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Abstract
There is much interest in implementing more wind power plants in future electric energy systems.
However, because wind power is unpredictable and difficult to control, large sudden disturbances in wind
power generation can cause high deviations in frequency and voltage or even transient instabilities. To
address these concerns, one possible solution is to add fast energy storage, such as flywheel energy
storage systems. Flywheels can respond faster than conventional generators and could stabilize the
system until slower generators can respond.

The following approach for transient stabilization using flywheels is proposed. First, the dynamic
model for the interconnected system is obtained so that control using the flywheel can be designed and
tested for provable performance. Next, flywheels are placed at each bus with wind generators, which are
the potential disturbance locations. Then, a variable speed drive controller for flywheels is designed
using time-scale separation and nonlinear passivity-based control logic. Switches in the power electronics
interfacing between the flywheel and the rest of the power grid are controlled in order to regulate both the
flywheel speed and the power electronic currents. The controller set points are chosen so that the
flywheel absorbs the wind power disturbance and the rest of the system is minimally affected. Finally,
the power electronics are sized to ensure that the flywheel can handle a certain range of disturbances.

Due to the complex nature of large interconnected power systems, automated methods are
implemented for both the modeling and control of power systems. An automated approach is presented
for symbolically deriving the dynamic model of power systems using the Lagrangian formulation from
classical mechanics, where the model is described in terms of the energy functions of the system.
Another automated method is introduced for symbolically deriving the control law using passivity-based
control, where the control law is derived from desired closed-loop energy functions.

Finally, in the actual implementation of flywheels, one major design challenge is to support the high
speed rotor. A passive magnetic bearing design is presented and the resultant magnetic fields and forces

are computed, demonstrating that stable levitation of the flywheel in all directions is achieved.
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1. Introduction

1.1. Thesis Motivation

There is much interest in replacing conventional generators, such as coal and nuclear power plants,
with wind power plants and other renewable energy sources in future electric power systems. Renewable
energy sources have the potential to reduce greenhouse gas emissions and reduce the consumption of
fossil fuels [1]. However, because wind power is difficult to predict and control, there are concerns that
large sudden disturbances in wind power generation could cause negative impacts on the power system,
such as transient instabilities, high deviations in frequency and voltage, frequent service interruptions, and
wear and tear on generators.

Furthermore, wind generators typically have less inertia than conventional generators and have
smaller mechanical and electromagnetic time constants. While power systems with high-inertia machines
would react very slowly and almost negligibly to fast temporary disturbances, power systems with many
low-inertia wind power plants would response faster to a given disturbance and be more prone to transient
instabilities [2].

1.2. State-of-the-Art Industry Practices

Current industry practices for maintaining stability during large disturbances and faults are either
inefficient or do not guarantee stability. Often, in industry today, the power system is operated
suboptimally in order to improve the stability margin [3]. A system operator first runs an economic
dispatch optimization to maximize the social welfare using the physical limits in the system as
constraints. Next, the system operator performs dynamic simulations to assess the stability for many
different possible disturbances. If unstable responses are detected, the system operator runs the economic
dispatch optimization again with additional constraints to ensure stability for certain disturbances [2].
The main drawback with this method is that it is very suboptimal during normal conditions.

Another industrial practice for handling large disturbances is to use Remedial Action Schemes (RAS),

which reconfigure the grid topology in real-time and disconnect certain components or parts of the system



to preserve stability [4]. While the reconfigured grid topology is designed to have a new equilibrium,
there is no guarantee that the system will converge to this new equilibrium. The state variables may
deviate too much prior to the reconfiguration for the system to converge to the new equilibrium since the
dynamics of the power system are inherently nonlinear. Other drawbacks are that more components than
necessary may be disconnected and that building additional infrastructure for reconfiguration, which only
is used during disturbances and faults, is very expensive and inefficient.

In industry today, conventional generators have governor control [5] and excitation control with
power system stabilizers [3]. Both controllers are decentralized and respond only to their own state
variables. However, drawbacks with these controllers are that they are relatively slow and can be far
away from the source of the disturbance. Additionally, since these controllers are only tuned against
their static worse-case grid equivalents, it is very hard to guarantee that dynamic interactions will not

occur within large complex systems.

1.3. Flywheel Energy Storage Systems

An alternative solution for maintaining stability is to add fast energy storage, such as flywheel energy
storage systems, along with the renewable energy sources into future power grids. A flywheel energy
storage system stores mechanical energy by accelerating a rotor called the flywheel to a very high speed.
The flywheel is connected to an electric machine to control its rotational speed. Flywheels can respond
faster than conventional generators and could stabilize the system in response to a large disturbance until
slower generators can respond. Additionally, using flywheels would reduce the wear-and-tear on
generators by decreasing the amount of times the generators have to suddenly change their power output
and would also allow generators to produce closer to their economically optimal power [6].

Flywheels are not an appropriate storage choice for large-scale power system applications, such as
economic dispatch, because other types of storage, such as pumped hydro, have a much greater energy
capacity.  However, for small-scale applications, flywheels have many benefits.  They are

environmentally benign, and they are more efficient and have smaller time constants than most other



types of storage [7]. While chemical batteries have roughly the same time constant as flywheels,
flywheels have approximately twice the lifespan of chemical batteries and, unlike chemical batteries, are
not limited to a certain number of charge-discharge cycles [7]. Additionally, compared to flexible
alternating current transmission systems (FACTS) devices [2], flywheels have the benefit of being able to

store active power in steady-state and hence can handle longer disturbances than FACTS devices [8].

1.4. Thesis Contributions

Much previous research on the modeling and control of flywheels has been done when assuming the
flywheel is a standalone device [9,10,11]. However, in practice the dynamics of the rest of the power grid
are interconnected with the dynamics of the flywheel. Therefore, in order to fully assess the effectiveness
of a flywheel controller in transiently stabilizing an interconnected power system in response to wind
power disturbances, the dynamics of the entire power system must be considered. Additionally, it should
be emphasized that nonlinear dynamics and nonlinear control are needed because large sudden wind
disturbances can displace the system far enough away from equilibrium where linearized models are no
longer accurate.

The following approach for transient stabilization using flywheels is proposed in this thesis. First, the
nonlinear dynamic model for the interconnected power system is derived in standard state space form, so
that control using the flywheel can be designed and tested for provable performance. Next, the potential
disturbance locations, which are the locations with wind generators, are identified, and flywheels are
placed at each of these locations. Then, nonlinear power electronic control logic for the flywheels is
designed so that the flywheels absorb the wind power disturbances and the rest of the system is minimally
affected. Finally, parameters for the power electronics are chosen to ensure that the flywheel can handle a
certain range of disturbances.

A novel automated computer-aided method is presented in Chapter 2 for symbolically deriving the
nonlinear dynamics of an interconnected power system using the Lagrangian formulation from classical

mechanics where the model is derived from the physical energies of the system. With this automated



approach, the user specifies the power system topology and the code symbolically solves for the dynamics
in standard state space form using the Lagrangian approach [12]. The automation of this modeling
process is valuable because even for a small interconnected power system, it is a complex and tedious
process to derive the state space model by hand. One advantage of the Lagrangian formulation is that it
provides a unified energy-based framework for analyzing mixed energy systems [13], such as power
systems, which contain coupled electrical and mechanical subsystems, and this formulation also explicitly
captures the coupling between subsystems. Another advantage is that the Lagrangian formulation has
been shown to be useful at the nonlinear control design stage. For the passivity-based control logic [14]
used in this thesis, closed-loop energy functions with desirable properties are chosen and the control law
is then derived from those closed-loop energy functions.

To improve the computational efficiency of the automated modeling of power system dynamics, an
alternative modular computer-aided method, is described in Chapter 3. Using this modular approach, first
the dynamics for each individual module are derived using the Lagrangian approach and expressed in a
common form, and then, given the interconnection between modules, the state space model of the
interconnected system is solved for in an automated manner [15].

Chapter 4 introduces a novel automated computer-aided method for symbolically deriving the control
law using passivity-based control logic for electrical systems. Passivity-based control is a nonlinear
control method where the control law is derived from desired closed-loop energy functions. In this
automated method, the control designer specifies the original state space model, the set point equations,
the desired closed-loop energy function, and the desired closed-loop dissipation function, and the
automated method symbolically derives the control law [16]. Again, the automation of this process is
important because deriving the control law by hand for a large system would be very tedious.

Next, a novel variable speed drive controller for flywheels is developed in Chapter 5 using time-scale
separation and this automated passivity-based control logic. Switches in the power electronics are
controlled in order to regulate the speed of the flywheel (and hence the energy stored in the flywheel) to a
different frequency than the grid frequency. To simplify the control design and reduce the amount of

4



communications needed, this controller takes advantage of the natural time-scale separation between the
power electronics, the electrical machine variables, and the mechanical machine variables (the power
electronic dynamics are the fastest while the mechanical machine variable dynamics are the slowest) in
order to design a nested three-layer controller which can regulate both the flywheel speed and the power
electronic currents to desired set points [17].

It should be emphasized that the fast dynamics of the inductors and capacitors in the power
electronics are included when designing the control. Much previous literature on flywheels neglects the
dynamics of the power electronics and models the flywheel as an ideal power source [18,19]. However,
when using flywheels for transient stabilization on a very fast time-scale, it is necessary to include the fast
dynamics. Otherwise, potential instabilities on a very fast time-scale will not be captured.

Chapter 6 discusses using this flywheel variable speed drive controller for transient stabilization of an
interconnected power system in response to wind power disturbances. The controller set points are
chosen so that the flywheel absorbs the disturbance and the rest of the system is minimally affected [20].
Three different specific methods for choosing the set points are described and compared. Chapter 7 then
examines how changing the parameters of the power electronic inductors, capacitors, and resistors will
affect the control performance. Recommendations are given for sizing these components based on the
size of the disturbance.

Chapter 8 demonstrates using this controller for transient stabilization of larger power systems,
consisting of multiple wind generators and multiple flywheels, in response to multiple wind power
disturbances. A flywheel controller is placed at each bus with one or more wind generators, and each
flywheel is responsible for absorbing all the wind power disturbances on that bus so that the rest of the
system is minimally affected. It should be emphasized that this is a competitive control strategy, as
opposed to the cooperative control strategy pursued in [8] where a FACTS controller in one region is used
to transient stabilize the system in response to a disturbance or fault in a different region. Simulation
results are shown demonstrating the effectiveness of flywheels and this control logic for transient

stabilization of the Sao Miguel island power system using real-world data.



Wind power disturbances are considered in this thesis because they are the most common type of
disturbance in power systems, but it should noted that the flywheel variable speed drive controller could
be used to transient stabilize the system in response to other types of disturbances as well. Additionally,
it should be noted that while flywheels are analyzed in this thesis, most of the modeling and the control
design in this thesis would be applicable to other types of fast storage as well. The Lagrangian-based
modeling of the dynamics and the passivity-based control logic provide a general energy-based
framework for analyzing systems with different types of energy [21].

Finally, in the actual implementation of flywheels, one major design challenge is to support the high
speed rotor. It is advantageous to use magnetic bearings to support the flywheel instead of conventional
mechanical bearings in order to decrease frictional energy losses. Magnetic bearings are contactless and
therefore can exhibit a much higher efficiency. Most commercial magnetic bearings are active magnetic
bearings, which use position sensors and electronic circuits that control electromagnets to achieve stable
levitation of the rotating element. However, active magnetic bearings are more expensive than passive
magnetic bearings, which do not have any sensors or control.

Therefore, in Chapter 9, a novel passive magnetic bearing design is analyzed. A significant
challenge with passive magnetic bearings results from Earnshaw’s Theorem, which states that it is not
possible to stably levitate an object in all directions using any configuration of only permanent magnets.
To overcome this problem, a Halbach array stabilizer, which induces currents in stabilization coils, is
added to the levitation magnet system. The resultant magnetic fields and forces of the magnetic bearing
system are computed using electromagnetic theory, demonstrating that stable levitation of the flywheel in

all directions is achieved with this design [22,23,24].



2. Automated Energy-Based Modeling of Power System Dynamics

In order to design control logic using flywheels and test the control for provable performance, it is
necessary to first obtain the dynamic model of the power system. Nonlinear dynamics and nonlinear
control are needed because large wind disturbances can displace the system far enough away from the
equilibrium where linearized models are no longer accurate. For large interconnected power systems
components, it can be a very tedious and lengthy process to obtain the state space model for the system.
For this reason, a new automated approach was implemented for symbolically deriving the state space
model of general power systems, given the power system topology, using the Lagrangian formulation
from classical mechanics [12,25].

Lagrangian mechanics and Hamiltonian mechanics are re-formulations of classical Newtonian
mechanics [26]. While the dynamic equations of motion in Newtonian mechanics are derived from
forces, the equations of motion in Lagrangian and Hamiltonian mechanics are derived from the potential
and kinetic energies of the system. While the Lagrangian and Hamiltonian formulations were originally
developed for mechanical systems, they can also be applied to other types of systems, as well to mixed
energy systems, such as power systems, which contain coupled electrical and mechanical subsystems
[21].

There are two main advantages to using the Lagrangian or Hamiltonian formulation for deriving the
dynamics. First, these formulations provide a unified energy-based framework for analyzing differently
subsystems in mixed energy systems and explicitly capture the coupling between subsystems. Second, in
the passivity-based control described in Chapter 4, desired closed-loop energy functions are chosen, and it
is necessary to derive the resulting error dynamics from those closed-loop energy functions in order to
derive the control law.

When applying the Lagrangian and Hamiltonian formulations to electrical systems or subsystems, the
magnetic energy stored in inductors is analogous to the kinetic energy for mechanical systems, and the
electric energy stored in capacitors is analogous to the potential energy for mechanical systems [21]. The
Lagrangian and Hamiltonian approaches are equivalent, but the electrical state variables resulting from
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the Lagrangian approach are the capacitor charges and the inductor currents while the electrical state
variables that arise from the Hamiltonian approach are the capacitor charges and the inductor fluxes. In
[27], automated methods were introduced for deriving the dynamic equations of electric circuits using
each formulation, and the Lagrangian formulation was shown to be more computationally efficient than
the Hamiltonian formulation. This is because the Hamiltonian approach requires the inductance matrix of
the system to be inverted and the constraints for circuits, as well as for power systems, are fundamentally
in terms of currents, not fluxes [27]. Hence, the Lagrangian formulation is used in this thesis.

In this chapter, it is first described how the Lagrangian formulation is applied to electrical systems.
Then, it is demonstrated how the Lagrangian formulation is applied to electromechanical systems, such as
power systems.

2.1. Lagrangian Formulation Applied to Electrical Systems

Much previous literature describes applying the Lagrangian formulation to electric circuits
[13,28,29]. Extending this previous work, a novel automated computer-aided method is described in this
section for symbolically deriving the dynamic equations in standard state space form of an electric circuit
using the Lagrangian formulation, given user input about the circuit topology. It should be noted that
many existing circuit simulators, such as CADENCE Design Systems, SPICE, and PSPICE [30], can
simulate the behavior of a circuit but do not return the state space model of a circuit. Hence, these tools
cannot be used for control design with provable performance.

This automated method is demonstrated for deriving the state space model of an ac/dc/ac converter.
Control for this converter will then be developed in Section 4.2 using passivity-based control logic.
Ac/dc/ac converters are widely used and proposed in variable speed drives for flywheel energy storage

systems [31,32,33,34].

2.1.1. Automated State Space Model Derivation Methodology

The automated method was first introduced in [27] for deriving the state space equations for linear

electric circuits with any number of voltages sources, resistors, capacitors, and inductors, as well as



mutual inductance between inductors. The automated approach was then extended to include power
electronic circuits with switches in [16]. This automated method uses the internal MATLAB ‘syms’ and
‘solve’ commands in order to symbolically solve for the dynamic equations in standard state space form
given user input about the circuit topology.

It should be emphasized that the automated method expresses the dynamics in standard state space
form as an ODE (ordinary differential equation) system. In order to do this, logic is implemented in the
automated methods to check for all-inductor cutsets, which occur when one of the inductor currents can
be expressed as a linear combination of the other inductor currents, and all-capacitor loops, which occur
when one of the capacitor charges can be expressed as a linear combination of the other capacitor charges.
When there are all-inductor cutsets or all-capacitor loops, the dynamics will initially be a DAE
(differential algebraic equation) system. In order to convert the DAE system to an ODE system, the
automated method eliminates one of the inductor currents in each all-inductor cutset and one of the
capacitor charges in each all-capacitor loop using the algebraic relationships.

It is desired to express the dynamics in standard state space form as an ODE system because this is
the only form directly useful for applying many existing control techniques [35], such as Linear-
Quadratic Regulator (LQR) control [36]. Also, standard state space form is needed for checking whether
the system is fully observable and fully controllable, as well as for deciding the placement of sensors for
control design [35]. Additionally, simulating DAEs with an index greater than one is very difficult, as
discussed in [37].

For the automated method, the user should take the following steps to provide information about the
circuit topology:

1. For each of the B branches of the circuit, label and define the directions of the currents. A branch is

defined as a continuous path where the same current must flow. (The charge gx on each branch is

defined by dq, /dt =i, .)



For a circuit with J junctions, choose one arbitrary junction to be ground and label the voltages at
the other J-1 junctions as A1, Xy ,..., Ay1. (These junction voltages are the Lagrange multipliers
when applying the Lagrangian equation.) A junction is defined as the intersection of three or more
branches. Write Kirchhoff’s current law (KCL) equations at the non-ground junctions starting with
the junction labeled A; and ending with the junction labeled ;3. Use the following convention

when writing the KCL equations:

_Ziinto junction +Ziout of junction — 0 (2.1)
For a power electronic circuit with switches, the KCL equations are a function of the control inputs
(switch positions) [14].
Define all parameters and controllable inputs, as well as all the charges and currents on each branch,
as MATLAB ‘syms’ (symbolic objects).
Form Bx1 symbolic vectors for the current | and the charge Q consisting of the symbolic currents
and charges on the individual branches.
Form 1xB symbolic vectors for the capacitance vector C, the resistance vector R, and the voltage
source vector V, consisting respectively of the capacitances, resistances, and voltage sources on
each branch. (For the voltage source vector, if the direction of the current is such that it leaves the
positive terminal of the voltage source, then the sign is positive. Otherwise, the sign is negative.)
Form a BxB symbolic matrix for the inductance matrix L where the self-inductances of each branch
are given on the diagonal entries of the matrix and the mutual inductance between branches are
given on the off-diagonal entries of the matrix.
Form the constraint matrix G, which is a (J-1)xB matrix. Gl =0 gives the KCL equations. For a
power electronic circuit with switches, G will be a function of the switch positions.
Form the Lagrange multiplier A vector, which is a 1x(J-1) symbolic vector, consisting of the

voltages at the J-1 non-ground junctions.
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Given the circuit topology defined by the matrices I, Q, C, R, V, L, G, and A, the computer solves
for the dynamic equations by taking the following steps:
1. Find the total magnetic co-energy W,,” stored in the inductors of the circuit, which is

W, '=%ITLI (2.2)

m

For an electrically linear system, the magnetic energy is numerically equal to the magnetic co-
energy, although the magnetic energy is expressed in terms of fluxes while the magnetic co-energy
is expressed in terms of currents [38].

2. Find the total electric energy W, stored in the capacitors of the circuit, which is

W, = 1Q(k)°

e (23)
1<k<B,C(K)=0 2 C(k)

It is important to do the summation for only those branches containing a capacitor to avoid dividing
by zero.

3. Find the Lagrangian £, which is
=W, -W, (2.4)
4. Find the Rayleigh dissipation function &, which is
R = 3 %R(k)l(k)z (2.5)
=

1

5. Form the Lagrange equations of the first kind [28]

5{ 0% }— 0L L 0% _yuy-ASl o fork=12.B (8
dt| a1k |~ 2030 T a1(k) a1 (k)

The Lagrange equations for electric systems specify that the voltage across each branch must be
equal to the difference between the two junction voltages adjacent to that branch. The first, second,
and third terms of (2.6) are the voltage drops across the inductors, capacitors, and resistors of branch
k respectively. The fourth term contains the voltage sources on branch k, and the fifth term is the

voltage difference between the connecting junctions adjacent to branch k.
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The benefit of using the Lagrange equations rather than the conventional Kirchhoff’s voltage law
(KVL) equations is that in the passivity-based control described in Chapter 4, closed-loop energy
functions with desirable properties are chosen. The Lagrange equations are used to derive the
resulting error dynamics and then the control law from those closed-loop energy functions. This
would not be possible using the KVL equations.

Add the KCL equations, Gl =0, to these equations in order to form the initial set of equations.

For branches containing both a capacitor and an inductor, add another equation to the system:
dg, /dt=i,.
For branches containing a capacitor but not an inductor, substitute in dg, / dt for i, .

At this point, there are B+J-1+Bp, equations and Bponet2Bing+2Bcapt4Bpomt+J-1 unknowns where
Bnone iS the number of branches with neither an inductor nor a capacitor, B, is the number of
branches with an inductor but not a capacitor, By, is the number of branches with a capacitor but
not an inductor, and By, is the number of branches with both a capacitor and an inductor. The
unknowns are the voltages at the non-ground junctions, the currents in branches containing neither
an inductor nor a capacitor, the currents and the derivatives of currents in branches containing only
an inductor, the charges and the derivatives of charges in branches containing only a capacitor, and
the currents, the derivative of the currents, the charges, and the derivative of the charges in branches
containing both an inductor and a capacitor. There are Bing+Bcapt2Bporn (the number of storage
devices) more unknowns than equations.

If there are no all-inductor cutsets or all-capacitor loops, using the MATLAB ‘solve’ function, the
Bina+Bcapt2Brotn derivatives of the state variables, as well as the J-1 A’s and the By Currents, can be
solved for in terms of the Bj,g+Bcapt2Bpoin State variables. However, if there are all-inductor cutsets
or all-capacitor loops, the ‘solve’ function will produce a warning saying that no explicit solution
can be found. Therefore, all-inductor cutsets and all-capacitor loops must be checked for before

using the ‘solve’ function.
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9.

10.

11.

Check for any all-inductor cutsets. An all-inductor cutset occurs when one of the inductor currents
is dependent and can be expressed as a linear combination of the other inductor currents. It is not
sufficient to merely check for all-inductor cutsets at the J-1 junctions where the KCL equations
were written. It is possible there could be an algebraic relationship between inductor currents at the
ground junction or at a supernode. For a circuit with J junctions, there are 2’-2 possible KCL
equations that can be written [39], J-1 of which are independent. Half of these possible KCL
equations are just negatives of each other, so it is necessary to check (2’-2)/2 KCL equations for an
all-inductor cutset. For each of these KCL equations, an all-inductor cutset occurs when all
branches in the KCL equation contain an inductor.

If there is an all-inductor cutset, a current must be substituted by an expression in terms of the other
currents in the all-inductor cutset. Also, the derivative of that current must be substituted by the
derivative of that expression. Finally, the proper KCL equation must be eliminated from the system
of equations.

Check for any all-capacitor loops. An all-capacitor loop occurs when one of the capacitor charges is
dependent and can be expressed as a linear combination of the other capacitor charges. All possible
KVL equations in the circuit (excluding ones that are merely negatives of each other) must be
checked. For each of these KVL equations, an all-capacitor loop occurs when all branches in the
loop contain only a capacitor or a voltage source (not an inductor or a resistor).

If there is an all-capacitor loop, a charge must be substituted by an expression in terms of the other
charges and voltages sources in the loop. Also, the derivative of that charge must be substituted by
the derivative of that expression as well. Finally, the Lagrange equation for the branch whose
charge was substituted for must be eliminated from the system of equations.

At this point, there are B+J-1+By.,-D equations and Bponet2Bing+2Bcapt4BpontJ-1-2D unknowns
where D is the number of dependent storage devices. There are Bing+Bcap+2Bpon-D (the number of

independent storage devices) more unknowns than equations.
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To solve for the state space model, the derivatives of the state variables need to be expressed in
terms of only the state variables (not the A’s or the currents in branches with no storage devices).
Therefore, the MATLAB ‘solve’ function is used to symbolically solve for the Bing+Bcap+2Bpotn-D
derivatives of the state variables, as well as the J-1 A’s and the B, currents, in terms of the
Bing+Bcapt2Bpotn-D state variables. The solution returned by the MATLAB ‘solve’ function is in the
general state space form;

x=f(x,u) 2.7)
where X is the vector of state variables and u is the vector of controllable inputs. The state variables

are the independent inductor currents and the independent capacitors charges.

2.1.2. Example: AC/DC/AC Converter

As an example for the automated modeling methodology, consider the three-phase ac/dc/ac
(alternating current/direct current/alternating current) converter shown in Figure 2.1. There is a three-
phase voltage source at a constant frequency m; on the left side of the converter, a dc-link capacitor in the
middle, and a three-phase constant resistance and inductance load on the right side. The objective of the
ac/dc/ac converter is to regulate the currents through the load to desired values at a different frequency
than the voltage source. The controllable inputs are the positions of the twelve switches. For each of the

six switch pairs, the control is designed so that, at any given time, either the top switch or the bottom

switch is closed, but not both. The switching functions u,,,u,,u,.,U,,, U, ,and u,. are defined as

uik -

1S, closed
i=12;k=a,b,c (2.8)

-1 S, closed
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Figure 2.1: Circuit topology for ac/dc/ac converter.

