
—IEXF
L EHF ]
L | f\[ f
i / I [
| |
- {1l i ~
Y ol ¥ i
‘ [N ) }":u'_" ' __‘ "liij
| | I‘I Ill 1HII !
L ; \y
| ||U
i
o1 o0z oo oor o0 o0 007 008
Time(Second)

(d)

Figure 4.5: Estimated current using EKF and IEKF methods for a) noiseless input signal, b)
signal with u =0, 62 = 0.1, ¢) signal with =0, 6> = 0.5, d) signal with u =0, 6> = 1.0.
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Table 4.5: Comparison of capacitor voltage (v¢) estimation using different methods.

Input signal Parameter UKF method EKF method
Noiseless SNR(dB) 2.42 1.07
input RMSE 0.40 0.86
Noisy input signal with  SNR(dB) 2.40 1.01
mean O and variance 0.1 RMSE 0.50 0.96
Noisy input signal with SNR(dB) 1.35 1.00
mean O and variance 0.5 RMSE 0.70 1.01
Noisy input signal with  SNR(dB) 1.26 0.90
mean O and variance 1.0 RMSE 0.75 1.02

4.5 Simulation Results using UKF

The capacitor voltage and diode current of single-phase rectifier circuit have been
estimated for sinusoidal input voltage. The applied sinusoidal input contains maximum
amplitude of 10 V and frequency 50 KHz. The white Gaussian noise of zero mean
and different variances have been used for estimation purpose. The system noise
and measurement noise are white Gaussian noise of zero mean with variance 0.5
and 0.01 respectively. The parameters used for simulations are R;, =750 , Rg = 17.5
, L =91.9mH and C = 100uF . D1N4002 diode model of PSPICE has been used
for simulations. The PSPICE simulated values have been considered as the actual
value. The capacitor voltage v. of single-phase rectifier circuit has been estimated
using UKF and EKF methods. Figure 4.6 (a) to Figure 4.6 (c) show the capacitor
voltage estimation for different noise values. Also, the estimation of diode current ip
using UKF and EKF methods are shown in Figure 4.6 (d) - Figure 4.6 (f). Table 4.5
and Table 4.6 show the comparison of SNR (dB) value and RMSE for UKF and EKF
methods.

4.6 Conclusions

The estimation of parameters of a single-phase rectifier using UKF method is present-
ed in this chapter and compared with LMS, EKF and IEKF methods. Simulation results
show the better closeness of estimated values using UKF with PSPICE simulated
values as compared to the LMS, EKF and IEKF methods. The SNR value of UKF
method is better than LMS, EKF and IEKF methods. Also, RMSE values using UKF
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Table 4.6: Comparison of diode current (ip) estimation using different methods.

Input signal Parameter UKF method EKF method
Noiseless SNR(dB) 2.50 1.290

input RMSE 0.10 0.336

Noisy input signal with  SNR(dB) 2.20 1.05

mean 0 and variance 0.1 RMSE 0.40 0.66

Noisy input signal with  SNR(dB) 2.16 1.01

mean 0 and variance 0.5 RMSE 0.45 1.56

Noisy input signal with  SNR(dB) 2.10 1.0

mean 0 and variance 1.0 RMSE 0.55 1.82

method are smaller than LMS, EKF and IEKF methods due to small linearization error

of UKF method. Simulation results demonstrate the superiority of the UKF method.



Chapter 5

State Estimation of Transistor Circuit

This chapter ! presents the implementation of different versions of KF algorithm on

the following circuits for state and parameter estimation:-

(i) CE-based BJT circuit.

(ii) BJT-based DA circuit.

For this, the nonlinear system dynamics have been modeled using Kronecker product.
To obtain the state-space model of the circuit, Gummel Poon model, Ebers-Moll model
of the BJTs and Kirchhoff’s laws have been used.

In the previous chapter, various state estimation filtering has been implemented on
diode circuit, whereas in this chapter, these filering are implemnted on BJT circuit. The
use of Ebers Moll model and Gummel Poon model to obtain the state space model
increases the complexity as compared to the diode circuit. The use of Kronecker
product reduces the mathematical complexity of the BJT circuit.

Major contributions of the proposed work are :- (i) real-time state estimation of the
analog transistor circuits using different versions of KF has been computed, (ii) state-
space model of dynamic analog circuits has been obtained using Ebers-Moll Model
and Gummel Poon model with KVL and KCL, (iii) input voltage is modeled as the zero
mean white noise, (iv) The output results of different versions of KF algorithm have

IThe result of this chapter is based on the following research papers (i) Amit Kumar Gautam and Sudipta
Majumdar, “State estimation of common emitter amplifier using iterated extended Kalman filters,” International
Journal of Innovative Technology and Exploring Engineering, ISSN no. 2278-3075, vol. 8, no. 9, pp. 1784-
1789, 2019, (ii) Amit Kumar Gautam and Sudipta Majumdar, ‘“Kronecker product based modeling of Darlington
amplifier and state estimation using unscented Kalman filter,” International Journal of Electronics Letters, ISSN
no. 2168-1732, 2022.
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been compared with each other. Simulation results validate the performance of the

proposed method.

CE BJT is an important IC which is useful in different electronic circuits and chip
designing applications such as two cascaded common base and CE devices [83],
wideband resistive feedback low noise amplifier (LNA) [84], trans impedance amplifier
circuit [85], frequency reconfigurable millimeter wave power amplifier (PA) [86], class-
F PA [87]. Also, it is useful in dual-vector phase rotator (DVR) to drive a Dohetry
amplifier in beamformer [88]. Monolithic microwave integrated circuit chips also use
the CE BJT circuit [89] and BJT-based trans impedance amplifier is used in optical
network link [90].

Darlington amplifier has been used in various applications including broadband high
data rate communication systems. The three-stage Darlington feedback amplifier
presents better stability than single stage Darlington feedback amplifier. DA circuit
has been used in various broadband circuits. Also, it has high speed applications.
Beside these, it is also used in low noise amplifier [91], mixer [92], power amplifier [93],
distributed amplifier and active baluns [94]. The DA is also used as a benchmark for
verification of compact models at mm-wave frequencies [95]. Shukla and Pandey [96]
used DA together with Sziklai to model two stage small signal amplifier. Mojab and
Mazumder [97] proposed optical Darlington transistor for high power applications.
Weng et al. [98] proposed broadband DA using heterojunction bipolar transistor for
high speed data communications. Various designs have been proposed for DA. Lee
et al. [99] proposed the design of ultra wideband DA. Weng et al. [100] proposed

design of DA for microwave broadband applications.

The Kirchhoff’s law and the Ebers-Moll model are applied for state modeling of the
CE BJT circuit in section 5.1.1. Section 5.1.2 includes the implementation of EKF
and |IEKF methods to CE amplifier circuit. Section 5.1.3 presents simulation results.
Section 5.2.1 formulates state modeling of DA circuit using KCL and Gummel-Poon
model. Section 5.2.2 presents implementation of UKF with Kronecker product to DA

circuit. Section 5.2.3 presents simulation results.
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5.1 State Estimation of CE Amplifier Circuit

5.1.1 State Space Model

Figure 5.1 shows the CE BJT amplifier. It consists of resistors R¢, Rg and R;. Cp
is mainly used to suppress dc voltage. It also consists of collector capacitor Cc and
emitter capacitor C¢. Input u is applied to the base terminal and output vy is taken
across the load resistor R;. The dynamic equations for this circuit are obtained using

Q] L

Figure 5.1: Diagram of CE amplifier circuit.

KCL as :-
d VE
I =Cg— — 5.1
E EdtVE+RE (5.1)
du dvg Vec vB
Ip=Cp— —Cp—B yCC_"8 5.2
B Bdl‘ B dt + R R (5-2)
d d Vo
C R _ R = — .
c (ve) Ccdt (vo) Ry (5.3)
Vi
ree Y _ o4 0 (5.4)

Re Re ¢ 'R

where state variables are namely vg, vg, ve and vy. In order to obtain the state space

equations, the Ebers-Moll model [101] is used. Using Taylor’s series expansion, (2.4)



and (2.5) can be expanded as follows :-

I =K\vEg + Kovp+ K3ve + Kyvegve + Ksvpvpg + Keveve + K7vpve + Kgvgve

Ic =Kovg + K1ovp + K11vc + K12vEVE + K13vpvE + K14veve + Ki5veVE + Ki16VBVC
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(5.5)
(5.6)

Ip =(K; — Ko)vg + (K2 — Ki0)ve + (K3 — K11)ve + (K4 — K12)veve + (Ks — K13)vevs

+ (K¢ — K1a)veve + (K7 — Ki5)veve + (Ks — K1) vave

where

I
Ky =3,
Ips— Rl
Ks = — s~ ORlcs
12VT2 ’
—o
Ky = =15,
Igs—I,
KB:OCFES2 CS
vE

K, = — Igs—orlcs

Vr ’

— Orlcs

Kip =
K4 =

2vE
orles—Ics

Vr ’

—Ics
2vE”

Substituting (5.5)-(5.7) in (5.1)-(5.4), we get :-

(5.7)
)i
K4 — _ZL‘/;s
I
Kg = ORICS
A
Ky = %5,
2v2
Kig =137

=Ki17ve + K1gve + Ki9ve + Kooveve + Ka1veve + Kooveve + Kasvpve + Koavpve (5.8)

=Kos5vE + Kyvp + Ky7ve + KogveEVE + Kogvpve + K3gveve + K31 vevE + Ko veve + I/t,

(5.9)

=K34vE + K35vp + K3gve + K37vo + K38vEVE + K39vpve + Kagveve + Ka1vpve + Kaovpve

(5.10)

—— =K34vE + K35V + K36vc + Ka3vo + K3gVEVE + K39vpve + Kaoveve + Ka1vpvE + Kaovpve

dVE
dt
de
dt
+ K33Vee
dVC
dt
dV()
dt
I
where u = 4.
| 1
Ki71 =& (Kl ~R;
K.
Ky =¢,
Ko—K
K25 - 9CB 17
Ki3—K
Ky = =572,
1
K3 = grr
_ Rc
Ky = Ri(Ri+Rc)’
—opRLRCK
Ky = —%RiRcKs

CgZg

Kig = CI%,
K»n =22,
Ky =¢- <K10—K2+Rl1> ;
K30 = K"‘C—;I%,
Kas = =88R (K~ 7).
K33 = %,
Ky = —70621;%1;01(8,

Kig = CKT;,
Ky = 5—;,
Ky = K”C—_BIQ,
K3 = KISC;K7,
K35 = —= 2 aFCIELZI;CKZ
Kis = comire)

Y

(5.11)
K0 = CKT‘;,
Ky = g—;,
Kog = K”C—;K“,
K3 = KIGC;KS ;
K= —¢ 2 OCFCI;LZIECKS

Y
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5.1.2 Implementation of EKF and IEKF

The discrete time state space equations can be written as :-

Xi+1 = FiXy + Brug + Gwy (5.12)
z; = Hyxy + Crug +Dyvy (5.13)
where
T
xe=| ve(k) vak) ve(®) vo(k) (5.14)
T
Be=|0 1 00| .C=0D=0 (5.15)
-F11 Fip, Fi3 Fiy
1 Fyn Fys Py
F = d—(P(Xk,llk) = (5.16)
X F31 F3 F33 Fy
|Fu1 Fap Fa3 Fag
where

Fi1 = 1+ K7+ Kyve(k—1),

Fi3 = K19+ Kpve(k— 1) + Kpgvp(k— 1),

F>1 = Kps+Kpgve (k—1),

F>3 = Ky7 + Kygve(k— 1) + K3ovp(k— 1),

F31 =K+ Ksgvp(k—1),

F33 = 1+ K36+ Kgove(k— 1) + Kapvp(k — 1),

Fy = K3s+ Ksgvp (k— 1),

Fio =Kig+Kyvg(k— 1)+ Kapvp(k—1),

Fi4 =0,

Fr =1+ Ky +Krgvp(k—1)+K31ve(k—1),

Fy =0,

F3p = K35+ Kzgvg(k— 1) + Kqyve(k— 1),

F34 = K37,

Fip = K35 + Kagvp(k — 1) + Kayve(k— 1),

Fy3 = K36+ Kaove(k— 1) + Kgpvp(k — 1), Fiy = 14 Ky3.
The state space model is :-
e [Fy Fo Fis Fual [ve(k—1) 0
1% k F F- F F 1% k 1 /
(k) _ |1 P B3 P B( ) N o (k—1) (5.17)
ve(k) F31 F3 F33 Fa| |ve(k—1) 0
(vo(k) | |Fa1 Fro Fi3 Faq] |vo(k—1)] [0
The measurement model is :-
Z, — Hka (518)
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where

d
Hk:&h(xkﬂlk):[o 00 1} (5.19)

The following steps have been used to implement EKF :-

1. Initialization: We used the following steps after initializing C,,,C,, £y and x.
2. State prediction: Using (5.16), we computed F,. (1.14) is used to compute X;.

3. Measurement update: To determine Ky, zx, and X;, H; is computed using (5.19).

To implement IEKF algorithm, firstly threshold value ¢ is set to a small value. Counter
i is set to zero. Then, state x is estimated. The counter i is increased by one. Then,
until (1.25) is satisfied, K; and state update are computed using (1.23) and (1.24)
respectively. Finally, covariance error is calculated using (1.27).

5.1.3 Simulation Results

MATLAB software has been used to implement the equations of CE BJT circuit.
The following circuit elements and parameter values are used for simulations :- R; =
100KQ, Rc = 10KQ, Rp = 6KQ, R, = 5KQ, Cg = 10uF, Cc = 10uF, Cgp = 10uF, o =
0.98, og = 0.25, Igs = 1 x 1071, Ieg = 1 x 10713, V7 = 0.026V, Ve = 20V.

Thus, two distinct scenarios: (i) estimation with noiseless input, and (ii) estimation
with noisy input have been taken into account. Figure 5.2(a) shows the input sinusoidal
wave with a frequency of 10 kHz and a sample step size of 0.1. Then, the output
voltage of the CE BJT circuit was estimated with noisy inputs with different variances
and zero-mean white Gaussian noise. The initial value of variances for process noise
is 0.5 and initial value of standard deviation for measurement noise is 0.01. The SNR
value for noisy inputs using EKF and IEKF methods is shown in Table 5.1. The RMS
error for both approaches for noisy input is shown in Table 5.2. The estimated output
for noiseless input using the IEKF and EKF methods is shown in Figure 5.2 (b). The
estimated output for noisy input using the IEKF and EKF methods is shown in Figure

5.2 (c) and compared with simulated values.
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Amgiitude (volts)
Ampiitude (volts)

Amplitude (velts)

Figure 5.2: a) Input signal, b) Estimated output for the noiseless input using the IEKF and EKF
methods with PSPICE simulation, ¢) Estimated output for the noisy input using the IEKF and
EKF methods with PSPICE simulation.

Table 5.1: Comparison of SNR value using EKF and IEKF methods.
Noise Variance SNR (dB) SNR (dB)

(6?) by EKF by IEKF
0.5 33.34 34.86

1 27.82 28.43

5 15.1763  15.68

10 8.51 9.56

Table 5.2: Comparison of parameters using EKF and IEKF methods.
Parameter EKF IEKF

Computation Time (Sec.) 4.04 2.28
RMSE(dB) 78.1 73.9
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5.1.4 Conclusions

This chapter estimated the output voltage of BJT CE circuit using IEKF method and
compares the performance of IEKF with EKF method. MATLAB simulations show
that IEKF method gives better SNR as compared to EKF method, as IEKF method
reduces the linearization error by considering the measurement during linearization

of measurement model.
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5.2 State Estimation of DA Circuit using Unscented Kalman

Filter

5.2.1 State Space Model

Figure 5.3: Circuit diagram of Darlington pair amplifier.

