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Abstract

This dissertation primarily focuses on the mitigation of instabilities in the power system via novel

auxiliary stabilizers and intelligently controlled energy storage systems. Improving the stability

margins in a power system allows the higher flow of power through interties which translates into

a measurable economic benefit. Dynamic state estimator using local measurements acts as a

precursor for the auxiliary stabilizers as they utilize unmeasurable interior states of the machine in

the control law. Further, bulk integration of renewable energy requires fast-acting energy

sources/sinks at the time of the disturbance. In this context, intelligently controlled fast-acting

energy storage systems have been suggested to mitigate intermittency, enhance transient and

frequency stability margins. Several aspects investigated in this thesis are as follows-

1)

2)

3)

4)

S)

A nonlinear dynamic state estimator has been recommended to estimate the unmeasurable
states of the machine using analogue measurements from the generator (terminal) bus
instrument transformers. This methodology is well suited for enhancing system control,
assessing dynamic security and monitoring oscillatory modes to name a few.

A decentralized nonlinear excitation controller utilizing terminal bus voltage and frequency
measurements as exogenous inputs and machine states (estimated locally) in the robust
optimal control law for significant enhancement in the dynamic and transient stability
margins has been proposed.

Grid integrated low inertia DFIG wind energy conversion system (WECS) exhibits
prolonged oscillations following a network disturbance. A computationally adaptive
optimal damping controller using DFIG-WECS interior states (estimated locally) has been
suggested for the mitigation. Compared to its predecessors, proposed stabilizer being robust
and cost effective improves the stability significantly.

Performance of auxiliary stabilizers is affected by the system nonlinearities like saturation
limits, dead-bands, rate constraints etc. In this context, effective use of properly controlled
fast acting storage facilities like flywheel energy storage system and ultrabattery storage is
suggested. Modelling and control architecture of the new storage technology namely
ultrabattery and flywheel storage has been introduced and discussed for subsequent use in
power system stability enhancement.

The application of an intelligently controlled flywheel energy storage system (FESS), to



mitigate the intermittency in wind power injection, as well as enhance the transient stability
of the connected multimachine power system has been investigated. The main contributions
are — @) enhanced use of DFIM based FESS for transient stability improvement following a
network disturbance, b) demonstrating the intelligent controller development and its
application for the flexible operation of the FESS facility, and C) intermittency mitigation
via FESS considering actual wind speed profile.

6) The use of intelligent virtual synchronous generator and constrained LQR based ultrabattery

storage has been suggested for improved frequency control.
Keywords: Adaptive control, cubature-Kalman-filter (CKF), decentralized, dynamic state

estimator, damping control, DFIG, linear quadratic regulator (LQR), neural networks (NNs),
optimal control, phasor measurement unit (PMU), power systems, stability.
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DDSE Decentralized Dynamic State Estimation

ADM Adaptive Detection Methodology

CT Current Transformer or Continuous time

PT/VT Potential/Voltage Transformer

AC Actor-Critic

NETS-NYPS New England Test System (NETS)- New-York Power System (NYPS)
WECC Western Electricity Coordinating Council

NN Neural Networks

ARE Algebraic-Riccati-equation

HJIB Hamilton—Jacobi—Bellman

FA Function Approximation

PIA Policy Iteration Algorithm

NAOC Nonlinear Adaptive Optimal Controller

DFIG Doubly Fed Induction Generator based Wind Turbine system
WECS Wind Energy Conversion System

DAE Differential-Algebraic-Equations

ODE Ordinary-Differential-Equations

PMSG Permanent Magnet Synchronous Generator

FRC Full Rated Converter

RSC Rotor Side Converter

GSC Grid Side Converter

MPPT Maximum Power Point Tracking

LQR Linear Quadratic Regulator

PSS Power System Stabilizer

UKF Unscented Kalman Filter

CKF Cubature Kalman Filter

PCS Power Conditioning System

FAST Fatigue, Aerodynamic, Structural and Turbulence simulator
NREL National Renewable Energy Laboratory, Department of Energy, U.S.
PMU Phasor Measurement Unit
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WSCC Western System Coordinating Council