Following the automated modeling methodology, first the currents are labeled on each of the eight
branches of the circuit as shown in Figure 2.1. There are four junctions in the circuit. The left junction is
chosen to be ground and the voltages at the other three junctions are labeled as shown in Figure 2.1.
Using the convention in (2.1), the KCL equations at the three non-ground junctions are

_(1+u1a) i — (1+u1b) i (1+ulc)

2 » 2 " _ (1+u2a) | _ (1+u2b) | _ (1+u2c) izc — 0 (29)

2 2a 2 2b 2

L, +l1c +1g

_(1_u1a) i — (1_u1b) i — (1_u1c) i

. 1-u,,). 1-u,,). 1-u,.).
2 1a o 2 e ~le _( 2a)' _( Zb)' —( 2C)|2c:0 (2.10)

IR 2 2a 2 2b 2

Ly +1y, +1,, =0 (2.11)
After defining all parameters, switching functions, currents, and charges as symbolic objects, the

symbolic vectors | and Q are defined as

Iz[lla by he Ic Tr s by |2c] (2.12)

Q:[qla O Gic dec Gr G2a Qo ]T (2.13)

The inductance matrix L, the capacitance vector C, the resistance vector R, and the voltage source

vector V are defined as

(2.14)

[eNecNoNoNoNoNaNe
oo ocooool o
cocooocoool oo
[eNecNoNoNoNoNoNo)
[ecNecNoNoNoNoNeNo)
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cNoNoNoNoNoNe

—

N
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C=[000C 00 0 0] (2.15)
R=[0 000 R R, R, R] (2.16)
V=V, V, V, 000 0 O (2.17)

The constraint matrix G, which when multiplied by I yields the KCL equations, is

-A+uy)/2 -Q+uy)/2 -A+u)/2 101 -(A+u,)/2 -A+uy)/2 -(L+u,)/2
G=|-1-u,)/2 -A-u,)/2 -A-u.)/2 -1 -1 -(1-u,)/2 -(1-uy)/2 -1-u,)/2| (2.18)
0 0 0 0 0 1 1 1
The Lagrange multiplier matrix A, which contains the voltages at the three non-ground nodes, is

A=[4 2, 4] (2.19)

Given the circuit topology defined by the matrices I, Q, L, C, R, V, G, and A, the automated method
solves for the dynamic equations using the Lagrangian formulation following the steps below.

The magnetic co-energy stored in the six inductors is
W I_ 1 - 2 - 2 - 2 1 - 2 - 2 - 2 2 20
m _ELl(Ila Thy +l )+§L2(|2a Thy +ly ) (2.20)

The electric energy stored in the capacitor is

2
w, = L% (2.21)
2 C
The Lagrangian is
, 1 ., ., . 1. /05 .0 p . 1 9.
£=W -W, = 5 Ll(lla2 +iy 7+ Ilc2)+5 L, (IZaZ +iy” o+ |2c2)—5% (2.22)
The Rayleigh dissipation function is
%=%R2(i2a2 iy +i2c2)+%RciR2 (2.23)

The Lagrangian equations from evaluating (2.6) are

d

Al (1+u13)/2_vla _|_/'{2 (1_u1a)/2+ L1 C:ia

=0 (2.24)
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d|lb

A W Uy) /2Ny, + 2, (L-uy)/2 L~ =0 (2.25)

A (A4u)/2-Vy + A, (L—u,)/2+ L, d;ic ~0 (2.26)
ﬂ?—/ll+qEC:O (2.27)

A=A +Rcip =0 (2.28)

B ) 2=+ 1y ()24 L, B 4 R, =0 (229)
A AUy )/ 2= 2+ 2y (L= Uy, ) /2+ |_2 A R, =0 (2.30)
A AUy ) /2= A+ A, (- Uy, )/ 2+ |_2 A L Rji, =0 (2.31)

Equations (2.24)-(2.31) and the KCL equations (2.9)-(2.11) form the initial system of equations.

There are no branches with both an inductor and a capacitor, but there is one branch with a capacitor but
not an inductor. Therefore, i is replaced by dq /dtin (2.9)-(2.11)and (2.24)-(2.31). There are no all-
capacitor loops, but there are two all-inductor cutsets. KCL equation (2.11) forms an all-inductor cutset
so i, is replaced by —i,, —i,, and (2.11) is removed from the system of equations. The sum of KCL
equations (2.9) and (2.10) also forms an all-inductor so i, is replaced by —i, —i, . Since the all-

inductor cutset occurred in the sum of (2.9) and (2.10), either one could be removed from the system of
equations. Equation (2.9) is chosen to be removed. After making these changes, the new system of

equations is
B U,)/2-V, A (AU 2+, S <0 232

A U,) 2V + () 21, S =0 239)
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A2V, 20w/ G s S o 230

dt
ﬂ?—ﬂl+q€20 (2.35)
A=A +Reiz =0 (2.36)
B ) 2=+ 1y ()24 L, B 4 R, =0 (237)
A AUy )/ 2= 2+ 2 (L= Uy, ) /2+ |_2 b 4 Ry, =0 (2.38)

" J—Rz(i2a+i2b)=0 (2.39)

AUt u)/2 1+ A, (1—u2c)/2—L2[

'(1_u1"’)| (1-uy) 1b+( ulc)(i +i1b) dqc

la
2( ) 2( ). . (A-u,) ) (240
1-u,,). 1-u,,). 1-u,),. .
-k — 22 L — 22b Iy + 2 (|2a+|2b)=0

In the new system the number of equations, B+J-1+Bp.,-D, is 9 while the number of unknowns,
Bronet2Bing+2Bcapt4BpontJ-1, is 14. (For this example B = 8, Brone = 1, Bing = 6, Beap = 1, Bpotn = 1, J = 4,

and D =2.) The unknowns are i, iy, i,,, iy, O, ig, di,/dt, diy/dt, di,, /dt, di,, /dt, dg./dt,
A, A,,and A,. The MATLAB ‘solve’ function is used to symbolically solve for the state variable
derivatives (diy, /dt, diy/dt, di,,/dt, di, /dt, dg./dt), as well as iy, 4, 4,,and A, in terms of
the state variables (i,,, iy, I,,, I,,, 0c). In the standard state space form given by (2.7), the dynamic

equations of the ac/dc/ac converter are

di, _ G L

dt = 6CL, (_Zula Uy + Uy ) _I(_zvla +Vi +V10) (2.41)
di 1
d_ltb N G(E:CL1 ( 2u1b + ulc) 3L1 (Vla o 2Vlb +V10) (2.42)
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di,, ¢

R, .

-2 =_¢C (-2u, +U, +U, )——2i 2.43
dt 6CL2 ( 2a 2b 20) L2 2a ( )
diy, _ Qc R, .

—= = U,, —2U,, +U, )——=2i 2.44
dt 6CL2 ( 2a 2b 20) L2 2b ( )

i i i i
T =_(u1a _ulc)+l_b(u1b _ulc)+ﬁ(u2a _uzc)"'z?b(uzb _UZC)_ e (2-45)

The controllable inputs u,,u,,u,.,U,,,U, ,and u, defined by (2.8) are discrete values. Since
analysis of discrete control inputs is complex, one common approach is to use state space averaging

[14,40,41,42). Hence for the rest of the thesis, the switching functions u,,, U, ,U,.,U,,,U,,,and u,. are

regarded as duty ratio functions with values in the interval (—l, 1) :

2.1.3. Transformation of Dynamic Equations to the aff Reference Frame

The equations derived by the automated method are in the stationary three-phase abc reference frame.
However, for power systems and three-phase power electronics, the rotating two-phase dq (direct-
guadrature) reference frame is often used to express the dynamics of machines because this form is often
simplest mathematically and most useful for control purposes [43]. Sinusoidal steady-state operation in
the abc reference frame yields constant steady-state values in the dq reference frame if the dq reference is
rotating at the same speed as the sinusoidal steady-state frequency. Therefore, it is important to extend
the automated derivation of the dynamic equations from the abc reference frame to the dqg reference
frame.

First, the transformation of the equations to the stationary two-phase aff reference frame is described,
and then in the next section the transformation of equations to the rotating dg reference frame is
described. Any system with three or more stationary phases can be equivalently modeled as two
stationary phases [44,45]. The graphical interpretation of the abc to of transformation is shown in Figure

2.2 and this transformation is given by
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_a/;’z abe -
, 1 1
2 2

- 2] BB (2.46)
3 2 2
111
%z {7

The z-phase is independent of the o and 3 phases and is only used in order to make T invertible. If the
three phases of the system are balanced, then the a, b, and ¢ phases sum to zero at all times, and the z

phase is always zero [45].

C
Figure 2.2: Graphical interpretation of the off and dq transformations.

When the ¢ phase is dependent due to an all-inductor cutset and is replaced as the negative sum of the

aand b phases (as is the case for i,. and i,, in the ac/dc/ac converter), transformation (2.46) reduces to

Xop = Tres Xa
F + =3 0
T, - 3 6 (2.47)
RN

NG

For the ac/dc/ac converter, the dynamic equations (2.41)-(2.45) can be re-written in matrix form as
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ilab fl (Vlabc ! ulabc )

I2ab = f2 (u2abc' i2ab)
qc f3 (ulabc’ uZabc’ ilab' i2ab)
T
Vlabc = [ Vla Vlb Vlc]
T
ulabc = [ ula ulb ulc]
T
Upape = [ Uy, Uy UZC]
. . .qT
la :[ ba Ilb]

. . . T
I2ab - [ I2&1 IZb]

(2.48)

To obtain the differential equations in the of reference frame, first the expressions for the derivatives

of iy, and i,,, are found in terms of the abc quantities.

ilaﬂ Tred fl (Vlabc ! ulabc)
i2a/3 = Tredfz (u2abc’ i2ab)
QC 1:3 (ulabc ! u2abc ! ilab’ i2ab)
. .. T
i =[ g i | (2.49)

) I
lop = [ by I2ﬂ:|

Next, to find the expressions for the derivatives of i, ., and i, . in terms of the of§ quantities, the

lop 20

MATLAB ‘subs’ command is used to substitute the abc quantities in terms of the af quantities.

H -1 -1
Ilaﬂ Tredfl (T Vla/i’z’T ulaﬂz)
H -1 —1-
lop | = Tredfz (T u2aﬂz’Tred IZaﬂ)
. -1 -1 -1: -1:
qC f3(T ulaﬂz’T UZaﬂz’Tred Ilaﬂ'Tred IZaﬂ)
T
Vlaﬁz = [Vla V1/j Vlz]
_ T
ula/}z - [ Uy, ul,B ulz]
_ T
u2aﬁz _':UZa u2ﬂ u2z]

.. T
lop = [ L, Ilﬂ}

. . . T
IZaﬁ =[ IZa IZﬂ:I

(2.50)

Expanding (2.50), the dynamic equations in the of3 reference frame are

di, Vi, U0c (2.51)

dt L 2CL
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di,, Vi, U,0c

2 _ B (2.52)

dt L 2CL
Aoy _Usle Ry (2.53)

dt 2CL, L,

di u

Qo _ Y% —&izﬂ (2.54)

dt 2CL, L,
qu — ilaula + ilﬁ'ulﬁ' + i2au2a + iZﬁUZﬁ _ dc (255)

dt 2 2 2 2 CR.
2.14. Transformation of Dynamic Equations to the dq Reference Frame

The graphical interpretation of the transformation from the af reference frame to the dq reference

frame is shown in Figure 2.2, and the angle ¢ of the dq reference frame is the angle between the rotating
d-axis and the stationary a-axis. The transformation is given by [44]

quo = K(¢)Xaﬂz
cos¢g sing O
K(¢)=|-sing cosg 0
0 0 1

(2.56)

Therefore, the transformation from the abc reference frame to the dq reference frame is given by

quO :_K(¢)Xa/}z = K(¢)Txabc: P(¢)Xabc _
Ccos¢  Ccos ¢—2—”j cos(¢+2—”)

3 3

P(¢)= %—sin(/ﬁ —sin(gﬁ—%j —sm[¢+2?”] (2.57)
1 1 1
L2 2 2

Since the transformation P is defined in such a way that its transpose and inverse are equal, the
transformation P defined here is power invariant, as in [44,46]. Sometimes in power system literature, the
dqg transformation is defined in such a way that it is not power invariant [43,45,47].

Again, when the ¢ phase is dependent and is replaced as the negative sum of the a and b phases (as is

the case for i, and i, in the ac/dc/ac converter), transformation (2.57) reduces to
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Xag = Pred(¢)xab
2 [ cos(gp)—cos(¢+27/3)  cos(¢—27/3)-cos(¢+27/3)

Prs (4) = 3| —sin(¢)+sin(g+27/3) —sin(p—27/3)+sin(¢+27/3)

(2.58)

For the ac/dc/ac converter, when transforming the quantities on the left side of the converter, a dq

reference frame rotating at a speed equal to the frequency of the three-phase voltage source w; is used (

¢ = wyt). For transforming the quantities on the right side of the converter, a dq reference frame rotating

at a speed equal to the desired frequency of the load currents w; is used (¢ = w,t ).

To obtain the differential equations in the dq reference frame, first the expressions for the derivatives

of iy, and i,,, are found in terms of the abc quantities.

dP., (wt).
. PfEd (wlt)fl (Vlabc ' ulabc) + # 1ab
i1dq
: . AP, (@5t) .
Iqu = Pred (a)Zt)fZ (u2abc’ I2ab) +% IZab
Ge

f3 (ulabc’ u2abc’ Ilab’ IZab)

. -
g =[ by g | (2.59)
. .. T
logq :[ by IZq:I
Note that since P is time-varying, the product rule must be applied when differentiating. Next, to

find the expressions for the derivatives of i,,, and i,,, in terms of the dg quantities, the MATLAB ‘subs’

command is used to substitute the abc quantities in terms of the dg quantities.

) ) dP., (art . )
. P (o), (P 1(a)l'[)VlaﬁZ,P 1(a)1t)ulaﬂz)+—(iji i) P 1(601t)lldq
ildq
: . . . dP., (@t . )
g | = Preg (wzt)fz(P l(th)UZaﬂz’ Pres l(a)Zt)IZaﬂ) + ddi : ) Pred l(wzt)lqu
de

fs(P_l (a’lt) Ui p (a’zt) Usppss Preg ! (a’lt) ilaﬂ ' Pred_l (a)zt) iZaﬂ) (2.60)

.
Vlqu = I:Vld qu VlO]
T T
Usgq0 :|:uld Uy, ulo] 1 Uadgo :|:u2d Upg uzo]
. L . . T
l4q :['m Ilq] 1o :[|zd IZq]
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Expanding (2.60), the dynamic equations in the dq reference frame are

di_ld:i @Jrh_qcum (2.61)
d¢t L 2cL
Ay o Vi Gl (2.62)
dt 1d 1 Ll 2CL1
diy, . R,
Hod _j g —DR2j Ul 2.63
dt 2q%2 LZ 2d 2CL2 ( )
di,, . R, . QcU,
2w ——2| _ q 2.64
dt 2d "2 L2 2q 2CL2 ( )
doe iUy N ilqulq + Iy Usg 4 i2qu2q _ O (2.65)

dt 2 2 2 2  CR,

Passivity-based control will be designed for the ac/dc/ac converter in Chapter 4 using these dynamic
equations.
2.2. Lagrangian Formulation Applied to Electromechanical Systems

The dynamics of mechanical systems can be easily modeled using Newton’s second law of motion
while the dynamics of electrical systems can be easily modeled using KCL and KVL equations, but the
difficulty for electromechanical systems is determining the coupling between the subsystems. For
example, for an electric machine, an electric torque is applied to the rotor as a result of the coupling
between the mechanical and electrical subsystems. Conventionally, the coupling between the electrical
and mechanical subsystems is determined using conservation of energy [38]. An alternative, perhaps
easier, approach is to use the Lagrangian formulation, which provides a unified framework for analyzing
the electrical and mechanical subsystem and explicitly captures the coupling between the subsystems
[48].

Very little previous research has been done on applying the Lagrangian formulation to electric power
systems, especially for multiple interconnected power systems components. In [49], the dynamics of one

electric machine connected to an infinite bus are derived using the Lagrangian formulation, but this
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derivation neglects the dynamics of the electric subsystem. In [48], the dynamic equations of an electric
machine connected to an infinite bus are derived using the Lagrangian approach.

Extending this previous work, an automated computer-aided method was implemented for
symbolically deriving the state space model for interconnected power systems using the Lagrangian
approach [12]. The automation of this process is critical because even for relatively small power systems,
it is very tedious to derive the dynamic equations by hand. The automated approach is then demonstrated
for deriving the state space model for a variable speed drive for flywheels. The variable speed drive uses
an ac/dc/ac converter to regulate the speed of the flywheel to a different frequency than the power grid
frequency. Control for this variable speed drive will be designed in Chapter 5 using passivity-based

control logic.

2.2.1. Automated State Space Model Derivation Methodology

The automated approach can be used to solve for the dynamic equations of power systems with
conventional power system components, such as synchronous machines, induction machines,
transmission lines, and loads. The approach can also be applied to electrostatic machines, which
Lawrence Livermore National Lab (LLNL) is using for integrating flywheels [50]. In conventional
magnetic machines the electric torque results from the mutual inductance varying as a function of the
rotor position, while in electrostatic machines, the electric torque results from the capacitance varying as a
function of the rotor position. The Lagrangian formulation explicitly captures this coupling between
subsystems for both cases. As with electric circuits, logic is implemented in the automated method to
check for all-inductor cutsets and all-capacitor loops, so that the power system dynamics can be expressed
as an ODE system rather than a DAE system.

The user should take the following steps to input the power system topology:

1. Draw schematics of the electrical subsystem and the mechanical subsystem. For each of the B

branches in the electrical subsystem, label and define the directions of the current.  For each of the
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M machines in the mechanical subsystem, label and define the direction of the angular velocity of
the rotor.

For each circuit in the electrical subsystem, choose one arbitrary junction to be ground and label the
voltages at the other J junctions as A;, A,,..., A;. Write KCL equations at the non-ground junctions
starting with the junction labeled A; and ending with the junction labeled A;. Use the convention in
(2.1) when writing the KCL equations. Again, for systems with power electronic switches, the KCL
equations are a function of the switch positions.

Define all parameters, controllable inputs, the charge and current on each branch, and the angular
velocity and angular position of the rotor of each machine as MATLAB ‘syms’.

Form Bx1 symbolic vectors for the current | and the charge Q consisting of the symbolic currents
and charges on the individual branches.

Form 1xB symbolic vectors for the capacitance vector C, the resistance vector R, and the voltage
source vector V, consisting respectively of the capacitances, resistances, and voltage sources on
each branch. For the voltage source vector, if the direction of the current is such that it leaves the
positive terminal of the voltage source, then the sign is positive. Otherwise, the sign is negative.
Form a BxB symbolic matrix for the inductance matrix L where the self-inductances of each branch
are given on the diagonal entries of the matrix and the mutual inductance between branches are
given on the off-diagonal entries of the matrix.

Form the constraint matrix G, which is a JxB matrix. Gl =0 gives the KCL equations.

Form the Lagrange multiplier vector A, which is a 1xJ symbolic matrix, consisting of the voltages
at the J non-ground junctions.

For the mechanical subsystem, form Mx1 symbolic vectors for the angular velocity Q and the
angular position ® consisting of the symbolic angular velocities and angular positions of each

individual machine.
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10. Form 1xM symbolic vectors for the inertia matrix J, the damping matrix B, and the mechanical

torque matrixt,, consisting respectively of the inertias, damping factors, and external mechanical
torques on each machine. For the mechanical torque vector, if the direction of the mechanical
torque is such that it opposes the angular velocity of the machine, then the sign is negative.

Otherwise, the sign is positive.

Given the power system input defined by the matrices I, Q, C, R, V, L, G, A, €, ©, J, B, andt,, , the

computer solves for the dynamic equations using the Lagrangian approach by taking the following steps:

1.

First the electrical subsystem is considered. Find the total magnetic co-energy W,,’ stored in the
inductors of the electrical subsystem, which is given by (2.2).

Find the total electric energy W, stored in the capacitors, which is given by (2.3)

Find the Lagrangian for the electrical subsystem £, Which is given by (2.4)

Find the Rayleigh dissipation function for the electrical subsystem R, Which is given by (2.5)
Now consider the mechanical subsystem. Find the kinetic co-energy KE’ stored in the rotating

masses of the machines, which is

KE'= Z%J(k)g(k)z (2.66)

M
k=
Since there are no springs in electric machines, the potential energy is zero. Find the Lagrangian for

the mechanical subsystem S£ecn, Which is

¢ =KE'-PE=KE' (2.67)

mech

Find the Rayleigh dissipation function for the mechanical subsystem Rmecn, Which is

By = %B(k)a(k)z (268)

M
k=1
Combine the Lagrangians and the Rayleigh dissipation functions from the electrical and mechanical
subsystems.

=L *+E

elec ‘mech

(2.69)
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9.

10.

11.

12.

13.

14.

15.

g{ = g{elec + ‘(R'mech (270)

Form (B+M)x1 vectors for the generalized flow Fg, consisting of the electric currents and the

mechanical angular velocities and for the generalized charge Qqe, consisting of the electric charges

= L'J 2.71)

1Q
Qe = [@} (2.72)

and the mechanical angular positions.

Form a (B+M)x1 vector for the generalized forcing function & .

M
§= (2.73)

Tm

Form the Lagrange equations of the first kind, which for an electromechanical system are [48]

d{ o8 } of OR OAGI

— - + —F(K) - =0
dt| OF ., (K) | 0Qun(K)  OF,, (k) OF . (K) (2.74)

fork=1,2,.B+M

The Lagrange equations for electromechanical systems specify that the voltage across each branch
must be equal to the difference between the two junction voltages adjacent to that branch and
specify that the inertia multiplied by the angular acceleration of each machine must equal to the sum
of the torques on the rotor of the machine (including the electric torque resulting from the coupling
between the electrical and mechanical subsystems).

Add the KCL equations, Gl =0, to these equations in order to form the initial set of equations.

For each machine, add another equation to the system: d@, / dt = @, .

For branches containing both a capacitor and an inductor, add another equation to the system:
dg, /dt =i,.

For branches containing a capacitor but not an inductor, substitute indg, / dt for i, .
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16.

17.

18.

Check for any all-inductor cutsets. If there is an all-inductor cutset, a current must be substituted by
an expression in terms of the other currents in the all-inductor cutset. Also, the derivative of that
current must be substituted by the derivative of that expression. Finally, the proper KCL equation
must be eliminated from the system of equations.

Check for any all-capacitor loops. If there is an all-capacitor loop, a charge must be substituted by
an expression in terms of the other charges and voltages sources in the loop. Also, the derivative of
that charge must be substituted by the derivative of that expression as well. Finally, the Lagrange
equation for the branch whose charge was substituted for must be eliminated from the system of
equations.

At this point, there are B+2M +J + B, —Dequations and B, +2B,, +2B_, +4B,, +

none

J —2D+4M unknowns where D is the number of dependent storage devices, Bpone iS the number
of branches with neither an inductor nor a capacitor, B;,q is the number of branches with an inductor
but not a capacitor, B, is the number of branches with a capacitor but not an inductor, and By, iS

the number of branches with both a capacitor and an inductor. There are
B + Beap + 2By, —D+2M  (the sum of the number of independent storage devices and twice
the number of machines) more unknowns than equations.

To form the state space model, the derivatives of the state variables need to be solved for in terms of

only the state variables (not the A’s or the currents in branches with no storage devices). Therefore,

the MATLAB ‘solve’ function is used to symbolically solve for the B, ; + B, +2B,,, —D+2M

derivatives of the state variables, as well as the J A’s and the B, currents, in terms of the

B + Beap + 2By, — D+ 2M state variables.

The solution returned by the MATLAB ‘solve’ function is in the general state space form

x=T1(x,u) (2.75)
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The electrical state variables are the independent inductor currents and the independent capacitor
charges. The mechanical state variables are the angular velocity and the angular position of the

rotor of each machine.

o =V, cos( @) / )
Via =Vp cos( 1) Sy rs,., 1S, ilm lyingzc/ Szn/
i L, R, \ Synchronous
— G C/T ? R¢, ‘Machine
Vi, =V, cos (@1 —27/3) _ With Flywheel
\ St \§11 \§1C g”c\ Sln\
ilc Ll Rl

-

—r Y
@ e e
¥, =V, cos(m+2/3)

Figure 2.3: Topology for flywheel variable speed drive.

2.2.2. Example: Variable Speed Drive for Flywheels

As an example of the automated modeling methodology, consider the variable speed drive shown in
Figure 2.3, where an ac/dc/ac converter drives a synchronous machine with a flywheel energy storage
system. There is a three-phase voltage source at a constant frequency m; on the left side of the converter,
a dc-link capacitor in the middle, and the synchronous machine attached to the flywheel on the right side
of the converter. The objective of the variable speed drive is to regulate the speed of the flywheel (and
hence the energy stored in the flywheel) to a different frequency than the grid frequency. As in Section

2.1.2, the controllable inputs are again the positions of the twelve switches. The switching functions

Uy, Uy, Uy, Uy, , U,y @nd Uy, are defined using (2.8).

la?

The schematic of the mechanical subsystem is shown in Figure 2.4. The synchronous machine is
assumed to have three phases on the stator and one phase on the rotor, and the angular position of the
rotor 6, is defined as angle between the rotor winding and the a-phase of the stator winding, as shown in
Figure 2.4. The direction of the angular velocity is chosen to be in the counterclockwise direction.

As shown by Figure 2.5, the electrical subsystem consists of two coupled circuits: the synchronous
machine rotor windings and the synchronous machine stator windings which are connected to the ac/dc/ac
converter. The mutual inductances between the stator windings and the rotor winding of the synchronous
machine depend on the angular position 6, of the rotor. The mutual inductance between the a-phase
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stator winding and the rotor winding is given by M, cosé,, the mutual inductance between the b-phase
stator winding and the rotor winding is given by M, cos(@2 — 27[/3) , and the mutual inductance between
the c-phase stator winding and the rotor winding is given by Mzcos(6’2+27r/3). There is also a

negative mutual inductance, —L,, between the three phases of the stator windings.

Rotor Inertia: Jo

Damping Coefficient: B2

Figure 2.4: Mechanical subsystem of the variable speed drive shown in Figure 2.3.
The directions of the currents are labeled on each of the nine branches in the electrical subsystem
while the three non-ground junctions are labeled A;-Az as shown in Figure 2.4. Using the convention in
(2.1), the KCL equations at these three non-ground junctions are

'(1+u1a)i _(1+U1b)i _(1+ulc) _(1+u2a)i _(1+u2b)i _(1+U2c)

2 1la 2 1b 2 ilc + ic + iRC 2 S2a 2 S2b 2 iSZc =0 (2'76)

-1-u,). (@-uy). @Q-u.). . (1-uy,). d-uy). (1-uy,).
2 - o — Zlb by — 21 he —lc —lge — 22 Is20 — 22b Isop — 22 Isoc =0 (2-77)
iSZa + iSZb + iSZc =0 (2.78)
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Figure 2.5: Electrical subsystem of the variable speed drive shown in Figure 2.3.