DA circuit is shown in Figure 5.3. Q; and Q, are the emitter follower and common
emitter transistor respectively. This circuit consists of resistors R¢, Rg, R1, R2, Ry and
capacitors Cg, Cc and Cg respectively. Sinusoidal input u has been applied to the
circuit. vy denotes the output voltage of the amplifier circuit. Q; and Q, are identical
transistors and operate at the same collector current namely Ic. B is the current gain
of each transistor, and then overall gain B is calculated as :-

Br = B* (5.20)

The equations (5.21)-(5.25) represent the dynamic equations of the DA, which have
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been obtained using KVL and KCL.

d ve, vB, —Vcc
Cp— - Ip+——L+—"1——==0 5.21
Bdt(VBl u)+ B|+R2+ 3 (5.21)
d VE
Ie. = Cr— =2 5.22
E, EdtVE2+ Ri ( )
d Vo
Cc— — = — 5.23
¢ (ve —vo) R, (5.23)
V
Ie=Ic, +1c, + - (5.24)
Ry
Vee = Rele + Ve,g, +ZEIE, (5.25)

where Ip,, Ip,, Ic,, Ic,, Ig, and Ig, are the base, collector and emitter currents of Q; and
0, respectively. Zr denotes the total impendence at the emitter terminal. The emitter
voltages of Q; and Q» are vg, and vg, respectively. vg,, vc and vy are the base voltage
of Qy, collector voltage and output voltage respectively. The transistor is replaced by
Gummel-Poon model. The Gummel-Poon equations are :-

Igr = 25 [olaVie /NeKT) _ ) (5.26)
F

Igr = I_S[e(qVBC/NRKT) —1] (5.27)
Br

L = Isg [e(qVBE/NEKT) —1] (5.28)

lic= ]Sc[e(qVBC/NCKT) —1] (5.29)

Ier = IS[e(qVBE/NFKT) _ e((IVBC/NRKT)] (5.30)

where Vr and I; denote thermal voltage and saturation current (SC) respectively. Ng
and Br are emission coefficient (EC) and current gain in forward direction, Nk and fBg
are EC and current gain in reverse direction, Nz and Isg are EC and SC at base to

emitter, Nc and Isc are EC and SC at base to collector. I, Ir and I are obtained as :-

d

Ic =Icr _ILC—IBR_CBCEVBC (5.31)
d

Ig = Icr +ILe + Ipr + CBE 77 VBE (5.32)

Ip =1 —Ic (5.33)
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Substituting (5.26)-(5.30) into (5.31)-(5.33), we obtain I¢, Ig and Ip as :-

d
Ic =Kvp + Kyvg + Ksve + Kqvgvg + Ksveve + Kgveve + K7vgve + Kgvpve — Cpec—Vae

dt
(5.34)

d
I =Kovp + K1oVE + K11ve + K12vve + K13veve + K14vEVE + Ki5vve + Ki6VBVE + CBEEVBE

(5.35)
Ip =(Ko — K1)vg+ (K10 — K2)ve + (K11 — K3)ve + (K12 — Ka)vpve + (K13 — Ks)veve
d d
+ (K14 — K¢)veVE + (K15 — K7)veve + (K16 — K3)vpve + CE 2iVBE ™ CBCEVBC
(5.36)
where
I 1 1 1 1 -1
Kl S{___(1+_)}_S_C7 [{2:—‘97
Vi INF  Ng Br NcVr NpVr
I 1 1 1 1 1 1 1 1
SRR e laed)
Vr Br) | T ViNe w2 \NZ N2\ Br)J  2VINZ
—1 (Isc I 1 I
Ks= 43+ 3 (14 Ke=—3 .
17 {NZ ( BR) } TNz
1 ISC IS 1 _IS
K - —5 Y + 5 1 + - P K - 9
’ V%{Né 2( BR>} ST NEVZ
1 (Isg IS( 1) IS} I{Is( 1) ISE}
K9 = — + 1+ ; Ko = 1+ +—0,
Vr {NE Br Ng Vr Br
IS 1 ISE 1 1 1
Kij=-—5_, Kip = +I I+ —)——t|,
" NeVr 2Ty {NZ SINZ\ " Br) N
—Is 1 Isg I 1
Kiz=— Kia=-—3 2435 (14— ¢,
Y7, 4T oy2 {NZ N2\ Br
IS —1 ISE 1 1
Kis = —>—, K I — (14—
P N2y2 07 vz [NZ SINZ 2Br

Now, input can be modeled as Ornstein-Uhlenbeck process considering both the

Brownian process and white Gaussian noise as :-

du
dt
du(t) = —’}’Mdl—i—(fjpdej(l) (5.38)

= —Yyu+0;p;N;(t) (5.37)

where y, o; and p; are positive constants. N;(r) denotes white Gaussian noise with
A(0,1). B;(t) denotes Brownian motion process. Substituting (5.34) - (5.36) into (5.21)
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- (5.25), we obtain the following equations :-

dvE1 =Ki7vE, dr+ Klngzdt + Kjovedt + K> VE, VE, dt —I—K21VE2VE2d[ + Ky vevedt
+ K23VE, vcdt—I—K24vE, szdt (5.39)

dV52 :K25VEldt + K26VE2dl‘ + Ky7vedt —|—K28VE1 VEldt —l—KzngzVEzdt + K3gvevedt

+ K31vE, vedt + K3pvE, VE, dt (5.40)
dvp, =K33VE,dt + K34vE,dt + K3s5vp, dt + K3evedt + Kz7vodt + K3gve, vi, dt
+ K39vEg, Ve, dt + Kaovevedt + K4y v, vp, dt + Kapve, vedt + K43 vg, VE, dt
+ Kuy4vp, vedt + Kysvp, vE, dt + Kag[—yu+ 01p1B1(t)] + Ka7Vecdt (5.41)
dvc =KugvE, dt + Kagvg,dt + Ksovp, dt + Ksyvedt + KspvoKs3ve, Vi, dt
+ Ks54vE, vE,dt + Kssvevedt + Ksevp, vp, dt + Ks7ve, vedt + Ksgve, VE, dt
+ Ksovp, vedt + Keovp, Vi, dt + Ke1 [—Yu+ 02p2B2 (1) | + Kep Veedt (5.42)
dvy =Kagvg, dt + Kagvg,dt + Ksovp, dt + Ksjvedt + Ke3vodt + Ks3ve, v, dt
+ Ks4vE, Ve, dt + Kssvevedt + Ksevp, vp, dt + Ks7vg, vedt + Ksgvg, VE, dt
+ Ksovp, vedt + Keovp, Vi, dt + Ke1 [—yu+ 03p3B3(t) | + Kep Veedt (5.43)
where
Kin =g (1), Kis =& {Kio— g~ & (~14 ) |
K19=[é—g<1 %’g), Kzo—lé—lEz(l %»
= 1-52). o B (1-55).
Ko = (1-82), Ko =0 (1- &),
Kzsz_c—?%, K26=§—?—C;—RE+C—;<—K10+ZLE) (H—CBE)
K27:[é—g—c—m<l+CBE> KggzKlz{ClE CBC<1+CBE>},
Kiz = K1 +3K>—2K;o+K17(2Cpr—Cpc) K3y = K> +K13(2Cgr—Cpe)

Z(CB"‘CBE)_CBC ’

R{R
3K172<K9+ﬁ)

Z(CB—I—CBE)—CBC ’
4K3—2K1) +%+K19 (2Cpe—Cpgc)

Kss = 2(Cp+Cpg)—Cpc K36 = 2(Cp+Cpg)—Cpc ’
K — 1 Kaq — Kat3Ke—2K1a+K0(2Cpr —Cpc)
37 = R.{2(Cs+Cpe)—Cac}’ 2(Cp+CpE)—Cpe ’
N
K30 = K21<2CBE Cac Ko = 2CeEKst4Ks —2K13—KynCpe

~ 2(Cp+Cpr)—Cpc’
3K4—2K,

2(Cp+Cpe)—Cpe ’
K7+K»3(2Cpe—Cpe)

Z(CB+CBE)—CBC ’
_ K3 +K24(2Cse—Cpc)
Kaz = 2(Cp+Cpe)—Cpe
_ 3Kg—2K¢
Kys = 2(Cp+Cpr)—Cpc’

2(Cp+Cpg)—Cpc

Kaa = 2(Cp+Cpe)—Cpe’
2C,
Ky = -

2(Cp+Cpg)—Cpe’
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2 K>—Ki0+K17Cpe —(Cp+Cpe—Cpe) (—Ki7+ K'c;? )
Ky = R1{2(Cp+Cpg)—Cpc} * 48 = 2(Cp+Cpg)—Cpe ’
K13CBE—(CB+CBE—CBC)(—K18+C%C) K { 1—- % (Cp+Cpe—Cpe) } —Ko— RRLIfI%Z
49 = 2(Cp+CpE)—Cpe ’ 50 = 2(Cp+CpE)—Cpe ’
2K3+ gL
K3—K11+K19Cpg—(Cp+Cpe—Cpc) | —Kio+ CBCC) (Co+Can—Cae)
Ks1 = 2(Cp+Cpe)—Che » K52 = RLCBC{Z(CBBfCBEB)C_CBC},
Kex — K6*K14+K20CBE*(CB‘FCBE*CBC)<7K20+2K(?+CK4> Ko, — Ka1(Co2Cae—Cpe)
53 2(Cp+Cpg)—Cpe ’ 54 2(Cp+Cpg)—Cpc
Kew — —Kia+Kn(14Cpr) B K4{1—§(CB+CBE—CBC)}—K12
55 = 2(Cp+Cpg)—Cpc 56 = 2(Cp+Cpg)—Cpe ’
K»3Cpe+(Cp+Cpe—Cpe) (Kaz— CI%C ) K24Cpe+(Cp+Cpe—Cpe) (Kag— CI;%SC )
5T= 2(Cp+CpE)—Cpe ’ Ksg = 2(Cp+Cpr)—Cpc ’
_ K7{1—§(CB+CBE—CBC)}—K15 _ Ks{l—ﬁ(CB+CBE—CBc)}—K16
59 — Z(CB+CBE)_CBC ) 60 — 2(CB+CBE)_CBC ’
Ko = 2(CB+C€£§)*CBC’ Koz = RL{Z(CBJréBE)*CBc}’
Ke3 = RL{2(CB+(1;BE)*CBC} {C_Cl + (CB+C§:C el }

5.2.2 Implementation of UKF

Representing (5.39)-(5.43) as state space model in terms of Kronecker product, we

have

dx(t) = Fx(t) + F?[x(t) @ x(t)] + F2u(r) + F*[x(r) @ u(r)] + F>dB(¢)
+FOlx(r) @ dB(1)] + F 'V, (5.44)

where ® denotes the Kronecker product. State vector x(z) is formed as :-

T
X(t)=[vE1(r) ve, (1) e, (1) velr) vo(t)] (5.45)

Ki7 Kig 0 K9 O

Kig Kg9 K50 Ks1 Ksp
Ky Ka9 K50 K51 K3 |




Ky Ky 0 K3 00 K,y 000 O O O 0

Ky Kypp 0 K31 00 K9 0O O O O O 0
F?= 1K Ki3 0 Kip 0 0 Kz9 0 0 0 Kys O Ky Kag |

Ks3 Kss 0 Ks; 0 0 Ksgy 0 0 O Keg O Ksg Ksg

| K53 Ksg 0 Ks7 0 0 K54 0 0 0 Kgg O Ksg Kso |
F3:[0 0 —YKss —YKe1 —7YKs1 }T1F4:0a

_0 -

0
F> = p10] =F6:0’F7:[0 0 Ky7 Ko Kgp Ts
p202
| p303 |

dB(t) = | dB\(t) dBy(t) dBs(r) dBa(t) dBs(t) }T.

Measurement model is :-
dz(t) = Hx(t) + 6,dCy

where

o

—_
- O O O

S o = O O
- o o o O

oS o O
o

In discrete time, (5.44) is represented as :-
Xpt] = FkIX/( +Fk2 [Xk ®Xk] + F,?llk + Fk4 [Xk ® llk] —|—F](SBk + Fk6 [Xk ®Bk] + Fk7Vcc

where
T

Xk:[VEl,k VE,k VB .k VCk VOk

65

(5.46)

(5.47)
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[ 1+TK;;  TiKi 0 T,Kig 0 |
I;Kys 1+ TiKye 0 T3K>7 0
Fl=gefew)=| TKs  TKw 1+TKss TKss LKy |,
TiKag TsK49 IKso 1+TTKs1  TiKsy
| TiKug TiKa9 TKs0 Ks; 1+ TiKe3 |
[ T.Kyy TKoy O TKy3 0 0 T,Ksy 000 0O 0O 0 0 |
T,Kys T,Kzp 0 T,Kzp 0 0 TtKyg O O O 0 0 0 0
Fl=|TKys TKis 0 TKpp 0 0 TK9 0 0 O TyKas O TyKay TiKas |
TIKs; TyKsg 0 TiKs; 0 0 TKsy 0 0 0 TiKes O TiKse TiKsg
| K53 TiKsg 0 TyiKs; 0 O T,KS4 0 0 0 Ko O TiKse TiKsg |
Fk3:[0 0 —VIKsys —YIKe1 —YT:Ke ]Tst4:0’
) ;
0
K= T,p10) FE =0,
Isp207
Isp303 |

T
FIZ:[O 0 TiKy7 TKer TiKer ] ;

T
By = Zo(x,w)=|0 0 TKis TKei TSK‘“} '

where T; is the sampling time. The measurement model is :-

where ~ .
1 00 0O
01000
d

H :—h et
k %, (Xg, ug) 00100
00 01O
_O 0 0O 1_

5.2.3 Simulation Results

For PSPICE simulations, we used NPN DA transistor (Q2N2222). The derived

equations (5.47) and (5.48) have been implemented in MATLAB software. For simulation,



following values have been used :-

R| = 22KQ, R> = 5KQ,
Rc = 1KQ, Re =0.1KQ,
R =10Q, Cc = 22UF,
Cp = 22UF, Cg = 11uF,
g=1x10"", k=1.38x10"%,
T = 300k, Ig=411x10"1,
Isg =1.8x 10715, Isc =0,
Ne = 4.064, Ng =343
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Cpe = 8.83 x 10713, Cpo = 5.46 x 10713,

Ny=1, N, =1,
By = 416.64, B, =0.711,
B =2, Vee = 20.

We estimated the output voltage of EKF, IEKF and UKF methods for the sinusoidal
input signal with a maximum amplitude of 1 mV and frequency 1 KHz. The white
Gaussian noise of zero mean and different variances have been used for estimation
purposes. The output voltages of amplifier circuit have been estimated using EKF,
IEKF and UKF methods for different noisy inputs as shown in Figure 5.4. Tables 5.3
and 5.4 show the comparison of SNR (dB) and RMSE for ampilifier circuit using EKF,
IEKF and UKF methods. Tables 5.5, 5.6 and 5.7 show the computational complexity
of EKF, IEKF and UKF methods respectively for a single iteration. It shows that UKF
method has less complexity than EKF and IEKF methods. We use the following

dimensions for various parameters :-
xi € RV F € R g, € RPP 3 € R, Cy o € R Hy € R and 7, € R,

The identification of the parameters for covariance matrices Cy, x and C, x are impor-
tant aspect of a good estimation. But, due to the complexity in choosing the optimum
value of Cy and C,, many methods have been proposed in literature. We used
typical trial and error method [102]. The advantage of using this method is that it is
simple to be accomplished. Table 5.8 shows different Cy, ; and C, ; values with their
corresponding MSE value obtained by trial and error method. We used covariances of
system noise Cy, x = diag [0.001,0.001,0.001,0.001,0.001] and covariance of measurement
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Figure 5.4: a) Input sinusoidal voltage. Comparison of output voltage estimation of DA using
EKF, IEKF and UKF methods for noisy input with b) £ =0, 6> =0.1,¢) u =0, 62 =0.5, d)
u=0,c%=1.0.

noise Cyx = 0.1 which corresponds to minimum MSE.

5.2.4 Conclusions

The voltage estimation of a DA using UKF method is presented in this chapter, and
the results have been compared with EKF and IEKF methods. Simulation results
using UKF method show the better closeness of estimated output voltage with actual
simulated values as compared to the EKF and IEKF methods. UKF method presents
a smaller MSE value as compared to EKF and IEKF methods as UKF method is

accurate to the third order for any nonlinearity.



Table 5.3: Comparison of SNR (dB) of DA for different methods.
S.No. Noisy signal with  Input Frequency EKF IEKF UKF

Gaussian noise (Hz) method method method
1 u =0, c2=0.1 20 101.600 103.250 116.140
200 101.620 103.750 116.409
2000 101.645 104.125 116.456
2 u=0,0>=0.5 20 87.851 90.460 106.960
200 87.832 90.490 107.060
2000 88.150 92.460 107.960
3 u=0,06>=1.0 20 83.021 85.250 98.120
200 84.350 85.500 98.512
2000 84.990 86.250 99.120

Table 5.4: RMSE of output voltage estimation using EKF, IEKF and UKF methods.

S.No. Noisy signal Input Frequency EKF IEKF  UKF
with Gaussian noise (Hz) method method method

1 u=20 20 0.610 0.561 0.390

02=0.1 200 0.620 0.570 0.399

2000 0.635 0.579 0.401

2 u=20 20 0.640 0.592 0.410

62=0.5 200 0.645 0.599 0.421

2000 0.652 0.605 0.429

3 u=20 20 0.672 0.608 0.422

c2=1.0 200 0.679  0.618  0.452

2000 0.690 0.650 0.459

Table 5.5: Computational complexity for EKF method.

Equation number Number of multiplication
(1.13) n>+np
(1.14) 2n3
(1.16) 2n°d + 3nd?
(1.17) 2n%d
(1.18) n*d + 2n’
Total no. of multiplication | 4n® +n? 4 5n%d + 3nd?* +np ~ O(4n?)
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Table 5.6: Computational complexity for IEKF method.

Equation number Number of multiplication
(1.13) n>+np
(1.14) 2n?
(1.23) 2n%d 4 3nd?
(1.24) 5nd? +2d?
(1.25) n*d +2n3
Total no. of multiplication | 4n® +n? + 3n%d + 3nd* +2d> + 5nd +np ~ O(4n?)

Table 5.7: Computational complexity for UKF method.

Equation number Number of multiplication
(1.30) n*+np
(1.32) 4n?
(1.33) 4nd
(1.34) nd
(1.36) 4d?
(1.37) nd?
(1.38) 2nd
(1.39) n*d + nd®
Total no. of multiplication | 5n* +n?d + 2nd? +4d* + Tnd + np =~ O(5n?)

Table 5.8: Comparison of MSE with different values of C,,; and C,; using trial and error
method.

S.No. Values of Cy, ; and Cy MSE | Remarks
1. Cui= le ®and Cyir= le 2] 17.156 Very poor
Cyi= le 7 and Cyr=1le 3122.876 Very poor
1
1

Cwi=1le*and Cyy=1e ! |3.9870 | Poor
Cwi=1le?and Cyp=1e72| 03648 | Good
Cywi=le?and Cyy=le™! | 0.2438 | Very Good

et




Chapter 6

State Estimation and Parameter

Estimation of Transmission Line

This Chapter ! presents the implementation of KF (Chapter 1.4.1), EKF and UKF
methods on NTL for state and parameter estimation. For this, state-space model of
the NTL circuit has been derived. As Telegrapher’s equations used for modeling the
NTL are a function of space and time, the Fourier series expansion of the voltage and
current have been used to obtain the time-dependent equations. Further, Kronecker
product has been used for representation of Fourier unitary transform. The measure-
ments have been obtained by solving the eigenvector problem. The frequency-domain
analysis is used to obtain the state-space equations. For this, the four distributed

parameters of the line are expanded in Fourier series.

Till now versions of KF method have been implemented on lumped circuits. Now,

these algorithms are implemented on distributed circuits.