wg, W Base elec. speed (rad/s), machine speed in p.u.
H, fy Machine inertia (S), stator voltage (V) freq. in p.u.
P, Ie Electrical power and stator current resp.
6,6 Rotor angle and stator voltage phase angle in rad.
Vi, Erq AVR reference voltage, field excitation voltage
V,., Vg AVR filter voltage and PSS output resp.
Vg AVR regulator voltage
eq, g Transient d and ( axis emfs in p.u.
Ya, Yq Subtransient damper coil d and g axis emfs in p.u.
Pi=1.3 PSS states, f; =frequency of the stator current.
Vg, Va g and d axis stator voltages (V; = v4 + jv,) in p.u.
i, lg g and d axis stator currents (I, = ig + jig) in p.u.
X, u State and pseudo-input (or input) vectors respectively
Y, Ny Measurement vector, State vector dimension.
a(t) Instantaneous CT/PT measurement
3,4 Column vectors of process and pseudo-input noises resp.
r Column vector of noise in y
Pe, Py State and measurement covariance matrices resp.
Pry Cross-correlation covariance matrix
Prg Cross-covariance matrix of x and g

— T .
Pr = [P Peg s Prg Pl
Q¢ Constant additive process noise covariance matrix
R, Constant measurement noise covariance matrix
T Sampling time in seconds
H, Turbine inertia constant
H, DFIG inertia constant
W Turbine angular speed
Wy DFIG angular speed
Orw Shaft twist angle
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Wp Base electrical speed

Ptpu Turbine power

T Shaft torque

T, Generator electrical torque

T; Turbine torque

Cq Shaft damping coefficient

kg Stiffness of the shaft

Vi Wind speed

Vpc DC link voltage

\'A DFIG Stator terminal voltage

Vp Infinite bus voltage

X Transmission line reactance

Xc Grid side converter transformer reactance
P, Generator active power

Q. Generator reactive power

Orw Angular position of the turbine shaft

Vgs» Vas» Vgr and vg, DFIG g-axis and d-axis stator and rotor voltages, respectively
lgs)las, lgr and ig,  DFIG g-axis and d-axis stator and rotor currents, respectively
A Estimated value of the respective variable
Superscript/Subscript pu = Per unit value of the respective variable
Superscript/Subscript ref/REF = Reference value of the respective variable

Superscript/Subscript k = k" instant of time.

Subscript p = p*"* machine.
(p Subscript: continuous variable of pt* machine.
(Jpo Subscript: steady state value of continuous variable

() =0()—()o; Variable transformation

wg, W Base elec. speed (rad/s), machine speed in p.u.
H, f Machine inertia (s), stator voltage (V) freq. in p.u.
Tg, TM Electrical and mechanical torques in p.u. resp.
TE0> TMo Steady state electrical and mechanical torques
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6,0
a,Tm.Te
Vi, Erq
eq, eq
lpd, 'l/)q
VT? VSS
Vg, Va
i, lg
T&o» Tgo
T&’m Tdo
&’Da Tr
X, U

Yy, v
Ny, Ny,
Wi, ¢
WZ? Wl
6179 NTl

144 n

Tria (.)

Rotor angle and stator voltage phase angle in rad.
a=486—0andT,, =Ty — Tmo; Te = T — TRo
AVR reference voltage, field excitation voltage
Transient d and q axis emfs in p.u.
Subtransient damper coil d and q axis emfs in p.u.
AVR filter voltage, controller output reference
q and d axis stator voltages (V; = v4 + jv,) in p.u.
q and d axis stator currents (I= iy + jiy) in p.u.
q and d axis transient time-constants (s)
g and d axis subtransient time-constants (s)
Damping coefficient and AVR filter time constant
State vector and control input respectively
Output and exogenous input vectors respectively
State and control vector dimensions respectively
Ideal critic NN weight and NN activation function
Estimated weight vectors of actor and critic NNs.
Function approximation error and no. of neurons
Subtransient q and d axis reactances
Transient q and d axis reactances
Synchronous q and d axis reactances
Armature leakage reactance and resistance resp.

= (xq —x)(xq — xq)/(xq — x1)

= (xg — xq)(xqg — x¢)/ (xq — x1)*

= (xg —x)(xa — xq)/(xg — %)

= (g — x3)(xa — x3)/ (xg — x1)?

=#1/(xq — Xq), Rz = (xq —Xq)/(Xqg — x1)

= #3/(Xa — xq), Ra = (xg — Xxq)/(Xq — x1)

= (xf +17)

General traingularization algorithm
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