All parameters, the charges and currents on the nine branches, and the angular positions and angular

velocities of the machine are defined as MATLAB “syms.” The symbolic vectors | and Q are defined as
IZ[Ila Ilb Ilc ICl IRl ISZa ISZb ISZC IRZ] (279)

T
Q=|:qla O Gic Yer Uri Us2a Usap Osac qu] (2.80)

The inductance matrix L is defined as

L O0OO0O 0 0 0 0

0OL o0O00O 0 0 0 0

0 0oL OO 0 0 0 0

0 00O0O 0 0 0 0

0 00O0O 0 0 0 0

0 0 00O LSZ —LSSZ —LSSZ MZCOSHZ (281)

L:
0 0000 -Lg, Ls, —Lgs, Mzcos(ez—zézj
00000 -Ls —Lsso L, MZCOS[492+2;[
2r 2
0 0 0 00 M,cosé, Mzcos[ez—gj MZCOS(92+SJ L.,

The capacitance vector C, the resistance vector R, and the voltage source vector V are

C=[0 00 C1 0 00O O] (2.82)
R:[R1 R1 R1 0 Rc1 Rsz Rsz Rsz RRZ] (2.83)
V=V, Vi, Vie, 00 0 0 0 Vg,] (2.84)

The constraint matrix G, which when multiplied by I, yields the KCL equations (2.76)-(2.78), is
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“@ug) /2 -Quy) /2 -A+u)/2 11 -Q+uy) 2 -Quy)/2 -(L+u,)/2 0
G=|--u,)/2 -(-uy)/2 -Q-u)/2 -1 -1 -1-u,)/2 -(-uy)/2 -(L-u,)/2 0| (2.85)
0 0 0 0 0 1 1 1 0

The Lagrange multiplier vector A, which contains the voltages at the three non-ground junctions, is

A=[4 2, 7] (2.86)

The symbolic vector © and © are defined as
Q=w,] (2.87)
0=[6,] (2.88)

J=[3,] (2.89)
B=[B,] (2.90)
Ty =[~Tu2] (2.91)

Given the power system input defined by the matrices I, Q, C, R, U, L, G, A, ©, ©, J, B, and 7,,,
the MATLAB code solves for the dynamic model of the circuit through the steps detailed below.
First the electric subsystem is considered. The magnetic co-energy stored in the inductors is
1. . . 1. . 1 . . .
W, = E L1(|1a2 + |1b2 + I1c2)+§ LR2|R22 +§ Ls, (|32a2 + |32b2 + |32c2)

- LSSZ (iSZaiSZb + iSZaiSZC + iSZbiSZC )+ MZ COS(Hz)iRZiSZa (292)
+ M, ig,ls,p €0S(6, — 277 1 3) + M, ig,ls 5. COS(6, + 27/ 3)

The electric energy stored in the capacitor is

2
w, = L% (2.93)
2 C

The Lagrangian for the electrical subsystem £ is calculated by subtracting W, from W,,,".
The Rayleigh dissipation function for the electrical subsystem is
1 1

12 .2, 1. : . . :
Fotec = E R, (I1a2 + |1b2 + I1c2 ) +§ R01|R12 +E RR2|R22 +§ Rs, (|82a2 + |82b2 + 'szcz) (2.94)
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Now the mechanical subsystem is considered. The Kinetic co-energy is

KE':%JZa)ZZ (2.95)

The Lagrangian for the mechanical subsystem £, iS equal to the kinetic co-energy since the
potential energy of the system is zero.

The Rayleigh dissipation function for the mechanical subsystem is
1 2
gfmech = E BZwZ (296)

The total Lagrangian £ and the total dissipation function R are formed by adding Lejec and Lyech and
by adding Reec and Rmecn respectively. The generalized flow matrix Fg, and the generalized charge
matrix Qqen are formed using (2.71) and (2.72). The generalized forcing function & is formed using (2.73).

The Lagrange equations from evaluating (2.74) are

Al (1+ula)/2_vla +//{2 (l—ula)/2+ |_1 dc;ia + R1i1a =0 (297)
diy, .
A (L+uy)/2-V, + 4, (L—uy)/2+ le—ltb Ry, =0 (2.98)
A A+uy)/2-V,, + 4, (L-uy)/2+ 1, do:ltc +Rjiy, =0 (2.99)
/’12_]14_&:0 (2.100)
C,
2y =4+ Rejigy =0 (2100
di di di i .

_Mzsinez%im +21(1+U2a)/2—}i3+ﬂ,2(1—u23)/2=0

diszn_ disza
dt 2 dt

dig,, o - 27
- L, %4— Rs,iso, + M, cos(é’2 —?j

dig,

L
$2 dt

(2.103)

_MZSin(ez _%j%im +j1(1+u2b)/2_ﬂ’3 +4, (1_u2b)/2 =0
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Lsz&_LsszM_LsszM"'Rsz52c+M cos| 6, +2_7T %
dt dt dt dt (2.104)
. do '
—Mzsln(é’ +— 3 j d2 i, + A4 Q+U,)/2- 4+ 4, (1-u,)/2=0
di . . déo, . di
Loy —R2—Vg, +R ~M,sing, = 2i,, + M, cos| 6, - - | =52
R2 dt VRZ + RZIRZ 2 sin 2 d SZa + COS( 3 j dt (2105)
—Mzsin[e —?] dd% s, + M, cos(a %Tj ddSt2° M sm(e +—]dd—0j[|52C =0
do, 2z 2z 2.106
J,—% " +7y, + By@, + M,ig,ig,, SiN| 6, Sy + M, ip,ig,. Sin| 6, +— 3 +M,ig,lg,, sin@, =0 (2.106)

The last three terms of (2.106) represent the electric torque, which is explicitly captured when
evaluating the Lagrange equations.
According to Step 13, the following equation for the synchronous machine must be added to the

system of equations:

dé,
2 _ . =0 2.107
e (2.107)
There are no branches with both an inductor and a capacitor, but there is one branch with a capacitor
but not an inductor. Therefore, i. is replaced by dq. /dtin (2.76)-(2.78) and (2.97)-(2.107). There are

no all-capacitor loops, but there are two all-inductor cutsets. KCL equation (2.78) forms an all-inductor

cutset, so ig,, is replaced by —i,, —is,, and (2.78) is removed from the system of equations. The sum

of KCL equations (2.76) and (2.77) also forms an all-inductor so i, is replaced by —i,, —i,,. Since the

all-inductor cutset occurred in the sum of (2.76) and (2.77), either equation could be removed from the
system of equations. Equation (2.76) is chosen to be removed.
After making these changes, in the new system of equations, the number of equations,

B+2M +J +B,,, — D, is 12 and the number of unknowns, B +2B,,+2B_, +4B,, +J-2D+4M,

none

is 20. (For this example B=9, M =1, J =3, Byon =0, D = 2, Bpone = 1, Bjng = 7, and Beop = 1.) The
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unknowns are i, iy, Ocys drys dsoas dsops dros @y, 6,, diy,/dt, diy/dt, dgg,/dt, dig,,/dt,
dig,, /dt, dig,/dt, dw,/dt , d6,/dt, 4, 4,,and 4,.

The MATLAB ‘solve’ function is used to symbolically solve for the state variables derivatives (
di,/dt, diy/dt, dq.,/dt, dig,,/dt, dig,,/dt, dig,/dt, de,/dt, d6,/dt), aswell as iy, 4,, 4,,
and 4, in terms of the state variables (i,,, iy, Qc;) Is2a+ Isop s Iray @5, 6,). Inthe standard state space

form given by (2.7), the dynamic equations of the variable speed drive are

%zé—ch(—zula+ulb+uk) 3}_1( N, +Vy 4V, ) - Ela (2.108)

dciﬁb —6?:1( —2uy, +Uy,) - 1L1 (Via — 2V, +vlc)—%i1b (2.109)

T = ) 2 ) 2 )+ ()~ 2110
—:inv(Lz)(Vz—Rzlz—Z—lea)zj (2.111)

do, M, iz, (\/§/Zi52a cos 6, +\/§i52b cos o, —3/2iSZasin 492)—er -B,w,

= 2.112
dt J, (2112)
de,
—==w 2.113
il (2.113)
where
iSZa VSZa RSZ O 0
I, =|isy [, V,=|Vsp |» R,=| 0 Ry, O (2.114)
iR2 VR2 O O RRZ
I 2r
Ls, + Lsso 0 M (COSH COS(G +3D
o7 (2.115)
L,= 0 L, + L, Mz(cos 0 —— —Ccos 9 +3D
MZ[COSHZ—COS[HZwLZ;DMZ(COS[HZ—ZQZJ—COS(HZ 23D Ls,
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The dynamic equations of the variable speed drive can be simplified by transforming to the dq

reference frame as described in Section 2.1.4. For transforming the quantities on the left side of the

converter, a dq reference frame rotating at a speed equal to the frequency of the three-phase voltage

source ; is used (¢ =amt). For transforming the quantities on the right side of the converter, a dq

reference frame fixed to the synchronous machine rotor is used (¢ =6,). Choosing a reference frame

fixed to the synchronous machine rotor eliminates the time-varying mutual inductances in (2.115). Using

the dq reference frame, the dynamic equations can be written compactly as

dl—ld = ilqa)l +\ﬁ_&iw _ Geithg
dt L L 2L
di Y, u
1 :_Ilda)l-'—ﬂ_&ilq _ Yealyq
dt L L 2cL
dag, = by Uy + ilqulq _ I 54Uyg _ iSZqUZq Qe
d 22 2 2GR,
dl

d_t2 =inv(L,)(V, -R,l, -QL,l,)

do, 7,-7y,—B,®,

dt J,
a6, _
d °
where
iSZd Vsag R, 0 0
|2 iszq ’Vz_ Vsaq |0 R2: 0 Rsz 0|
Ir2 Vr2 0 0 Ry
3
L52+Lssz 0 EMZ 0 _0)20
L,=| 0 L,+lLs, 0 [, Q=|w 00

(2.116)

(2.117)

(2.118)

(2.119)

(2.120)

(2.121)

(2.122)
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3., ..
7, = \Emzumusqz (2.123)

_ quuzd V. _ ququ (2.124)

VSZd 2C1 ’ S2q — 2C1

Passivity-based control will be designed for the variable speed drive in Chapter 5 using these dynamic
equations.
2.3. Summary

In this chapter, novel automated computer-aided methods were introduced for deriving the dynamic
model in standard state space form of electric circuits and electric power systems. These automated
methods use the Lagrangian formulation from classical mechanics, where the model is obtained from the
physical energies of the system. This formulation sets the stage for the passivity-based control in Chapter
4, where the error dynamics and then the control law are derived from desired closed-loop energy

functions.
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3. Automated Modular Modeling of Power System Dynamics

For large power systems, the automated approach described in Section 2.2.1 for solving for the state
space equations can be very computationally intensive since the governing equations for power systems
are nonlinear. For this reason, a new automated modular approach for deriving the state space model was
implemented as described in [15,51]. Using this modular approach, first dynamic models for each power
system component are derived using the Lagrangian approach and expressed in a common form. Then
given the connection between modules, the dynamic models of each module are combined in an
automated procedure. This modular approach is particularly useful for power systems because large
systems contain many of the same types of components, such as synchronous machines, transmission
lines, and loads.

Previous work on symbolic modular modeling of power system dynamics was presented in [52]. It
should be emphasized that, while [52] generates and simulates a DAE system, the automated method
described in this chapter expresses the power system dynamics in standard state space form as an ODE
system, so that control can be systematically designed with provable performance.

Depending on how modules are connected, the interconnection of modules can produce all-inductor
cutsets, which occur when one of the inductor currents can be expressed as a linear combination of the
other inductor currents or all-capacitor loops, which occur when one of the capacitor charges can be
expressed as a linear combination of the other capacitor charges. In this case, in order to express the
dynamics of the interconnected system in standard state space form as an ODE system rather than a DAE
system, it is necessary to eliminate a state variable from one of the modules. After combining the
modules, it is shown that each module’s dynamics can be expressed in terms of only its own state
variables and the state variables of the modules directly connected to that module.

3.1. Individual Module Dynamics

Assuming that all components are modeled using lumped parameter models and all components,
including transmission lines, are modeled as having dynamics, the dynamics for each module can be
expressed in the following common form:
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Xy :fk (Xk1 pk’uk’mk) (3.1)
where Xy is the vector of state variables in module k, uy is the vector of controllable inputs to module k,
my is the vector of exogenous inputs to module k determined by factors outside the model, and py is the
vector of port inputs to module k that will be determined by its connection to the rest of the system. As
graphically depicted by Figure 3.1, power system components can have either one port per phase (such as

synchronous machines and loads) or two ports per phase (such as transmission lines) [5].

One port module Two port module

P Py
x.f{ ’ uI{ ’ mk — xﬁ’

ukrmk _

]

Figure 3.1: Visual representation of one and two port modules.
The dynamic equations for specific power system components used in this thesis are presented in this
section. These dynamic equations are developed using the Lagrangian formulation described in the

previous chapter and then are converted to a rotating dq reference frame at an arbitrary angle ¢ and a

corresponding velocity Q=dg/dt. Since the dynamics of each module must be combined, the

dynamics of each module are expressed relative to the same common reference frame with angle ¢ .

3.1.1. Synchronous Machine

Conventional power plants, such as coal power plants, are typically modeled as synchronous machine
[5]. In this thesis, the synchronous machine is modeled as a smooth-air-gap machine with three phases on
the stator and one phase on the rotor [53], as shown in Figure 2.4. The dynamic equations for a

synchronous machine are given by

%: inv(L)(V-RI-QLI) (3.2)

do r7,-7,—-Bw

e : (3.3)
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—=w 3.4
at (3.4)
where
L + L 0 \EM cos(¢
Isg Vs R; 0 0 3 (35)
I=ig, |, V=|vg [, R=| 0 R 0 |, L= 0 L + Ly \/;Msm¢ 0)
i Vg 0 0 R 3 3
_\/;M cos(¢—0) —\/;M sin(¢—0) Ly |
-Q0
Q=[Q 00 (36)
0 00O
3.,/ - L.
z, =\/;M (IRISq cos (g —0)+igig sm(¢—9)) (3.7

As seen by (3.5), the time-varying mutual inductances for the synchronous machine are only

eliminated when using a dq reference frame fixed to the rotor (¢ =€) [47]. The port inputs to the

synchronous machine module that will be determined by its connection to the rest of the system are the

voltages applied to the stator windings. In the form given by (3.1),
X, :[iSd gy Iz @ 6’] [Ve 7w ] M =[ ] Py :[vSd Vg | (3.8)

3.1.2. Induction Machine

Wind generators are typically modeled as induction machines [54]. In this thesis, the induction
machine is modeled as a smooth-air-gap machine having three phases on the stator and three phases on
the rotor [38], as shown in Figure 3.2. The dynamic equations for an induction machine are given by

%:inv(L)(V—RI—QLI) (3.9)

do 7y -7, —Bow

3.10
dt J (3.10)
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99 _» (3.11)
dt
where
i, Ve, R, 0 0 0
|| V| g_|OR OO (3.12)
i, 0 0 0R, O
ing 0 00 0R,
L+Ls O %M 0
3 0-Q 0 0
0 Li+ks 0 oM a0 o o (3.13)
L=l s 2210 0 0 Q
°Mm 0 Lg+L, O @~
2 00Q-w® 0
0 §M 0 L; + Lee
i 2 ]
3 . .
Te =E M (IRdISq _IRqISd) (3.14)
Iiai1a 111 Ma LiuTiRa
— — -«—

CTL=-|= Qrra 9rira '-LrCTL
|

Figure 3.3: The a-phase of the transmission line using
the pi model. The b-phase and c-phase are equivalent.

Figure 3.2: Visual representation of the induction
machine with three phases on the rotor and three phases
on the stator.
As seen by (3.13), the time-varying mutual inductances for the induction machine are eliminated for

any arbitrary dq reference frame [47]. The exogenous input that is determined by factors outside the

model is the mechanical torque applied to the induction machine. The port inputs to the induction
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machine module that will be determined by its connection to the rest of the system are the voltages

applied to the stator windings. In the form given by (3.1),
X =[isg isq irg ieg @ O] U =[ 1M, =[1], P =[ Ve Vg |7 (3.15)

3.1.3. Transmission Line
The transmission line is modeled using the pi model [55] with shunt capacitors, as shown in Figure

3.3. The dynamic equations for a transmission line are given by

dg . .
—JtLd = lnria —hive T 200, (3.16)
dq : :
C]lt_Lq = lintieg ~himg — Q04 317
diy g = Qi — Orirg — Yria + Cr Roobrimg (3.18)
dt Criln
dir g — Qi - Orirg — Yriig + CrRribrimg (3.19)
dt Cr Ly
dg . .
—;{Rd = QqTLRq T hinrirg T hrimg (3.20)
dg . .
% =—Q0pq + linirg v (3.21)

The port inputs to the transmission line module that will be determined by its connection to the rest of

the system are the currents applied to each side of the transmission line. In the form given by (3.1),

— 1 1 T —
Xk _I:qTLLd qTLLq ITLMd ITLMC] qTLRCI qTLRq] ! uk _[ ]'

. . ] T (3.22)
m, :[ ]7 Px :I:IInTLLd hnriig hinTLrd IInTLRq]

3.1.4. Load

The dynamic equations for a load with a constant resistance R, and a constant inductance L are

di,
dt

Vig — RL ILg
LL

= Qi + (3.23)
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di Vi, —Rii
W __gj 4ot tha (3.24)

dt L,

The port inputs to the load module that will be determined by its connection to the rest of the system

are the voltages connected to the load. In the form given by (3.1),
% =[ig g | WU =[ M =[ 1. P =[Vig Vi |” (3.25)

3.15. Synchronous Machine with Governor and Exciter Control

Most synchronous machines in industry today have governor and exciter controllers. The governor
controller adjusts the steam valve position, changing the mechanical torque, in order to regulate the
angular velocity of the machine to 377 rad/sec (60 Hz) [5]. For interconnected systems with no governor
control on synchronous machines, the grid frequency depends on the parameters of the system and is not
necessarily 60 Hz [12]. The exciter controller adjusts the rotor voltage in order to regulate the terminal
voltage (the magnitude of the stator voltages) to a desired set point [56].

The dynamic equations used in this thesis for a synchronous machine with governor and exciter
control are (3.2)-(3.7) and

dr,, 7y +Ka

o (3.26)
da Ke(o—0™)+K e, +ra
o=- (3.27)
t T,
dgzm - (3.28)

dv e
d_tR = Ke (VTerminaI f _\’VSdZ +VSq2 ) (329)

For the governor control, a proportional integral controller is used and a denotes the valve position.

The integral gain causes o to converge to @™ with zero steady-state error. For the exciter control, a
simple proportional controller is used in order to regulate the terminal voltage. Alternate, more complex

exciter controllers are given in [56]. In the form given by (3.1),
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X =iy Isq Tgg Tng @ O @ @ Ve [T u = [, my =[], p=[vgy Vs | (3.30)

3.1.6. Variable Speed Drive for Flywheels

The dynamic equations for the flywheel variable speed drive controller connected to an infinite bus
were derived in Section 2.2.2. Now instead of connecting to an infinite bus, consider connecting the

variable speed drive to other dynamic components in an interconnected power grid. The dynamic

equations are

iy ;. _&im (3.31)
it L"“ L
di u
] _ildQJrﬂ_&-lq Geith (3.32)
dt L L" 2L
dac, _ Iy Uyg " hUsg ClspaUpy ks 2qtlzg _ Y (3.33)
dt 2 2 2 2 CR,
dl .
IV (Vo — Ry, QL) (3.34)
do, _ %2 "2~ B,@, (3.35)
dt J,
de,
-2 _ 3.36
. ) (3.36)
where
Is2g Vsaq R, 0 0
I2 iSZq ) Vz_ Vsaq | Rz_ 0 Rsz 0 |
i, Ve, 0 0 Ry,
I 3| 3.37
Ls, + Lss, 0 EMZ 0 -w,0 ( :
L,= 0 L, +Lg, O , Q,=lw, 00
3 0 0O
EMZ 0 Lq,
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3. . .
7, = \Emzumusqz (3.38)

_ quuzd V. _ ququ (3.39)

V524 oc. s2q — 2C
1 1

The port inputs to the variable speed drive module that will be determined by its connection to the

rest of the system are the voltages connected to the variable speed drive. In the form given by (3.1),

Xy =[ g g Oy Ispq Iszq Try @, 6?2]T Uy =[ Uy Upg Uy Upg |, My =[ ], 0 =[ Vg Vg |7 (3:40)
It should be noted that for transforming the quantities on the left side (the power electronics side) of
the converter, a dq reference frame with an arbitrary angle ¢ and a corresponding velocity Q = d¢/dt
is used, as for the previous modules. However, for the quantities on the right side (the flywheel side) of

the converter, a dq reference frame fixed to the synchronous machine rotor is used (¢=86,). It is

acceptable to use a different frame for the flywheel side than for the rest of the power grid because only
the power electronics side, not the flywheel side, of the variable speed drive is ever directly connected to
the rest of the power grid.

It should also be noted that for the variable speed drive, neither the mechanical torque nor the voltage
applied to the rotor winding is considered a controllable input. It is assumed that there is no governor or
exciter controller for the synchronous machine with the flywheel. The only controllable inputs for the
variable speed drive are the duty ratios of the switch positions in the power electronics.

3.2. Combining Modules for Interconnected Power System
When combining the modules, the port inputs to one module are expressed in terms of the state

variables of its connecting modules. This allows the dynamics of each module to be expressed as
X =Fi (X, X, U, M) (3.41)

where X is the vector of state variables in modules adjacent to module k.
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Junction 1 Junction 2

P _ P P, P
u,;,m, X, Uz, M, —o

X, X;,U; M,

H

p4 p4 P
5
X4,Uy, My @

)(5)_U5,m5

Junction 3

Figure 3.4: Example interconnected system. A junction is defined as the intersection of two or more ports.

The interconnection of modules can be represented as a graph, as shown in Figure 3.4. A junction is
defined as the intersection of two or more ports. For a junction with C connecting ports, there are 2C
relevant equations. There is one KCL constraint at each junction, involving each of the port currents of
the connecting ports. There are C —1 independent voltage constraints at each junction, setting the port
voltages of all connecting ports equal. Finally, there are C dynamic equations, governing the dynamics of

the port states of all connecting ports. Let C, denote the number of port state charges and C, denote the
number of port state currents (where C, +C; =C). At a junction, there can either be an all-inductor

cutset or an all-capacitor loop. An all-inductor cutset occurs when all port states at the junction are
currents. All-capacitor loops occur when multiple port states at the junction are charges. In order to
express the dynamics in the form given by (3.41), it is necessary to iterate through each junction. For
each junction, it is first necessary to determine whether there is an all-inductor cutset or all-capacitor loop
at the junction, and then the procedure outlined below for each case can be followed.

Case 1: No All-Inductor Cutsets or All-Capacitor Loops This case occurs when C, =1. If a junction

does not contain an all-inductor cutset or an all-capacitor loop, the port inputs at that junction can be re-
expressed in terms of the port states at that junction. The one KCL constraint can be used to solve for the
one port input current. The C—1 voltage constraints can be used to solve for the C—1 port input
voltages. Then the expressions for the one port input current and the C —1 port input voltages can be

substituted into the C dynamic equations.
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Case 2: All-Capacitor Loops. This case occurs when C, >1. The number of all-capacitor loops at
the junction is given by C, —1. In this case, one port state charge is chosen to be the independent charge
and the other C_ —1port state charges at that junction are chosen to be dependent charges and must be

substituted out of the model. The expression to substitute in for each dependent charge is obtained from
the voltage constraint equations. The derivative of each dependent charge must also be replaced by the
derivative of that expression. After all dependent charges have been substituted for, a system of

equations, which consists of the one KCL equation and the C, dynamic equations for the port state

charges, is obtained. This system needs to be solved for the derivative of the one independent port state

charge and the C, port input currents. This will yield the derivative of the independent charge in terms of

only the state variables (and not the port input currents). Next the voltage constraints are used to solve for

the C, port input voltages in terms of the independent port state charge. Finally, the expressions for the
C, port input voltages are substituted into the dynamic equations for the C, port state currents.
Case 3: All-Inductor Cutsets. This case occurs when C, =0. In this case, one port state current is

chosen to be the dependent current and must be substituted out of the model. The expression to substitute
in for the dependent current is obtained from the KCL constraint. The derivative of the dependent current
must also be replaced by the derivative of that expression. After the dependent current has been
substituted for, a system of equations, which consists of the C —1 voltage constraints equations and the C
dynamic equations, is obtained. This system needs to be solved for the derivatives of the C -1
independent currents and the C port input voltages. This will yield the derivative of the C -1
independent port state currents in terms of only the state variables (and not the port input voltages).
Several advantages of this modular methodology should be noted. First, this methodology enables
the system operator to form the state space model for the interconnected system without needing to know
details of how the individual module dynamics are derived. This allows for privacy of detailed machine

design, since the owner of each module needs to only give the system operator the dynamic model in the
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form given by (3.1) . Also this approach provides a basis for common information modeling exchange
between different stakeholders (owners of different components) and entities responsible for dynamic
operations of the interconnected grid (system operators).

Also, to convert each module’s dynamics from (3.1) to (3.41) requires only information about the
dynamics of its connecting modules and not the entire power system. Hence, that makes this modular
approach scalable to large systems. Since the same procedure is repeated for each junction, the
computational intensity only increases linearly as the number of junctions increases.

3.3. Automated Modular State Space Model Derivation Methodology

The algorithm described in the previous section was implemented in MATLAB using an object-
oriented approach. Each component type (synchronous machine, induction machine, transmission line,
etc.) is defined as a MATLAB class, which is a subclass of the class “PowerSystemModule.” The
properties of the “PowerSystemModule” class are shown in Table 3.1.

Each subclass has these same properties, although the values and vector sizes of these properties vary
for each type of component. The constructor for each subclass takes as input the module index name,
which is supplied by the user. For the first nine properties in Table 3.1, symbolic names are already
defined for each subclass and the module index name is appended to the end of those names. For
example, as given in Section 3.1.1, the state variables for the synchronous machine class are isq, isq, Ir, ©,
and 0. Therefore, if a module index name of ‘1’ is given, the property StateVariables for that specific
synchronous machine object would be isg1, isq1, ir1, ®1, and 6;.

There is also another class called “PowerSystem.” Its constructor takes as input all the modules and
the incidence matrix, which describes how the modules are interconnected. The “PowerSystem” class
has, in its constructor, a method “ProduceStateSpace,” which solves for the dynamic equations of the
interconnected power system in the standard state space form shown by (3.41). The “ProduceStateSpace”
method follows the methodology described in the previous section. It should be noted that for
computational efficiency, only all-capacitor loops are checked for at each junction, not all-inductor
cutsets. The reason for this is because, with the models used in this paper, there will never be any all-
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inductor cutsets. When the pi model of the transmission line is used and there are always transmission
lines between buses, there will never be any all-inductor cutsets between modules. When using the pi

model of the transmission line, the port states of the transmission line are charges. Hence, for each
junction, it is guaranteed that C, >1.