Major contribution of this work is :- (i) state space model for NTL has been obtained
by including Fourier series expansion of state and Gaussian noise vectors in the SDE,
(i) Clarke transformation matrix has been utilized for phase to sequence transformation

which allows to represent the three-phase transmission line into fully transposed

IThe result of this chapter is based on the following research papers (i) Amit Kumar Gautam, Sudipta
Majumdar and Harish Parthasarathy, “State and parameter estimation of non-uniform transmission line using
Kronecker product based modeling,” IEEE Transactions on Power Delivery, ISSN no.1937-4208, 2022.(ii) Amit
Kumar Gautam and Sudipta Majumdar, “Application of stochastic filter to three-phase nonuniform transmission
lines,” International Journal of Electronics, ISSN no. 1362-3060, 2023.
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transmission line, (iii) measurement model for current and voltage vectors at a finite
set of spatial points along the line is expressed in terms of the spatial Fourier series
coefficients. Also, the frequency domain analysis is used to obtain the eigenvalue
and eigenvector for measurement model, (iv) The voltage and current of NTL are
expanded in Fourier series to obtain the sparse matrix formulation using Kronecker
product. Kronecker product represention of discrete unitary transforms results in
computer efficient implementation. (v) This work implements the analysis of non-
linearity effect in transmission line using perturbation theory. For this, the nonlinearity
of the transmission line is included by perturbing the voltage and current of the line.
(vi) Finally, KF, EKF and UKF algorithms have been used for state and parameter
estimation respectively which requires the measurement model. The measurement
model involves the current and voltage Fourier series coefficients. The measurements

have been obtained by forming the eigenvalue problem.

In literature, various methods have been proposed for state estimation of power
system. In [103], Ghiasi et al. proposed one node method for voltage and current
estimation at the intermediate points of a lossy transmission line. It uses the Bergeron
model of a transmission line. This method has the advantage of using parameters at
one end of the transmission line which needs less computation time, less input data,
and less memory than other methods. In [104], Fan et al. used an ensemble KF
for fault location on transmission lines. The advantage of this method is its easy
implementation. Also, the foreknowledge of fault type or fault location is not required.
In [105], Rakpenthai et al. presented a nonlinear optimization based weighted least
squares method that uses constrained nonlinear optimization. The method uses
the bus voltage phasors and temperature of transmission line conductor for state
estimation purpose. In [106], Malhara et al. proposed a least squares based state
estimation for transmission line using various parameters to prevent malicious attacks.
In [107], Liu et al. used dynamic state estimation for protection of series compensated
transmission lines. The method used the dynamic model of protection zone. It
has the advantage of faster detection of internal faults as compared to the legacy
protection function. In [108], a least squares based state estimation of transmission
line equation is proposed to estimate the conductor sag levels to generate the warning
signal. In [109], Liu et al. proposed protection of mutually coupled transmission lines
that uses dynamic state estimation based protection (EBP) algorithm and performed

numerical experiments on various scenarios. In [110], Liu et al. proposed dynamic
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state estimation for fault location of transmission line that works on the sample values

and uses the dynamic model. The method provides the higher accuracy than traditional
methods. In [111], Liu et al. proposed the fault location of non-homogeneous trans-

mission line using state estimation. The unconstraint weighted least square method is

used for estimation by formulating the method of the non-homogeneous transmission

line with fault. In [112], Yang et al. used unscented information filtering (UIF) method

for state estimation of power networks. As the UIF is a nonlinear state estimation

method, it achieves better accuracy than centralized UIF, maximum a posteriori (MAP)

and the local UIF estimator. In[113], Li et al. proposed fully distributed state estimation
using weighted least square method and graph theory for estimation of power system.

The method has better performance than the traditional methods. In [114], Mohammed
et al. used a modified reiterated Kalman filter for state estimation of power system

that can handle the lost and delayed measurements. In [115], Alhelou et al. used

dynamic state estimation for decentralized load frequency control. The method has

the advantage of high accuracy, efficiency and easy implementation.

In[116], Dobakhshari et al. proposed closed-form and non-iterative solution for Super-

visory Control And Data Acquisition (SCADA) based state estimation. The method

has the advantage of fast implementation and low computation burden.

Various methods have been used in the literature for parameter estimation of trans-
mission lines. Ritzmann et al. [117] proposed the impedance estimation method for
transmission lines by assuming linearly changing parameters for short periods. The
method presents better accuracy as compared to other methods. [118] presented
a technique for estimation of electrical parameter of transmission line. The method
uses synchronized sampled data. This method has the ability to obtain the steady
state values of voltage and current of the transmission line as a function of time and
line logic. Also, it has the ability to overcome practical obstacles during estimation.
Tolic et al. [119] presented a method for determining the transmission losses in which,
probability density estimation is done using the nonlinear least squares method. Yang
et al. [120] proposed a method for conditional failure rate of transmission line. In
[121], Asprou et al. proposed a method to estimate the erroneous transmission line
parameters that are stored in database of power system control centre. The main
advantage is that it needs only one phasor measurement units. In [122], Wang
et al. presented least squares estimation based single line parameters estimation

method to estimate the actual transmission line parameters. The method presents
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very small estimation errors. In [123], Sima et al. proposed an analytic method
for estimating the lightning performance of transmission lines. This takes smaller
computation time as compared to the traditional method. In [124], Sivanagaraju et al.
proposed transmission line parameter estimation using hybrid measurements from
phasor measurements and used for differential protection of the transmission lines.
In [125], Halligan et al. presented a method to estimate the maximum crosstalk
in transmission line. In [126], Ren et al. used state estimation and parameters
tracking iteratively along with static parameter estimation to estimate the parameters
of overhead transmission lines. The method is able to track the transmission line
parameter for different conditions. They used state and parameter estimation of three-
phase untransposed transmission line. For this, they used weighted-least-square
(WLS) method for static state estimation and KF method for parameter estimation.
We used KF and EKF for state and parameter estimation of single-phase transmission

line.

The State space model of NTL circuit has been derived in Section 6.1.1. Section
6.1.2 describes the frequency domain analysis of NTL to obtain a measurement
vector. Section 6.1.3 presents state and parameter estimation for transmission line
circuit. Simulation results are presented in Section 6.1.4. Section 6.2.1 presents the
mathematical modeling of three phase NTL circuit. Section 6.2.2 describes modeling
of transposed and untransposed NTL. the frequency domain analysis of the parameter
estimation of three-phase NTL is presented in section 6.2.3. Section 6.2.4 includes
state and parameter estimation of NTL circuit. Section 6.2.5 presents simulation

results.

6.1 State Estimation and Parameter Estimation of Single-

Phase nonuniform Transmission Line

6.1.1 State Space Model

This section presents the state space analysis of NTL. An equivalent circuit of a
transmission line has been shown in Figure 6.1. The four fundamental parameters of
the nonuniform distribution line are namely, resistance R(z), inductance L(z), capaci-
tance C(z) and conductance G(z) per unit length d. The line voltage v(z,z) and line

current i(z,z) at any point on the NTL is represented by both space and time dependent
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R(z)
T | ]
v(z) Clz) = gG(Z) Z;
z z+Az

Figure 6.1: Circuit diagram of a nonuniform transmission line.

partial differential equations (Telegrapher’s equation) as :-

dizv(t,z) +R(2)i(t,z) +L(z)%i(r,z} =wy(t,2) 6.1)
dizi(t,z) +G)v(t,2) +C(z)%v(t,z) — wilt,2) 6.2)

where R(z) =R(z]0), L(z) = L(z|0), C(z) =C(z|0) and G(z) = G(z|0) are NTL parameters.

They can be assumed as :-

RE) = R(6) = 3. 0lnlR(o) ©3)
L(2) = L(z0) :mée[m””’(z) 64)
C(z) = C(2]0) = f 0 m|Cin(z (6.5)
G(z) = G(z]0) = Z] 6[m (6.6)

wy(t,z) and w;(z,z) are zero mean exponential correlation process. Also, consider the

voltage v(z,z), current i(z,z), wy(t,z) and w;(t,z) vectors of transmission line in terms of
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spatial Fourier series as :-

v(t,2) =Y valt)exp (j ZZ”Z) 6.7)
i(1,2) = Y in(t)exp (j 22’”) 6.8)
wy(t,2) = Y wya(t)exp (j 2;””’) (6.9)
wit,2) = Y win(t)exp <j 2;””) (6.10)

where d is the total length of the transmission line. v, (z), iy(), wy,(r) and w;,(z) are
the Fourier coefficients with respect to time . (6.7)-(6.10) can also be expressed in

their matrix form as :-

V(z) = ;v(n) Wy'™ (6.11)
I(z) = ;i(n) Wy (6.12)
W, (z) = ;wm W' (6.13)
Wi(z) = §wi<n> W™ (6.14)

where V(z),1(z), W,(z), W;(z) are N point DFT at k=0, ..., (N — 1). Weight matrix (Wy)
is simply defined as :-

W% W% W,ZV Vl/v?\,l

, wh owlh o owio. wh-
Wy=eN=| " "7 7 - (6.15)

Wl wi-t wa-t o wh

This Weight matrix (Wy) can be represented by sparse matrix factorization using
Kronecker product [127] as :-

Wy = {B}N/2® Wy, W, =1 (6.16)

where N is a power of two, and {B}N/2 has N/2 matrices in the set, with the i matrix

i=0to (N/2—1) given by
[11], otherwise



For example, if we choose N = 8, then Wy can be expressed as:-

and W, = I, [} !

{5} o {a}, oW

L (1]

1 j H_l} ,{B}Zz

1

]

', ]. Therfore, (6.11)-(6.14) are rearranged as:-

=Xl x {8}, O W

= Yin) » {B}N/2 @ Wy
7) = ;wv(n) x {B}N/2 © Wy
Wi(z) = ;wi(n) x {B}N/Z © Wy,

ol
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(6.17)

(6.18)

(6.19)

(6.20)

6.21)

From (6.3)-(6.6), the value of R,,(z), Liu(z), Cn(z) and G,,(z) can be expressed in terms

of spatial Fourier series in z with period d as:-

27
ZRm[nexp / dnz

2
O R

j2

ZC ] exp( =

j27nz
d

a&

A\l
N—— ——

N—

Gn(z) = nlexp (

(6.22)

(6.23)

(6.24)

(6.25)
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where the cofficients Ry, [n], Li[n], C[n] and G,,[n] are represented in finite form. (6.26)-

(6.29) are truncated their Fourier series fromm=1tom=P as :-

I
M~

Ri0) = Rlr) = Y. 0l (6.26)
L) =Ll = 3. Ol (627)
Cln|6] = Cln] = mi 0 [m|Cy[n] (6.28)
Gln6] = Gl = Y O1lGyln (©29)

S
Tl

Substituting (6.3)-(6.10) along with (6.22)-(6.29) into (6.1)-(6.2) and equating both sides

coefficients, we have

¥ Rln—m6in (1) + ¥ Lin - mleli 1) + ]zgnvn(t):wv,n(t) (6.30)

Jj2mn

ZGn m| 0] vy, (t +ZCn m|0]v ()—|— 7

in(t) =win(t) (6.31)

where i,,(1) = Li, (1) and v,,,(t) = Lvu(t). va(t), in(t), wya(t) and wi,(t) are defined in

their Fourier series vectors of samples size 2N +1 as :-

((vy0)) ", = v 62
((’Xn) U>>)j =i() (6.33)
(v ®)) ", =0 634)
((W@n) (1 )> ) j = W;(r) (6.35)
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Also, the line parameters are expressed in terms of Fourier series matrices as follows

p
((R[n _ m|9]) ) O m; 0[] Ry (6.36)
4
((t=mie)) .., = LO)= Y. ofmiL, (6.37)
p
((C[n—m|9]>>_N§nl<N = C(0) :n;e[m]cm (6.38)
p
((G[n _ m\e]) ) - OF mz_,l 0[] G (6.39)
where
R = <<R[n B l]> ) —N<n<N’ Ln= ((L[n N l]) ) —N<nI<N
Cn = ((C[n B ”) ) _N<nJ<N’ G = <<G[n N l]> ) _N<nI<N
Substituting (6.32)-(6.35) along with (6.36)-(6.39) into (6.30)-(6.31), we get
R[6)i(r) + L[O)i (1) + jDV(t) = W, (¢) (6.40)
G[6)v(t) + C[O|V (1) + jDi(t) = w;(r) (6.41)

where D = diag[2Z"; —N < n < N]. Rearranging (6.40)-(6.41) to find their state space

model, we get

a vl
dt i(r) N

where state vector matrix denoted by &(r) is represented as :-

clo]-'Gle] D
jD L[6]~'R[6]

i(7)

[‘.’(t)] =&(1) = Er(t) +j&,(1) (6.43)

Here, £x(¢) and &,(r) denote real and imaginary terms respectively.
State transition matrix F(6) obtained from (6.42) is defined in real and imaginary



80

terms as :-
clo]"! Gl6 i D
_|clerGlel — F(0)+ jFi(0) (6.44)
jD L[6]~"' R[6]
Also, processes noise matrix is
cielt o
6] = Pr(60)+j P;(0) (6.45)
0 Lo]!
w; (1) .
] = W(t) = Wg(t) + jw,(t) (6.46)
w, (1)

Substituting (6.43)-(6.46) into (6.42), the line equation is

(ER()+JE1(1) = (FR(0) +j F1(6))(Ex(t) + JE,(1)) + ( Pr(8) + j P1(0))(Wr(r) + jWi (1))
(6.47)

Seperating into real and imaginary parts, we get

Ex(t) = Fr(0)Ex(t) = F1(0)&,(1) + Pr(8)W(r) — Pi(0)wi (1) (6.48)

&) = Fr(0)5,(1)+ Fi(0)Gg(1)+ Pr(6)Wi(r)+ Pr(6)Wg(7) (6.49)
Rearranging into matrix notation, we get

Wr(1)

w;(t)

d [&:0
30

Frl6] — Fi[6]] |S&(1) N Pr[6] — Pi6]
Fi[6] Fg[6] | |&;(t) P:[6]  Pg[6]

] (6.50)

where %Q(I) = €g(;) 1he parameter vector to be estimated must are added in (6.43) to

obtain the augmented matrix as :-

1) = [40).8,00.00). ©5)

Therefore, the combined augmented state space model is :-

p Sr(?) Fr[6] — Fi[6] 0 |E(r) Pr[6] — P[6] 0 |wg(r)
o |&i@) | = | Fil6]  Fgl6] 0| | &) |+ | Pi6] Pr[6] O |wi(r)| (6:52)
6(r) 0 0 I |e@) 0 0 1| | e
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where [ is the unitary matix of sample size 2N + 1. For EKF implementation in (6.52),
we must calculate the Jacobian matrix. Therefore, we differentiate Fr(0), Fi(6),
Pr(0), P;(0) w.rt. 6. These expressions are derived as follows :-

d 4 C[e]~! G[6] 0

. _ d6(m)
dG(m)( Fa()+7 Fi(6) 0 7o LI6]~" R[] (9
_ 4 clo1" Glo] = — clo] ' —— clo] clo]" Glo]+ Clo]'—— G[o] (6.54)
de(m) d6(m) d6(m) '
=—clo]"' ¢, clo]"! Gle]+ Clo] ! G, (6.55)
similarly,
o1 Rio] = — Ljo]'—%— Lje] L[6] ! R6]+ Lio]'—— R[6] (6.56)
d6(m) do(m) do(m) ’
=—L[6]"'L, L6] " Rl6]+ L[6] ' R, (6.57)
Considering the equations of the form
dE(t)=F(t,E(t),0(t))dt + G(t,E(t),0(t))dB(r) (6.58)
do(r) = degy (6.59)
and the measurement equation is of the form
dz(t) = h(t,E(1))dt +dv(t) (6.60)

In fact, the state equations are linear in £(¢) and hence can be expressed as :-

dE(1) = F(1,0(1)E(t)dt + G(1,0(1))dB(t) (6.61)
do(t) = deg (6.62)

and the measurement equations are also linear in £(¢) and hence can be expressed
as -
dz(t) = HE(t)dr+dv(r) (6.63)
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Equivalently, in the discretized form,

én—i—l =(I1+A Fn(en))§n+ G.(0,)W, 41 (6.64)
Gn-‘rl = 9n"‘gn—i-l (6.65)

Thus if the parameter 6,, = 6 are known, we would require a simple KF to estimate

the state as :-

A

Snjn = E(S ]2k, k <n) (6.67)

§n+1|n = E(énJrl‘zkak < I’l) (6.68)

If however, 0 is unknown, then we must use the EKF in the following form :-

$n+l\n _ ( I+A Fn(én|n)én|n (6.69)
én—0—1|n_ i én|n
én n - -sn n £
. IR I - i Kyi1(Zup1— HS, ) (6.70)
9n+1|n+1_ _9n+1|n
P, i,= AP,, A"+ G,(6,,)0 G.(6,,)" (6.71)
Poiijns1 = (I =Ky 1 H)Ppyy1)n (1 - Kn+1H)T—|—Kn+1RVK,{+1 (6.72)
where
Kui1= Py, H(By+ HP, ), H')™! (6.73)
I;+AFu(0,,) AF,(0,,)(12¢&,
A | Lt AFuBu,) AFL(B,)(19E,,) 670
0 Ip

The use of state estimation for measurement techniques in real system is as follows
.- Suppose a transmission line is not operating satisfactorily owing to noise. For
example, it may cause the voltage supply coming from the mains to fluctuate a great
deal. Then we require to introduce control terms along the line. Since we do not
have direct access to the line voltage/current but only to its real EKF estimate, we can
design a feedback controller that computes the error between the desired state éd(t)
(i.e. the desire line voltage and current with & (7)) and its true EKF estimate &(¢) into
the line dynamics. Such a feedback control will result in modified state dynamics of
the form

dE(1) = F(1,0(1))E(t)dr + G(1,0(1))dB(1) + Ko(€ () — (1)) (6.75)
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or equivalently in the discrete-time domain, we have :-

Epit = (1+AF(0)E,+ Gu(0,) Wyt + Ke(n) (€, — &) (6.76)

The feedback control coefficient K.(n) is adaptively or on a block processing basis
controller to minimize E[|& 4,4 1) — &1 2. For example, the noiseless dynamics of &,
is éd nt1) = (I+AF,(6))S 4, and hence,

Eatnet) — Enp1 = I+ AFu(0))(E gy — &) = Gu(O)Wst — Ke(n)(E gy — ) (677)

where

Eitnrt = I+ AF(0))E,, + K(n+ 1)(HE, | + Va1 —HI+AF,(0))E,,)  (6.78)

= (I4+AF,(0))€,,,+ K(n+ 1) (H((I+AF,(8))&,,+ Gu(0)W, 1.1 + Vi1
—H(I+AF,(6 ))3 ») (6.79)
= (I4+AF,(0))8,,,+ K(n+ 1)H(I+ AF,,(0))(E, — &,1,)
+Kn+1)G,(0)W, 1+ K(n+1)V,4 (6.80)

Thus

Eatnit) = Eniaprt = U+ AFu(0))(E gy — &) — K(n+ ) H(I+AF,(0))(E, — 1)
—K(n+1)Gu(0)Wpy1 — K(n+ 1)V, (6.81)

From these two coupled linear stochastic difference equations (Chapter 1.6) for the

two kind of error, trajectory tracker error (§,, — &,) and state estimation error (§,, —

€,1,), We can in principle compute ¥, E||(€,, — &,)|* and ¥, E[/(€,, — &,,)II* and
choose the feedback controller coefficient K.(n) to minimize some weighted combination

in these two error energies.

