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ABSTRACT

TRANSIENT CONTROL OF SYNCHRONOUS MACHINE ACTIVE AND
REACTIVE POWER IN MICRO-GRID POWER SYSTEMS

by

Luke G. Weber

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Professor Adel Nasiri

There are two main topics associated with this dissertation. The first is to investigate
phase—to—neutral fault current magnitude occurring in generators with multiple zero—sequence
current sources. The second is to design, model, and tune a linear control system for oper-
ating a micro—grid in the event of a separation from the electric power system.

In the former case, detailed generator, AC8B excitation system, and four—wire electric
power system models are constructed. Where available, manufacturers data is used to
validate the generator and exciter models. A gain—delay with frequency droop control
is used to model an internal combustion engine and governor. The four wire system is
connected through a transformer impedance to an infinite bus. Phase—to—neutral faults are
imposed on the system, and fault magnitudes analyzed against three—phase faults to gauge
their severity.

In the latter case, a balanced three—phase system is assumed. The model structure from
the former case — but using data for a different generator — is incorporated with a model for
an energy storage device and a net load model to form a micro—grid. The primary control
model for the energy storage device has a high level of detail, as does the energy storage
device plant model in describing the LC filter and transformer. A gain—delay battery and
inverter model is used at the front end.

The net load model is intended to be the difference between renewable energy sources and
load within a micro-grid system that has separated from the grid. Given the variability of

i



both renewable generation and load, frequency and voltage stability are not guaranteed.
This work is an attempt to model components of a proposed micro—grid system at the
University of Wisconsin Milwaukee, and design, model, and tune a linear control system
for operation in the event of a separation from the electric power system. The control
module is responsible for management of frequency and active power, and voltage and
reactive power.

The scope of this work is to

e develop a mathematical model for a salient pole, 2 damper winding synchronous

generator with d axis saturation suitable for transient analysis,

e develop a mathematical model for a voltage regulator and excitation system using

the IEEE ACS8B voltage regulator and excitation system template,

e develop mathematical models for an energy storage primary control system, LC filter

and transformer suitable for transient analysis,
e combine the generator and energy storage models in a micro—grid context,

e develop mathematical models for electric system components in the stationary abc

frame and rotating dq reference frame,
e develop a secondary control network for dispatch of micro—grid assets,

e establish micro—grid limits of stable operation for step changes in load and power
commands based on simulations of model data assuming net load on the micro—grid,

and

e use generator and electric system models to assess the generator current magnitude

during phase-to—ground faults.
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Chapter 1

Introduction

The objectives for this dissertation are two—fold. The first objective entails the construc-
tion of a detailed synchronous machine model including an accurate representation of the
zero—sequence network, d axis saturation, and voltage regulation. The prime mover and
governor model is less sophisticated, incorporating speed droop control ahead of a gain
and delay. The generator stator terminals feed a four—wire electrical system which is con-
nected via a transformer to the outside electric power system, commonly referred to as the
grid. Simulations are performed to determine the effects interconnecting with the grid has
on generator current magnitude during line-to—neutral faults occurring at the generator
terminals.

The second objective revolves around the idea of connecting synchronous generators
to systems otherwise fed through power electronic inverter devices. When there is no
connection to the grid, this is commonly referred to as a micro—grid. To accomplish this
task, a detailed model of major components of the energy storage device is developed — the
LC filter and transformer, and primary control mechanisms. A gain and delay is used to
model the battery and inverter.

Much of the work from the first objective is incorporated into the second. However,
the design of the energy storage device is such that the transformer connecting the 208 [V]
energy storage system to the 480/277 [V] four—wire electrical system does not permit the
flow of zero—sequence current to the load. As a result, a balanced system load is assumed
in developing the controls for this objective.

A secondary control system is developed to weigh several inputs in the active and reac-

tive power dispatch of the synchronous machine and energy storage device while operating



as a micro—grid. The inputs for dispatch of active power are frequency and active power

loading, and reactive power dispatch depends on voltage and reactive power loading.

1.1 Problem Statements

Per NEMA design standards [22], synchronous machines are braced for fault magnitudes
equal to three phase bolted fault at the generator terminals. A phase—to—neutral fault
at the generator terminals will in general exceed the magnitude of the three phase value.
Further, it has been advanced by several authors 23, 37, 2| that a connection to another
source of zero—sequence current further increases the fault magnitude.