Table 3.1: Properties of “PowerSystemModule” class

Properties Description
1xN vector with the names of the N state
variable time derivatives for that module
1xN vector with the names of the N state
variables for that module
1xP vector with the names of the P port
inputs for that module
a vector with the names of the parameters
for that module
a vector with the names of the controllable
inputs for that module
1xP vector with the names of the P port
currents for that module
1xP vector with the names of the P port
voltages for that module
1xP vector with the names of the P port
states for that module
1xP vector with the names of the P port
state derivatives for that module
1xP vector with the types of state variable
PortStateTypes (either “Charge” or “Current” at each of
the P ports)
Nx1 vector of dynamic equations for that
module.

StateVariableDerivatives

StateVariables

Portinputs

Parameters

Controllablelnputs

PortCurrents

PortVoltages

PortStates

PortStateDerivatives

StateSpace

To provide information about the power system, the user should take the following steps:

1. Define a unique index name for each module.

2. For each module, create an object of the proper class, using the index name, the angular position of
the dq reference frame, and the angular velocity of the dq reference frame when calling its
constructor. (This angular position and velocity should be common for all modules so that the KCL
and KVL at the junctions between modules hold true.)

3. Combine all objects into one cell array called Modules.

4. Form the incidence matrix G, which describes how the ports of the modules are connected. The

size of G is the number of junctions between modules by the total number of ports of all modules.
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5. Create an instance of the “PowerSystem” class, using G and Modules as input when calling its
constructor.

This modular method is much more user-friendly than the centralized method presented in the
previous chapter. When using the centralized method, it is necessary for the user to specify every branch
of the electrical subsystem and specify the connection of all branches. Using the modular approach, it is
only necessary for the user to specify modules and the connections between modules.

3.4. Modular Modeling Examples

3.4.1. Example without All-Capacitor Loops

To demonstrate the automated modular approach, first a simple two-bus power system without any
all-capacitor loops, shown in Figure 3.5, is considered. This power system can be divided into three
modules as shown by Figure 3.6. Index names for each module are assigned as shown in Figure 3.6, and
for each of the three modules, objects of the appropriate class are created. The object names for each
module are also shown in Figure 3.6. The port inputs to each module are shown in blue while the port

states of each module are shown in red.

Synchronous
Machine

Transmission Induction
Line Machine

Figure 3.5: Example power system without any all-capacitor loops on which the modular approach is
demonstrated.

Next, all the objects are combined into one cell array.
Modules = {SM,TL,IM} (3.42)

The incidence matrix G that specifies the interconnection of the modules is given by

1010000

201§01oo§o (3.43)
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Class: Synchronous Machine Class: Transmission Line Class: Induction Machine

Object Name: SM

Index Name: 1

Object Name: TL
Index Name: 2

Object Name: TM
Index Name: 3

Figure 3.6: Division of the power system shown in Figure 3.5 into three modules. The port inputs to each module
are shown in blue while the port states of each module are shown in red.

Finally, an object of the “PowerSystem” class is created using Modules and G as inputs. Figure 3.7

shows the MATLAB input file used to generate the state space equations for this example.

SMI

ndexMame = {"1"};

S5M = SynchronousMachine (SMIndexName, phi,dphidt);

TLI
TL

ndexName = {'2"'};

r

= Transmissionline (TLIndexName,phi,dphidt);

IMIndexName = {"3"'}:

IM

Mod
G. =

E5

= InductionMachine (IMIndexName, phi,dphidt) ;

ules = {5M,TL,IM}:

10 100
01 o010
o0 o001
00 000

1

[ T e I e

11]:

= PowerSystem (G, MModules) ;

Figure 3.7: Input file for the modular method for the example shown in Figure 3.5.

The state space equations for the interconnected power system are symbolically solved for using the

“ProduceStateSpace” method in the constructor of the “PowerSystem” object. At each of the four

junctions, since there is not an all-capacitor loop, using the KCL equation and the voltage constraint

equation at each junction, the port inputs are found in terms of the state variables of the connecting

modules.
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Vsa1 = Oriaz /CTLZ ) iInLdZ = _iSdl (3-44)

Vsqr = Oriig2 /CTLZ ) iInLqZ = _iSql (345)
Vsgz = Oriraz /CTLZ ) iIanZ = _iSdB (3-46)
Vsgs = Orirge /CTLZ ) iIanZ = _iqu (3-47)

After making these substitutions into the differential equations for each module, the form shown by
(3.41) is obtained. The CPU time of the automated method is 16 seconds. By comparison, for the same
system, using the methodology described in Section 2.2.1, the computational time for deriving the state

space equations was 13 minutes [12].

3.4.2. Example with All-Capacitor Loops

Next, a larger more complex power system, shown in Figure 3.8, with all-capacitor loops between
components is considered. This power system can be divided into seven modules, as shown by Figure
3.9. Index names for each module are assigned as shown in Figure 3.9, and for each of the seven
modules, objects of the appropriate class are created. The object names for each module are also shown

in Figure 3.9. Next, all the objects are combined into one cell array.

Modules = {SM1,TL1, IM1,TL2, SM2, Load?, TL3} (3.48)

Synchronous

. Transmission
Machine 1

Line 1

Induction
Machine

Synchronous
Machine 2

Figure 3.8: Example power system with all-capacitor loops on which the modular approach is demonstrated.
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Class: Synchronous Machine
Object Name: SM1
Index Name: 1

ss: Transmission Line TCSC «
Object Name: TL1
Index Name: 2

Class: Induction Machine
Object Name: IM1
Index Name: 3

Class: Transmission Line
Object Name: TL2

Index Name: 4

Class: Transmission Line
Object Name: TL3
Index Name: 7

Vsds Vids

. Class: Load
1| 45 [Object Name: Loadl

Class: Synchronous Machine | ,
Object Name: SM2 ISdSl
Index Name: 5

Index Name: 6

Figure 3.9: Division of the power system shown in Figure 3.8 into seven modules. The port inputs to each module
are shown in blue while the port states of each module are shown in red. Only the d-phase is shown here, but the g-
phase is equivalent.

The incidence matrix G that specifies the interconnection of the modules is given by

10/100000:000000001000
01010000 000000000100
00001010001000000000 (3.49)
00000101 000100000000
00000000 100010100010
00 000000010001010001

[NR— (NE—
SM1 TL1 IM1 TL2 Loadl: SM 2 TL3

An object of the “PowerSystem” class is created using Modules and G as inputs, and the state space
equations for the interconnected power system are symbolically solved for using the “ProduceStateSpace”
method. To demonstrate why it is necessary to check each junction for all-capacitor loops and to remove
a state variable for each all-capacitor loop, the junction between the d-phases of SM1, TL1, and TL3 is
considered. An all-capacitor loop is detected at this junction because two objects at this junction (TL1
and TL3) have port state charges. At this junction, the one KCL equation is

iInLd2 + i|n|_d7 + iSdl =0 (3-50)
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The two independent voltage constraint equations are

Vsar = Oriaz /CTLZ (3-51)

Oriiaz /CTLZ = Oriia7 /CTL7 (3-52)
The dynamic equations of the port states at this junction are

dISdl

e f (X, Vea1) (3.53)
m = fz (XZ’iInLdZ) (3-54)
dt
dqtj—l_tuﬂ = f3(x7’iInLd7) (3-55)

where Xy, X,, and X; are the state variables of objects SM1, TL1, and TL3 respectively.
Unlike the previous example, since there is all-capacitor loop, it is not possible to solve (3.50)-(3.52)

for the port inputs v, i,.4,, and i, in terms of the state variables. Therefore, it is necessary to

eliminate a state variable from the all-capacitor loop. g, IS chosen to be the state variable removed

from the model and the following expressions algebraic expressions are obtained for ¢,,,,, and M.

dt
C
Origr = ﬁqTLLdZ (3-56)
TL2

ddra7 _ Cry A0 40 (3.57)

dt C,, dt

Substituting (3.57) into (3.55) yields

d C .

MZ& f3 (X7’|InLd7) (3-58)

dt

@)

TL7

Equations (3.50), (3.54), and (3.58) can now be solved for % iz @and i, ., (in order to yield
% independent of the port inputs i,,,, and i,,,) . Finally, substituting (3.51) into (3.53) yields
% independent of the port input v, .
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This same logic is used for the other five junctions, and the differential equations in the form shown

by (3.41) are obtained. Since there are six all-capacitor loops, six port state variables (g, 47+ G147 » Gripe7 »
Orirq7 » Oriraa » AN G oy, ) @re eliminated from the model. The CPU time of the automated method is 31

seconds.
3.5. Alternate Distributed Computing Implementation

The automated methodology discussed in Section 3.3 has one centralized object (the “PowerSystem”
object), which is given the connection between all modules and solves for the interconnected state space
system. There are two drawbacks with this approach. First, even though the same procedure is repeated
for each junction, this method cannot be run in a distributed manner using multiple processors. Second,
this approach requires that the “PowerSystem” object know the connection between all modules in the
grid. For large power systems, it may not be realistic that one entity knows the entire power system
topology.

In this section, an alternative distributed methodology is described, where each object is run in
parallel on different processors, and TCP/IP (Transmission Control Protocol/Internet Protocol)
communication is used to exchange information between the different processors [57] . Each module
sends their port information to their connecting buses and each bus, in parallel, solves the KCL and KVL
equations at that bus in order to re-express the port inputs at that bus in terms of the port states at that bus.
Communication is only needed between each module and their connecting buses. Using this distributed
methodology, each bus only needs to know what modules are connected to that bus, and there is no
centralized object that needs to know the entire topology of the power system.

As in Section 3.3, MATLAB classes are defined for each component with their corresponding

dynamic equations. The constructor for each dynamic module class takes as input the module index
name, the rotating reference frame position ¢, the rotating reference frame speed dg/dt, and the TCP/IP

mailboxes that will be used to communicate with other objects on different processors.
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Now, a “Bus” MATLAB class is also implemented. The constructor for the bus class takes as input
the TCP/IP mailboxes that will be used to communicate with other objects. Tables 3.2 and 3.3 show the
communicated data, the learned data, and the class methods for the “Synchronous Machine” class and the
“Bus” class respectively. (The data structures for the other dynamic module classes are similar to the
“Synchronous Machine” class.) These tables show the flow of information and communication between a
dynamic module object and a bus object.

First, each dynamic module object, in parallel, communicates their port states, port inputs, port
currents, port voltages, port state types, and port state dynamic equations to their connecting bus objects.
Then, each bus object uses that information to solve for the port inputs at that bus in terms of the state
variables using the methodology described in Section 3.2. Each bus object can do this in parallel. If there
is an all-capacitor loop at a bus, then one of the capacitor charges at the bus is a dependent state and must
be eliminated as a state variable. The bus object finds an algebraic expression in terms of the independent
charge to substitute for the dependent charge.

Table 3.2: “Synchronous Machine” class data structure

Port States: g, isq
Port Inputs: Vsg, Vsq
Port Currents: isg, isq
Port Voltages: Vs, Vsq

Communicated | port State Types: “Current”, “Current”
Data: dig,

Port State Dynamic Equations: dt

= fa (X, P U my),

di

T?z ka(Xk’ pk’uk’mk)

Port Input Expressions: port input expressions in terms of state variables of
connecting modules

Dependent States: state variables which are dependent and can be
expressed as an algebraic function of state variables of connecting modules
Dependent State Expressions: expressions for dependent state variables in
terms of state variables of connecting modules

ReExpressPortInputs: substitutes Port Input Expressions for Port Inputs in
the state space model

ReExpressDependentState: substitutes Dependent State Expressions for
Dependent States in the state space model

EliminateDependentState: eliminates dynamic equations for Dependent
States in the state space model

Learned Data:

Methods:
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Table 3.3: “Bus” class data structure

Communicated
Data:

Port Input Expressions: port input expressions in terms of state variables of
connecting modules

Dependent States: state variables which are dependent and can be expressed
as an algebraic function of the state variables of connecting modules
Dependent State Expressions: expressions for dependent state variables in
terms of state variables of connecting modules

Learned Data:

Port States: all port state variables at the bus

Port Inputs: all port inputs at the bus

Port Voltages: all port voltages at the bus

Port Currents: all port currents at the bus

Port State Types: all port state variable types (“Charge” or “Current”) at the
bus

Port State Dynamic Equations: all port state dynamic equations at the bus

Methods:

CheckForAllCapacitorLoop: Determines if there is an all-capacitor loop at
the bus. If there is, this method solves for the dependent state charges in
terms of the independent state charges and then communicates Dependent
States and Dependent State Expressions to the proper dynamic modules at
the bus

ReExpressPortInputs: Uses the KCL and KVL equations to solve for Port
Inputs at the bus in terms of Port States at the bus. This method then
communicates Port Input Expressions to each connecting dynamic module.

The bus objects then communicate to the connecting dynamic module objects either the port input
expressions or the dependent states and the dependent state expressions. Finally, each dynamic module
object uses that information to substitute their port inputs in terms of the port input expressions in the

state space model or to, if necessary, eliminate a dependent state variable from the state space model.

Each dynamic module object can also do this in parallel.

This distributed method is demonstrated on the two-bus power system example shown in Figure 3.5

and discussed in Section 3.4.1. This power system can be divided into three dynamic module objects and

two bus objects as shown by Figure 3.10. Objects of the appropriate class are created on different

processors. The object names for all dynamic modules and buses, as well as the index hames for each

dynamic module, are shown in Figure 3.10.
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Class: Bus Class: Bus

Object Name: Bl Object Name: B2
i§d| hnLd’ i i'
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Class: Synchronous Machine Class: Transmission Line Class: Induction Machine
Object Name: SM Object Name:lTjT_ Object Name: IM
Index Name: 1 Idex Name: 2 Index Name: 3

Figure 3.10: Division of the power system shown in Figure 3.5 into three dynamic module objects and two bus

objects.

Bus object B1 communicates with dynamic module objects SM and TL while bus object B2

communicates with dynamic module objects TL and IM through TCP/IP communication. Figure 3.11

shows the initialization of all the objects in MATLAB, as well as the initialization of their TCP/IP

communication.

SMIndexName = {'1'}:
Mailbkoxl = TCPIPMailbox('0.0.0.0",30001, "serverxr'):
S5M = SynchronousMachine (SMIndexName,phi, dphidec,Mailboxl)

Mailboxl = TCPIPMailbox('127.0.0.1',30001, "client');
Mailbox2 = TCPIPMailbox('127.0.0.1',30002, "client');
MailboxMatrizx = [Mailboxl;Mailbox2]:

Bl = Bus (MailboxMatrix):

TLIndexMName = {"'2"};

Mailbkox? = TCPIPMailbox('0.0.0.0",30002, "server'):
Mailbox3 = TCPIPMailbox('0.0.0.0",30003, 'sexrver');
MailboxMatrizx = [Mailbox2 ; Mailbox3]:

TL = TransmisszionLine (TLIndexName,phi,dphidc,MailboxMatrix):

Mailbox3 = TCPIPMailbox('127.0.0.1',30003, "client');
Mailbox4 = TCPIPMailbox('127.0.0.1',30004, "client');
MailboxMatrizx = [Mailbox3;Mailbox4]:

B2 = Bus (MailboxMatrix):

IMIndexName = {'3'}:;
Mailbkox4 = TCPIPMailbox('0.0.0.0"'",30004, "server'):
IM = InductionMachine (IMIndexName,phi,dphidc, Mailbox4):

Figure 3.11: Initialization of all objects in Figure 3.10 and the initialization of the TCP/IP communication.
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The same interconnected state space model is formed as in Section 3.4.1, and (3.44)-(3.47) are used in
order to express the port inputs at each bus in terms of the port states at each bus. The computational time
of the automated distributed method is 29 seconds. It should be noted that all processors were run on one
computer, so the computational time could be improved by using multiple computers.

3.6. Summary

This chapter presented a new automated modular approach for deriving the state space model for
power systems. Using this modular approach, first dynamic models for each power system component
are derived using the Lagrangian approach and then given the connection between modules, the dynamic
models of each module are combined in an automated procedure. This modular approach is much more
computationally efficient and suitable for large power systems than the centralized approach described in
Chapter 2. This chapter concludes the discussion of the modeling of power systems, and the next five

chapters will discuss the control design using flywheels.
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4. Automated Passivity-Based Control

Once the dynamic model of the power system has been obtained, the next step is design the control
using flywheels. This chapter introduces passivity-based control, as well as details a novel automated
method for symbolically deriving the passivity-based control law. Chapter 5 will describe a variable
speed drive controller for flywheels using passivity-based control logic.

In industry today, most controllers in power systems and power electronics use linearized models of
nonlinear dynamics and linear control logic [5,46,58,59]. While these linearized models are accurate for
small disturbances, large disturbances can perturb the system far away from the equilibrium where
linearized models are no longer accurate. Some common nonlinear control techniques include variable
structure control [9], Lyapunov-based control [60], and feedback linearization [61]. However, none of
these nonlinear control techniques take advantage of the intrinsic physical structure and energy properties
of the system dynamics.

Passivity-based control exploits these intrinsic energy properties when designing control for
stabilization or regulation [14] and for this reason, enhanced robustness against parameter uncertainty and
simplified controller implementation are achieved with passivity-based control compared to feedback
linearization, due to the avoidance of exact cancellation of nonlinearities [41]. Previous work on
passivity-based control has been demonstrated for robot arms [14], dc/dc converters [14,62,63], one-phase
ac/dc converters [64], three-phase ac/dc converters [41], torque regulation of induction motors [14,65],
and speed regulation of Boost-converter driven dc-motors [66].

As outlined in [67], two basic approaches for passivity-based control have been explored in previous
literature. In the first approach, the desired closed-loop storage function is chosen first and then the
controller is designed to ensure this objective [14]. In the second, newer approach, the closed-loop
storage function is obtained as a result of the interconnection of the controller and the plant to be
controlled [68]. Using this approach, the plant and the controller can be both modelled as Port-
Hamiltonian systems, and the resulting closed-loop storage function has the nice physical interpretation of
the sum of the energy of the plant to be controlled and the energy of the controller [68]. Unfortunately,
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this approach hinges on the ability to solve a partial differential equation (PDE) and explicit conditions
for the existence of solutions to the PDE cannot be found in general [68]. As a result, no automated or
systematic procedure can be designed to derive the control law. Therefore, the first approach, where the
desired closed-loop energy functions are chosen beforehand, is used in this thesis because that approach
lends itself to a systematic and automated procedure for deriving the control law. The ability to automate
the control law derivation is strongly desired because it is allows for quick testing of different closed-loop
system behavior and different set point equations, and deriving the control law by hand is a complex and
tedious procedure even for small systems.

Extending the previous literature on passivity-based control, this chapter describes a novel automated
method for symbolically deriving the passivity-based control law for electrical systems. This is the first
computer-aided tool for symbolically designing passivity-based control. In the automated method, the
user specifies the original state space model, the set point equations, the desired closed-loop energy
function, and the desired closed-loop dissipation function, and the automated method symbolically
derives the control law.

The automated method is then demonstrated for regulation of the three-phase ac/dc/ac converter,
which was introduced in Section 2.1.2. Simulation results are shown demonstrating the effectiveness of
the passivity-based control for this example, and finally, the stability limits and the switch feasibility
limits for this controller are derived and interpreted. The control logic derived for the ac/dc/ac converter
is important because having a nonlinear state space representation of the dynamics and mathematical
expressions for the duty ratios of the switches allow for control with provable performance.

4.1. Automated Control Law Derivation Methodology

For the automated control design methodology introduced in [16], the control designer specifies the
original state space model, the set point equations, the closed-loop energy functions (the closed-loop
magnetic co-energy and the closed-loop electric energy), and the closed-loop dissipation function, and the
automated method symbolically derives the control law. The Lyapunov function for the closed-loop
system is the sum of the closed-loop magnetic co-energy and the closed-loop electric energy. If the
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closed-loop energy and dissipation functions are chosen so that the Lyapunov function is positive definite
and the time derivative of the Lyapunov function is negative definite, then the error dynamics will be
asymptotically stable and the state variables will converge to their desired values [69]. A function f (x)
is positive definite if f(0)=0 and f(x)>0Vx=0, and f(x) is negative definite if f(0)=0 and
f(X)<0Vx=0.
To specify the desired closed-loop behavior, the control designer should take the following steps:

1. Enter the original state space model X =f(x,u).

2. Choose a desired closed-loop magnetic co-energy V\7m'(>?) and a desired closed-loop electric

energy VVe (7() where X =x—x" andx" denotes the desired state variables. For an underactuated

system (a system with less control inputs than state variables), these desired state variables cannot
be all arbitrarily selected, but rather will be determined later from the set point equations and the

error dynamics [14]. The Lyapunov function of the closed-loop system s

V(%) =W, '(X)+W, (%), so W, '(X) and W, (X) should be chosen so that V (X) is positive

m

definite. It should be noted that the choices for W, '(X) and W, (X)are not unique.
3. Choose a desired closed-loop dissipation function % (X) which will ensure that V (X), computed
in Step 4 by the computer, is negative definite. Again the choice for 9?()?) IS not unique.

4. Form symbolic vectors for the current I and the charge Q of the closed-loop system.

5. Form the constraint matrix G for the closed-loop system. GI =0 will give the KCL equations.

6. Form the Lagrange multiplier vector A for the closed-loop system, consisting of the voltages at the

non-ground junctions.
7. Specify a vector of set point equations f,(Xx®) =r"where ris a vector of external set points and

specify which desired state variables are being directly controlled. The number of set point
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equations, as well as the number of directly controlled state variables, should match the number of

controllable inputs in the systems.

Given the original state-space model X =f(x,u), the set point equations f (x°) =r", and the desired

closed-loop behavior specified by matrices W, '(X), W, (X), T, Q, G, and A, the computer solves for

the passivity-based control law by taking the following steps:

1. Calculate the closed-loop Lagrangian

F(%) =W, (%) -V, () @)

Obtain the error dynamic equations for the closed-loop system by evaluating the Lagrange equations

of the first kind
1{ ox }— 0F | 0% Gky-2ASL _g (42)
dt| ol(k) | aO(k)  ol(k) al(k)
Gi=0 (4.3)

\7(k) is set to zero for all k because in order to make the error dynamics asymptotically stable there
should be no closed-loop forcing function [41]. It should also be noted that because the Lagrange
equations (4.2) do not hold in a rotating reference frame [70], the automated method converts £

and % to the stationary ap reference frame, then evaluates the Lagrange equations, and finally
converts the dynamic equations back to the dq rotating reference frame.

Re-express the error dynamics given by (4.2) and (4.3) in standard state space form.

% =f(%,u) (4.4)

V(%) =W, '(X)+W, (X) (4.5)
V(X)= a\;)(?x) X (4.6)

64



In order to ensure that X —0 (x —X"), V (X) should be a positive definite function and V (X)

should be a negative definite function. If this is not the case, the control designer can abort the

automated method at this point and re-enter different closed-loop energy and dissipation functions.
5. Substitute in X —x® for X in the error dynamics given by (4.4)
x—x° =f(x—x°,u) (4.7)
6. Using the original state-space model, substitute f(x,u) in for x
f(x,u)—x° =f(x—x°,u) (4.8)
For a system with N state variables and M controllable inputs, the controller has N+M degrees of
freedom (the M inputs and the N desired values X°). N equations result from (4.8) and the
remaining M equations are the set point equations f (x°) =r".

7. Solve (4.8) and the set point equations for the M inputs, the M directly controlled state variables,

and the N-M derivatives of the non-directly controlled desired state variables.

u=g,(x,x>",r" (4.9)
x™" =g, (X, X", r) (4.10)
x™ =g, (x,x™",r") (4.11)

where x°?and X" represent the directly controlled desired state variables and the non-directly
controlled desired state variables respectively. Since with an underactuated system all state
variables cannot be controlled, the non-directly controlled desired state variables have dynamics.
By adding (4.9) and (4.10) to the original state space model x =f(x,u), the closed-loop dynamics
of the system with the controller can be simulated.
4.2. Example: AC/DC/AC Converter
Now the automated computer-aided control law derivation methodology is demonstrated for the

ac/dc/ac converter, whose dynamics were derived in Section 2.1.2. The state-space model in the dq
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reference frame for the ac/dc/ac converter is given by (2.41)-(2.45). The desired closed-loop magnetic co-

energy and electric energy are chosen to be
1 “2 72 1 S22
W, ZELl(Ild Ty )+EL2(|2d Tl ) (4.12)
~ 2
W =10 (4.13)
2 C
The desired closed-loop dissipation is chosen to be
~ 1 o~ &~ 1 &~ d 1 &~
gz:ERl(lldz+I1q2)+5R2(|2d2+|2q2)+ERCIR2 (4.14)

Note that R, is damping injected to the closed-loop system in order to make the time derivative of the

Lyapunov function negative definite, as will be shown by (4.30).

The symbolic vectors I and Q for the closed-loop system are defined as
g ~ &~ & o~ &~ T
I:[lld Ly Ic Ig 1o Izq} (4.15)
~ ~ ~ T ~ T
Q=[hs G Ge Gr Gou Goq | (4.16)

The constraint matrix G for the closed-loop system is

~ u u
G:{—% —7“1 11 —% —%2} (4.17)

The Lagrange multiplier vector A for the closed-loop system is
A=[4] (4.18)
As shown by (2.41)-(2.45), the ac/dc/ac converter is an underactuated system with five state variables

D :D

(i s b, G2 g, and iy, ) and four controllable inputs (Uy, , Uy, , Uyg .and U, ). Therefore i, iy, , iy,

1q
and iztg are chosen to be the four directly controlled desired state variables, meaning that qé’ will have
dynamics. The specified set point equations are

ip =i (4.19)
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i =1y (4.20)

iy =1y (4.21)
iy = i (4.22)

*

where i, , Iy » i,y , and i;q are the controller set points.

Given these specifications by the control designer, the automated method derives the control law.