The measurement model consists of measuring the line voltage and current at the

spatial points zy,...,z». SO that this model becomes

dg,,(t) =v(t,zn)dt +dwy(t), n=12,...m (6.82)
d&;,(t) = i(t,zn)dt +dwin(t), n=12,...m (6.83)

Now noting that v(¢,z,) and i(¢,z,) can be expressed as linear combinations of the
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Fourier series components of the line voltage and current, i.e.
v(t,zy) = Zvn(t)exp(ﬂn'nzn/d), n=12..m (6.84)
n

i(t,zy) = Zin(t)exp(ﬂ?rnzn/d), n=12,...m (6.85)

We can separate this into real and imaginary components and then express the

measurement model in vector form as :-
dz(t) = (H\Egp(t) + HLE,(2))dt +v(t) = HN (t)dt + dv(z) (6.86)
where z(t) = [§,;(1),--,&,,u (1), &1 (1), ...éji7m(t)]T is a 2m x 1 real vector.
H =[H,.H,,0] (6.87)

where the non-zero matrix elements of H, H, are cos(2rn§, /d),sin(2nné,/d). Recall
that n(¢) is the extended state vector [E(¢)T,&,(t)T,0(¢)T]T with &(¢) being built out
of the real parts of the Fourier series components v,(z),i,(t) of the line voltage and

current and &,(¢) being built out of their imaginary parts.

6.1.2 Modeling of NTL using Frequency Domain Analysis

The line voltage V(®,z) and current I(w,z) are the Fourier transform of v(z,z) and
current i(¢,z) and can be expanded into an infinite set of spatial harmonics [128] as

follows :-

V(0,2) = Y e 1@ 5V, (0) x e/27/4 (6.88)

[(0,7) = Ze‘ﬂ“’)z x I(@) x /2%/d (6.89)

where y(w) is propagation constant as :-

10) = VIR(0,2) + joL(0,2)] [G(0,2) + joC(0,z)] (6.90)
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(6.1)-(6.2) can be expressed in frequency domain using Fourier transform as :-

— V(0,9 = [RE) + oL )] 10,9 + Wi(0,2) 6.91)
- 10,0 = [6) + joCE)]V (0.9 + (0,2 (6.92)
where
2(2) = Z(216) = R(16) + JL(:|6) = ¥ Zu(0]8)e/
Z,(0]8) = Ro(6) + joLy (6). n
Similarly,

Y(2) = Y(2]6) = G(z|8) + joC(z]6) = ¥ Y, (|0)e/>™/4
Y, (0|6) = G,(8) + joCa(6).
Substituting the Fourier series expansion of the distributed parameters (6.3)-(6.6) along

with (6.88) and (6.89) into (6.91) and (6.92). By equating the coefficients of both sides,
we get -

(vt0)= 257 ) Vo(@) = L2, (016)1(0)  Was(o) (699
(y(a)) — szﬂ) L(w) = zk:Ynk(a)\e)Vk(a)) +Win(o) (6.94)

Here, V,(®), I,(®), Z, «(®|0) and Y,_;(®|0) are periodic with total samples 2N + 1.
Now, perturbation theory is implemented to voltage (V,(w)) and current (I,(w)) to
account the nonlinearity of the transmission line. Expanding the line voltage and
current by adding o as a perturbation parameter, we have :-

Vo(@) = V() + oV (0) + 62V (o) + ... (6.95)
L(o) =1"(0)+ oV (0)+ 21 (o) + ... (6.96)

where V,fo)(a)) and I,(,O)(w) are the line voltage and current with ¢ = 0 respectively, i.e.
linear terms, whereas GVn(l)(a)) and GI,(II)((D) respectively represent the perturbation

of voltage and current caused by non-linearity. Substituting (6.95) and (6.96) into (6.93)
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and (6.94) and equating the coefficients of ¢ and ¢! terms, we have

(Y(@)I - jD) VO (w) = Z(w]6) 1) (6.97)
(r(0)I - jD) 1°(w) = Y (0|6)V)(0) (6.98)

Now, the voltage and current Fourier series vectors and the line impedance and

admittance Fourier series matrices are defined as :-

o) = ((v( ))? (6.99)
o ((10))"
Z(0]0) = (( Z 1(000))) (6.101)
Y(0|6)= ((Yn_k(w|9)))+z 6.102)

(6.97) and (6.98) can further be organized in the form of a matrix eigenvalue problem
for the propagation constant y(w) (eigenvalue) and voltage-current Fourier series
vector (eigenvector) which is used as measurement vector during the estimation pro-

cess in KF and EKF method. In matrix form, these equations can be written as :-

iD—vw) Z(lo) | . V) | (6.103)
Y(w|6) jD—y(o) I()

For simulations, measurements have been done using (6.103).

6.1.3 State and Parameter Estimation for Transmission Line Circuit

To implement the state estimation technique for NTL, the state-space model in (6.42)
needs to be discretized. The first-order exponential method is used to discretize the
model. The discrete model of the NTL is given in (6.104) and (6.105).

X1 = F,x,+ B,u,+ G,w, (6.104)
z,—H)X,+v, (6.105)
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where
-l—TsCG*IGG —jT.D T
Fo— 6]~ G[6] J | n_[l,l} |
—jT,D 1-T,L[6]"'R[6)]
-C 0]! 0 1 0
Gn - [ ] aHl’l ==
0 Lo]~! 0 1

T
X,, denote the state vector as x, = [ Vi, I, ] . Here u, is the input vector. w, and v,
are zero mean Gaussian noise in the state vector with covariance matrix Q, and in

the measurement vector with covariance matrix R,, respectively. The state model is

written as :-
Voyi|  |1-T:C[6]7' G[6] —jT,D vV, N ciel ! o Wi,
In+l _]TSD 1 - TSL[Q]ilR[Q] In 0 L[Q]il Wv.,n
(6.106)
[ 10 \/ Vv
z, = G I R (6.107)
01 In Vo,

where T is the sampling time. vy, and v,, are the measurement vector of line voltage
and line current respectively. As the equation (6.106) is a linear estimation problem,
KF has been used to estimate line voltage and line current. A fourth-order parameter
vector 8, = [R,, Ly, C,, G,) is defined for parameter identification. The parameters

to be estimated must are added in (6.106) to obtain the augmented matrix as :-
x =[x, or]" (6.108)
The augmented state model is :-

X, = F;xi+Bu,+G,w; (6.109)

z, = H;x¢ 4 v (6.110)
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where
a r ) r
xn: [ VnalnanaLnaCmGn ] ’Bn: [ 17170707050 ] ?
col™" o0 0000
. 0 LO"'0000 , wl
G, = 0 0 0000]|,Ws=
0 0 0000 w?
0 0 0000 0
0 0 0000

Now, F% is nonlinear function of x,, and 6,,. Therefore, EKF can be used to linearize

F,, matrix using Jacobian transform as :-

Fé= | @ d% d6y d6, dby db, (6.111)

1+7;(C[6] ' G, —C[6]~' C,.C[6] ' G[6)) 0 0000
0 1+T(L[6] 'R, —L[6] 'L, L[0]"'R[6]) 0 0 0 0
F = 8 8 (1)(1)88 (6.112)
0 0 0010
0 0 0001
1 00 00O
= (6.113)
01 0000O0
vi=[vi vi]" 6.114)

6.1.4 Simulation Results

MATLAB software has been used for simulation of derived equations. As compared
to the other line losses, the power loss insulation resistance is small, so conductance
G can be neglected. The objective is to estimate line resistance R, reactance X and
susceptance B based on measurements up to time n. The per unit (p.u.) parameters
values used for simulations are: Ry = 1.92 Q/Km, Xy = 39.168 Q/Km, By = 1.65 x
1073S/Km and d = 1000. The line voltage of NTL is estimated using KF and RLS [129]
methods (Chapter 1.9) for a 500 kV, 50 Hz transmission line. The white Gaussian
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Figure 6.2: Voltage estimation using KF and RLS methods with Gaussian noise input, (a) =0,

02 =0.1, (b) u=0, 6> =0.5.

Table 6.1: Comparison of RMSE for R,X,B using RLS and EKF methods.

S. Gaussian noise ~ Parameter =~ RMSE using RMSE using
No. atinput source RLS method EKF method
1 u=0 R(Q) 0.5730 0.3775
62=0.0 X(Q) 0.6108 0.3803
B(S) 0.5898 0.3780
2 u=0 R(Q) 0.6031 0.3853
0?2 =0.01 X(Q) 0.6347 0.3920
B(S) 0.5970 0.3849
3 u=0 R(Q) 0.6155 0.3902
02=0.1 X(Q) 0.6778 0.4052
B(S) 0.6678 0.4602
4 u=0 R () 0.7166 0.4287
62=05 X(Q) 0.7058 0.4135
B (S) 0.7785 0.5091

noise of zero mean and different variances have been used for estimation.

The

process noise and measurement noise used are white Gaussian noise with zero
mean and variances 0.001 and 0.1 respectively. The line voltages of NTL circuit

have been estimated using KF and RLS methods for different noisy inputs are shown

in Figure 6.2. Estimated values have been compared with theoretical value obtained
by solving the eigenvalue problem given in equation (6.103). Further, we estimate
the distributed parameters of the line. Figure 6.3 shows the estimation of different

parameters.

Remarks

1. True EKF is only a suboptimal estimator based on second order truncated Taylor
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Table 6.2: Comparison of standard deviation of parameter errors (0,) for R,X,B using RLS
and EKF methods.

S. Gaussian noise ~ Parameter 0O, using O, using
No. atinput source RLS method EKF method
1 u=0 R(Q) 0.832 0.177
62 =0.0 X(Q) 0.041 0.013
B(S) 0.788 0.178
2 u=0 R(Q) 1.102 0.255
02 =0.01 X(Q) 0.090 0.013
B(S) 0.990 0.250
3 u=0 R(Q) 1.201 0.356
62 =0.1 X(Q) 0.803 0.045
B(S) 1.102 0.530
4 u=0 R (@) 1.504 0.482
0>=05 X(Q) 1.995 0.090
B (S) 2.503 0.804

Table 6.3: Comparison of SNR (dB) and RMSE for line voltage (v) estimation using KF and
RLS methods.

Gaussian noise ~ SNR using  SNR using RMSE using RMSE using
at input source ~ KF method RLS method KF method RLS method

with =0

62=0 41.080 36.975 0.6831 0.7259
2=0.1 40.505 35.858 0.7239 0.9598
2=05 37.508 35.192 0.8712 1.0128

c2=1.0 33.877 32.687 0.9549 1.2139
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expression but when a very large number of random effects contribute to the
dynamics, for example, a very large number of Brownian motions in different
Fourier bins mode, then the signals by the central limit theorem are the approxi-
mately Gaussian and further, when the noise variance is small and the signals
are passed through nonlinearly then the output signals equal approximately non-

random quantity plus small Gaussian fluctuations i.e.
f(x(t)) < F(Ex(r) + 6x(¢)) ~ f(Ex(r)) + f'(Ex(t))Sx(r) (6.115)

So that f(x(r)) can be treated as being approximately Gaussian as the EKF
method represents a good approximation of the KF method which has good

convergence results.

. State and measurement model equations are:-

Xpi1 = F(X,) +Wopy X, € RIXI (6.116)
z,=h(x,)+v, (6.117)
Consider the EKF
Xyt 11 = X 1jn + Kn1(Znr1 — A1) (6.119)
= f()A(n\rJ + Kn+1(h<xn+1) - h()A(n—i-l\n) +Vn+1) (6.120)

= f(ﬁn\n) + Kot (h<)’\(n+l|n +en+l\n) - h()A(n+1|n) + Vn+1) (6.121)

= f(ﬁn\n) + KnJrl(h (xn+1|n)en+1\n +Vn+1) (6.122)
en+1\n =Xp+1— )A(n+1|n = f(xn) +Wyp1— f(ﬁn|n) (6.123)
So
€t 1jnt1 = Xnt1 — Knpjns1 (6.124)
= f(ﬁn|n + en|n> +W, 11— )A(n+1|n+1 (6125)

= fl<ﬁn\n)en|n TWpp1— KfH-l(hl(f(ﬁn|n))(fl(ﬁn|n)en|n +wn+1) —|—Vn+1)
(6.126)
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or

en+1|n—|—1 ~ f,(ﬁn\n) - Kn—H h/(f<ﬁn|n))f/<ﬁn|n)en|n
(1= Kot (F(Ryp)))Wos 1 — Ko 1V (6.127)

Suppose the nominal value of the state estimator X,,, is Xo and the error co-
variance matrices P, and P,, have converged to some constant values to

the K11 — Ko, Then the above recursion can be cast in the form (withe, =e,,))

e,1 ~ (I— Koh (f(%0))F (Xo)en + (I — Koh (f(%0)))Wys1 — KoVps1  (6.128)

It is clear that e, — 0 approximately if the maximum magnitude eigenvalue of
the matrix (I — Koh/(f(f(o)))f/(f(o) is smaller than unity. We have ensured this
during our simulations by taking nominal values of X,. The maximum magnitude
eigenvalue of a matrix A is also called its spectral radius and is given by p(A) =
lim,, ... ||A"||'/" < ||A|| where ||.|| denotes spectral norm. Hence, we can ensure
stability of the EKF by forcing ||(1— Koh/(f(f(o)))f/(f(o) || < 1. This can be achieved
by changing the Kalman gain matrix K slightly. This may equivalently be achiev-
ed by estimating the error e, (using a desire state) and giving a negative error
feedback (—K.e,) into the EKF method so that the dynamics of e,, becomes (in

the absence of noise):-

.1 = (I— Koh (f(%0))f (Xo)e, — K€, (6.129)
with the feedback control matrix K. being chosen so that p ((/— Koh'(f(f(o)))f' (Xo) —
K.) < 1. Further denoting

A= (I— Koh (f(%o))f (%) — K. (6.130)
B, = I—Koh (f(Xo)) (6.131)
B, — —K, (6.132)

We can write the estimation error evolution equation in the presence of noise as

€1 = Aen + Blwn—H + BZVn-H (6133)
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which gives to noise contribution to e, as

n—1
e, = Z Akl (B\Wy 1+ Byviiq) (6.134)
k=0

which has variance of

n—1
Ellle.2 = ¥ 7,/A"*"'(B, QBT + B,RB})A""
k=0

nk=)y (6.135)

which is bounded above by

n—1 1—1l1A 2n
CY. 1 18,GB] + BRBL|| —a | LA |18 @BT + BaREE |
k=0 -
(6.136)
are assuimg stablity so that ||A|| < 1, we get
d
: 2 < T T )

. Our estimation shows that the upper bound is very small as compared to ||)A(n|n||2

so that noise does not significantly affect the convergence.

. Inductance of the line is less prone to noise than the R, G values for the following

reason. The line equation in the frequency domain is

diZV(w,z) =—(R+ joL)l(w,z)+W,(®,z7) (6.138)

Owing to the factor of w in the numerator and w? in the denominator in the
expression for L, it is clear that if we operate at high frequencies, L will have a
smaller variance related to L?, as compared to that of R relative to R. Specially,

substituting for V'(®, z) is the expression for R, L gives

5 | XRe[l(®,z)((R+ joL)l(®,z) +E\(0,z))]
- Lli(@.2)P ] @1
B L |l(@,2)PRell(@,2)Ey(@,2)]
R Tl ] @10
. |XoIm{l(w,z)((R+ joL)(®,z)+E,(0,2))]
L‘[ L ol(0,2)] ] (O
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equivalently
Y Re[l(0,2)V (0,2)] = RY |[(0,2)[? (6.142)
and
Y olm{l(0,2)V (0.2)] =LY 0*|I(0,2)? (6.143)
s | LozRe[l(0,2)V (0,2)]
= | =2 6.144
Lo (@, ] (14
s Yo.0mI(0,2)V (0,2)]
b= [ Lo- 0@, ] (14
B Yolm[l(o,2)E,(®,z)]
=t [ Lo, ] (@140
So,
Var(R—R) ~ o,/ Y [I(®,z)* (6.147)
Var(L—L)~of /Y 0*(0,2)]? (6.148)
where E,(w,z) is white noise with
E[E,(0,2)Ey(0,2)] = 0,8,/ (6.149)
Thus, A .
Var(R—R) < Var(L—L) (6.150)

R? L?

when o varies over high frequencies for which wL > R.

6.1.5 Conclusions

In this chapter, KF and EKF methods have been applied for state and parameter
estimation of non-uniform transmission line. For this, stochastic based state
equations are derived using Telegrapher’s equation for transmission line. Measure-
ment equation is formed and measurements for estimation purpose have been
obtained by solving the eigenvalue problem. Sparse matrix factorization using
Kronecker product for Fourier unitary transform ease the mathematical implemen-
tation by providing compact representation. The state and parameters estimated
using KF and EKF methods have been compared with RLS method. As the

process noise and measurement noise are taken into account by KF and EKF



methods, they present better estimation than RLS method.

96
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Figure 6.4: Circuit diagram of a three-phase transmission line.

6.2 State Estimation and Parameter Estimation of Three-

Phase Transmission Line

6.2.1 Modeling of Three-Phase Transmission Line

A three-phase transmission line model is represented by a 3 x 3 matrix by assum-
ing that ground has zero potential. An equivalent circuit of three-phase NTL is
shown in Fig. 6.4. This circuit has been expressed in the form of differential
equations using partial derivatives of phase voltages and phase currents. Segment
x and x+ Ax are considered as sending-end and receiving-end terminal respectively.
va, Vb, Ve are the phase voltages and i, iy, i, are the phase current respectively.
Note that, phase voltage and current are the function of both time ¢ and distance

X. (6.151)-(6.156) are obtained by applying KCL in the circuit. They are :-
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J ; y ; : L
gva+La(x)za+Mab(x)zb—l—MaC(x)zc+Ra(x)za+Rg(x)(za+lb—l—lc):wva (6.151)

J ; ; ; : L
L + Lp(X)ip + Mpa(X)iy +Mpe(X)i. + Rp(X)ip + Ro(X) (ia +ip +ic) =wy, (6.152)

a / / /
35V + Le(X)ip 4+ Mea(X)iy +Mep(X)if + Re(X)ic + Ro(X) (i +ip +ic) = wy,  (6.153)

a / /! i ! i
—ig+Cy (X)Va +Cau (X) (va - vb) +Cac (X) (va - vc) + Gag (X)Va

ox

+ Gap(va — v+ Gae(X) (Vg — ve = w, (6.154)
2 iyt o)+ Cral) (% — v) o) — ) + Gig (X

4 G (%) (v = V) + Gpe (%) (v — ve) = wi, (6.155)
et ) CealX) (4, )+ Cop() (Vs —3) + Gig v

+ Gea(x) (Ve = Va) + Gep(X) (ve — Vi) = Wi, (6.156)

where symbol ’ represents the derivative w.rz. time ¢. R;(x), Lj(x) and Cj(x)
are resistance, self inductance and self capacitance of phase j respectively (V
j=a,b,c). Mjy(x) and Cj(x) are mutual inductance and mutual capacitance
between phase j and k respectively (V j,k = a,b,c). Assuming that the absolute
value of mutual inductance and mutual capacitance among phases a,b,c are
equal. Gj(x) denotes conductance among phases a,b,c and ground g. R(x)

denotes resistance of ground.

Representing the phase impedance (Z,.) and phase admittance (Y,.) of a

three-phase NTL as:-

Za Zab Zac Ba Bab Bac
Zape = Zab Zb Zbc 7Yabc = ] Bab Bb Bbc (6157)
Zac Zbc Zc Bac Bbc Bc

where the off-diagonal terms represent the mutual impedance among the phases
ab,ba,bc,cb,ac and ca. The phase impedance matrix (€/km) and admittance

matrix (Q~!/km) has the following form :-

Zij=R;+JjX; (6.158)

Y; = jB; (6.159)
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where j =a,b,c,ab,bc,ac. We neglect G; term because it has small impact on

the types of studies that use the model.

6.2.2 Modeling of Transposed/Untransposed Transmission Line

The model in the previous section can be used to represent either transposed or
untransposed TL. Positive sequence quantities are used to represent transposed
line. The phase quantities are converted into sequence quantities for this purpose.
A zero-sequence currents and voltages are expressed as :-

1
io = 3 (ia+ i +ic) (6.160)

1
vozg(va+vb+vc) (6.161)

Using (6.160)-(6.161) and (6.151)-(6.156) we obtain :-

8 / /
B + (La(x) — Map(x))iy + 3Map(X)ig + Ra(X)iq + 3Rg(X)ig = wy, (6.162)
) / /
L + (Lp(x) — Mpe(X))ig, + 3Mpe (X)ig + Rp (X)ip + 3Rg(X)ip = wy, (6.163)
%vc + (Le(X) — Mea(x))is 4 3Mea(x)ig + Re(X)ic + 3Rg (x)ig = wy, (6.164)

a i ! /
Eia +Ca (X)va + 3Cab(x) (Va - VO) + Gag(x)va + 3Gab(x) (Va - VO) =W

a ! ! /
gib +Cp (X)Vb + 3Cbc(x> (Vb - VO) + Gbg (X)Vb + 3Gab<x) (vb - V()) = Wi, (6.166)

%ic + Ce(X)Vy +3Cea(X) (V. — Vo) + Geg(X)Ve +3Gea(X) (ve —vo) = wi,  (6.167)

(6.165)

a

Voltages and currents in the equation (6.162)-(6.167) are the function of line
length x and time ¢, and their analysis is complicated due to presence of mutual
effects among phase conductors and ground. Linear transformation of three-
phase system into three independent single-phase circuit allows for removing
these mutual effects. In order to de-couple phase quantities, a suitable transfor-
mation called Clarke transformation [130] is used to convert the phase quantities
into sequence quantities. Clarke transformation matrix gives the relations between

phase values with index a,b,c and values with sequence index «, j3, 0.

faﬁO = T_lfabc (6.168)
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I 1 1
whereT=|1 & a |, a=exp(j3).
1 a a

(6.169)-(6.170) show the relationship between the phase voltages and currents
and the sequence voltages and currents respectively.

Vapo =T Vape (6.169)
Iugo =T 'Lup (6.170)
where
Va Iy v, I,
Vapo=| Vg |+ dapo= | 1Ig |+ Vae= | Vp |+ labe= | I
Vo Iy Ve I

(6.171)-(6.172) show the relationship between the phase impedance/admittance
matrix and the sequence impedance/ admittance matrix. The sequence impedance
matrix is not diagonal for untransposed TL. This means that the positive sequence
impedance depends on all three (positive, negative and zero) sequence components
which increase the computation complexity. The sequence impedance/admittance
matrix has the following form :-

Zopo =T ' ZupeT (6.171)
Yopo =T YapeT (6.172)

where:

Zo 0 O B, 0 O
ZocﬁO = 0 Zﬁ 0 7YOCB0 J 0 Bﬁ 0
0 0 Zy 0 0 By
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The following assumptions are taken for obtaining sequence quantities of trans-
posed NTL as :-

L=L,=L,=L.,,R=R,=R,=R.,C=C,=Cp, =C,,
G=Gu =Gy = Gb67Gg = Gag = Gbg = Gcg7
M =My, = Mae = Mpe = Mpg = Mep = Mg,

Cm = Lab — Cac - Cbc - Cba = Leb = Cca (6~173)

substituting (6.173), (6.169) and (6.170) into (6.162)-(6.167), we obtain the SDE
for NTL. They are :-

%vi + Li(x)i; + R(x)i; = wy, (6.174)
%iﬁ—C(x)v; + Gy (X)vi = wi, (6.175)

where i = «, 3,0. w,, and w;, are zero mean exponential correlation process. R;,
L;, C; and G; denote the positive sequence resistance, inductance, capacitance
and admittance respectively. These values are :-

Lo=L+2M, Ly =Lg =L—M, Cq = Cg = C+3Cpn, Ry =R+ 3Ry, Go = Gg =
3G + G,. Now, considering { is the parameters R,L,C,G as -

p

Gi(x) QX\G:Z m)im(x (6.176)

Representing v;, i;, wy, and w;, in terms of spatial Fourier series as :-

&= ;ii,n(t)exp (jZan) (6.177)

where £ denotes v,i,w,,w;. d is the total length of the transmission line.
Representing (6.177) in matrix form as :-

x) =Y &i(n) Wy™ (6.178)
N
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where &;(x) denotes N point DFT at n =0,...,(N —1). Weight matrix (Wy) is
simply defined as :-
wl, wy o wd .. W

Wy Wy Wy .. Wy

Wy = /27N — (6.179)

wl wi-t wav-t (Y

(6.179) can be represented by sparse matrix factorization using Kronecker product
[127] as:-

Wy = {B}N/2® Wy, W, =1 (6.180)

where N is a power of two, and {B}N/2 has N /2 matrices in the set, with the k"
matrix k =0 to (N/2— 1) given by

(
1 1
, k=1
|
B, - g
1 1 _
, otherwise
| 1 -1

Therefore, (6.178) is rearranged as :-

/

G0 = L&) < {Bf Wy, (6.181)

From (6.176), the value of {; ,,(x) can be expressed in terms of truncated Fourier
series as :-

p

((C"[”‘_m\e])) =Gi(6) =) 6[ml¢, (6.182)

—N<n, <N =1
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Substituting (6.176) along with (6.182) into (6.174)-(6.175) and equating both sides

coefficients, we have

RI6)ia(t) + La[0iq(t) + DVa(r) = Wy, (1) (6.183)
R[6lig (1) + Lg[ig(r) + jDV (1) = Wy, (1) (6.184)
Ry[0]io(r) + Lo[6]i (t)+jDv0(t) =W, (t) (6.185)
Ga[6]Va(t) + Caul0 ]va<t)+jDia(t) = Wi, (1) (6.186)
Gg[0]vp(r) + CglO]v (t) + jDig (1) = Wi, (1) (6.187)
Go[6]Vo(r) + Co[0]Vy(r) + jDio(r) = Wiy (1) (6.188)

where D = diag[#2";—N < n < N|. Rearranging (6.183)-(6.188) to find their state

space model, we get

2 &)= F(O)£(1) + P(OW() (6.189)

State transition matrix F(0) obtained from (6.189) is defined in real and imaginary

terms as :-

<9> —Fr(0) — jFi(0) =
[ C4'(6]Gal6] 0 0 jc5 61D 0 0
0 El[G]Gﬁ[G] 0 0 ]CEI[G]D 0
0 0 Cc'0]G4[6] 0 0 jclelp
jLg'(6D 0 0 ’ Ly [6]R[6)] 0 0 (6.190)
0 jLEl[G]D 0 0 LEL[B}R[G] 0
L 0 0 jLal[e]D 0 0 LJI[Q}RO[G]_

State vector matrix denoted by &(r) is represented as :-

E(0) = Enl0) + 7€) = [val0),vp (00,00, ia0)i5 1), i0(r)]| (6.191)
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Here, &, (¢) and &,(¢) denote real and imaginary terms respectively. Also, process

noise matrix is

[c, '] o 0 0 0 0 ]
0 clgl[e] 0 0 0 0
0 0 Cc'g] o0 0 0
— | o 0 0 Lj'le] 0 0
0 0 0 0 LEI[G] 0
| 0 0 0 0 0 Ly'[o] ]

Substituting (6.190)-(6.193) into (6.189), the line equation are :-

(Er(0)+ JE(1)) = (FR(8) + jF1(6))(Ex(t) + j&/(1))
+(Pr(0)+ jP1(0))(wr(t) + jwi(t))

The real and imaginary parts are :-

Er(t) = FR(0)ER(r) — F1(8)&,(1) + Pr(8)wr(r)
—Pi(0)w(2)

E1(t) = FR(O)E, (1) + F1(0)E (1) + Pr(8)wi 1)
+ P;(0)wg(t)

The combined augmented state space model is

Sr(t) Fg6] —Fi[6] 0] |Sg()
5 | S10) | = | Fil6]  Fgr[6] 0| | &)
0(r) 0 0 I |6

(6.192)

(6.193)

(6.194)

(6.195)

(6.196)

(6.197)
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where I is the unitary matrix of sample size 2N + 1. The measurement model is

A&, . (t) = vi(t,X,) 0t + 0wy, n(t), n=12,....m (6.198)
dE; ,(t) = ii(t,Xn)0t +Iw; u(t), n=12,...m (6.199)

where i = o, ,0. Now noting that v;(¢,x,) and i;(¢,x,) can be expressed as linear
combinations of the Fourier series components of the line voltage and current,
i.e.

vi(t,Xn) = Y vin(t)exp(j2nx/d), n=12,...m (6.200)
n

ii(1,%,) = Y iin(t)exp(j2mnx/d), n=1.2,...m (6.201)
n

When the measurement of Fourier component is not possible, then measurement
of the current and voltage vector at a finite set of spatial points along the line can
be used. Thus H gets modified. The measurement model in vector form is as

follows :-

0Z(t) =(HEx(t) + H2& (1))dt + 9V (t)
=Hn(t)dt+IV(r) (6.202)

where Z(1) = [§,. 1 (1),..,&,, (1), &, 1 (1),..&,. ,,(1)]" is @ 6m x 1 real vector.

H=[H,,...He,0] (6.203)
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6.2.3 Modeling of NTL using Frequency Domain Analysis

Expanding line voltage v; and line current i; in frequency domain using Fourier

transform as :-

0
—gva = [R(x|0) + jLy(x|0)] I +W,, (6.204)
0
axvﬁ = [R(x|6) + joLg(x]0)] Ig + Wiy, (6.205)
0
—gVo = [Ro(x]0) + joLo(x|0)] I+ W,, (6.206)
0
—g’a =[G (x]0)+ jwCqx(x|0)] Ve + W, (6.207)
0
—-Ip = (G (x|8) + joCs(x|6)] Vg + Wiy (6.208)
0
—gzo = [Go(x]0) + joC(x]6)] Vo + Wi, (6.209)
where
Zi(x) = Zi(x|0) = Ri(x|0) + joLi(x|6) Zz,n (0|60)e/27*/4
Zin(w|0) =Ri»(0)+ joL;,(0)
Similarly,

Yi(z) =Y(z|0) = Gi(z|0) + joCi(z|0) ZY,,, ®|0)e j2mnx/d
Yi7n((1)|9) = G,'ﬁ(e) +jCOC,'7n(9)
Using (6.176) and (6.217)-(6.201) into (6.204)-(6.209) and apply the perturbation

theory to consider the nonlinearity of the Transmission line. We express line

voltage and current in terms of o, the perturbation parameter.

Vin(@) =V (0) + oV (@) + 62V (@) + ... (6.210)
Iin(@) =12 (@) + 61 (0) + 0212 (@) + .. (6.211)

where VZ.E,?)(Q)) and Iis(,)l)(a)) are linear terms. GVifrll)(a)) and oli(;)(w) are nonlinear

terms.
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Measurement model is represented as :-

Va(a))
[ jD 0 0 Zg(w|8) 0 0 ]
0 iD 0 0 Zg(wo) o vp(®)
: o
0 000 zele ] (@) o o)
Yu(0]6) 0 0 D 0 0 o (@)
0 Y5(wl6) O 0 ) 0 .
|0 0 Yo(wlg) 0 0 D] ig(®)
i) |

For simulations, measurements have been done using (6.212).

6.2.4 State Estimation for Transmission Line

(6.189) has been discretized to implement the state estimation technique. The

discrete model of the NTL is represented as :-

L1 = Fi 2+ Bl + G (6.213)
2y = G Xk + Vi (6.214)
where .7,
[ 1-7:C5' [6]Gal6] 0 0 ~T;jC4' [6]D 0 0 ]
0 1—TSCI;1[9}GB 6] 0 0 ~T; jCEl[O]D 0
_ 0 0 1-T,C'[6]G, 6] 0 0 ~T,jC'[6]D ROX6
| —TyjL«[6]"'D 0 0 1-T;L;'[6]R[6) 0 0 € ’
0 - stE‘[O]D 0 0 lfTYLEl[G]R[O} 0
i 0 0 ~TyjLy ' [6]D 0 0 1-T,Ly ' [6]Ro[6] |
(10000 0]
010000 [c,'le] o 0 0 0 0 |
0 CE‘[O] 0 0 0 0
001000 -1
6x6 ¢y _ 0 0 c[6] o 0 0 66
S = 000100 ER™. G = 0 0 0 Lj'e] 0 0 €R
0 0 0 0 LE'[G] 0
000O0OT1DPO0 | 0 0 0 0 0 Ly'[e] ]
00000 1]
2 € Ro*! denotes the state vector as :-
T
X = [ Vak VBk Vok lak iBr 0k ] (6.215)

The state model is given as :-
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Vosurt] [Ki 0 0 K 0 0] [Vau
/7 0 K3 0 0 K& 0] |Vgy
Vorr1| |0 0 Ks 0 0 Ke| [Vox
i k41 K; 0 0 Kg O 0 ik
ig i1 0 Kb 0 0 Kig 0| |igy
| dok+1 ] |0 O Kiu O 0 Kizf | ok |

Wik

[c, o] o 0 0 0 o 1 |w. .

0 c;'lel 0 0 0 0 "B

o o0 Cc'o] 0 0 0 Wik

T 0 0 0 Lj'[e] © 0 W (6.216)

0 0 0 0 L5'] 0 va:k

| 0 0 0 0 0 Ly'[6] ] W%k

| Wik |

where

Ki=1-T,C;'6]Gal6], K»=-T;jC,'[6]D,, K3=1-T,C5'[6]Gpl6]
Ky=— SjCEI[G]D , Ks=1-T,C7[0]G,[6], K¢=—T,jC'[6]D,

K1 =-TjLa[6] 'D,  Ks=1-TL,'[6]R[6], Ko=—T;jLg'[6]D
Kio=1-TLg'[6]R[6], Kit=—TyjLy'[0]D, Kix=1-TLy'[6]Ro[6].

T, is the sampling time. V;, is the measurement vector of line voltage and line

current respectively.

10000 0] |Vau| [Vin
01000 0] Vg, [Van

gepoo_ |00 1000 Vo, Vs, 6217)
000100/ |ign| [Van
00001 0] |ig, Vs,
(00000 1| |ion] |Ven

As the equation (6.217) is a linear estimation problem, KF method has been used
to estimate line voltage and line current. The number of unknown parameters
can be identified by considering whether the estimation is being performed in
the real or complex domain. This is illustrated in Table 6.4. For transposed TL, a
ninth order parameter vector 6, € R%*! = [Ry (k), Rg 1 Ro s Xov s X8 1> X0, Bo ks Bp - Boi)
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Table 6.4: Unknown Parameters of Estimation Methods.