The closed-loop Lagrangian is calculated as
~ 7o 1 &~ I 1 &~ ~ 1
F=W W, =§L1(|1d2 +|1q2)+§L2(|2d2 ) e (4.23)

After evaluating (4.2) and (4.3) and re-expressing the error dynamics in standard state space form

dl_ld = an)l _&rld 2t (4.24)
dt L 2CL,
di, - R Gl
—L=—io L, ——— (4.25)
dt L 2CL,
dqc — i~1duld + ilqulq + i~2duzd + i2qu2q _ qc (4.26)
dt 2 2 2 2 CR.
dipy _ - R, = GcUyy
— =L, ==,y ——— 4.27
dt % L, " 2cL, @20
dib, - R~ GU,
A= Lyw,——21,, —— 4.28
a7 L 2CL, (429)
The Lyapunov function and the time derivative of the Lyapunov function are
Y I A X
V =W_+W, :EL1(|1d2 +iyg )+§|_2(|2d +1 )+§% (4.29)
. OV dx . = . = 0.
Y% =&E=—R1(|ld2+|1q2)—R2(|2d2+|2q2)—ﬁ (4.30)

It is apparent that (4.29) is positive definite and (4.30) is negative definite, so the automated control
law derivation is continued. (Without the added damping R; in the closed-loop system, (4.30) would only
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be negative semidefinite, not negative definite.) After applying Steps 5 and 6, (4.24)-(4.28) become in

terms of desired values

di2 Vv, . o U
dig Vo o &(,m _ 13)_%_m (4.31)
dt L L 2CL,

di’ V, U
d_ltq =f—il'ja;l+%(ilq —il'g)—ZCC—Ll: (4.32)
- D - D
dqch — '13u1d +|1qu1q +|2Ddu2d l2qY2q _ qg (4.33)
dt 2 2 2 2 CR.
diy, ., R,.o 0oU,,
—2 >, ——2j> —C 20 4.34
d 7% L, 2CL, (34
di;, R, ., 0cu
229 _ _jbgy 2P 2 4.35
d 77 LM 2cL (#3)
D
Solving (4.31)-(4.35) and the set point equations (4.19)-(4.22) for Uy, Uy, ,Uyq, Uy, dditc : il'ﬂ : if;,
iztjj , and iqu, the following control law is obtained.
2(CV,, +CRji,, —CRji,, +CLji, o
Uy, = ( ! = il l) (4.36)
Oc
2(CV,, +CRji,, —CRji., —CL,i,, @
Ulq: ( 1q I:\)11q DRllq Llld 1) (4.37)
dc
-2(CR,i5, —CL,i,,@
Upg = (CR E— ) (4.38)
Oc
—2(CR,i,, +CLi,,
Uy, = ( 2'2q _ 2'2d 2) (4.39)
Oc
2 o o x ox ox x R L
dg.® =_(qCD) ~C?R, (Vldlld +qu|1q)+C2RCR2 (|2d2 +'2q2)+C2RcR1(|1d2 +|1q2 — iyl _Ilqllq) (4.40)

dt CR.QS
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4.2.1. Simulation Results
The dynamic equations given by (2.41)-(2.45) and the control equations given by (4.36)-(4.40) are

simulated using the MATLAB differential equation solver ‘ode45.” The parameters, the set points, and

the initial conditions used in the simulation are given in Table 4.1, Table 4.2, and Table 4.3 respectively.

Table 4.1: Parameters for ac/dc/ac converter

Table 4.2: Controller set points for ac/dc/ac converter

Symbol Quantity Value Symbol Quantity Value
Vo Magnitude of three-phase | 80 V Ry Injected resistance for 0.1Q
voltage source controller
1 Frequency of three-phase | 377 rad/sec ®; Desired frequency of load 300
voltage source currents rad/sec
C Capacitance of dc-link 200 uF i Set point for direct 10A
capacitor 10 component of source current
Ly Inductance on line with 0.5mH i Set point for quadrature 0A
voltage source 1a component of source current
L, Inductance of three-phase | 5 mH i Set point for direct 8A
load 2d component of load current
Rc Resistance of resistor in 25Q i Set point for quadrature 1A
parallel with capacitor 29 component of load current
R, Resistance of three-phase | 0.1 Q
load
Table 4.3: Initial conditions for ac/dc/ac converter Source Currents :
. Initial i
Symbol Quantity Condition ol ild l
i Direct component of | 11 A 1a
the source current
i Quadrature -1A 20
component of source =
current z 10
i Direct componentof | 9 A g
2d 3
load current ©
i2q Quadrature 1A 0 kauer
component of load
current 10
e Charg.e of dc-link 0.03C
capacitor
qg Desired charge of dc- | 0.04 C -200 0.05 o1 015 02 05
link capacitor : T (sec) : : '

Figure 4.1: Source currents as a function of time for the
ac/dc/ac converter using passivity-based control.

The source currents and the load currents as a function of time are shown in Figures 4.1 and 4.2

respectively, and it is evident that these currents converge to their set points. The capacitor charge and
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the desired capacitor charge as a function of time are plotted in Figure 4.3, demonstrating that the desired
capacitor charge reaches a stable equilibrium and the actual capacitor charge converges to the desired
charge. Finally, the duty ratios for the two switches are shown in Figures 4.4 and 4.5. As will be shown

in Section 4.2.3, these duty ratios are within feasible limits.

Load Currents Power Electronic Capacitor Charge
10 0.044 :
8 /\Vf\vl‘\vf\vﬂvﬂ I 0.042 @ N
C
U 0.04
6
— 0.038
< ‘24 c
c . ] (3]
5 4 Iy © 0.036
> ey
] a S
1 0.034
2k N
" R A Y
I N N A N N e D 0.032
b 1) ‘v’ ’ B —————————————————————
[
oMY
] u
f, 0.03
2 0.028
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
t(sec) t(sec)
Figure 4.2: Load currents as a function of time for the Figure 4.3: Capacitor charge and the desired capacitor
ac/dc/ac converter using passivity-based control charge as a function of time for the ac/dc/ac converter using
passivity-based control.
4.2.2. Controller Stability Limits

To ensure internal stability with passivity-based control, it is necessary to check the stability of the

zero dynamics of the non-directly controlled desired state variables [14,41]. As tracking of
iy, bigy b, and i, is achieved (iyy —>ify, iy, —> iy, iy —iyg, and i, —1;,) , the dynamics of g
given by (4.40) become

dQé3 3 C(Vld iId +Vyglry — Rzi;d2 - RZi;qz) _ qg

1971q

4.41
dt ac CR. (@40
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Duty Ratios for Switch 1 Duty Ratios for Switch 2

14 0.02
1.2 0
u
2
1 Ug 1 -0.02 dl ]
—————ue T Uzq
q

-0.04
0.8

-0.06
0.6

-0.08
0.4

-0.1
0.2 012

L
0 pemmmmmspamma== e e -0.14
‘\_ _____________________________________
-0.2 -0.16
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
t(sec) t(sec)

Figure 4.4: Duty ratios of switch 1 as a function of time  Figure 4.5: Duty ratios of switch 2 as a function of time
for the ac/dc/ac converter using passivity-based control  for the ac/dc/ac converter using passivity-based control.

Examining (4.41), it is apparent that the resistance R. in parallel with the capacitor is necessary or

there would be no possible equilibrium forqg. Figure 4.6 shows a plot of the zero dynamics of qg

using the parameters given in the previous section. It is evident that there is a stable equilibrium because

the slope at the x-intercept in Figure 4.6 (where quD /dt =0) is negative.

100

80

60
o
S

s 40

av

oy
S

20

0

-20

Zero Dynamics of Desired Capacitor Charge

N

\\
\R
—~—
0.02 0.04 0.06 0.08 0.1
a2 (©)

Figure 4.6: Plot of the zero dynamics for the desired capacitor charge showing that there is a stable equilibrium.
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To calculate the condition for when (4.41) has a stable equilibrium, let M, =-CR. and

-k * -x 2

M, =C(V1difd +V, iy, — Ryipg” — Ryl ) The equilibrium solution G2 to (4.41) is

19'1q
a0 =J-MM, (4.42)

Since M, is always negative, there is only an equilibrium when M; is positive. This happens when

V, ir +V1qi1*q >R,i, 2+ Rzi;q2 (4.43)
This condition can be interpreted as the set points must be chosen such that the power supplied by the
voltage source is greater than the power output supplied to the load.

To check the stability of the equilibrium given by (4.42), (4.41) is linearized around the equilibrium.

dgd | -M, 1 b b
— — +—— - 4.44
dt (qc? )2 M2 (qC qC ) ( )
This linearized differential equation is stable if
_Mlz + Lo (4.45)
—D M
(@) M

Substituting in the expression for GCD given by (4.41), it is apparent that condition (4.45) is always

satisfied since M is always negative. Therefore, as long as condition (4.43) is met and an equilibrium

exists, this equilibrium is always stable.

4.2.3. Switch Feasibility Limits

Also, in order for the controller to be physically realizable, it is necessary for the switch duty ratios to
stay within their feasible limits. For analyzing the feasibility limits of the duty ratios in the dq reference
frame, the easiest approach is to use the switching function space vector [60,71]. For the switches on the

left side of the ac/dc/ac converter, the switching function space vector is defined as

U= \/%(ula +auy, +a’u, ) (4.46)
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where a=e/?"® [60,71] . All eight possible switching vectors are shown in Figure 4.7. There are six
non-zero space vector (U;-Ug) and two zero space vectors (U;-Ug). When using state-space averaging,

the average switching vector must remain within the dotted hexagon shown in Figure 4.7 [60].

Switching ulag | ulp | #le Switching Vector
State
“ o e 223+0;
Ih 1 1 -1 08165 + 141427
L5 -1 1 -1 -0.8165 + 141425
Us -1 1 1

-2 2/3+0;

7 T 1 | 1| 08165 - 141425
s T | -1 | T | 08165 — 141427
L5 1 1 ]
L -1 -1 -1 0

Re
|

Figure 4.7: Switching function space vectors for ac/dc/ac converter.

Therefore, for sinusoidal steady-state operation, the switching functions u,4 and u;q must satisfy

ﬂfuldz +u,? <2 (4.47)

The feasibility condition for the switches on the right side of the ac/dc/ac converter can be similarly

derived to be

JUz? +U, .2 <42 (4.48)

Looking at Figures 4.4 and 4.5, it is evident that conditions (4.47) and (4.48) are met for the example
in Section 4.2.1. It is also of interest to calculate the conditions for which the duty ratios are feasible in

terms of the parameters and set points of the system. Conditions (4.47) and (4.48) are met when
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_p\2
(Vig + Ligya )" +(Vyg — Ly, ) —% <0 (4.49)
(Lizg@, ~Roisy ) +(~Laig, Ryl ) —% <0 (4.50)

4.3. Summary

A new automated method for deriving the passivity-based control law for electrical systems was
introduced in this chapter.  Since deriving the passivity-based control law by hand is a complex and
lengthy procedure, the automation of this control law derivation is valuable because it allows for quick
testing of different closed-loop system behavior and different set point equations. As mentioned in
Section 4.1, while the closed-loop energy and dissipation functions should be chosen so that the
Lyapunov function is positive definite and the time derivative of the Lyapunov function is negative
definite, the choice of these closed-loop functions is not unique. The effect of varying these closed-loop
functions and finding optimal closed-loop functions based on the cost of control are open questions for
future work.

The automated method was demonstrated on an ac/dc/ac converter in this chapter, and controller
stability limits and switch feasibility limits were derived for this example. The next chapter will discuss
the design of a variable drive controller for flywheels using time-scale separation and this automated

passivity-based control logic.
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5. Variable Speed Drive Controller for Flywheels

Building upon the automated passivity-based control law derivation introduced in Chapter 4, this
chapter applies passivity-based control to the flywheel variable speed drive, whose dynamic equations
were derived in Section 2.2.2. The switch positions of the power electronics are controlled in order to
regulate the speed of the flywheel (and hence the energy stored in the flywheel) to a different speed than
the grid frequency.

Previous work for machine speed control takes advantage of the natural time-scale separation
between the mechanical and electrical variables but assumes that the stator voltages of the machine are
directly controllable inputs [43,47]. This technique can be used to design control for stand-alone
machines, but cannot be applied for interconnected power systems since the stator voltages are not
directly controllable in interconnected systems. Also much previous literature on flywheels neglects the
fast dynamics of the power electronics interfacing between the flywheel and the rest of the grid and
models the flywheel as an ideal power source or current source [18,19]. However, when using flywheels
for transient stabilization on a very fast time-scale, it is necessary to include the fast power electronic
dynamics or else potential instabilities on a very fast time-scale will not be captured.

Extending this previous work, a novel passivity-based controller using three time-scale separations is
introduced in this chapter for the variable speed drive. As described in Section 2.2.2, the stator voltages
of the flywheel are not assumed to be directly controllable, and the only directly controllable inputs are
the switch positions in the power electronics, which allows the controller to be applicable to
interconnected power systems. Also, the fast dynamics of the inductors and capacitors in the power
electronics are included, as shown in the dynamic model given in Section 2.2.2. Therefore, a third time-
scale for the fast power electronic dynamics is added to the time-scale separation between the mechanical
and electrical machine variables in [43,47], and therefore a third layer is added to the controller.

This chapter demonstrates the ability of the variable speed drive controller to regulate both the

flywheel speed and the power electronic currents to desired set point values. Chapter 6 will then describe
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several options for choosing these set point values in order to transiently stabilize power systems against
large sudden wind power disturbances using this flywheel variable speed drive controller.
5.1. Time-Scale Separation of the Variable Speed Drive

The automated passivity-based control methodology from Section 4.1 could be generalized from
electrical systems to electromechanical systems and then applied to the full dynamic model for the
variable speed drive given by (2.116)-(2.124). However, to simplify the control design and reduce the
amount of communications needed, the controller takes advantage of the natural time-scale separation
between the mechanical machine state variables, the electric machine state variables, and the power
electronic state variables.

Three different time-scales for the variable speed drive are defined, as shown in Table 5.1. The
slowest time-scale is the mechanical machine time-scale, the middle time-scale is the electrical machine
time-scale, and the fastest time-scale is the power electronics time-scale. Each of these time-scales will
be used to derive the control law for a layer of the controller described in the next section.

Table 5.1: Time-scale separation of variable speed drive

Mechanical Machine Electrical Machine State Power Electronics State
Time-Scale . : i ; : i
State Variables (@,,0,) | Variables (iz,,is,q,155q) | Variables (i, 1, Oc;)
Mechanical machine Dynamic Instantaneous Instantaneous
time-scale
(Slowest)
Electrical machine Frozen Dynamic Instantaneous
time-scale
(Middle)
Power electronics Frozen Frozen Dynamic
time-scale
(Fastest)
5.1.1. Mechanical Machine Time-Scale

In the mechanical machine time-scale, the mechanical machine state variables (@,,6,) have
dynamics, and the electrical machine state variables (iy,,is,4,15,,) and the power electronic state

variables (i,1,,,0c,) are assumed to be instantaneous because their time constants are much smaller.

Therefore, the dynamics in the mechanical machine time-scale are
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dw, _ T~ Twp — By, (5.1)
dt J,

do, _

== (5.2)

@,

In this time-scale, the electric torque z,,, which is a product of the machine currents, is assumed to be

directly controllable, because the electrical machine dynamics are much faster.

5.1.2. Electrical Machine Time-Scale

In the electrical machine time-scale, the electrical machine state variables have dynamics. The
mechanical machine state variables are assumed to be frozen because their time constants are much larger
while the power electronic state variables are assumed to be instantaneous because their time constants

are much smaller. Therefore, the dynamics in the electrical machine time-scale are

dl .
d—t2=InV(L2)(V2—R2|2—QQL2|2) (5.3)
where
iSZd Va4 R, 0 0
I2 iSZq ) Vz_ Vsoq |5 Rz =| 0 Rsz 0|
iRZ Vr2 0 0 Rg,
I 3., | 5.4
Lsz"'l—ssz 0 EMz 0—(020 ( )
L= 0 L,+ls, 0 |, Q=@ 00
3 0 0O
EMZ 0 Ls,

In this time-scale, w, is assumed to be frozen because the dynamics of the mechanical machine
variables are much slower while the stator voltages Vg,, and Vg,, are assumed to be directly

controllable, because the power electronic dynamics are much faster.
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5.1.3. Power Electronics Time-Scale
In the power electronics time-scale, the power electronics state variables have dynamics while the
mechanical and electrical machine state variables are assumed to be frozen because their time constants

are much larger. Therefore, the dynamics in the power electronics time-scale are

Oy e e Rij  Geihy (5.5)
dt L 2C L
di V, u
di, :_ildwl+ﬂ_&ilq el (5.6)
dt L L 2C, L
doc, _ I Uyg " bl ClspqUyy Is2qlzq _ o (5.7)
dt 2 2 2 2 CR,

In this time-scale, is,q and ispq are assumed to be frozen because the dynamics of the electrical
machine variables are much slower. The controllable inputs are the same as for the full model, the duty
ratios of the switches Uyg, Uig, Uzg, and Uy
5.2. Three-Layer Control Methodology

The three-layer controller shown in Figure 5.1 was introduced in [17] to regulate both the speed of the

flywheel @, and the current into the power electronics, i,y and i,,. The outermost controller is the speed

controller, which uses the slowest time-scale model to regulate the speed of the synchronous machine to a
set point specified by the control designer. The torque controller then uses the middle time-scale model to
control the electric torque to the reference value specified by the speed controller. This control strategy
relies on the fact that the torque controller can regulate the electric torque much faster than the reference
electric torque changes. The innermost controller is the power electronics controller ,which uses the
fastest time-scale model to control the stator voltages to the reference values specified by the torque
controller, as well as to control the power electronics currents to set points specified by the control
designer. Finally, in order to test the control logic, the switch duty ratios determined by the power
electronics controller are fed into the full dynamic model for the variable speed drive given by (2.116)-

(2.124).
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Figure 5.1: Block diagram for the three-layer variable speed drive controller.
5.2.1. Speed Controller

The speed controller uses the dynamic model in the slowest time-scale, the mechanical machine time-
scale, to control the speed of the synchronous machine to a set point a)zrEf . Since the dynamic model in

the slowest time-scale is a very simple linear system, a proportional integral controller is used. The

control law for the electric torque is given by

e2

" =K, (a)Z'Ef —w2)+ K, @, (5.9)

- _ ref
WOy =W, — W,

where K is the proportional gain, and K, is the integral gain specified by the control designer. The

integral gain causes the steady-state error to be zero. The speed controller then gives the value of z':zef to

the torque controller, which uses rf as a set point. It should be noted that the gains should not be made

too large, or else the time-scale separation of the open-loop dynamics may not hold true for the closed-
loop system and hence the reference electric torque may change faster than the torque controller can

regulate the electric torque.

5.2.2. Torque Controller

The torque controller uses the dynamic model in the middle time-scale, the electrical machine time-

scale, to control the electric torque to the set point specified by the speed controller, z'er:f . Passivity-based
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control logic is used for the torque controller, applying the automated method introduced in Section 4.1.

The desired closed-loop magnetic co-energy and electric energy are chosen to be
~ 1 1. -,
W, "= 2(L52+Lssz)( s2d +|52q )+§LR2|R2 (5.9)

W, =0 (5.10)

The desired dissipation function is chosen to be

~ 1 o~ ~ 1 o~
%:ERsz(umz Jruszqz)+§RR2|R22 (5.11)

The vector of currents 1 and the vector of charges Q for the closed-loop system are defined as

~ &~ &~ o~ T
IZI:ISZd Is2q IR2:| (5.12)

~ LT
Q:[qSZd Us2q qu:I (5.13)

The constraint matrix G and the Lagrange multiplier vector A forthe closed-loop system are empty

matrices since there are no KCL equations.

Since there are two controllable inputs, Vg,, and Vg,,, in the electrical machine time-scale model,

regulation of two reference signals can be achieved. Since the electric torque 7, is a product of iy, and

=ref

qu as shown by (2.123), i, and ig,, are chosen to be regulated to set points i i , and Ig,,, which satisfy

S2q
the reference torque r glven by the speed controller.
i, =i (5.14)

ref
T

I E— (5.15)

SZq 52q f ref
MZIRZ

Since ip,and is'?zq are chosen to be the directly controlled desired state variables. This means i5),

will have dynamics [14].
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Given the state-space model specified by (5.3)-(5.4), the set point equations (5.14)-(5.15), and the
desired closed-loop behavior specified by matrices W, '(X), W, (%), T, Q, G, and A, the computer

derives the control law for the torque controller by taking the following steps:

The desired Lagrangian is calculated as

~

o N
£=W_"-W, = E(LS2 + LSSZ)(|52d2 + |52q2)+5 ey’ (5.16)

m

After evaluating (4.2) and (4.3) and re-expressing the error dynamics in standard state space form

di~52d =~ Rs, &
—L =, 0, ———| 5.17
dt s2q®» L, +Ly, s2d ( )

diSZq i Rsz

= g, ——— 2, (5.18)
dt L, +Le,
di,, Ry-
—&=——Rj 5.19
dt L, © 519)
The Lyapunov function and the time derivative of the Lyapunov function are
YERRRVY 1 & 2 & 2 1 &2
V=W _+W, = E(L82 + Lssy ) (Tszs” + 15z )+§ Lol (5.20)
. oV dx - - -
v :&E:_Rsz(|52d2+|32q2)_RR2|R22 (5.21)

It is apparent that the Lyapunov function is positive definite and the time derivative of the Lyapunov
function is negative definite. After substituting in X —X" for X and substituting f(x,u) in for X, (5.17)

-(5.19) become in terms of desired values

disDzd _ 2LR2VSZd _\/EM (VRZ - RRZiRZ)_ZLR2R52iSZd +i52qw2

dt —3M22+ 2Lg,Ls, + 2Lg, L, (5.22)
. .D Rs (iszd _igzd)
_a)Z(ISZq _ISZq)+—

LSZ + LSSZ

digyy .5 RSZiSD?-q ~Vszq +\é%M2iR2w2
=50 @, — (5.23)
dt L + Ly
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diRDz _ 2( Lsz + LSSZ)(RRZiRZ _VR2)+\/EM (VSdZ - RSZiSd2)+ \/EM 2a)2i5q2 (Lsz + Lssz)

dt —3M,* + 2Lg,Lg, + 2Lg,Lg, (5.24)
RR(iRZ - iFIejz)
Le

Solving (5.22)-(5.24) and the set point equations (5.14)-(5.15) for the two control inputs (Vvg,, and

Vs,q), the two directly controlled desired state variables (iSD2q and i2,), and the derivative of the one

. . . di’ . . .
non-directly controlled desired state variable (%), the following control law is obtained.

\/E(Z(Lssz + I—sz) RRzirgezf - 2(I-ssz + LSZ)VRZ)

ref

Vsog =~ 6M
2
B \E(_\EMZRszigezfd + ‘E( LSSZ + LSZ)MZiSZde) (525)
6M,
_ \/6(3'\/' 2 ) RRZiRZ —-3M 2RRzilgezf
6L;,M,
- ) \/6R z_ref
Vizg = @, (L, + Lsss ) isns +4/3/2 0, M, i, + aTa (5.26)
3M, iy,

re iref )2 ire

dio), _ \/E(Lsz + |—ssz)6"27e2f _\/E(Lsz + Lssz) Reo ('sz ) + \/E(Lsz + I-SSZ)VRZIRZf
dt 3M,ig; (Lsz + Lssz) (5.27)

sref (D H HEH
RSZIRZ (ISZd - ISZd )+(L82 + LSSZ)IRZ ISan)Z
- = ref
IRZ (LSZ + LSSZ)

As described in the previous chapter, in order to ensure internal stability with passivity-based control,

it is necessary to check the stability of the zero dynamics of the desired state variables [14,41]. As

-ref & = ref

tracking of ig,q, is,q, aNd g, is achieved (ig,, —> g5, Tz, = igy , ANd igyy —>igyy) . the dynamics of
ie,, given by (5.27) become

di, _ ‘/E(VRz ~Realny ) (5.28)
dt 3M, i
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Examining (5.28), it is apparent that there is only a stable equilibrium for iSD2d if and only if

s ref

V : : . Y :
=—RZ  Therefore, i, cannot actually be controlled to an arbitrary set point, and iy, =—2% will be
R2 R2

sref
IR2

used for all subsequent simulations in this thesis.

5.2.3. Power Electronics Controller
The power electronics controller uses the dynamic model in the fast time-scale, the power electronics

ref

time-scale to control the stator voltages to the set points specified by the torque controller, vgjd and Vg,,

= ref = ref

as well as to regulate the currents to set points specified by the control designer, i, and I, . In order

for the power electronics to achieve regulation of the reference stator voltages, the following algebraic

expressions for the duty ratios of the second switch must be used:

ref
- 2C Vs (5.29)
Oc1
2C Vref
Uy, =— S2q (5.30)
Ty
Substituting in these expressions, the dynamic model in the fast time-scale becomes
diy, _ o Ld_&ild _ Yeatha (5.31)
dt L L 2L
di V, u
I PP TR E G (5.32)
dt L L 2C,L
A . - ref H ref
dg., _ Uy N hglhg C1(|52dvszd +ISZqVSZq) Oy (5.33)

dt 2 2 Ocy CR.;

Since the dynamics described by (5.31)-(5.33) are nonlinear, the automated passivity-based control
methodology is again used. The desired closed-loop magnetic co-energy and electric energy are chosen

to be
1 ™~ o~
W,'=> Ly (ha” +1g”) (5.34)
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W, = % S (5.35)

The desired closed-loop dissipation is chosen to be

Z= 2R (17 47+ R (5.36)

N |-

The symbolic vectors I and Q for the closed-loop system are defined as
4 o~ =~ &~ d T
| =[|1d by lot |R1] (5.37)

~ I
Q:[qm Gig Uer qu:I (5.38)

The constraint matrix G for the closed-loop system is

~ u
G:{—%" —% 1 1} (5.39)

The Lagrange multiplier vector A for the closed-loop system is
A=[4] (5.40)
Since there are two remaining controllable inputs in (5.31)-(5.33), ilDd and il'f] are chosen to be the

directly controlled desired state variables. This means qCD1 will have dynamics. The set point equations

are given by
g =iy (5.41)
i =i (5.42)

Given these specifications by the control designer, the automated method derives the control law for

the power electronics controller. The closed-loop Lagrangian is calculated as

BV, =L (i ) -

N |-

~ 2

Ges” (5.43)
Cl

After evaluating (4.2) and (4.3) and re-expressing the error dynamics in standard state space form
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d'—l“:f ) &IN _qC1uld (5_44)

dt 19771 Ll 1d 2C1L1
di, . . G.u
“ 19 _ _ilda)l _& ilq qu 1q (545)
dt L 2C.L
dq01 — Eduld + ilqulq _ qu (546)
dt 2 2 CR.
The Lyapunov function and the time derivative of the Lyapunov function are
_ 7 1 7 _ 1 & 2 & 9 1 qc12
V =W, '+W, _ELl(u1d +iy, )+§Tl (5.47)
. oV dx e 2 e2 Gcy’
V=-x—=-R/|(I +1, | ———— 5.48
o% dt R (" +E) C’Rg, (64)

It is apparent that (5.47) is positive definite and (5.48) is negative definite. After substituting in

x —x" for X and substituting f(x,u) in for X, (5.44)-(5.46) become in terms of desired values

.D D
Gy Vg i, Fajo Gtk (5.49)
dt L, L~ 2CL
di’ v, . 5 dou
i:ﬂ_h'zwl_&,ﬁ_ﬂ (5.50)
dt L L " 2CL
. . - ref H ref
dgd, _ iU, N |1'3u1q B do 3 Cl(ISZdVSZd +'szquzq) (5.51)

dt 2 2 CiRes Ocs

1q°

. dao, . . . .
Solving (5.49)-(5.51) and (5.41)-(5.42) for u,,, u % ,|1Dd , and '1?4 the following control law is

obtained.