‘ Complex Domain ‘ Real Domain
Transposed Line | Zi,0 | Ri,Xi,B
Untransposed Line | ZiYi | R.Xi,Bi
i=a,3,0,aB,00,B0.

is defined for parameter identification. The parameters to be estimated must are
added in (6.216) to obtain the augmented matrix as :-

20 =27, 07" e R (6.218)

The augmented state model is :-

L =FL XL+ BLUA+ G (6.219)
BE=HEXE AV (6.220)
where
4] [0 vz
g]g: [ k] [ ] €R15x157%a: §T GRISXI
[0]  [0] Yy
100000000000000
a_ 007000000000000| < @6x1s P | W 6x15
8= 1000100000000000| ERZand %=1 "~ | €R
000010000000000 Ve
000001000000000
F& € R15*15 is nonlinear function of 2} and 6. Therefore, EKF algorithm can

Cy'[0]G 6] 0 0 JC4'[6]D 0 0 ]
0 CEI 6]Gg (0] 0 0 ch‘ [6]D 0
7 _ ) 0 0 Cl[01G,[6] 0O 0 jc6lp
k= _ae(m) JjLal6]7'D 0 0 L, '[6]R[6] 0 0
0 legl[e}D 0 0 LBI[O]R[O} 0
i 0 0 jLy'[6]D 0 0 Ly ' [6]Ro[6] |

(6.221)

T
a __ . . .
28 = Vi, Vg Voroha g ko106 R R o Ro ks X X o X0,k Ba s BB > Bo

For untransposed line, all of the following 6 different complex entries (Zy, Zg,
Zaos Zg, Zgo and Zy) in Z, g, are considered to be unknown. The total number
of real unknown parameters will be 12. Similarly, Y,g, has 6 real unknown

parameters by excluding G; term due to negligible effect (discussed above).
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So therefore, total 18 unknown parameters for a three-phase untransposed
transmission line. These parameter are defined as 6, € R!8%!. Then the dimension
of augmented matrices are 2,* € R**!, ¢a ¢ R#4*24 o c R24x1, Za c R4
and 4 € RO,

6.2.5 Simulation Results

In general, TL are classified into three section: 1) short TL (d < 80 km), 2)
medium TL (80 < d <250 km) and 3) long TL (250 < d km). Among all, long TL
is considered to get high accuracy of calculating the line parameters modeled
in distributed form. MATLAB software has been used to implement the derived
equations. The conductance G is neglected as the value of line conductor is
very low. This is due to the power lost in the insulation resistance is very small

as compared to the other line losses.

We estimate line resistance R, reactance X and susceptance B. We consider a
300-km three-phase long transmission line. On the sending terminal, a balanced
440 KV/60 Hz three-phase source is attached. The receiving terminal of the
transmission line is connected to a three-phase load of 500 kVA with a power

factor (PF) of 0.97 [118]. The parameters’s value for simulation are given as :-

0.058 + j0.636 0.471+ j0.326 0.470+ j0.273
[Zopo] = |0.471+j0.326 0.058+ j0.636 0.471+ j0.326 | Q/km
0.470+ j0.273 0.470+ j0.326 0.058 + j0.636

j4261  —j0.922 —j0.309
[Yopo] = | —j0.922  j4.439 —j0.922 | uS/km (6.222)
—j0.309 —j0.922  j4.261

The initial values of variance of process noise and measurement noise are 0.005
and 1.0 respectively. The line currents and voltages at a, B, 0 of NTL have
been estimated using RLS, KF and UKF methods for different noisy inputs as
shown in Fig. 6.5 to 6.10. Further, we estimated the behaviour of the circuit
parameters along the line. Table 6.5 and 6.6 show the comparison of RMSE
and standard deviation of the parameter errors for state vectors in NTL using
RLS, KF and UKF methods. Table 6.7 and 6.8 show comparison of RMSE

for different parameters in transposed and untransposed line using RLS, KF
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Figure 6.5: Comparison of line currents using Gaussian noisy input (¢ = 0 and 6> = 0.1) with
RLS, KF and UKF methods.

and UKF methods. It shows UKF method has less variability in the parameter
estimates compared to RLS and EKF methods.

Remarks: The limitation of this work are:

(a) The parameters of the transposed/untransposed NTL have been estimated
by excluding mutual effects among phase conductors and ground as it

increases the mathematical complexity.

(b) Higher order perturbation theory can be used, as it will present more accurate
nonlinear mathematical expressions but it will increase the mathematical

complexity.

6.2.6 Conclusions

This chapter estimates the states and parameters of a transposed and un-
transposed three-phase nonuniform transmission line circuit using KF, EKF and
UKF methods and compared the results with the classical RLS method. To
implement the various Kalman filtering algorithms, we used Kirchhoff’s current

law, Fourier series expansion and Clarke transformation matrix to derive the
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Figure 6.6: Comparison of line currents using Gaussian

with RLS, KF and UKF methods.
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noisy input (4 = 0 and 6 = 0.25)

Figure 6.7: Comparison of line currents using Gaussian noisy input (4 = 0 and 6 = 0.5) with

RLS, KF and UKF methods.
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Figure 6.8: Comparison of line voltages using Gaussian noisy input (4 = 0 and 6> = 0.1) with

RLS, KF and UKF methods.
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Table 6.5: Comparison of RMSE for line currents and line voltages using RLS, KF and UKF
methods.
S. Gaussian noise  State  RMSE using RMSE using RMSE using

no.  atinput source RLS method KF method UKF method
1 u=0 ig 0.6738 0.4482 0.0932
c=0.0 ig 0.6415 0.4297 0.0982
io 0.7010 0.2321 0.0782
Vo 0.5890 0.2723 0.0992
Vg 0.6894 0.3882 0.1092
Vo 0.6404 0.5841 0.1321
2 u=0 i 0.7328 0.5181 0.1031
o=0.1 i 0.7409 0.5260 0.1006
io 0.8304 0.4122 0.0889
Vo 0.6819 0.3821 0.1019
Vg 0.8012 0.4281 0.1132
Vo 0.7194 0.6349 0.2387
3 u=0 ig 0.8118 0.6780 0.2531
o =0.25 i 0.9109 0.6619 0.1326
io 0.9201 0.6125 0.1018
Vo 0.7610 0.4521 0.1329
Vg 0.9411 0.5129 0.2332
Vo 0.8791 0.7719 0.5487
4 u=0 i 0.9411 0.8781 0.6532
c=05 ig 1.3401 0.7854 0.2521
io 1.0921 0.7224 0.2211
Vo 0.9811 0.6522 0.6529
Vg 1.5112 0.7221 0.3532

Vo 0.9931 0.8211 0.6687
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Table 6.6: Comparison of standard deviation of the parameter errors (o,) for line currents and
line voltages using RLS, KF and UKF methods.

S. Gaussian noise ~ State O, using O, using O, using
no. atinput source RLS method KF method UKF method
1 u=0 ig 0.6738 0.3488 0.1218
c=0.0 ig 0.6415 0.3927 0.1910
io 0.7010 0.2319 0.1109
Va 0.5890 0.2714 0.0912
Vg 0.6894 0.3690 0.3690
Vo 0.6404 0.5001 0.1060
2 u=0 i 0.7718 0.5481 0.5511
c=0.1 ig 0.7811 0.5127 0.2511
io 0.9012 0.3620 0.2310
Va 0.6710 0.4314 0.1012
Vg 0.7719 0.4312 0.4409
Vo 0.8810 0.7019 0.2310
3 u=0 io 0.8782 0.6182 0.6232
c0=0.25 ig 0.9101 0.6117 0.3940
io 1.1011 0.5121 0.3632
Va 0.8710 0.5514 0.4510
Vg 0.9019 0.5710 0.5701
Vo 0.9912 0.9120 0.3611
4 u=0 ig 0.9910 0.7880 0.9901
c=05 ig 0.9561 0.7210 0.5441
io 1.3101 0.7220 0.6732
Va 0.9610 0.7602 0.4032
Vg 0.9920 0.6540 0.7712
Vo 1.0232 1.0820 0.4510

Table 6.7: Comparison of RMSE for different parameters in transposed line using RLS, EKF
and UKF methods.
Parameter RMSEof R RMSEofR RMSEofR RMSEof RMSEof RMSE of

using RLS using EKF  using UKF X orB XorB XorB
using RLS  using EKF using UKF
Zq(Q) 1.06881 0.22543 0.01543 0.25786 0.00676 0.00176
Zg(L) 1.06881 0.22543 0.09543 0.25786 0.00676 0.00176
Zp(Q) 1.96154 0.25530 0.17530 0.97765 0.24439 0.09439
By (Q) - - - 0.09376 0.00576 0.00110
Bp(Q) - - - 0.10983 0.00410 0.00410

By(R2) - - - 1.05154 0.03512 0.01012
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Figure 6.10: Comparison of line voltages using Gaussian noisy input (4 = 0 and 62> = 0.5)
with RLS, KF and UKF methods.

Table 6.8: Comparison of RMSE for different parameters in untransposed line using RLS,
EKF and UKF methods.
Parameter RMSEof R RMSEofR RMSEofR RMSEof RMSEof RMSE of

using RLS using EKF  using UKF X orB XorB XorB
using RLS  using EKF  using UKF
Zo(€2) 2.00664 0.00619 0.00109 0.34771 0.00481 0.00101
Zg(L) 1.98566 0.00986 0.00326 0.34778 0.00481 0.00101
Zp(Q2) 1.06765 0.00988 0.00198 0.78781 0.00676 0.00326
By (Q) - - - 0.18098 0.00771 0.00221
Bp(Q) - - - 0.18123 0.00347 0.00097
Bo(Q) - - - 0.18118 0.00347 0.00121
Zop(Q) 3.78118 0.00587 0.00120 1.34778 0.00118 0.001001
Zoo(€2) 1.78718 0.00485 0.00325 2.34781 0.00718 0.00532
Zg(£2) 5.77658 0.00604 0.00094 1.11801 0.00781 0.00342
Bp () - - - 0.81981 0.00347 0.00121
Boo(Q) - - - 0.78118 0.00781 0.00432

Bpo(€2) - - - 0.78110 0.00781 0.00398
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Telegrapher’s equation of NTL and used perturbation theory to include line curr-
ents and voltages. Further, implementation of Kronecker product has been
utilized to obtain the sparse matrix formulation. Simulation results show better
precision in estimated values using UKF method with actual values as compared
with RLS, KF and EKF methods. For state estimation, RMSE values of parameters
using UKF method are smaller than KF and RLS methods. UKF method provide
better estimations than RLS and EKF methods since UKF method is accurate to
the third order for any nonlinearity. Further, EKF and UKF methods are real-time
estimation methods for estimating the states and parameter of TL in space-time

which demonstrates the superiority of these methods over RLS method.




Chapter 7

Conclusions and Future Scope

7.1 Conclusions

We have studied the state and parameter estimation of linear and nonlinear
systems described by SDE using KF, EKF, IEKF and UKF methods. We recapitu-
late the salient features of this investigation study and results obtained for real-

time state estimation and parameter estimation in the following points :-

(a) As a first problem, we used the classical mathematical model, namely,
Ebers-Moll model together with perturbation theory to obtain closed-form
Volterra expressions between input and output of SCR. The derived equa-
tions can be used as a model for designing, analysis and development
of new integrated circuits in advance before the formation of chips. The
closed form expressions can also be used for circuit parameter estimation
purposes. The derived equations are useful as a model in any simulation
software such as SIMULINK, as this software provides direct access to
circuit parameters. The main advantage of the method is that the use of
nonlinear expressions obtained using perturbation theory instead of using
the linear expression represents distortion which shows the importance of
nonlinear expression. Percentage distortion for SCR circuit is approximately
0.5028 % for 1 V input voltage.

118
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(b) As a second problem, we estimated the states of higher-order RC LPF
and RC HPF circuits using EKF and UKF methods. It also compared the
estimation results with LMS method. The EKF method presents better
estimate than LMS method as EKF method accounts for measurement
noise. Also, the maximal precision of simulation requires the modeling of
circuit in terms of device parameters and circuit elements, so the method is
able to provide good estimation. The method presents real-time estimation.
For sinusoidal signal, SNR for RC LPF circuit using EKF method is 43.769
dB and using LMS method is 32.737 dB approximately. For sinusoidal
signal, SNR for RC HPF circuit using EKF method is 58.144 dB and using
LMS method is 26.886 dB approximately. Also, for square wave, SNR for
RC LPF circuit using EKF method is 55.994 dB and using LMS method
is 34.314 dB approximately. For square wave, SNR for RC HPF circuit
using EKF method is 62.650 dB and using LMS method is 60.480 dB
approximately. While using UKF method for state estimation, we obtained
better closeness of estimated capacitor voltage and diode current with PSPICE
simulated values as compared to the EKF method. This is due to smaller
linearization error of UKF method. Also, the SNR value of UKF method is
better than EKF method. UKF method presents smaller RMSE as compared
to EKF method as UKF method is accurate to the third order for any non-
linearity.

(c) As a third problem, we estimated the states of single phase rectifier circuit
using different versions of KF method. The results show that for noiseless
sinusoidal signal, the SNR (dB) value of capacitor voltage v, using LMS,
EKF, IEKF and UKF methods are 0.42 dB, 1.07 dB, 1.42 dB and 2.42
dB respectively whereas, for noisy input signal with zero mean and 1.0
variance, the SNR (dB) values using LMS, EKF, IEKF and UKF methods are
0.26 dB, 0.90 dB, 1.06 dB and 1.26 dB respectively. Further, for noiseless
sinusoidal signal, the RMSE value of capacitor voltage v. using LMS, EKF,
IEKF and UKF methods are 1.24, 0.86, 0.24 and 0.40 respectively whereas,
for noisy input signal with zero mean and 1.0 variance, the RMSE values
using LMS, EKF, IEKF and UKF methods are 2.55, 1.82, 1.10 and 0.55
respectively. This shows the significance of nonlinearity within the system.

The simulation results show that the SNR value for UKF method is higher
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compared to LMS, EKF and IEKF methods. Also, UKF method has small
RMSE value than the other methods and also less affected by noise. The

UKF method presents better estimate than other versions of KF method.

As a fourth problem, the states of following transistor circuits have been
estimated :-

(if) CE BJT circuit.

(iv) BJT DA circuit.

The output voltage of CE BJT circuit using EKF and IEKF methods are
compared with the simulated value. For noisy input signal with zero mean
and 1.0 variance, the SNR (dB) values using EKF and IEKF methods are
27.82 dB, 28.43 dB respectively. The result shows that IEKF method provides
a higher SNR than EKF method because it reduces the linearization error
by taking measurement into account when the measurement model is linear-
ized. Performance and stability are not guaranteed for all operating conditions
with the EKF approach since nonlinear systems are linearized around the
operating points of states. Both transistor states and transistor model para-
meters can be estimated using the derived extended state equation. Results
indicate that because |IEKF method takes linearization error into account,
it is better able to track the state than EKF method. Further, The voltage
estimation of a DA using UKF method is presented in this paper and the
results have been compared with EKF and IEKF methods. Simulation
results using UKF method show the better closeness of estimated output
voltage with actual simulated values as compared to the EKF and |IEKF
methods. UKF method presents smaller MSE value as compared to EKF
and IEKF methods as UKF method is accurate to the third order for any
nonlinearity. As the modeling of the circuit has been performed using
transistor model and circuit elements, the proposed method is able to provide
the maximal precision of simulation. Also, the use of Gummel-Poon model
presents more accurate modeling as compared to the Ebers-Moll model.
This is due to secondary effects of the transistor being taken into account
by the Gummel-Poon.

As a fifth problem, we present the formulation of NTL dynamics modeling
using Fourier series expansion and Kronecker product along with the state

and parameter estimation using KF, EKF and UKF methods. The following
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circuits have been used for estimation purposes :-
(i) Single-phase NTL circuit.
(i) Three-phase transposed and untransposed NTL circuit.

In the first problem, state-space model of the single-phase NTL circuit has
been derived. As Telegrapher’s equations used for modeling the NTL are a
function of space and time, the Fourier series expansion of the voltage and
current have been used to obtain the time-dependent equations. Further,
Kronecker product has been used for representation of Fourier unitary trans-
form. The measurements have been obtained by solving the eigenvector
problem. The frequency-domain analysis is used to obtain the state-space
equations. For this, the four distributed parameters of the line are expanded

in Fourier series.

Secondly, we presented KF-based state estimation and EKF and UKF-
based parameter estimation for three-phase NTL. For this, state space
model for three-phase transposed and untransposed NTL has been obtained
by including Fourier series expansion of state and Gaussian noise vectors
in the stochastic differential equations. Clarke transformation matrix has
been utilized for phase to sequence transformation which allows to represent
the three-phase TL into fully transposed TL. The measurement model for
current and voltage vectors along the line are expressed in terms of Fourier
series. Also, the frequency domain analysis is used to obtain the eigenvalue
and eigenvector for measurement model. The voltage and current of NTL
are expanded in Fourier series to obtain the sparse matrix formulation using
Kronecker product. Kronecker product representation of discrete unitary
transforms results in computer efficient implementation. This work imple-
ments the analysis of nonlinearity effect in transmission line using perturba-
tion theory. For this, the nonlinearity of the transmission line is included
by perturbing the voltage and current of the line. Also, we compared the
estimation performances with RLS method. This chapter also discusses
few recent methods used for state and parameter estimation and their

disadvantages.
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7.2 Scope for Future Work

For working with nanotechnology-based circuits both with lumped and distributed
parameters, we require to formulate circuit or transmission line dynamics in
terms of quantum stochastic differential equations in the sense of Hudson and
Parthasarathy. Noisy Heisenberg dynamics for circuit observables like current
and voltage can be derived from noisy Schrodinger dynamics. For this, one
must first start with a circuit Hamiltonian based on the total electrostatic energy
in capacitors plus total magnetic energy in inductors and then include Lindblad
noise terms so that the corresponding Heisenberg quantum stochastic differential
equation (QSDE) generalised a classical situation. Then by taking non-demolition
measurements, in the sense of V. P. Belavkin, we use the Belavkin quantum
filter to estimate parameters and the system state on a real-time basis. This has
direct applications to devices like quantum tunnelling diodes, nanomotors and
more generally quantum electromagnetic fields enclosed within nanocavities.
Molecular dynamics in the presence of radiation can also be controlled using
this approach which enables us to alter the chemical properties of compounds
leading to the manufacture of new kinds of drugs a science well known by the

name molecular medicine.




List of Publications

(a) Amit Kumar Gautam, Sudipta Majumdar and Harish Parthasarathy, “State
and parameter estimation of non-uniform transmission line using Kronecker
product based modeling,” IEEE Transactions on Power Delivery, ISSN no.
1937-4208, vol. 37, no. 5, pp. 4291-4302, 2022.

(b) Amit Kumar Gautam and Sudipta Majumdar, “Application of stochastic
filter to three-phase nonuniform transmission lines,” International Journal of
Electronics, ISSN no. 1362-3060, 2023.

(c) Amit Kumar Gautam and Sudipta Majumdar, “Kronecker product based
modeling of Darlington amplifier and state estimation using unscented Kalman
filter,” International Journal of Electronics Letters, ISSN no. 2168-1732,
2022.

(d) Amit Kumar Gautam and Sudipta Majumdar, “State estimation of RC filter
using unscented Kalman filters,” International Journal of Innovative Techno-
logy and Exploring Engineering, ISSN no. 2278-3075, vol. 9, no. 9, pp.
91-96, 2020.

(e) Amit Kumar Gautam and Sudipta Majumdar, “State estimation of common
emitter amplifier using iterated extended Kalman filters,” International Journal
of Innovative Technology and Exploring Engineering, ISSN no. 2278-3075,
vol. 8, no. 9, pp. 1784-1789, 2019.

(f) Amit Kumar Gautam and Sudipta Majumdar, “Parameter estimation of RC
circuits using extended Kalman filter,” International Journal of Advanced in
Management, Technology and Engineering Sciences, ISSN no. 2249-7455,
vol. 8, no. 1, pp. 83-91, 2018.

(g) Amit Kumar Gautam and Sudipta Majumdar, “Parameter estimation of
diode circuit using extended Kalman filter,” World Academy of Science,

Engineering and Technology International Journal of Electronics and Commu-

123



124

nication Engineering, ISSN no. 1307- 6892, vol. 12, no. 9, pp. 605-610,
2018.

Amit Kumar Gautam and Sudipta Majumdar, “lterated extended Kalman
filter based state estimation of diode circuit,” in Journal of Physics: Conference
Series 2070 (2021) 012092, pp. 1-10, 2021.

Amit Kumar Gautam and Sudipta Majumdar, “State estimation of single-
phase rectifier based load using unscented Kalman filter,” in 2nd IEEE
International Conference on Power Electronics, Intelligent Control and Energy
Systems (ICPEICES-2018), pp. 1172-1177, 2018.

Amit Kumar Gautam and Sudipta Majumdar, “Volterra model of silicon
controlled rectifier,” in International Conference on Functional Materials,
Characterization, Solid State Physics, Power, Thermal and Combustion
Energy, AIP Conference Proceedings 1859, 020060 , pp.1-8, 2017.




References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

H. Kuntman, "Application of modified Ebers Moll model to nonlinear
distortion analysis of transistor amplifier," Electronics Letters, vol. 19,
no. 4, pp. 126—127, 1983.

K. L. Fong and R. G. Meyer, "High frequency nonlinear analysis of
common emitter and differential pair transconductance stages," IEEE
Journal of Solid State circuits, vol. 33, no. 4, pp. 548-555, 1998.

B. Song, S. He, J. Peng and Y. Zhao, "Dynamic deviation memory
polynomial model for digital predistortion," Electronics Letters, vol. 53,
no. 9, pp. 606-607, 2017.

X. Wu, F. Grassi, P. Manfredi and D. V. Ginste, "Perturbative analysis
of differential to common mode conversion in asymmetric nonuniform
interconnects," IEEE Transactions on Electromagnetic Compatibility,
vol. 60, no. 1, pp. 7-15, 2018.

S. Afifi and R. Dusseaux, "Scattering from 2-D perfect electromagnetic
conductor rough surface: analysis with the small perturbation method
and the small slope approximation," IEEE Transactions on Antennas
and Propagation, vol. 66, no. 1, pp. 340-346, 2018.

S. Mishra and R. D. S. Yadava, "A method for chaotic self-modulation
in nonlinear colpitts oscillator and its potential applications," Circuits,
Systems, and Signal Processing, pp. 1-21, 2017.

W. Q. Liu, X. M. Wang and Z. L. Deng, "Robust centralized and
weighted measurement fusion Kalman predictors with multiplicative
noises, uncertain noise variances, and missing measurements,”
Circuits, Systems, and Signal Processing, pp. 1-40, 2017.

M. V. Thuan and D. C. Huong, "New Results on Exponential Stability
and Passivity Analysis of Delayed Switched Systems with Nonlinear

125



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

126

Perturbations," Circuits, Systems, and Signal Processing, pp. 1-24,
2017.

A. Buonomo and A. L. Schiavo, "Predicting nonlinear distortion in
multistage amplifiers and gm-C filters. Analog Integrated Circuits and
Signal Processing, vol. 77, no. 3, pp. 483-493, 2013.

H. Wang, M. Qi and B. Wang, "PPV modeling of memristor-
based oscillators and application to ONN pattern recognition," IEEE
Transactions on Circuits and Systems Il: Express Briefs, vol. 64, no. 6,
pp. 610-614, 2017.

W. Wang, S. K. Nguang, S. Zhong and H. Y. Liu, "New delay-
dependent stability criteria for uncertain neutral system with time-
varying delays and nonlinear perturbations", Circuits, Systems, and
Signal Processing, vol. 33, no. 9, pp. 2719- 2740, 2014.

S. Lakshmanan, J. H. Park and H. Y. Jung, "Robust delay-dependent
stability criteria for dynamic systems with nonlinear perturbations and
leakage delay," Circuits, systems, and signal processing, vol. 32, no.
4, pp. 1637-1657, 2013.

F. Auger, M. Hilairet, J. M. Guerrero, E. Monmasson, T. Orlowska-
Kowalska and S. Katsura, "Industrial applications of the Kalman filter:
A review," IEEE Transactions on Industrial Electronics, vol. 60, no. 12,
pp.5458-5471, 2013.

R. Diversi, R. Guidorzi and U. Soverini, "Kalman filtering in extended
noise environments," IEEE Transactions on Automatic Control, vol. 50,
no. 9, pp. 1396-1402, 2005.

A. A. Girgis and D. G. Hart, "Implementation of Kalman and adaptive
Kalman filtering algorithms for digital distance protection on a vector
signal processor," IEEE Transactions on Power Delivery, vol. 4, no. 1,
pp.141-156, 1989.

D. F. Crouse, P. Willett and Y. Bar-Shalom, "A low-complexity sliding-
window Kalman FIR smoother for discrete-time models," IEEE Signal
Processing Letters, vol. 17, no. 2, pp.177-180, 2009.

J. Sarmavuori and S. Sarkka, "Fourier-hermite kalman filter," IEEE

Transactions on Automatic Control, vol. 57, no. 6, pp.1511-1515, 2011.



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

127

L. Hong, G. Cheng and C. K. Chui, "A filter-bank-based Kalman
filtering technique for wavelet estimation and decomposition of random
signals," IEEE Transactions on Circuits and Systems Il: Analog and
Digital Signal Processing, vol. 45, no. 2, pp.237-241, 1998.

J. R. Macias and A. G. Exposito, "Self-tuning of Kalman filters for
harmonic computation," IEEE transactions on power delivery, vol. 21,
no. 1, pp.501-503, 2005.

L. Reggiani, L. Dossi, L. Barletta and A. Spalvieri, "Extended Kalman
filter for MIMO phase noise channels with independent oscillators,"
IEEE Communications Letters, vol. 22, no. 6, pp.1200-1203, 2018..

K. Reif and R. Unbehauen, "The extended Kalman filter as an
exponential observer for nonlinear systems," IEEE Transactions on
Signal processing, vol. 47, no. 8, pp.2324-2328, 1999.

C. Pantaleon and A. Souto, " An aperiodic phenomenon of the
extended Kalman filter in filtering noisy chaotic signals,” IEEE
transactions on signal processing, vol. 53, no. 1, pp.383-384, 2004.

Y. S. Shmaliy, "Suboptimal FIR filtering of nonlinear models in additive
white Gaussian noise," IEEE Transactions on Signal Processing, vol.
60, no. 10, pp.5519-5527, 2012.

P. Stano, Z. Lendek, J. Braaksma, R. BabusSka, C. de Keizer and J.
Arnold, "Parametric Bayesian filters for nonlinear stochastic dynamical
systems: A survey," IEEE transactions on cybernetics, vol. 43, no. 6,
pp.1607-1624, 2013.

S. J. Julier, J. K. Uhlmann and H. F. Durrant-Whyte, "A new approach
for filtering nonlinear systems," In Proceedings of 1995 American
Control Conference-ACC’95 IEEE, Vol. 3, pp. 1628-1632, 1995.

D. Simon, "Optimal state estimation: Kalman, H infinity, and nonlinear
approaches," John Wiley and Sons, 2006.

S. J. Julier and J. K. Uhlmann, "New extension of the Kalman filter to
nonlinear systems," In Signal processing, sensor fusion, and target
recognition VI, International Society for Optics and Photonics, Vol.
3068, pp. 182-193, 1997.

S. Julier, J. Uhimann and H.F. Durrant-Whyte, "A new method for

the nonlinear transformation of means and covariances in filters and



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

128

estimators," IEEE Transactions on automatic control, vol. 45, no. 3,
pp.477-482, 2000.

M. Ahmeid, M. Armstrong, S. Gadoue, M. Al-Greer and P. Missailidis,
"Real-time parameter estimation of dc—dc converters using a self-
tuned Kalman filter," IEEE Transactions on Power Electronics, vol. 32,
no. 7, pp.5666-5674, 2016.

N. Hoffmann and F. W. Fuchs, "Minimal invasive equivalent grid
impedance estimation in inductive—resistive power networks using
extended Kalman filter," IEEE Transactions on Power Electronics, vol.
29, no. 2, pp.631-641, 2013.

S. Nadarajan, S. K. Panda, B. Bhangu and A. K. Gupta, "Online model-
based condition monitoring for brushless wound-field synchronous
generator to detect and diagnose stator windings turn-to-turn shorts
using extended Kalman filter," IEEE Transactions on Industrial
Electronics, vol. 63, no. 5, pp.3228-3241, 2016.

M. Yazdanian, A. Mehrizi-Sani and M. Mojiri, "Estimation of
electromechanical oscillation parameters using an extended Kalman
filter," IEEE Transactions on Power Systems, vol. 30, no. 6, pp.2994-
3002, 2015.

K. Bogdanski and M. C. Best, "Kalman and particle filtering methods
for full vehicle and tyre identification," Vehicle System Dynamics, vol.
56, no. 5, pp.769-790.

Y. Tian, B. Xia, W. Sun, Z. Xu and W. Zheng, "A modified model
based state of charge estimation of power lithiumion batteries using
unscented Kalman filter," Journal of power sources, vol. 270, pp.619-
626, 2014.

E. Ghahremani and |. Kamwa, "Online state estimation of a
synchronous generator using unscented Kalman filter from phasor
measurements units," IEEE Transactions on Energy Conversion, vol.
26, no. 4, pp.1099-1108.

A. H. Jazwinski, "Stochastic Processes and Filtering Theory," New
York: Academic Press, 1970.
A. K. Gautam and S. Majumdar, "Parameter estimation of RC circuits

using extended Kalman filter," International Journal of Advanced in



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

129

Management, Technology and Engineering Sciences, vol. 8, no. 1, pp.
83-91, 2018.

R. Bansal and S. Majumdar, "Implementation of extended Kalman
filter on stochastic model of LPF," International Journal of Advanced
in Management, Technology and Engineering Sciences, vol. 7, no. 12,
2017.

S. J. Julier and J. K. Uhlmann, "Unscented filtering and nonlinear
estimation, roceedings of the IEEE, vol. 92, no. 3, pp.401-422, 2004.
A. Buonomo and A. L. Schiavo, "Perturbation analysis of nonlinear
distortion in analog integrated circuits," IEEE Transactions on Circuits
and Systems I: Regular Papers, vol. 52, no. 8, pp.1620-1631, 2005.
S. Majumdar and H. Parthasarathy, "Perturbation approach to Ebers-
Moll equations for transistor circuit analysis, Circuits, Systems and
Signal Processing, vol. 29, no. 3, pp.431-448, 2010.

A. Rathee and H. Parthasarathy, "Perturbation-Based Fourier Series
Analysis of Transistor Amplifier," Circuits, Systems, and Signal
Processing, vol. 31, no. 1, pp. 313-328, 2012.

A. Rathee and H. Parthasarathy, "Perturbation-based stochastic
modeling of nonlinear circuits," Circuits, Systems, and Signal
Processing, vol. 32, no. 1, pp. 123-141, 2013.

Y. Dang, Y. Liang, B. Bie, J. Ding and Y. Zhang, "A Range Perturbation
Approach for Correcting Spatially Variant Range Envelope in Diving
Highly Squinted SAR With Nonlinear Trajectory," IEEE Geoscience
and Remote Sensing Letters, vol. 15, no. 6, pp.858-862, 2018.

H. Bulow, V. Aref, and L. Schmalen, "Modulation on discrete
nonlinear spectrum: Perturbation sensitivity and achievable rates,"
IEEE Photonics Technology Letters, vol. 30, no. 5, pp.423-426, 2018.
W. A Ali, D. A. Mohamed and A. H. Hassan, "Performance analysis
of least mean square sample matrix inversion algorithm for smart
antenna system,” In Antennas and Propagation Conference (LAPC)
IEEE, pp. 624-629, 2013.

D.Z.Feng, Z. Bao and L. C. Jiao, "Total least mean squares algorithm,”
IEEE Transactions on Signal Processing, vol. 46, no. 8, pp. 2122-2130,
1998.



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]

[58]

130

A. K. Pradhan, A. Routray and A. Basak, "Power system frequency
estimation using least mean square technique,” IEEE transactions on
power delivery, vol. 20, no. 3, pp. 1812-1816, 2005.

W. Edmonson, J. Principe, K. Srinivasan and C. Wang, "A global least
mean square algorithm for adaptive IR filtering,” IEEE Transactions on
Circuits and Systems II: Analog and Digital Signal Processing, vol. 45,
no. 3, pp. 379-384, 1998.

|. Lakkis and D. McLernon, "Least mean squares algorithm for
fractionally spaced blind channel estimation,” IEE Proceedings-Vision,
Image and Signal Processing, vol. 146, no. 4, pp. 181-184, 1999.

Y. Wang, R. Pan, C. Liu, Z. Chen and Q. Ling, "Power capability
evaluation for lithium iron phosphate batteries based on multi-
parameter constraints estimation," Journal of Power Sources, vol. 374,
pp. 12-23, 2018..

B. Fridholm, T. Wik, H. Kuusisto and A. Klintberg, "Estimating power
capability of aged lithiumion batteries in presence of communication
delays," Journal of Power Sources, vol. 383, pp. 24-33, 2018.

Z. Wei, S. Meng, K. J. Tseng, T. M. Lim, B. H. Soong and M. Skyllas-
Kazacos, "An adaptive model for vanadium redox flow battery and
its application for online peak power estimation," Journal of Power
Sources, vol. 344, pp. 195-207, 2017.

R. Xiong, F. Sun, H. He and T. D. Nguyen, "A data-driven adaptive
state of charge and power capability joint estimator of lithiumion
polymer battery used in electric vehicles," Energy, vol. 63, pp. 295-
308, 2013.

S. Haykin, "Adaptive filter theory", 1991.

L. Lou, J. J. Liou, S. Dong and Y. Han, "Silicon controlled rectifier
(SCR) compact modeling based on VBIC and Gummel-Poon models,"
Solid-state electronics, vol. 53, no. 2, pp.195-203, 2009.

L. Lou and J. J. Liou, "An improved compact model of silicon-controlled
rectifier (SCR) for electrostatic discharge (ESD) applications," IEEE
transactions on electron devices, vol. 55, no. 12, pp.3517-3524, 2008.
C. Y. Linand R. K. Chang, "Design of ESD Protection Device for K /Ka-

Band Applications in Nanoscale CMOS Process," IEEE Transactions



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

131

on Electron Devices, vol. 62, no. 9, pp.2824-2829, 2015.

C. Y. Lin and M. L. Fan, "Design of ESD protection diodes with
embedded SCR for differential LNA in a 65-nm CMOS process," IEEE
Transactions on microwave theory and techniques, vol. 62, no. 11,
pp.2723-2732, 2014.

Y. Yang, P. Davari, F. Zare and F. Blaabjerg, "A DC-link modulation
scheme with phase-shifted current control for harmonic cancellations
in multidrive applications," IEEE Transactions on Power Electronics,
vol. 31, no. 3, pp.1837-1840, 2015.

J. Solanki, N. Frohleke, J. Bocker, G. Duppe, A. Averberg and P.
Wallmeier, "Voltage Sequence Control Based High Current Rectifier
System," |IEEE Transactions on Industry Applications, vol. 51, no. 5,
pp-3995-4005, 2015.

T. Ghanbari, E. Farjah, and N. Tashakor, "Thyristor based bridge-type
fault current limiter for fault current limiting capability enhancement,”
IET Generation, Transmission and Distribution, vol. 10, no. 9, pp.2202-
2215, 2016.

S. L. Chen and Y. T. Huang, "Design and layout strategy in the 60-
V power PLDMOS with drain-end modulated engineering of reliability
considerations," IEEE Transactions on Power Electronics, vol. 31, no.
7, pp. 5113-5121, 2015.

R. C. Sun, Z. Wang, M Klebanov, W. Liang, J. J. Liou, and Liu, D.G.,
2015. Silicon-controlled rectifier for electrostatic discharge protection
solutions with minimal snapback and reduced overshoot voltage. IEEE
Electron Device Letters, 36(5), pp.424-426.