2 (Clvld -CRijy +C, Liilrgf @ )

Uy = T (5.52)
Cl
2(CV, —CRi™ —C Li"®
ulq: ( 1V1q 1R11q 1L11d 1) (5.53)

D
Oc:
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2 ret 3 ref :
dqch _ ~Uex (qch) + Clz Res |:_ (Vszfd Isoq + Vszfq'szq ) qgl]
at CRGeler 2
C12 Rc1 |:(Vld ilrgf +qui1r:f - R1 (ilrc?f ) - R1 ('I;f ) )qui|
C1R<31qc1qg1

(5.54)

_l_

Checking the zero dynamics of g2, as i, —> 5 = ilrgf ,and (g, — gg,, the dynamics of g2,

given by (5.54) become

2 2
= ref s ref sref sref ref = ref «
dq'gl _ C1 (Vld by +V1q|1q R, (Ild ) R, (Ilq ) Vsaglag —Vsaqlag ) ~ qCDl

S (5.55)
dt v} CR.

Examining (5.55), there is only a stable equilibrium for gZ, when the numerator of the first term is
positive. This happens when
< ref : ref cref \? iref )2 f e f
Vldllrg +qu|lr§ _R1('1rc613 ) _F\>1(|1Irc;e ) 2Vgezdlm +V;equzq (5'56)
This condition can be interpreted as the power input to the power electronics after the resistor R; must

be greater than the power output of the power electronics. Additionally, as was derived in Section 4.2.3,

in order for the control logic to be physically realizable, the switch duty ratios U, , Uy, , U,y , and Uy,

1q *
must satisfy (4.47) and (4.48).
5.3. Simulation Results

This variable speed drive is simulated using the full dynamic model given in Section 2.2.2 by (2.116)-
(2.124) and the control equations given by (5.8), (5.25)-(5.27), (5.29)-(5.30), and (5.52)-(5.54). The
parameters used in the simulation are given in Tables 5.2 and 5.3 while the controller set points and gains
are given in Table 5.4. In this section, the set points are just chosen arbitrarily in order to demonstrate the
effectiveness of the variable speed drive controller. In Chapter 6, it will be explored how set points
should be chosen in order to use this controller for transient stabilization of interconnected power

systems.
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Table 5.2: Power electronics parameters

Table 5.3: Flywheel parameters

Symbol Quantity Value Symbol Quantity Value
Vo Magnitude of three- 10V Lro Self-inductance of the rotor | 5 uH
phase voltage source winding
oY) Frequency of three- 377 rad/sec Ls, Self-inductance of the stator | 5 uH
phase voltage source windings
C, Capacitance of dc-link 10 mF Lssy Mutual inductance between | 1 pH
capacitor the stator windings
L, Inductance on line with 0.5 uH M, Mutual inductance between | 4 uH
voltage source the stator and rotor
Ry Resistance on line with 0.1 mQ windings when parallel
voltage source Rro Resistance of the rotor 2x107 Q
Rc1 Resistance of resistor in | 25 Q winding
parallel with capacitor Rs» Resistance of the stator 1x10° Q
windings
Vro Voltage applied to the rotor | 1 V
winding
J Inertia of the rotor 5)(210'4 kg
m
B, Damping coefficient of the | 2x10” N
rotor ms
Tv2 Mechanical torque applied 0 Nm
to the rotor

Table 5.4: Variable speed drive set points and gains

Symbol Quantity Value
. Set point for the speed of the 750 rad/sec for t < 0.5 sec
2 flywheel 760 rad/sec for t > 1 sec
jref Set point for the direct component 50 A
R2 of the stator current of the
synchronous machine
jref Set point for direct component of 100 A fort<0.5sec
10 source current 130 A fort > 0.5 sec
jref Set point for quadrature component | 50 A fort<0.5 sec
1q of source current 40 Afort> 0.5 sec
Kp Proportional gain in the speed 0.05
controller
K, Integral gain in the speed controller | 1

The angular speed of the flywheel as a function of time is shown in Figure 5.2, demonstrating that the

speed converges to its set point, which changes from 750 rad/sec to 760 rad/sec at 0.5 seconds. The

synchronous machine currents and the desired direct stator current as a function of time are shown in

Figure 5.3. It is apparent that the desired quadrature stator current reaches a stable equilibrium and the

actual quadrature stator current converges to the desired current.
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Figure 5.2: Flywheel speed as a function of time for the Figure 5.3: Synchronous machine currents and the
variable speed drive controller. desired quadrature stator current as a function of time for

the variable speed drive controller.

Figure 5.4 shows the power electronic currents as a function of time, and it is evident that they
converge to their set points, which also change after 0.5 seconds. The capacitor charge and the desired
capacitor charge as a function of time are plotted in Figure 5.5, demonstrating that the desired capacitor
charge reaches a stable equilibrium and the actual capacitor charge converges to the desired charge. The
duty ratios for the two switches are shown in Figure 5.6, and it is evident that these duty ratios are within
the feasible limits given by (4.47) and (4.48).

Finally, Figure 5.7 shows the input and output power of the power electronics. It is observed that in
steady-state, the power input after the resistor R, is greater than the power output of the power electronics

(the power delivered to the flywheel) for both the set points before 0.5 seconds and the set points after 0.5
seconds. Hence stability of g, is achieved as described in Section 5.2.3. It should be noted that for

these set points, the majority of the power input to the power electronics is dissipated rather than supplied
to the flywheel. In Chapter 6, it will be described how the flywheel speed set point should be chosen so
that the majority of the power input to the power electronics is supplied to the flywheel rather than

dissipated.
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Power Electronic Currents
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Figure 5.4: Power electronic currents as a function of
time for the variable speed drive controller.
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Figure 5.6: Duty ratios of the two switches as a
function of time for the variable speed drive controller.

5.4. Summary
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Figure 5.5: Power electronic capacitor charge and the
desired capacitor charge as a function of time for the
variable speed drive controller.
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Figure 5.7: Input and output power of the power
electronics as a function of time for the variable speed
drive controller.

A novel variable speed drive controller for flywheels was developed in this chapter using time-scale

separation and passivity-based control logic.

regulates both the flywheel speed and the power electronic currents to desired set points.

A nested three-layer controller was designed, which

The next
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chapter will analyze how to choose these set points in order to use the flywheel controller for transient
stabilization of power systems in response to wind power disturbances.

While the fast dynamics of the inductors and capacitors were considered in this chapter, the switches
were assumed to be ideal. Further research could involve analyzing the effect of switching losses and
delays on the control. Designing alternate variable speed drive topologies requiring less infrastructure
while maintaining stability is another open question for future work. For example, it would be interesting
to examine if the power electronic ac/dc/ac converter could be redesigned as an ac/ac converter without

needing the dc-link capacitor.
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6. Transient Stabilization Using Flywheels

In this chapter, it is explored how the variable speed drive controller described in the previous chapter
can be used to transiently stabilize interconnected power systems against large sudden wind power
disturbances. This is the first time passivity-based control has been applied for transient stabilization of
power systems using flywheels.

Flywheels are placed at each bus with one or more wind generators, which are the potential
disturbance locations. It is desired to choose set points for the variable speed drive controller such that
the flywheel absorbs the wind power disturbance and the rest of the system is minimally affected. Three
different methods for choosing the set points are described in this chapter and each method is
demonstrated and compared on a simple two-bus system. The control will then be demonstrated for
larger systems with multiple flywheels and multiple wind generators in Chapter 8.

It should be noted that while the control logic in Chapter 5 was derived for the variable speed drive
connected to an infinite bus, the control logic is also applicable for interconnected system for two reasons.
First, the dynamics of the transmission line voltages connected to the power electronics evolve at a much
slower time-scale than the power electronics. Hence, when designing fast control at the power electronics
time-scale, the transmission line voltages can be assumed to be frozen using time-scale separation.
Second, the set point logic for the power electronic currents regulates the transmission line voltages to
their pre-disturbance values.

6.1. Power Electronic Current Set Points
Three different methods are described in this section for choosing the power electronic current set

points for the variable speed drive controller described in Chapter 5.

6.1.1. Constant Current Source Method
The first method explored is to choose the power electronic current set points such that, in closed-
loop, the aggregate of the power electronics and all the wind generators on the bus behaves as a constant

current source. The set point power electronic currents are
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rEf = Trﬁid ZI\Nd (6.1)

ly =i~ g (6.2)

= ref
Totq

= ref

where I, and I, are the direct and quadrature components of the constant current source. ZI\Nd is

the sum of the direct components of the stator currents for all wind generators at the bus and Z Iy, isthe
sum of quadrature components of the stator currents for all wind generators at the bus.

6.1.2. Instantaneous Load Method

The second method considered is to choose the power electronic current set points such that, in
closed-loop, the aggregate of the power electronics and all the wind generators on the bus behaves as an
instantaneous load with an effective resistance Rex and an effective inductance L. An instantaneous load
means that the dynamics of the load can be neglected since they are much faster than the rest of the

system. Using this method, the set point power electronic currents are
f f
b =it — 2 b (6:3)

Iy =it — > kg (6.4)
where

cref Reff VTLd + L QVTLq
g =
T L PP 4R,

(<]

(6.5)

iref _ R VTLq L QVTLd
Totq 22 2
Leff Q + Reff

(6.6)

where vy, 4 and vy, are the direct and quadrature components of the transmission line capacitor voltage

ref
Totq

ref

adjacent to the power electronics. The expressions for g, and i, are derived from taking the dynamic

equations for the load given in Section 3.1.4 and setting the time derivatives equal to zero since the

dynamics are instantaneous.
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Compared to the constant current source method, the advantage of the instantaneous load method is
that the effective resistance Re in closed-loop at Bus 2 provides additional stability for the closed-loop
interconnected system. The disadvantage is that this control method requires slightly more
communication than the constant current source method because the adjacent voltages of the transmission

line shunt capacitor must now be communicated to the controller.

6.1.3. Passivity-Based Control Method

The third method explored is to choose the power electronic current set points in order to achieve
passivity-based control of the adjacent transmission line capacitor voltages. Assume that the right side of
the transmission line is adjacent to the power electronics. (If the left side is adjacent instead, an
analogous procedure can be used.) The dynamic equations, given in Section 3.1.3, for the capacitor

charges on the right side, are

dg . .

;{Rd = QqTLRq Hlhnrird t brima (6.7)
dq : :
% = Q0 rg +linrirg + ivg (6.8)

Since the power electronic dynamics are much faster than the rest of the grid, the port input currents
iR @Nd 1,7, Can be treated as directly controllable at the time-scale in which the dynamics of the
rest of the grid evolves. To obtain the reference values for i,y and i, ., the automated passivity-

based control described in Section 4.1 is again used. The desired closed-loop magnetic co-energy and

electric energy are chosen to be

W '=0 (6.9)
~ 2 ~ 2

W, = 1, 1 g (6.10)
CTL 2 CTL

The desired closed-loop dissipation is chosen to be
R = % RaEFLRdz +% Rai~TLRq2 (6.11)
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Note that R, is damping injected to the closed-loop system in order to make the time derivative of the

Lyapunov function negative definite, as will be shown by (6.20).

The symbolic vectors I and Q for the closed-loop system are defined as

[ TLRd TLRq:I (6.12)

Q =[Grins e | (6.13)

The constraint matrix G and the Lagrange multiplier vector A for the closed-loop system are empty
matrices since there are no KCL equations.
The specified set point equations are

qWPLRd = CTLVWI:EfRd (6.14)

q‘IPLRq L ‘II:eLqu (6.15)
Given these specifications by the control designer, the automated method derives the control law.

The closed-loop Lagrangian is calculated as

~ ~ 2
P = O 1 O (6.16)

T2, 20y

After evaluating (4.2) and (4.3) and re-expressing the error dynamics in standard state space form

dq&;Rd = QqTLRq gTLT:; (6.17)
TL ‘a
Al g O, - Orirg (6.18)
dt ITLRd CTL Ra *

The Lyapunov function and the time derivative of the Lyapunov function are

~ 2 2

V=W, '+W, = 2, 2 T (619
2C, 2C,

VAR Gre’ Grieg (6.20)

aX dt CTL2 Ra CTL2 Ra
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It is apparent that (6.19) is positive definite and (6.20) is negative definite. In terms of desired values,

(6.17) and (6.18) become

day, : Gripg — O
&;Rd = linrirg T hova + Qqﬁ_Rq TLRC(;TLRTLRd (621)
dQTDLRq Orirg — G n
=i e 4 —TLRa ATLRg 6.22
at InTLRg T TLMq qTLRd C.R, (6.22)

Solving (6.21)-(6.22) and the set point equations (6.14)-(6.15) for i, 1 x4 i,nTLRq, qTDLRd , and qT'qu,

the following control law is obtained.

ref

: ref (Vrird ~Yrird ref
lntira = g — QCTLVTLRq (6-23)
CTL Ra
C Vref _ q
- ref _ TL "TLRq TLRq - ref
IInTLRq - CT R TLMq +QCTL TLRd (6'24)
LMa

The set point power electronic currents must then be chosen so that the references for the total current

into the transmission line are satisfied.
'ref = {:'T'LRd Z' (6.25)
iy =g — 21, (6.26)
where Z I is the sum of the direct components of the currents for all components at the bus besides the

transmission line and the power electronics and z iq is the sum of quadrature components of the

currents for all components at the bus besides the transmission line and the power electronics. Adding the
controller for the transmission line voltages to the variable speed drive controller given in Chapter 5, the

block diagram shown in Figure 6.1 is obtained.
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Figure 6.1: Block diagram for the transmission line passivity-based controller combined with the variable speed
drive controller.

While this method is able to regulate the transmission line voltages, the disadvantage is that more
communication is needed than with the constant current source method or the instantaneous load method.

However, it should be noted that communication is still only needed between neighboring components.

6.2. Flywheel Speed Set Point

The flywheel speed set point should be chosen so that most of the power entering the power
electronics is absorbed by the flywheel, rather than stored in the dc-capacitor and dissipated by the
resistor is parallel with the capacitor. When connected to the shunt capacitor of a transmission line, the

stability condition of the power electronics controller derived in Section 5.2.3 becomes
= ref i ref “ref \? “ref \? ref ref
Vrighg +Vrghe — R1 (Ild ) - R1 (Ilq ) Z Vsaqlaq T Va4l (6.27)
where vy, 4 and vy, are the direct and quadrature components of the transmission line capacitor voltage

adjacent to the power electronics. Based on conservation of energy in steady-state, (6.27) can be re-

written as
< ref < ref cref |2 “ref \? . 2 -2 - 2 2 :
VTLdllrg +VTLqI1r: _Ri(llrg) _R1(|1r§) ZRRZIRZ +R52(|82d +|82q )+Bza)2 ~Vralr2 (6.28)
The following steady-state values are observed for the flywheel:

0, = o, (6.29)
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_Vre (6.30)

. B,w," v
i —_ 2% Vra (6.31)
20 JBI2M,R,,

i, =i (6.32)

Is2a =524 _o
The steady-state value for ig,, is the initial condition ig,, , because as shown in Figure 5.2, ig,,has

no closed-loop dynamics. Substituting (6.29)-(6.32) into (6.28), the following restraint is obtained for

ref

2
< ref < ref . 2 sref |2 <ref \?
o < g T _ ﬁMZVRZ\/VTLdIlrs +VTLq|1r§ _RSZISZd_O - Rl(llrs ) _Rl(llrr:3 ) (6.33)
2 - "2 - )
B, A[3M, v, + 2B,Rg, R,
One possible approach would be to set o,™ to a large percentage of @;” ™, such as

,"" = pay'™ where p is a constant close to one. However, the problem with this approach is that

= ref sref

,™" would then change very fast since w;” ™ is an algebraic function of ij5' and i} , which can
change very fast in response to a sudden disturbance. As described in Chapter 6, the variable speed drive
controller relies on the fact that the inner torque controller can regulate the electric torque much faster

than the outer speed controller changes the reference electric torque 7.5 . If @, is changing very fast,

then 73 will also change very fast, and the torque controller will not be able to regulate the electric

torque faster than the reference torque changes.
To solve this problem, @,™ is made a state variable with dynamics

da) el re rer max
d—%[ =—-Kg (a)2 " — poy ) (6.34)
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ef ref max

A positive gain K ensures @, converges to paw, in steady-state. However, since @, has

dynamics, it does not change nearly as fast as ;" ™. Hence, the time-scale separation in the variable

speed drive controller still applies.

In addition to the flywheel speed limit from the power electronics controller stability limit, there is
also a maximum speed resulting from the tensile strength of the flywheel material [7]. A typical value for
the maximum flywheel speed is 36,000 rpm (3770 rad/sec) [72].

6.3. Two-Bus Example Simulation Results

The three methods for choosing the power electronic set points described in Section 6.1, along with

the method for choosing the flywheel speed set point described in Section 6.2, are demonstrated on the

two-bus system shown in Figure 6.2.

Bus 1

Transmission
Line

Electronics

Figure 6.2: Two-bus system on which the flywheel control is demonstrated

The parameters used in the simulations are given in Appendix A. The synchronous machine on Bus 1
has governor and exciter control, as described in Section 3.1.5., in order to regulate the frequency of the
system to 60 Hz. The wind generator on Bus 2 is modeled as an induction machine, as described in
Section 3.1.2, and there is a sudden prolonged disturbance in the mechanical torque applied to the rotor of

the wind generator, as shown by Figure 6.3.
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Wind Generator Mechanical Torque Bus 1 and 2 Voltages
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Figure 6.4: Bus 1 and Bus 2 voltages without controller.
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Figure 6.3: Mechanical torque disturbance applied to
the wind generator.

Figure 6.4 shows the voltages at Bus 1 and Bus 2 when there is no control (constant values are used
for the power electronic duty ratios). High voltage deviations occur due to the disturbance, and the
voltages take a few seconds to return to their pre-disturbance values once the disturbance ends. The
simulations for each of the three set points methods start in steady-state prior to the disturbance shown in
Figure 6.3, although it should be noted that the steady-state values are different depending on which

control method is used.

6.3.1. Constant Current Source Method Set Points

First, simulation results are shown using the constant current source method described in Section

6.1.1. The constant current source values used are ify, =1 and ify,, = 20. As shown by Figure 6.5, the

flywheel reference speed a)zref increases during the disturbance since the absolute of the mechanical

torque increases and there is more power coming out of the wind generator during the disturbance. As

ref ref max

discussed in Section 6.2, @, ~ changes much slower than w, so that the time-scale separation in the

variable speed drive controller still applies.
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Flywheel Speed Wind Generator Stator Currents
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Figure 6.5: Flywheel speed as a function of time using  Figure 6.6: Wind generator stator currents as a function
the constant current source method set points. of time using the constant current source method set

points.

Figure 6.6 shows the wind generator stator currents, which, as expected, settle to different values after
the disturbance in the mechanical torque applied to the wind generator. Figure 6.7 shows the sum of the
power electronic currents and the wind generator stator currents, as well as the reference total currents,
demonstrating that with the control logic, the power electronics and the wind generator together behave
very nearly as a constant current source. The reason there are small deviations from the constant current
reference is that the power electronic dynamics, while very fast, are not instantaneous.

The duty ratios of the two switches are shown in Figure 6.8, and it is evident that they are within the
feasible limits given by (4.47) and (4.48). Figure 6.9 and Figure 6.10 show the Bus 1 and Bus 2 voltages
with and without the control, demonstrating that, due to the controller, the effect of the disturbance on the
rest of the system is very minimal and lasts only a very short time. The oscillations are much smaller
with the control than without the control, and also the voltages quickly return to their pre-disturbance

values (even though the disturbance is still ongoing) with the control, unlike without the control.
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Power Electronic and Wind Currents
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Figure 6.7: Sum of the power electronic currents and
the wind generator stator currents, compared to the
reference total currents, as a function of time using the
constant current source method set points.
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Figure 6.9: Bus 1 voltages as a function of time using
the constant current source method set points compared
to without using any control.
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Figure 6.8: Duty ratios of the two switches as a function
of time using the constant current source method set
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Figure 6.10: Bus 2 voltages as a function of time using
the constant current source method set points compared
to without using any control.

Finally, the real and reactive power flows, whose directions are defined in Figure 6.2, are shown as a

function of time in Figure 6.11 and Figure 6.12. While real and reactive power is conventionally a

steady-state concept, the real and reactive power can be calculated from the direct and quadrature
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components of the voltages and currents using the instantaneous p-q theory [73]. The real and reactive

power into an object are
P =v,iy +V,i (6.35)
Q =Vgly —Vyl (6.36)
where v, and v, are the direct and quadrature components of the bus connected to the object, and i, and
iq are the direct and quadrature components of the currents into the object.

As shown by Figure 6.11, the real power out of the wind generator increases as a result of the
disturbance, which causes the real power into the power electronics and the real power into the flywheel
to also increase. Due to the control, which isolates the effect of the disturbance, the real power produced
by the synchronous generator and the real power consumed by the load remain almost completely
constant.

Several observations for the reactive power flow shown in Figure 6.12 should be noted. Due to the
large capacitor on the dc-link of the power electronics, the reactive power into the power electronics is
negative (the power electronics actually supplies reactive power to the grid) in steady-state. The reactive
power out of the wind generator is also negative in steady-state because an induction machine, even when
operating as a generator, always consumes reactive power [74]. During the disturbance, the reactive
power consumed by the wind generator increases, which causes the reactive power supplied by the power
electronics to increase as well. Due to the control, which isolates the effect of the disturbance, the
reactive power out of the synchronous generator and the reactive power consumed by the load remain

almost completely constant.
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Figure 6.11: Real power flow as a function of time Figure 6.12: Reactive power flow as a function of time
using the constant current source method set points. using the constant current source method set points.
6.3.2. Instantaneous Load Method Set Points

Now, it is examined how transient stabilization of the power grid against the wind disturbance can be

achieved using instantaneous load method described in Section 6.1.2. The effective resistance and

inductance of the load used are R, =0.1Q and L, =10°H .

As shown by Figure 6.13, the flywheel speed converges well to the reference speed a)zref , Which

again increases after the disturbance. Figure 6.14 shows the sum of the power electronic currents and the
wind generator stator currents, as well as the reference total currents. In contrast to the constant current
source method analyzed in the previous section, the reference total current no longer is a constant. Figure
6.15 and Figure 6.16 show the Bus 1 and Bus 2 voltages with and without the control, demonstrating that,
due to the controller, the effect of the disturbance on the rest of the system is very minimal and lasts only
a very short time. The oscillations are much smaller with the control than without the control, and also

the voltages quickly return to their pre-disturbance values with the control, unlike without the control.
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Flywheel Speed Power Electronic and Wind Currents
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Figure 6.13: Flywheel speed as a function of time using ~ Figure 6.14: Sum of the power electronic currents and
the instantaneous load method set points. the wind generator stator currents, compared to the
reference total currents, as a function of time using the
instantaneous load method set points.
6.3.3. Passivity-Based Control Method Set Points

Finally, it is examined how transient stabilization of the power grid against the wind disturbance can

be achieved using passivity-based control method described in Section 6.1.3. The set points used for the

transmission line voltages on Bus 2 are given by vyii, =0.073V and vyii,, =1.98 V. The damping
injected to the closed-loop systemis R, =0.01 Q.

As shown by Figure 6.17, the flywheel speed converges well to the reference speed w,™ , which

again increases after the disturbance. Figure 6.18 shows the total current out of Bus 2 (the sum of the
power electronics current, the wind generator current, and the load current), compared to the reference
total current. In contrast to the constant current source method, the reference total current is no longer a
constant. Figure 6.19 and Figure 6.20 show the Bus 1 and Bus 2 voltages with and without the control.
There are larger oscillations immediately following the disturbance with the control than without the
control, but the voltages do quickly return to their pre-disturbance values with the control, unlike without

the control. While the passivity-based control method, unlike constant current source method or the
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instantaneous load method, is able to regulate the transmission line voltages to set points, it is evident that

there are higher oscillations resulting from the disturbance when using the passivity-based control method

than when using the constant current source method or the instantaneous load method.
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Figure 6.15: Bus 1 voltages as a function of time using
the instantaneous load method set points compared to
without using any control.

Flywheel Speed

1500
= )
it .
| R R A I, re
A @2
14
Py /" \ —— p*m;efmx
o i i
% 1450 i '
3 i i
o i i
= 0 i
S i !
i=] 1 1
g i i
5 i ¢
S 1400 ! :
=) i i
% f ! ‘\
[ ..
\_ [RY
if
if
v
1350
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
t(sec)

Figure 6.17: Flywheel speed as a function of time using
the passivity-based control method set points.
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Bus 1 Voltages
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Figure 6.19: Bus 1 voltages as a function of time using
the passivity-based control method set points compared
to without using any control.

6.4. Summary

Bus 2 Voltages

V,q (Control)
~ 0.076 —
% ----- V2d (No Control) ﬂ
? 0.074 R ] 1 i
6 _\ —_ Te—
> 0.072
0.07
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1.99
S 1.98 -
[ b b T
g
E 1.97 qu (Control) |
----- qu (No Control)
1.96 = : =

0 01 02 03 04 05 06 07
t(sec)
Figure 6.20: Bus 2 voltages as a function of time using
the passivity-based control method set points compared
to without using any control.

This chapter explored using flywheels for transient stabilization of interconnected power systems in

response to large sudden wind power disturbances. Three different methods were described for choosing

the set points for the flywheel variable speed drive controller so that the flywheel absorbs the wind power

disturbance and the rest of the system is minimally affected.

Simulation results were shown

demonstrating the effectiveness of this controller for a simple two-bus system. The next chapter will

discuss sizing the power electronics in the variable speed drive controller, and then this controller will be

demonstrated for larger systems in Chapter 8. Further research could involve developing additional

methods for choosing the controller set points.
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7. Choosing Power Electronic Sizes

This chapter analyzes how changing the size of the power electronic inductors, capacitors, and

resistors affects the performance of the flywheel variable speed driver controller for transient

stabilization. The effect of changing the parameters is examined for the simulations in Section 6.3.1

using the constant current source set point method, and recommendations are made for sizing these

components.

7.1. Power Electronics Inductor

The inductance L, should be made as small as possible, in order to make the power electronic

dynamics fast and to minimize the effect of the disturbance on the rest of the grid. For the simulation in

Section 6.3.1, if L is increased from 0.01 pH to 0.1 pH, then i, and i1q do not converge to their set

points as quickly, and as a result, there is more of an effect from the disturbance on the rest of the system,

as shown by Figure 7.1 and Figure 7.2.
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Figure 7.1: Bus 1 voltages as a function of time with
varying power electronics inductor sizes.
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Figure 7.2: Bus 2 voltages as a function of time with
varying power electronics inductor sizes.

Furthermore, if too large of an inductor is used, then the time-scale separation assumption that the

power electronics dynamics are faster than the rest of the system may not hold and the system may go

unstable as a result. For a larger disturbance, a smaller inductor is needed to prevent much effect on the
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rest of the system. In theory, the inductor should be made as small as possible. However, there exists a
practical limit because the wire itself in the power electronics will have some effective inductance,
usually in the nH range, which is a function of the wire length and diameter [75].
7.2. Power Electronics Capacitor

The dc-link capacitance C, needs to be made large enough in order to keep the duty ratios within the

feasible limits during transients following the disturbance. If C; is too small, the magnitude of the
capacitor charge q., can decrease sharply during transients following the disturbance. As shown by

(5.52), (5.53), (5.29), and (5.30), if the magnitude of the capacitor charge decreases, then the absolute
values of the duty ratios increase. In order for the control to be feasible, the duty ratios need to remain
within the physical limits given by (4.47) and (4.48). Therefore, if C, is too small, this can cause the duty
ratios to go outside of the feasible limits during transients. Once the duty ratios hit saturation, there is no
guarantee the control will work successfully.

This problem is demonstrated by decreasing C; from 2 F to 0.25 F for the simulation in Section 6.3.1.
Figure 7.3 shows that the capacitor voltage decreases much more during transients when using the smaller
capacitance, and Figure 7.4 shows that this, in turn, causes the duty ratios of the switches to increase
beyond the feasible limits.

For a larger disturbance, a larger capacitor is needed to ensure that the duty ratios will stay within
their feasible limits and that the transient stabilization will work successfully. In sizing the capacitor,
there exists a trade-off between the size of disturbance the flywheel controller can handle and the

economic cost of making a large capacitor.
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Power Electronic Capacitor Voltage Duty Ratios for Switches (C; = 0.25 F)

11 6
B
10 R N _,“/

N f 5

8 \ I 4

.
s \
g ° \ ’
% 5 \ 5 Fdni N
> 4 ,I s~\\\‘

3 \ i 1 /" l\

\ f / \
2 \ _,/ o R S .', PR EE R
~— Ve (C, = 0.25F) 0 S 2,
1 - -
----- Vo (C,=2F)
0 r r r R
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 10 0.1 0.2 0.3 0.4 0.5 0.6 0.7
t(sec) t(sec)
Figure 7.3: Power electronic capacitor voltage as a Figure 7.4: Simulation showing that the duty ratios of the
function of time with varying power electronics switch positions can increase beyond feasible limits in

capacitor sizes. transients when the size of the capacitor is decreased.
7.3. Power Electronics Resistance in Parallel with Capacitor

In the previous section, it was shown that a large capacitor is needed to keep the duty ratios within
feasible limits during transients. A large resistor Rc; in parallel with the capacitor is needed in order to
keep the duty ratios within feasible limits during steady state. As described in Section 6.2, the flywheel

set point is chosen so that, in steady-state, the majority of power entering the power electronics after the

resistor R; is sent to the flywheel. The remaining power is dissipated by Rc;, and this power is given by

Prei = (7.2)

If Rc; decreases, then the absolute value of the capacitor charge ¢, must decrease in order to

dissipate the same power P..,. Again, if the magnitude of the capacitor charge decreases, then the

absolute values of the duty ratios increases, possibly beyond the feasible duty ratio limits. This problem
is demonstrated by decreasing R¢; from 25 Q to 2.5 Q for the simulation in Section 6.3.1. Figure 7.5

shows that the steady-state voltage across the power electronic capacitor is much lower when
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R.; =2.5€Q2. This in turn causes the duty ratios to be outside feasible limits during steady-state, as

shown by Figure 7.6.

Power Electronic Capacitor Voltage Duty Ratios for Switches (R, = 2.5 Q)
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Figure 7.5: Power electronic capacitor voltage as a Figure 7.6: Simulation showing that the duty ratios of
function of time with varying resistor sizes. the switch positions can increase beyond feasible limits

when the size of the resistor is decreased.

Mathematical limits for R, can be found. Substituting the duty ratios expressions for U, , Uy, Uy,

and u,, given by (5.52), (5.53), (5.29), and (5.30) respectively into the duty ratio limits given by (4.47)

and (4.48), the following expressions are obtained

qcl
2
_292 (v ) (v <2 7.3
c1

Using (7.1), (7.2) and (7.3) can be re-written in terms of R,

(Vld Rll ref + L:ll ref ) ( Rll ref L:[l;{gfa)l)

Re, 2 - (7.4)
RC1

R, >2 (V22 )2P+ (v52) (7.5)
RC1
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While a sufficiently large resistor is needed to keep the duty ratios within feasible limits, it should
also be noted that too large of a resistor could cause voltage breakdown of the capacitor. As given by
(7.1), as R, increases, the capacitor charge g, (and hence the capacitor voltage) increases as well.
There exists a maximum breakdown voltage of the capacitor, where very large electric fields between the
capacitor plates cause the dielectric to become conductive and the resulting large currents may damage
the capacitor [76]. Typical values for capacitor breakdown voltage range from a few Volts to a few kV,
depending on the gap between the plates and other capacitor design factors [77].

7.4. Percentage of Maximum Flywheel Reference Speed

ref max

As given by (6.34), the flywheel reference speed a)ff converges to pw, in steady-state where

ref max

p isaconstant close to 1 and w, is the maximum reference speed based on the passivity-based
control law stability condition given by (6.27). As p increases, the power sent to the flywheel increases
and the power dissipated by Rc; decreases. As shown in (7.1), if Py, decreases, then (., decreases,

which in turn causes the duty ratios to increase. Therefore, just like decreasing the resistor R¢y, increasing

p can cause the duty ratios of the switches to increase beyond feasible limits. This issue is demonstrated
by increasing p from 0.95 to 0.99 for the simulation in Section 6.3.1. Figure 7.7 shows that the steady-
state voltage across the power electronic capacitor is much lower when p=0.99. This in turn causes the

duty ratios to be outside feasible limits during steady-state, as shown by Figure 7.8.

In terms of p, the power dissipated by the resistor is

R B ZV ? rer max
Pecs =(1- pz)(WJr Bz}ozf (7.6)
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Power Electronic Capacitor Voltage Duty Ratios for Switches (p = 0.99)
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Figure 7.7: Power electronic capacitor voltage as a Figure 7.8: Simulation showing that the duty ratios of
function of time with varying percentages of maximum  the switch positions can increase beyond feasible limits
flywheel reference speed. when the percentage of the flywheel maximum reference
speed is increased.
Substituting (7.6) into (7.4) and (7.5), the following restraints are obtained.
V = ref sref 2 V = ref = ref 2
S ( ha — Ry + Lk, a)l) +( 1o~ Ribg =Ll a)l)
R, =4 T 7.7
ﬁ(l—pz)[Rssz LTI ]a)refmax
2 2 2 2
3/2M2 RRZ
2 2
(Vref ) +(Vref )
s2d $2g
Re 22 R By ? (7.8)
2 s2-2 YR2 ref max
(1—p ){3/2M T + BZJa)2
2 R2

It is evident from (7.7) and (7.8) that as p increases, R., must increase as well in order to keep the
switch duty ratios from hitting saturation. However, it should be noted that, in practice, there is a limit to
how large R, canbe. Inareal capacitor, the dielectric between the plates has a small, but non-zero,

conductivity, which is modelled as an ideal capacitor in parallel with a large leakage resistor [78].

Typical values for the leakage resistance of a capacitor range from 1 MQ to 100,000 MQ [78]. The shunt

resistance R, of the capacitor can be made smaller than the internal leakage resistance by adding an

additional wire in parallel with the capacitor, but R., cannot be made any larger than the leakage
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resistance. Therefore, the optimal strategy for maximizing the efficiency of the flywheel controller would
probably be to set p as high as possible, given the leakage resistance limit of R, , in order to still

maintain the switch duty ratios within feasible limits.
7.5. Summary

This chapter analyzes the effect of changing the power electronic parameters on the control
performance and discusses how these parameters should be sized. The power electronic inductor should
be made as small as practically possible given the effective wire inductance. In sizing the dc-link
capacitor, there is a trade-off between the size of disturbance the flywheel controller can handle without
the switch duty ratios reaching saturation during transients and the cost of making a large capacitor.
Finally, it is shown that in order to increase the percentage of power entering the power electronics that is
sent to the flywheel, the resistor in parallel with the capacitor must increase as well in order for the duty
ratios to remain within feasible limits during steady-state. There is, however, a limit to how large the

resistance can be, due to the internal shunt leakage resistance of a real capacitor.
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8. Demonstration of Flywheel Controller on Larger Systems

Chapter 6 introduced using the flywheel variable speed drive controller for transient stabilization of a
simple two-bus system with one flywheel and one wind generator with a disturbance. This chapter
discusses and demonstrates transient stabilization of larger power systems with multiple flywheels and
multiple wind generators with different disturbances. Flywheels are placed at each bus with one or more
wind generators, which are the potential disturbance locations. Each flywheel controller is responsible for
absorbing the disturbances on that bus so that the rest of the system is minimally affected, using the set
point logic described in Chapter 6.

If a bus has more than one wind generator (a wind farm), still only one flywheel is needed for that
bus, as the flywheel is responsible for absorbing all the wind power disturbances at that bus. This is
demonstrated for the three-bus example described in Section 8.1. Next, in Section 8.2, the Sao Miguel
island power system is considered using real-world data. It is proposed to replace the three diesel
generators on Sao Miguel with wind generators since diesel generators emit harmful environmental
pollutants. Flywheels are added along with each wind generator, and it is shown that the flywheel
controllers help maintain the power system stability and reduce the voltage oscillations in response to

persistent wind power disturbances.

8.1. Three-Bus Power System with a Wind Farm

Consider the three-bus system shown in Figure 8.1. The parameters used in this example are given in
Appendix B. Again, the synchronous machine has governor and exciter control in order to regulate the
frequency of the system to 60 Hz, and the four wind generators are modeled as induction machines.
There is a wind farm on Bus 2 with three wind generators and another wind generator on Bus 3, which all
have mechanical torque disturbances, as shown in Figure 8.2. While the three wind generators on Bus 2
have the same parameters and the same pre-disturbance mechanical torques, each wind generator has
different disturbances of varying magnitude and length, as shown by Figure 8.2. The flywheel on Bus 2

is responsible for absorbing the disturbances of the three wind generators on Bus 2 while the flywheel on
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Bus 3 is responsible for absorbing the disturbance of the wind generator on Bus 3. The constant current
source method described in Section 6.1.1 for choosing the controller set points is used for this example.

The system starts in steady-state prior to the disturbances beginning at 0.1 seconds.

Legend

@ Synchronous Generator
@ Wind Generator
Transmission Line
Power Electronics

®
v

Flywheel
Load

Figure 8.1: Three-bus power system with a wind farm on Bus 2.
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Figure 8.2: Mechanical torque disturbances of the four ~ Figure 8.3: Speed of the flywheel on Bus 2 as a function
wind generators. of time.

Figure 8.3 and Figure 8.4 show the speeds of the flywheels on Bus 2 and Bus 3 respectively. As

ref ref

discussed in Section 6.2, the reference flywheel speeds (a)m ) O, )change much slower than the
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maximum reference flywheels speeds (a);elf " o max) so that the time-scale separation in the variable

speed drive controllers still applies. While @, settles to a new steady-state during the disturbance, @,

never reaches a new steady-state value during the disturbance due to the fast-changing mechanical torque

T, 3 Of the third wind generator on Bus 2 shown in Figure 8.2.
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Figure 8.5: Sum of the power electronic currents and the
wind generator stator currents on Bus 2, compared to the
reference total currents, as function of time.

Figure 8.4: Speed of the flywheel on Bus 3 as a
function of time.

In this case, one flywheel on Bus 2 is sufficient for absorbing all three wind generator disturbances.
However, with more wind generators on the bus or larger disturbances, it may be necessary to add
multiple flywheels on the bus due to the maximum flywheel speed limit resulting from the tensile strength
of the flywheel material, as discussed in Section 6.2

Figure 8.5 and Figure 8.6 show the sum of the power electronic currents and the wind generator stator
currents, as well as the reference total currents, for Bus 2 and Bus 3 respectively. Due to the controller,
the power electronics and the wind generator together behave very nearly as a constant current source,

even with the wind power disturbances. Since the power electronic dynamics are not instantaneous, there
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are some fast oscillations in the total currents after each disturbance, but the total currents quickly return

to their reference values.
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Figure 8.6: Sum of the power electronic currents and

the wind generator stator currents on Bus 3, compared to

the reference total currents, as function of time.
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control compared to without control.
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Figure 8.9: Bus 3 voltages as a function of time with
control compared to without control.

The Bus 1, Bus 2, and Bus 3 voltages are shown in Figure 8.7, Figure 8.8, and Figure 8.9

respectively, both with and without the control. (In the case with no control, constant values are used for
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the switch duty ratios.) Due to the controller, the effect of the disturbance on the rest of the system is
very minimal and lasts only a very short time. The oscillations are much smaller with the control than
without the control, and also, with the control, the voltages quickly return to their pre-disturbance values

after each disturbance, unlike without the control.

8.2. Sao Miguel Power System Example

Next, the Sao Miguel island power system, which was analyzed in [79] and is shown in Figure 8.10,
is considered using real-world data. Sao Miguel is the largest of the nine Azores Archipelago islands
located in the middle of the North Atlantic Ocean. The Sao Miguel power system has fifteen buses, three

diesel generators, two geothermal generators, and ten hydro generators.

Figure 8.10: Sao Miguel power system topology.

Since diesel generators emit harmful environmental pollutants [80], it is proposed in this section to

replace the three diesel generators with wind generators. Since wind power is difficult to predict and
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control, flywheels are added along with each wind generator. Again, the variable speed drive controller
described in Chapter 5 and Chapter 6 is used so that the flywheel absorbs the wind power variation and
the rest of the system is minimally affected. The flywheels help the system maintain stability and
minimize voltage and frequency deviations in response to the persistent wind power deviations.

The dynamics of all components are modelled, including the loads and the transmission lines. The
hydro generators are modelled as synchronous machines with governor and exciter control in order to
regulate the frequency of the system to 50 Hz. (The Azores island use 50 Hz grid frequency, as Europe
does, rather than the 60 Hz grid frequency used in North America.) The geothermal generators are
modelled as synchronous machines without governor or exciter controllers [19]. The wind generators are

again modelled as induction machines.
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Figure 8.11: Mechanical torque disturbances of the four Figure 8.12: Speed of the flywheel on Bus 1 as a
wind generators. function of time.

The parameters used for the three wind generators and the three flywheels are given in Appendix C.
The parameters for the rest of the system are based on real-world data and are given in [79]. The
mechanical torque disturbances of the three wind generators are shown in Figure 8.11. The constant
current source method described in Section 6.1.1 for choosing the controller set points is again used for

this example. The system starts in steady-state prior to the disturbances beginning at 0.1 seconds.

119



Flywheel on Bus 2 Speed Flywheel on Bus 3 Speed

4000 3500
’»\
P 2778

3500 - SN 3000 - _//.:‘\
_ 7 N\ - y
Q' 3000 s N3 5 \\
° i v 9 2500 oy .
o ; ke 4 "
\g ; g /l kY
= 2500 7 / = ; )
g _,.'/ S 2000 7 %
8 ! s O, 3,
S 1500 \:\ '_1 _____ (DrF%f N s | | m——— O, Y

kS / \Y
~\. J e *(Dref max \
1000 A I pFZ*(D:Zer max | | 1000 Pr3 O3
500 : : 500
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time(sec) time(sec)
Figure 8.13: Speed of the flywheel on Bus 2 as a Figure 8.14: Speed of the flywheel on Bus 3 as a
function of time. function of time.

Figure 8.12, Figure 8.13, and Figure 8.14 show the speeds of the flywheels on Bus 1, Bus 2 and Bus 3
respectively. Due to the persistent wind generator disturbances, the flywheel speeds never settle to a new
steady-state value following the first disturbance.

Figure 8.15, Figure 8.16, and Figure 8.17 show the sum of the power electronic currents and the wind
generator stator currents, as well as the reference total currents, for Bus 1, Bus 2, and Bus 3 respectively.
Due to the controller, the power electronics and the wind generator together on each bus behave very
nearly as a constant current source, even with the wind power disturbances. For comparison, Figure 8.15,
Figure 8.16, and Figure 8.17 also show the sum of the power electronic currents and the wind generator
stator currents on each bus without the controller. (In the case with no control, constant values are used
for the switch duty ratios.)

The Bus 1, Bus 2, and Bus 3 voltages are shown in Figure 8.18, Figure 8.19, and Figure 8.20
respectively, both with and without the control. The voltage oscillations without the controller are

relatively small in this case, but it is evident that the flywheel controller still reduces the oscillations.
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Figure 8.15: Sum of the power electronic currents and Figure 8.16: Sum of the power electronic currents and
the wind generator stator currents on Bus 1 with and the wind generator stator currents on Bus 2 with and
without control, as well as the reference total currents, as  without control, as well as the reference total currents, as
function of time. function of time.
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Figure 8.17: Sum of the power electronic currents and Figure 8.18: Bus 1 voltages as a function of time with
the wind generator stator currents on Bus 3 with and control compared to without control.

without control, as well as the reference total currents, as
function of time.
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Figure 8.19: Bus 2 voltages as a function of time with Figure 8.20: Bus 3 voltages as a function of time with
control compared to without control. control compared to without control.

8.3. Summary

This chapter demonstrated transient stabilization of larger power systems with multiple flywheels and
multiple wind generators. Flywheels are placed at each bus with one or more wind generators, which are
the potential disturbance locations. Further research could involve designing transient stabilization
control using fewer flywheels. For example, instead of placing one flywheel at each bus with a wind
generator, it would be interesting to examine if one flywheel could be responsible for absorbing the
disturbance at its bus and also the disturbance at a neighboring bus with a wind generator. This would

require designing cooperative control logic, as in [2].
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9. Passive Magnetic Bearing Design

One main design challenge in the actual implementation of flywheels is to support the high-speed
rotor. It is advantageous to use magnetic bearings instead of conventional mechanical bearings in order to
decrease frictional energy losses. Magnetic bearings are contactless and therefore can exhibit near-zero
losses. Magnetic bearings can either be active or passive. Active magnetic bearings use position sensors
and electronic circuits that control electromagnets to achieve stable levitation of the rotating element. In
contrast, passive magnetic bearings do not have any sensors or control. Most commercial magnetic
bearings are active, but active magnetic bearings have a far higher cost than passive magnetic bearings.

A significant challenge with passive magnetic bearings is achieving stable magnetic levitation of an
object in all directions. An object can be levitated using either attractive or repulsive magnetic levitation,
but both methods are inherently unstable in one direction. For example, a magnet can be levitated using
the repulsive force from a lower magnet. There is an equilibrium position, where the downward
gravitational force on the upper magnet exactly equals the upward magnetic levitation force, but while
this equilibrium is stable to vertical displacements, it is not stable to lateral displacements. Inevitably, the
upper magnet will slide sideways. Alternatively, a magnet can be levitated using the attractive force from
an upper magnet. There is again an equilibrium position, where the downward gravitational force exactly
equals the upward magnetic levitation force, but while this equilibrium is stable to lateral displacements,
it is not stable to vertical displacements. This problem is generalized further in Earnshaw’s Theorem,
which states that it is not possible to stably levitate an object in all directions using any configuration of
only permanent magnets and fixed currents [81].

A possible approach using passive magnetic bearings pursued by Argonne National Laboratory is to
use superconducting elements [82]. Because superconductors have diamagnetic properties, they evade
Earnshaw’s Theorem and can stably levitate an object in all directions. Diamagnets are materials with a

relative magnetic permeability less than one. However, since superconductors must be kept at very low
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temperatures (below -150 °C), it is not practical to employ superconductor passive magnetic bearings for
flywheel energy storage systems.

Another possible solution pursued by Lawrence Livermore National Lab (LLNL) is to add a Halbach
array stabilizer, which induces currents in stabilization coils, to the levitation magnet system [83].
Previous literature on computing the forces and stiffness for passive magnetic bearings relies on several
simplifications, such as neglecting the curvature of the geometry and neglecting the higher order
harmonics of the magnetic fields [83]. This chapter provides a novel, more accurate analysis which does
not make these simplifying assumptions.

A passive magnetic bearing system for flywheels, based on an early LLNL design, which can stably
levitate the flywheel in all directions, is shown in Figure 9.1. The resultant magnetic fields and forces for
this magnetic bearing system are computed in this chapter using electromagnetic theory, demonstrating

that stable levitation is achieved in all directions with this design.
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Figure 9.1: Cross-sectional view of the passive magnetic bearing geometry
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9.1. Levitation Magnet System

Magnets 1-4 form the levitation magnet system. Magnets 1 and 4 are stationary while Magnets 2 and
3 are attached to the bottom and top of the rotating flywheel respectively. Neodymium permanent
magnets (NdFeB) with a remanent field B, of 1.35 T are used for all four magnets, and each magnet has
the shape of an annular ring, as portrayed by Figure 9.2. For the specific example that is shown, each ring
has a height h of 1.27 cm, an inner radius a of 14.48 cm, and an outer radius b of 19.56 cm. When the
radial displacement of the axis of the flywheel, lat disp, is zero, the rotor magnets are co-axial with the
stationary magnets. When the axial displacement of the flywheel, vert disp, is zero, the upper attracting
magnets are 0.88 cm closer to each other than the lower repelling magnets,

The upper levitation magnet pair exerts an attracting upward force on the flywheel while the lower
levitation magnet pair exerts a repelling upward force on the flywheel. At the equilibrium position (when
vert disp = 0 cm and lat disp = 0 cm), the total upward magnetic force exactly equals the total downward
gravitational force on the flywheel, 2046 N. Since the upper attracting magnets are closer than the lower

repelling magnets, the levitation magnet system is stable in the lateral direction but unstable in the vertical

direction.
a b
— h
Figure 9.2: Shape of each levitation magnet
9.1.1. Magnetic Fields from Permanent Magnets

In order to calculate the magnetic levitation force from each magnet pair, it is first necessary to
compute the magnetic fields from a permanent magnet. A permanent magnet can be modeled as two
uniform charged surfaces using the coulombian approach [84] or equivalently as two sheets of uniform
current density using the amperian current approach [85]. Using the coulombian approach, since each

permanent magnet has a known magnetization, its contribution to the total field can be calculated from
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patches of magnetization surface charge density at the surfaces where the magnetization is discontinuous

[86]. The magnetization surface charge density at the boundary between regions 1 and 2 is
Psm :é‘nlz.ﬂo(Ml_MZ) (9.1)
where &,,,is the unit normal vector from region 1 to 2, Miand M are the magnetization vectors in

regions 1 and 2, and L is the permeability of free space: 47 x 10™" H/m. The units of pgyare Vsec/m?

Therefore, an annular ring magnet that is polarized in the positive vertical direction can be modeled as
a patch of positive surface charge density on the top surface of the ring and a patch of negative surface
charge density on the bottom surface of the ring. Both surfaces have the shape of annuli.

In the most general formulation, the magnetic field from a patch of magnetization surface charge can

be obtained by numerically integrating

— p .
H = |—"-4ds (9.2)
!47[/10R2 §

where S is the surface of magnetic charge, psm IS the magnetic surface charge density, R is the distance
from the differential surface element to the observation point, and & is the unit vector pointing from the
differential surface element to the observation point. This formulation is analogous to Coulomb’s Law
for electric charge density.

For an annular surface of charge, while no closed-form expression can be found, the double integral
in (9.2) can be simplified to a single integral, as expressed in [22], which is more computationally
efficient. To numerically evaluate the single integral, the MATLAB numerical integration function

‘quad’ is used with an error tolerance of 1e-2. The total field from an annular ring magnet is computed by

summing the contributions from the two annular patches. The magnetic flux density B can then be

easily obtained from the constitutive relationship

B = u (H+ M) (9.3)
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9.1.2. Magnetic Forces between Permanent Magnets

As described in [22], the force exerted by Magnet 1 on Magnet 2 is calculated by summing the
individual force on each of the two magnetization surface charge patches on Magnet 2. While no closed-
form expression can be found, the force on a patch of surface charge is computed by numerically

integrating

Elonz = J.psmz ﬁlds (9.4)
S,

where S, is the surface of magnetic charge on Magnet 2, H; is the magnetic field from Magnet 1, and psm,
is the magnetic surface charge density of the patch on Magnet 2. This formulation is analogous to
Coulomb’s Law for electric charge density. To numerically evaluate the double integral, the MATLAB
‘dblquad’ function is used with an error tolerance of 1e-3. When Magnet 2 is coaxial to Magnet 1, there
is only a vertical force. However, if the axis of Magnet 2 is displaced off the axis of Magnet 1, then there
is also a lateral force in the direction of displacement.

The force exerted by Magnet 4 on Magnet 3 is calculated using the same procedure. The total force
exerted on the flywheel from the levitation magnet system is the sum of the force exerted by Magnet 1 on
Magnet 2 and the force exerted by Magnet 4 on Magnet 3. Even though Magnets 2 and 3 are rotating in
the azimuthal direction, since all the levitation magnets are symmetric in the azimuthal direction, the
force is constant with time.