H. Liang, X. Gu, S. Dong and J. J. Liou, "RC-embedded LDMOS-SCR
with high holding current for high-voltage 1/0 ESD protection," IEEE
Transactions on Device and Materials Reliability, vol. 15, no. 4, pp.
495-499, 2015.

Q. Cui, J. A. Salcedo, S. Parthasarathy, Y. Zhou, J. J. Liou and
J. J. Hajjar, "High-robustness and low-capacitance silicon-controlled
rectifier for high-speed I/O ESD protection," IEEE electron device
letters, vol. 34, no. 2, pp.178-180, 2013.



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

132

C. T. Dai and M. D. Ker, "ESD protection design with stacked high-
holding-voltage SCR for high-voltage pins in a battery-monitoring IC,"
IEEE Transactions on Electron Devices, vol. 63, no. 5, pp.1996-2002,
2016.

T. Onchi, D. McColl, A. Rohollahi, C. Xiao, A. Hirose, M. Dreval and S.
Wolfe, "Development toward a repetitive compact torus injector," IEEE
Transactions on Plasma Science, vol. 44, no. 2, pp.195-200, 2015.

F. A. Altolaguirre and M. D. Ker, "Quad-SCR device for cross-domain
ESD protection," IEEE Transactions on Electron Devices, vol. 63, no.
8, pp.3177-3184, 2016.

Z. Ali, K. Saleem, N. Christofides, A. Rashid, H. Zaman, M. Tahir and
U. Younas, "Performance analysis of fuzzy logic control and six-pulse
line-commutated converter in dc motor drive application," In 2015
International Conference on Emerging Technologies (ICET) |IEEE, pp.
1-6, 2015.

P. Nabatia and R. Farnooshb, "Stochastic perspective and parameter
estimation for RC and RLC electrical circuits," Int. J. Nonlinear Anal.
Appl, vol. 6, no. 1, pp.153-161, 2015.

Y. Trachi, E. Elbouchikhi, V. Choqueuse, M. E. H. Benbouzid and T.
Wang, "A novel induction machine fault detector based on hypothesis
testing," IEEE Transactions on Industry Applications, vol. 53, no. 3,
pp-3039-3048, 2016.

J. Pan, X. Jiang, X. Wan and W. Ding, "A filtering based multi-
innovation extended stochastic gradient algorithm for multivariable
control systems," International Journal of Control, Automation and
Systems, vol. 15, no. 3, pp.1189-1197, 2017.

Z. H. Liu, H. L. Wei, Q. C. Zhong, K. Liu, X. S. Xiao and L. H. Wu,
"Parameter estimation for VSI-fed PMSM based on a dynamic PSO
with learning strategies," IEEE Transactions on Power Electronics, vol.
32, no. 4, pp.3154-3165, 2016.

M. S. Arefin, J. M. Redouté and M. R. Yuce, "A low-power and
wide-range MEMS capacitive sensors interface IC using pulse-width

modulation for biomedical applications," IEEE Sensors Journal, vol.
16(17), pp.6745-6754.



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

133

P. Mitros, "Filters with decreased passband error." IEEE Transactions
on Circuits and Systems Il: Express Briefs, vol. 63, no. 2, pp.131-135,
2015.

X. Yang, "A Flexible Continuous-Time? S ADC With Programmable
Bandwidth  Supporting Low-Pass and Complex Bandpass
Architectures," IEEE Transactions on Very Large Scale Integration
(VLSI) Systems, vol. 25, no. 3, pp.872-880, 2016.

T. Moy, L. Huang, W. Rieutort-Louis, C. Wu, P. Cuff, S Wagner, J. C.
Sturm and N. Verma, "An EEG acquisition and biomarker-extraction
system using low noise amplifier and compressive-sensing circuits
based on flexible, thin-film electronics," IEEE Journal of Solid-State
Circuits, vol. 52, no. 1, pp.309-321, 2016.

J. Li, W. X. Zheng, J. Gu, and L. Hua, "Parameter estimation
algorithms  for Hammerstein output error systems using
Levenberg—Marquardt optimization method with varying interval
measurements," Journal of the Franklin Institute, vol. 354, no. 1,
pp-316-331, 2017.

W. Zhu, K. Zhou, M. Cheng and F. Peng, “A high-frequency-
link singlephase PWM rectifier,” IEEE Transactions on Industrial
Electronics, vol. 62, no. 1, pp. 289-298, January 2015.

M. S. Ortmann, T. B. Soeiro and M. L. Heldwein, “High switches
utilization single-phase PWM boost-type PFC rectifier topologies
multiplying the switching frequency,” IEEE Transactions on Power
Electronics, vol. 29, no. 11, pp. 5749-5760, November 2014.

B. Gou, X. Ge, S. Wang, X. Feng, J. B. Kuo and T. G. Habetler,
“An open-switch fault diagnosis method for single-phase PWM rectifier
using a model-based approach in high-speed railway electrical traction
drive system,” IEEE Transactions on Power Electronics, vol. 31, no. 5,
pp. 3816-3826, May 2016.

S. Zeinolabedinzadeh, H. Ying, Z. E. Fleetwood, N. J. H. Roche,
A. Khachatrian, D. McMorrow, S.P. Buchner, J. H. Warner, P. Paki-
Amouzou and J. D. Cressler, "Single-event effects in high-frequency
linear amplifiers: experiment and analysis,: IEEE Transactions on
Nuclear Science, vol. 64, no. 1, pp. 125-132, 2016.



[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

134

S. Zeinolabedinzadeh, A. C. Ulusoy, M.A. Oakley, N. E. Lourenco and
J.D. Cressler, "A 0.3—15 GHz SiGe LNA with 1 THz gain-bandwidth
product," IEEE Microwave and Wireless Components Letters, vol. 27,
no. 4, pp.380-382, 2017.

S. P. Voinigescu, , Shopov, S., Bateman, J., Farooq, H., Hoffman, J.
and Vasilakopoulos, K., 2017. Silicon millimeter-wave, terahertz, and
high-speed fiber-optic device and benchmark circuit scaling through
the 2030 ITRS horizon. Proceedings of the IEEE, 105(6), pp.1087-
1104.

C. R. Chappidi and K. Sengupta, "Frequency reconfigurable mm-wave
power amplifier with active impedance synthesis in an asymmetrical
non-isolated combiner: Analysis and design," IEEE Journal of Solid-
State Circuits, vol. 52, no. 8, pp.1990-2008, 2017.

S. Y. Mortazavi and K. J. Koh, "Integrated inverse class-F silicon power
amplifiers for high power efficiency at microwave and mm-wave," [EEE
Journal of Solid-State Circuits, vol. 51, no. 10, pp.2420-2434, 2016.

K. Greene, A. Sarkar and B. Floyd, "A 60-GHz dual-vector Doherty
beamformer," IEEE Journal of Solid-State Circuits, vol. 52, no. 5,
pp.1373-1387, 2017.

M. D. Luong, R. Ishikawa, Y. Takayama and K. Honjo, "Microwave
characteristics of an independently biased 3-stack InGaP/GaAs HBT
configuration," IEEE Transactions on Circuits and Systems I: Regular
Papers, vol. 64, no. 5, pp.1140-1151, 2016.

B. Moeneclaey, F. Blache, J. Van Kerrebrouck, R. Brenot, G. Coudyzer,
M. Achouche, X.Z. Qiu, J. Bauwelinck and X. Yin, "40-Gb/s TDM-
PON downstream link with low-cost EML transmitter and APD-based
electrical duobinary receiver," Journal of Lightwave Technology, vol.
35, no. 4, pp.1083-1089, 2017.

J. Lee and J. D. Cressler, "Analysis and design of an ultra-wideband
low-noise amplifier using resistive feedback in SiGe HBT technology,"
IEEE transactions on microwave theory and techniques, vol. 54, no. 3,
pp.1262-1268, 2006.

M. D. Tsai, C. S. Lin, C. H. Lien, H. and Wang, "Broad-band MMICs
based on modified loss-compensation method using 0.35-/spl mu/m



[93]

[94]

[95]

[96]

[97]

[98]

[99]

135

SiGe BiCMOS technology," IEEE transactions on microwave theory
and techniques, vol. 53, no. 2, pp.496-505, 2005.

C. W. Kuo, H. K. Chiou and H. Y. Chung, "An 18 to 33
GHz Fully-Integrated Darlington Power Amplifier With Guanella-Type
Transmission-Line Transformers in 0.18um CMOS Technology," IEEE
microwave and wireless components letters, vol. 23, no. 12, pp.668-
670, 2013.

S. H. Weng, H.Y.Chang and C. C. Chiong, "A DC-21 GHz low
imbalance active balun using darlington cell technique for high speed
data communications," IEEE microwave and wireless components
letters, vol. 19, no. 11, pp.728-730, 2009.

A. Mukherjee, C. Lin and M. Schréter, "The broadband Darlington
amplifier as a simple benchmark circuit for compact model verification
at mm-wave frequency," In 2016 IEEE Bipolar/BiCMOS Circuits and
Technology Meeting (BCTM) IEEE, pp. 102-105, 2016.

S. Shukla and B. Pandey, "Two-stage small-signal amplifier with
Darlington and Sziklai pairs," In 2014 IEEE International Conference
on Semiconductor Electronics (ICSE2014) IEEE, pp. 13-16, 2014.

A. Mojab and S. K. Mazumder, "Design and characterization of high-
current optical darlington transistor for pulsed-power applications,"
IEEE Transactions on Electron Devices, vol. 64, no. 3, pp. 769-778,
2016.

S. H. Weng, H. Y. Chang, C. C. Chiong and Y. C. Wang, "Gain-
bandwidth analysis of broadband Darlington amplifiers in HBT-HEMT
process," IEEE transactions on microwave theory and techniques, vol.
60, no. 11, pp. 3458-3473, 2012.

J. Lee and J. D. Cressler, "A 3-10 GHz SiGe resistive feedback low
noise amplifier for UWB applications," In 2005 IEEE Radio Frequency
integrated Circuits (RFIC) Symposium-Digest of Papers |EEE, pp.
545-548, 2005.

[100] S. H. Weng, H. Y. Chang and C.C. Chiong, "Design of a 0.5-30 GHz

Darlington ampilifier for microwave broadband applications," In 2010
IEEE MTT-S International Microwave Symposium IEEE, pp. 137-140,
2010.



136

[101] A. Bernardini, K. J. Werner, A. Sarti and J. O. Smith Ill, “Modeling
nonlinear wave digital elements using the Lambert function,” IEEE
Transactions on Circuits and Systems I: Regular Papers, Vol. 63, No.
8, pp. 1231-1242, 2016.

[102] Y. Laamari, K. Chafaa and B. Athamena, "Particle swarm
optimization of an extended Kalman filter for speed and rotor flux
estimation of an induction motor drive," Electrical Engineering, vol. 97,
no. 2, pp. 129-138, 2015.

[103] S. M. Ghiasi, M. Abedi and S. H. Hosseinian, "A new approach
for the estimation of transient voltage profile along transmission line,"
Canadian Journal of Electrical and Computer Engineering, vol. 40, no.
4, pp. 295- 302, 2017.

[104] R. Fan, Y. Liu, R. Huang, R. Diao and S. Wang, "Precise fault
location on transmission lines using ensemble Kalman filter," IEEE
Transactions on Power Delivery, vol. 33, no. 6, pp. 3252-3255, 2018.

[105] C. Rakpenthai and S. Uatrongjit, "Power system state and
transmission line conductor temperature estimation,” [EEE
Transactions on Power Systems, vol. 32, no. 3, pp. 1818-1827,
2017.

[106] S. Malhara and V. Vittal, "Mechanical state estimation of overhead
transmission lines using tilt sensors," IEEE Transactions on Power
Systems, vol. 25, no. 3, pp. 1282-1290, 2010.

[107] Y. Liu, A. S. Meliopoulos, R. Fan, L. Sun and Z. Tan, "Dynamic state
estimation based protection on series compensated transmission
lines," IEEE Transactions on Power Delivery, vol. 32, no. 5, pp. 2199-
2209, 2017.

[108] P. Ramachandran, V. Vittal and G. T. Heydt, "Mechanical state
estimation for overhead transmission lines with level spans," IEEE
Transactions on Power Systems, vol. 23, no. 3, pp. 908-915, 2008.

[109] Y. Liu, A. P. Meliopoulos, L. Sun and R. Fan, "Dynamic state
estimation based protection of mutually coupled transmission lines,"
CSEE Journal of Power and Energy Systems, vol. 2, no. 4, pp. 6-14,
2016.



137

[110] V. Liu, A. S. Meliopoulos, Z. Tan, L. Sun and R. Fan, "Dynamic state
estimation-based fault locating on transmission lines," IET Generation,
Transmission and Distribution, vol. 11, no. 17, pp. 4184-4192, 2017.

[111] Y. Liu, B. Wang, X. Zheng, D. Lu, M. Fu and T. Nengling,
"Fault Location Algorithm for Non-Homogeneous Transmission Lines
Considering Line Asymmetry," IEEE Transactions on Power Delivery,
vol. 35, no. 5, pp. 2425-2437, 2020.

[112] J. Yang, W. A. Zhang and F. Guo, "Dynamic State Estimation for
Power Networks by Distributed Unscented Information Filter," IEEE
Transactions on Smart Grid, vol. 11, no. 3, pp. 2162-2171, 2020.

[113] Q. Li, L. Cheng, W. Gao and D. W. Gao, "Fully Distributed State
Estimation for Power System with Information Propagation Algorithm,"
Journal of Modern Power Systems and Clean Energy, vol. 8, no. 4, pp.
627-635, 2020.

[114] I. Mohammed, S. J. Geetha, S. S. Shinde, K. Rajawat and S.
Chakrabarti, "Modified Re-lterated Kalman Filter for Handling Delayed
and Lost Measurements in Power System State Estimation," IEEE
Sensors Journal, vol. 20, no. 7, pp. 3946-3955, 2020.

[115] H. H. Alhelou, M. E. Golshan and N. D. Hatziargyriou, "Deterministic
dynamic state estimation-based optimal LFC for interconnected power
systems using unknown input observer," IEEE Transactions on Smart
Grid, vol. 11, no. 2, pp. 1582-1592, 2020.

[116] A. S. Dobakhshari, S. Azizi, M. Paoloneand and V. Terzija,"Ultra
fast linear state estimation utilizing SCADA measurements," I[EEE
Transactions on Power Systems, vol. 34, no. 4, pp. 2622-2631, 2019.

[117] D. Ritzmann, P. S. Wright, W. Holderbaum, B. Potter, "A method for
accurate transmission line impedance parameter estimation," |[EEE
Transactions on instrumentation and measurement, vol. 65, no. 10,
pp. 2204-2213, 2016.

[118] A. Bendjabeur, A. Kouadri and S. Mekhilef, "Novel technique for
transmission line parameters estimation using synchronised sampled
data," IET Generation, Transmission and Distribution, vol. 14, no. 3,
pp. 506-515, 2020.



138

[119] I. Tolié, K. Miligevi¢, N. Suvak and I. Biondi¢, "Non-linear least
squares and maximum likelihood estimation of probability density
function of cross-border transmission losses," IEEE Transactions on
Power Systems, vol. 33, no. 2, pp. 2230-2238, 2018.

[120] M. Yang, J. Wang, H. Diao, J. Qi, X. Han, "Interval estimation for
conditional failure rates of transmission lines with limited samples,"
IEEE Transactions on Smart Grid, vol. 9, no. 4, pp. 2752-2763, 2018.

[121] M. Asprou and E. Kyriakides, "ldentification and estimation of
erroneous transmission line parameters using PMU measurements,"
IEEE transactions on power delivery, vol. 32, no. 6, pp. 2510-2519,
2018.

[122] C.Wang, V. A. Centeno, K. D. Jones and D. Yang, "Transmission lines
positive sequence parameters estimation and instrument transformers
calibration based on PMU measurement error model," IEEE Access.,
vol. 7, pp. 145104-145117, 2019.

[123] W. Sima, Y. Li, V. A. Rakov, Q. Yang, T. Yuan and M. Yang,
"An analytical method for estimation of lightning performance of
transmission lines based on a leader progression model," IEEE
Transactions on Electromagnetic Compatibility, vol. 56, no. 6, pp.
1530-1539, 2014.

[124] G. Sivanagaraju, S. Chakrabarti and S. C. Srivastava, "Uncertainty
in transmission line parameters: Estimation and impact on line current
differential protection," IEEE Transactions on Instrumentation and
Measurement, vol. 63, no. 6, pp. 1496-1504, 2014.

[125] M. S. Halligan and D. G. Beetner, "Maximum crosstalk estimation
in weakly coupled transmission lines," [EEE transactions on

electromagnetic compatibility, vol. 56, no. 3, pp. 736-44, 2014.
[126] P. Ren, H. Lev-Ari and A. Abur, "Tracking three-phase untransposed

transmission line parameters using synchronized measurements,"
IEEE Transactions on Power Systems, vol. 33, no. 4, pp. 4155-63,
2018.

[127] P. A. Regalia, M. K. Sanijit, "Kronecker products, unitary matrices and

signal processing applications," SIAM review, vol. 31, no. 4, pp. 586-
613, 1989.



139

[128] L. Kumar, V. S. Pandey, H. Parthasarathy, V. Shrimali, "Hysteresis
Effects on a Non-uniform Transmission Line with Induced Quantum
Mechanical Atomic Transitions," Journal of Superconductivity and
Novel Magnetism, vol. 31, no. 5, pp. 1587-1605, 2017.

[129] O.Nelles,"Nonlinear System Identification: From Classical
Approaches to Neural Networks, Fuzzy Models, and Gaussian
Processes," Springer Nature, pp. 60-66, 2020.

[130] B. Gustavsen, "Frequency-dependent transmission line modeling
utilizing transposed conditions," |/EEE transactions on power delivery
vol. 17, no. 3, pp. 834-839, 2002.