Figure 9.3 shows the vertical forces as a function of vert disp at several values of lat disp and Figure
9.4 shows the lateral forces as a function of lat disp at several values of vert disp. At the equilibrium
position (vert disp = 0 cm, lat disp = 0 cm), there is no lateral force and the upward magnetic vertical
force exactly equals the downward gravitational force of 2046 N on the flywheel. The equilibrium is
stable in the lateral direction because a small increase in lateral displacement causes a negative force in
the direction of displacement, which acts to move the flywheel back to its equilibrium position. However,

the equilibrium is unstable in the vertical direction because a small increase in vertical displacement
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causes an increase in vertical force, which acts to move the flywheel further from its equilibrium position.

The instability of the levitation magnet system in one direction is consistent with Earnshaw’s Theorem.
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Figure 9.3: Vertical forces as a function of vertical Figure 9.4: Lateral forces as a function of lateral
displacement for the levitation magnets displacement for the levitation magnets.

9.2. Halbach Array Stabilizer

The Halbach array stabilizer shown in Figure 9.1 is designed to stabilize the system in the vertical
direction. The stabilizer consists of two stationary stabilization coils centered in the vertical direction
between two Halbach arrays attached to the rotating flywheel. In a Halbach array, the magnetizations
rotate from one magnet to the next in order to augment the field on one side of the array while nearly
cancelling the field on the other side.

Top views of the upper and lower Halbach arrays are shown in Figure 9.5. In each array, there are 24
wavelengths and 96 magnets. The magnetizations of the individual magnets rotate between the vertical
(2) direction and the azimuthal () direction. For the upper Halbach array, the rotation of magnetizations
causes the strong side field to be below the array while for the lower Halbach array, the rotation of
magnetizations causes the strong side field to be above the array. The inner radius of each array is 14.48

cm while the outer radius of each array is 19.56 cm. The height of each array (not shown by the top view)
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is 1.27 cm. Neodymium permanent magnets are again used, and each individual magnet has the shape of a
trapezoidal prism.

Figure 9.6 shows a top view of the two stabilization coils, which also consists of 24 wavelengths.
The second stabilization coil is identical to the first coil and is placed in the same vertical plane, but the
second coil is rotated one quarter of a wavelength in the counter-clockwise direction with respect to the
first coil. Each stabilization coil consists of 48 straight segments and 48 semi-circular loops. There are
24 wavelengths around each coil, and the wavelength of each coil equals the wavelength of the Halbach
arrays. The inner radius of each coil is 14.6 cm while the outer radius is 20.3 cm. The radius of the inner

semi-circles is 0.9 cm while the radius of the outer semi-circles is 1.33 cm.

Upper Halbach Array  Lower Halbach Array

+Z Polarized
+(D Polarized
-Z Polarized
-(D Polarized

Figure 9.6: Top view of the stabilization
coils

Figure 9.5: Top view of the upper and lower Halbach arrays

If the stabilization coils are exactly centered between the two Halbach arrays in the vertical direction,
the flux through the coils from the upper array cancels the flux from the lower array and no current is
induced. If, however, the flywheel is displaced in the vertical direction, the stabilization coils will no
longer be exactly centered and the time-varying flux will induce a current in each coil. This current then
interacts with the magnetic field of the Halbach arrays to provide a net stabilizing force in the vertical
direction.

As will be shown in this chapter, the force as a function of time exerted by each stabilization coil on

the Halbach arrays consists of a double frequency sinusoidal component and a constant component. Two
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stabilization coils are used, so that the constant parts of the force exerted by each coil add together while
the double frequency sinusoidal components cancel. Due to the mutual inductance between the two coils,
the sinusoidal components do not exactly cancel, but the total force is much closer to a constant than it

would be using only one coil.

9.2.1. Magnetic Fields from Halbach Arrays

A magnet in the Halbach array with polarization in the azimuthal direction is modeled as a patch of
positive surface charge at the side wall where the magnetization vector terminates and a patch of negative
surface charge at the side wall where the magnetization vector initiates. Both patches are rectangles and
the surface charge density of each patch is determined using (9.1). For the magnetic field resulting from a
rectangular patch of charge, a closed form expression of the double integral in (9.2) can be found and is
given in [86].

A magnet that is polarized in the positive vertical direction is modeled as a patch of positive surface
charge density on the top surface of the trapezoidal prism and a patch of negative surface charge density
on the bottom surface of the prism. Both patches are trapezoids, and the surface charge density of each
trapezoid is again determined using (9.1). Since a trapezoid is the sum of a rectangle and two triangles,
the total magnetic field from a trapezoidal patch of charge is found by summing the contributions from
the rectangular patch and the two triangular patches. For a triangular patch of charge, a closed form
expression for the magnetic field can be found and is given in [24]. The total field from both Halbach
arrays is computed by summing the contributions from each of the 192 rectangular patches and the 192

trapezoidal patches.

9.2.2. Magnetic Flux through Stabilization Coils

The magnetic flux from the arrays through each coil is computed by numerically integrating

ﬂ’Arrays, Coil = 'LCO” BArrays * d S (95)

where Sc is the inner surface enclosed by the coil and Ba is the total magnetic flux density from both
arrays.
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Since the surface normal to the stabilization coil is in the z-direction, only the z-component of the
magnetic flux density needs to be integrated. The flux through each wavelength can be obtained by
integrating the magnetic flux density over two triangular regions and two semicircular regions. As
portrayed by Figure 9.7, the total flux through one wavelength is equal to the sum of the flux through
regions 1, 2, and 3 minus the flux through region 4. To numerically compute the surface integrals, the

“quad2d” function in MATLAB is used with an error tolerance of le-7.

Figure 9.7: Flux through one wavelength of the stabilization coil is equal to the sum of the flux through regions 1,
2, and 3 minus the flux through region 4

If the stabilization coil is exactly centered between the two arrays (vert disp = 0 cm), the flux through
the coil from the upper array cancels the flux from the lower array and there is zero net flux through the
coil. When vert disp is non-zero, there is a time-varying flux through the coil since the arrays are rotating
in the azimuthal direction and the arrays are not axially symmetric. The flux is, however, periodic with a
period of the time it takes the arrays to rotate one wavelength. In all the simulations shown, the arrays are
rotating at 1000 rpm, so the period is 2.5 ms.

When the lateral displacement of the arrays is zero, the flux through each wavelength of the coil is the
same by symmetry, so it is sufficient to calculate the flux through one wavelength and then multiply by
24, the number of wavelengths, to obtain the total flux. When the arrays are displaced in the lateral
direction, however, the flux through each wavelength of the coil is different, so it is necessary to compute

the flux through each of the 24 wavelengths.
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Additionally, since the second stabilization coil is rotated one quarter of a wavelength in the counter-
clockwise direction with respect to the first coil, when the lateral displacement is zero, the flux through
the second coil lags the flux through the first coil by exactly 90°. When the lateral displacement is non-
zero, this is no longer true, although for small lateral displacements, this is still a good approximation.

As an example, Figure 9.8 shows the flux through each of the stabilization coils as a function of time

for one period when the arrays are rotating at 1000 rpm, vert disp = 0.1 cm, and lat disp = 0.2 cm.
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Figure 9.8: Flux as a function of time through each Figure 9.9: Induced current as a function of time through
stabilization coil with vert disp = 0.1 cm, lat disp =0.2  each stabilization coil with vert disp = 0.1 cm, lat disp =
cm, and the arrays rotating at 1000 rpm 0.2 cm, and the arrays rotating at 1000 rpm

9.2.3. Induced Currents in Stabilization Coils

The time-varying magnetic flux induces a current in each of the stabilization coils, as described by

dlcy Aoy, Qe ca
RICOiIl +L Coil 1 +M Coil 2 __ Arrays,Coil 1 (96)
dlcy Aloyy, I oo
Rlcoil ,+ L Coil 2 +M Coil 1 __ Arrays,Coil 2 (9.7)

where R is the resistance of each coil, L is the self-inductance of each coil, and M is the mutual inductance

between the two coils. Calculations of these parameters are described in [24].
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If the mutual inductance were neglected, the induced current in the 2" coil would merely lag the
induced current in the 1% coil by 90°. However, the mutual inductance causes the amplitude of the
induced current in the second stabilization coil to be slightly greater than the current in the first coil.

As an example, Figure 9.9 shows the induced current in each of the stabilization coils as a function of

time for one period when the arrays are rotating at 1000 rpm, vert disp = 0.1 cm, and lat disp = 0.2 cm.

9.2.4. Magnetic Forces on Halbach Arrays

The induced current interacts with the magnetic field of the Halbach arrays to provide a net
stabilizing force in the vertical direction. The most computationally efficient way to calculate the
restoring force on the Halbach arrays is to first calculate the force on the stabilization coil using the
Lorentz Force Law. The force on the Halbach arrays exerted by each stabilization coil is computed by

numerically integrating

FCoiIOnArrays = —F ArraysOnCoil = — I ICoiI d I X BArrays (98)

CCoil

where I, is the current in the stabilization coil, Bar,s i the magnetic flux density from both arrays, and

Ccoil is the contour of the stabilization coil.

For a nominal flywheel rotational speed of 1000 rpm, the vertical and lateral forces are periodic with
period 2.5x107® s, the amount of time it takes the arrays to rotate one wavelength. As an example, Figure
9.10 and Figure 9.11 show the vertical and lateral forces exerted by each coil on the Halbach arrays as a
function of time for one period when vert disp = 0.1 cm, lat disp = 0.2 cm, and the flywheel is rotating at
1000 rpm. If the mutual inductance between the two stabilization coils were neglected, the total force
exerted by both coils would be a constant. However, the unequal current amplitudes due to the mutual
inductance cause the total force to still have a double frequency sinusoidal component, whose amplitude

is much smaller than the constant part.
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Figure 9.11: Lateral force exerted by each coil on the
arrays with vert disp = 0.1 cm, lat disp = 0.2 cm, and
the arrays rotating at 1000 rpm.

Figure 9.10: Vertical force exerted by each coil on the
arrays with vert disp = 0.1 cm, lat disp = 0.2 cm, and
the arrays rotating at 1000 rpm
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Figure 9.13: Lateral forces as a function of lateral

Figure 9.12: Vertical forces as a function of vertical
displacement for the Halbach array stabilizer

displacement for the Halbach array stabilizer
Since the sinusoidal component of the force exerted by both stabilization coils is small and the
frequency is high, time-average forces are used to analyze the force from the stabilizer as a function of

vertical or lateral displacements. The total force on the flywheel is the sum of the forces from the

levitation magnets and from the Halbach array stabilizer. Figure 9.12 shows the time-average vertical
force as a function of vert disp at several different values of lat disp while Figure 9.13 shows the time-

average lateral forces as a function of lat disp at several different values of vert disp. While the Halbach
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array stabilizer provides a stabilizing force to vertical displacements, it actually provides a destabilizing
force to lateral displacements from the equilibrium. However, since the levitation magnet system is stable
in the lateral direction, the total magnetic bearing system consisting of both the levitation magnets and the

Halbach array stabilizer is stable to lateral displacement, as will be shown in the next section

9.3. Entire Magnetic Bearing System

The total force for the entire magnetic bearing system consisting of both the levitation magnets and
the Halbach array stabilizer can now be analyzed. The total force on the flywheel is the sum of the force
on the flywheel from the levitation magnets calculated in Section 9.1.2 and the force on the flywheel from
the Halbach array stabilizer calculated in Section 9.2.4. Figure 9.14 shows the total time-average vertical
force as a function of vert disp at several different values of lat disp while Figure 9.15 shows the total

time-average lateral force as a function of lat disp at several different values of vert disp.
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Figure 9.14: Vertical forces as a function of vertical Figure 9.15: Lateral forces as a function of lateral
displacement for the entire bearing system displacement for the entire bearing system

The equilibrium position occurs when vert disp = 0 cm and lat disp = 0 cm. At this position, there is
no lateral force and the upward magnetic vertical force exactly equals the downward gravitational force of
2046 N. The equilibrium is stable in the lateral direction because a small increase in lateral displacement
causes a negative force in the direction of displacement, which acts to move the flywheel back to its

equilibrium position. The equilibrium is also stable in the vertical direction because a small increase in
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vertical displacement causes a decrease in vertical force, which acts to move the flywheel back to its
equilibrium position.
9.4. Summary

This chapter presented a novel, more accurate analysis of a passive magnetic bearing design that can
stably levitate the flywheel in all directions. The bearing system consisted of levitation magnets coupled
with a Halbach array stabilizer, which induces currents in stabilization coils, in order to overcome the
inherent instability of a system composed only of permanent magnets. Electromagnetic theory was used
to compute the magnetic fields, forces, and stability of the bearing system.

Further research could involve combining the magnetic forces computed in this chapter with the
gyroscopic dynamics of the flywheel to assess the tilt stability of the magnetic bearing system. Further
research could also include an analysis of the drag torque on the flywheel, which adds to the frictional
losses of the system. The drag torque occurs only when the flywheel is displaced in the vertical direction
and currents are induced in the stabilization coils. In order to increase the efficiency of the flywheel, the
drag torque should be made as low as possible. In this design, Halbach arrays are used for the stabilizer
in order to make the stabilizer very stiff to vertical displacements from the equilibrium position. This
serves to keep the stabilization coils very close to the null flux plane, which minimizes the losses from

induced currents in the stabilization coils

136



10. Conclusions and Future Work

Since wind power is difficult to predict and control, large sudden disturbances in wind power
generation can cause high deviations in frequency and voltage or even transient instabilities Current
industry practices for transient stabilization are inefficient or do not guarantee stability. A potential
solution examined in this thesis is to add flywheel energy storage systems, along with the renewable
energy sources, into future power grids. Flywheels can respond faster than conventional generators and
could stabilize the system in response to wind power disturbances until slower generators can respond.
The work in this thesis analyzes the design, modeling, and power electronic control for using flywheels
for transient stabilization of power grids.

The following approach for transient stabilization using flywheels is described. First, the state space
model for the interconnected system is obtained so that control using the flywheel can be designed and
tested for provable performance. Next, flywheels are placed at each bus with wind generators, which are
the potential disturbance locations.  Then, a novel variable speed drive controller for flywheels is
developed using passivity-based control logic in order to minimize the effect of the large sudden wind
power disturbances on the rest of the system. New contributions are also made in determining the size of
the power electronic parameters, given a certain range of disturbances. Due to the complex nature of
large interconnected power systems, novel computer-aided methods are implemented both for
symbolically deriving the state space model of the interconnected system and for symbolically deriving
the passivity-based control law given desired closed-loop energy functions.

A variable speed drive controller for flywheels is developed using time-scale separation and this
automated passivity-based control logic. Switches in the power electronics interfacing between the
flywheel and the rest of the power grid are controlled in order to regulate both the flywheel speed and the
power electronic currents to desired set points. When using this controller for transient stabilization of an
interconnected power system in response to wind power disturbances, the controller set points are chosen
so that the flywheel absorbs this disturbance and the rest of the system is minimally affected. Simulation

results are shown demonstrating the effectiveness of flywheels and this control logic for transient
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stabilization of interconnected power systems in response to large sudden wind power disturbances for
several examples, including the real-world Sao Miguel power system.

Finally, a novel analysis of a passive magnetic bearing design for flywheels is presented, where
currents are induced in stabilization coils in order to achieve stable levitation of the flywheel in all
directions. Passive magnetic bearings have far less frictional energy losses than mechanical bearings and
are less expensive than active magnetic bearings because sensors and feedback control systems are not
necessary to install.

This thesis assumed that the locations of the disturbances were known (the locations with the wind
generator). Additional research is needed to design a more general flywheel controller for situations
where the locations of the disturbances are not known. For example, short circuits could potentially
happen anywhere on the grid. This would require designing cooperative control, as in [2], where a
flywheel in one region could be used to transiently stabilize the grid in response to a disturbance or fault
in another region. Further research could also involve combining the fast dynamics and control in this
thesis with a higher level feedforward control, such as economic dispatch at the market level. In this case,
the controller set points for the flywheel variable speed drive controller would be determined based on
optimal power flow determined by the market. Also, assessing the effect of state estimation error on the
proposed control methods is another open question for future work. In this thesis, it was assumed that all

state variables could be sensed perfectly.
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Appendices

A. Parameters Used in Two-Bus Power System Example

The parameters used for the two-bus transient stabilization example in Chapter 6 are given in Table

A.l-Table A8.
Table A.1: Synchronous generator parameters Table A.2: Governor and exciter controllers for
synchronous generator
Symbol Quantity Value
Lr Self-inductance of the rotor | 5 uH Symbol Quantity Value
winding " Reference speed for 377
Ls Self-inductance of the stator | 5 uH governor controller rad/sec
windings K, Proportional gain for 1
Lss Mutual inductance between | 1 uH governor controller
the stator windings K, Integral gain for 20
M Mutual inductance between | 4 uH governor controller
the stator and rotor T Time-constant for the | 0.01
windings when parallel ! mechanical torque
Rg Resistance of the rotor 2x107% Q T Time-constant for the 0.001
winding ¢ valve position
Rs Resistance of the stator 1x10° Q K Gain for the 400
windings ! mechanical torque
J Inertia of the rotor 3x10” kg r Gain for the valve 200
m? position
B Damping coefficient of the | 1x10° N Vo Terminal reference 2V
rotor ms Terminal voltage for exciter
controller
K, Gain for exciter 500
controller
Table A.3: Transmission line parameters Table A.4: Load parameters
Symbol Quantity Value Symbol Quantity Value
Lt Self-inductance of the 1x10° H L, Self-inductance of the 1x10* H
transmission line load
Ry Resistance of the 1x10* Q RL Resistance of the load 1x10° Q
transmission line
Cro Shunt capacitance of the 1x10“ F
transmission line
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Table A.5: Wind generator parameters

Table A.6: Flywheel parameters

Symbol Quantity Value Symbol Quantity Value
Lr Self-inductance of 2x10° H Lry Self-inductance of the rotor | 5 uH
the rotor windings winding
Lrr Mutual inductance | 4x10° H Ls, Self-inductance of the stator | 5 uH
between the rotor windings
windings Lssy Mutual inductance between | 1 pH
Ls Self-inductance of | 2x10° H the stator windings
the stator windings M, Mutual inductance between | 4 uH
Lss Mutual inductance | 2x10° H the stator and rotor
between the stator windings when parallel
windings Rro Resistance of the rotor 2x10° Q
M Mutual inductance | 1x10™° H winding
between the stator Rs, Resistance of the stator 1x10™ Q
and rotor windings windings
when parallel Vro Voltage applied to the rotor | 1 V
R Resistance of the 2x10° Q winding
rotor winding Jp Inertia of the rotor 1x10™ kg
Rs Resistance of the 1x10° Q m?
stator windings B, Damping coefficient of the | 2x10™° N
J Inertia of the rotor | 4x10™ kg m* rotor ms
B Damping 1x10* Nm's T2 Mechanical torque applied [0 Nm
coefficient of the to the rotor
rotor
Table A.7: Power electronics parameters Table A.8: Flywheel controller gains
Symbol Quantity Value Symbol Quantity Value
C; Capacitance of dc-link 2F Kp Proportional gain in the 0.03
capacitor speed controller
Ly Inductance of power 0.01 uH K, Integral gain in the speed 0.3
electronics inductor controller
R; Resistance in series with | 0.01 mQ Ks Gain for the flywheel 30
inductor speed set point dynamics
Rc1 Resistance of resistorin | 25 Q p Percent of maximum 95%
parallel with capacitor reference speed wzref max
that is desired to obtain
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B. Parameters Used in Three-Bus Power System Example

The parameters used for the three-bus transient stabilization example in Chapter 8 are given in Table

B.1-Table B.10.

Table B.1: Synchronous generator parameters

Table B.2: Governor and exciter controllers for

Table B.3: Parameters for all three transmission lines

synchronous generator
Symbol Quantity Value
Lr Self-inductance of the rotor | 5 uH Symbol Quantity Value
winding " Reference speed for 377
Ls Self-inductance of the stator | 5 pH governor controller rad/sec
windings K Proportional gain for 1
Lss Mutual inductance between | 1 uH i governor controller
the stator windings K Integral gain for 20
M Mutual inductance between | 4 uH ! governor controller
the stator and rotor T Time-constant for the | 0.01
windings when parallel ! mechanical torque
Rg Resistance of the rotor 2x107% Q T Time-constant for the 0.001
winding 9 valve position
Rs Resistance of the stator 1x10° Q K Gain for the 400
windings ! mechanical torque
J Inertia of the rotor 3x10” kg r Gain for the valve 200
m? position
B Damping coefficient of the | 1x10° N v ref | Terminal reference 2V
rotor ms Terminal voltage for exciter
controller
K, Gain for exciter 500
controller

Table B.4: Parameters for both loads

Symbol Quantity Value Symbol Quantity Value

Lt Self-inductance of the 1x10° H L, Self-inductance of the 1x10* H
transmission line load

Ry Resistance of the 1x10* Q RL Resistance of the load 1x10° Q
transmission line

Cro Shunt capacitance of the 1x10“ F
transmission line
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Table B.5: Parameters for the three wind generators on

Table B.6: Parameters for the wind generator on Bus 3

Table B.7: Bus 2 flywheel parameters

Bus 2
Symbol Quantity Value
Symbol Quantity Value Ls Self-inductance of | 2x10° H
Lr Self-inductance of | 2x10° H the rotor windings
the rotor windings Lrr Mutual inductance | 4x10° H
Lrr Mutual inductance | 4x10° H between the rotor
between the rotor windings
windings Ls Self-inductance of | 2x10° H
Ls Self-inductance of | 2x10° H the stator windings
the stator windings Lss Mutual inductance | 2x10° H
Lss Mutual inductance | 2x10° H between the stator
between the stator windings
windings M Mutual inductance | 1x10™> H
M Mutual inductance | 1x10™> H between the stator
between the stator and rotor windings
and rotor windings when parallel
when parallel Rr Resistance of the 2x10° Q
Rr Resistance of the 2x10° Q rotor winding
rotor winding Rs Resistance of the 1x10° Q
Rs Resistance of the 1x10° Q stator windings
stator windings J Inertia of the rotor | 4x10™ kg m*
J Inertia of the rotor | 4x10™ kg m* B Damping 1x10" Nms
B Damping 1x10" Nms coefficient of the
coefficient of the rotor
rotor

Table B.8: Bus 3 flywheel parameters

Symbol Quantity Value Symbol Quantity Value

Lgro Self-inductance of the rotor | 5 uH Lgro Self-inductance of the rotor | 5 uH
winding winding

Lsy Self-inductance of the stator | 5 uH Ls, Self-inductance of the stator | 5 uH
windings windings

Lss2 Mutual inductance between | 1 uH Lss2 Mutual inductance between | 1 uH
the stator windings the stator windings

M, Mutual inductance between | 4 uH M, Mutual inductance between | 4 uH
the stator and rotor the stator and rotor
windings when parallel windings when parallel

Rg Resistance of the rotor 2x10° Q Rr> Resistance of the rotor 2x10° Q
winding winding

Rs» Resistance of the stator 1x10° Q Rs» Resistance of the stator 1x10° Q
windings windings

Vg2 Voltage applied to the rotor | 1 V Vg2 Voltage applied to the rotor | 1 V
winding winding

Jy Inertia of the rotor 1)(210'4 kg Js Inertia of the rotor 1)(210'4 kg

m m

B, Damping coefficient of the | 5x10™° N B, Damping coefficient of the | 7x10° N
rotor ms rotor ms

™2 Mechanical torque applied | 0 Nm ™2 Mechanical torque applied | 0 Nm
to the rotor to the rotor
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Table B.9: Power electronics parameters on both Bus 2 Table B.10: Flywheel controller gains on both Bus 2
and Bus 3 and Bus 3

Symbol Quantity Value Symbol Quantity Value

C, Capacitance of dc-link 2F Kp Proportional gain in the 0.03
capacitor speed controller

L, Inductance of power 0.01 uH K, Integral gain in the speed 0.3
electronics inductor controller

R; Resistance in series with | 0.01 mQ Ks Gain for the flywheel 30
inductor speed set point dynamics

Rec1 Resistance of resistorin | 25 Q p Percent of maximum 95%

arallel with capacitor f
P P reference speed @, "
that is desired to obtain
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C. Parameters Used in Sao Miguel Power System Example

The parameters used for the three wind generators and the three flywheels in the Sao Miguel power

system are given in Table C.1-Table C.4. The parameters for the rest of the system are based on real-

world data and are given in [79].

Table C.1: Parameters for the three wind generators

Table C.2: Parameters for three flywheels

Symbol Quantity Value Symbol Quantity Value
Lr Self-inductance of 2mH Lro Self-inductance of the rotor | 0.5 mH
the rotor windings winding
Lrr Mutual inductance | 0.4 mH Ls, Self-inductance of the stator | 0.5 mH
between the rotor windings
windings Lssy Mutual inductance between | 0.1 mH
Ls Self-inductance of | 2 mH the stator windings
the stator windings M, Mutual inductance between | 0.4 mH
Lss Mutual inductance | 0.2 mH the stator and rotor
between the stator windings when parallel
windings Rro Resistance of the rotor 0.2Q
M Mutual inductance | 1 mH winding
between the stator Rs, Resistance of the stator 0.1Q
and rotor windings windings
when parallel Vo Voltage applied to the rotor | 1000 V
Rg Resistance of the 0.2 Q winding
rotor winding J, Inertia of the rotor 1 kg m?
Rs Resistance of the 01 Q B, Damping coefficient of the | 0.02Nms
stator windings rotor
J Inertia of the rotor | 15 kg m’ T2 Mechanical torque applied | 0 N'm
B Damping 0.1 Nms to the rotor
coefficient of the
rotor
Table C.3: Power electronic parameters for the three Table C.4: Controller gains for the three flywheels
flywheels
Symbol Quantity Value
Symbol Quantity Value Kp Proportional gain in the 300
C; Capacitance of dc-link 0.2F speed controller
capacitor K, Integral gain in the speed 3000
Ly Inductance of power 1 uH controller
electronics inductor Ks Gain for the flywheel 30
Ry Resistance in series with | 1 mQ speed set point dynamics
inductor p Percent of maximum 95%
Recy Resistance of resistor in | 50 kQ reference speed @ ref max
parallel with capacitor . . "
that is desired to obtain
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