Under normal conditions, micro—grids are connected to a distribution, subtransmission
or transmission system. The connection serves as a swing bus for power flow, supports stable
frequency and voltage, and provides fault current for protective device coordination and
operation. When the micro—grid separates from the grid proper, it may be susceptible to
frequency and voltage instability, and maintaining electric service to critical loads becomes
non-trivial.

Assuring long term viability of the micro—grid is essential as electric power system
outages may extend for some time. Hurricanes Katrina in August, 2005 and Sandy in
October and November, 2012 in the United States, and the earthquake and ensuing tsunami

in Japan March 11, 2011 are taken as examples.

1.2 Literature Review

1.2.1 Generator Model

The generator model selected for this dissertation primarily is defined in [6] for a salient
pole generator with one (1) field winding, one (1) d-axis damper winding, and one (1)

gq-axis damper winding. Using the rotating 0dq reference frame, the model permits usage



of readily available test data for most generators. The model contains a total of eight (8)
states: six (6) current states, a velocity state, and a position state. Inputs to the model
are voltages on the 0, d, and q axes, field voltage, and mechanical power. This model was
chosen because it is intuitive to the author, and with additional data and programming
allows for modeling saturation along the d—axis and q—axis.

One model considered replaces the six (6) current states in the chosen model with
flux linkage states as seen in [15]. Here the inputs are currents in the 0, d and q axes,
field current, and mechanical power or torque. Another model found in [13, 34] utilizes
impedances referred to the positive, negative and zero sequence axes, and takes advantage
of phasor terminology for expressing state variables. In [13], a dynamic model is not
thoroughly developed, but in [34], the states are a mix of voltages and flux linkages.

Generators with cylindrical rotors are often modeled using nine (9) states with the
addition of a second g—axis damper winding [36]. Higher order models may be appropriate
for modeling the damping effects of eddy currents in the rotor iron [14].

The citations herein used comparable model complexity to the eight (8) state model.
Standard generator testing for salient pole and cylindrical rotor machines generally pro-
duces sufficient data to create a eight (8) and nine (9) state models respectively, and

simplification at the outset was deemed unnecessary.

1.2.2 Generator Mechanical Forces

In [23, 37, 2| concern is expressed for mechanical stresses experienced by synchronous gen-
erators under line-to—ground fault conditions when neutral connections are made without
intentional impedance. Roughly half this dissertation is dedicated to developing genera-
tor and electric power system models that may be used to model this phenomenon. As
a byproduct, a nonlinear model capable of simulating four wire systems with phase load
imbalance is created.

Statements regarding the superiority of Time-Phase Domain generator models over



stationary frame 0dq generator models for transient analysis [8, 31] are countered by claims
that the two modeling techniques produce comparable results [32, 36]. Authors in [36] state

that since the models are directly drawn from each other, the close match is expected.

1.2.3 Electric Power System Model

Two model representations of electric power systems will be used in this dissertation. For
the unbalanced system model of the generator with connections to an electric power system,
the electric power system is modeled in the stationary abc reference frame. Here the
equations for state variables are linear, but steady state conditions produce sinusoidal
states. Electric power system parameters are often expressed as positive, negative and zero
sequence values which are readily converted to stationary abc frame parameters.

For the balanced system control development section, the electric power system is rep-
resented in the rotating 0dq reference frame, and the equations become non-linear due to
a cross coupling frequency term.

Lumped parameter equivalent 7t models are used for electric power system cables, and

series resistance and inductance models for transformers.

1.2.4 Synchronous Generator Prime Mover Model

It is recognized that the synchronous generator prime mover contributes to the overall sys-
tem response characteristics. It is also recognized that internal combustion engine models
can be very complex, for example [11, 29]. For this dissertation, a simple gain and delay

will be used to model the prime mover.

1.2.5 Micro—grid Stability Analysis

In [18] micro—grid energy sources interconnect using inverters. A natural gas fueled per-
manent magnet generator used for combined heat and power is equipped with a rectifier
and inverter. Each source is equipped with batteries on the DC bus to provide energy

4



bursts for transient ride-through. Local power versus frequency droop and reactive power
control are used exclusively for grid control. In [17], a similar control approach is used
with the addition of a central communication system to dispatch distributed generation
set points. The authors indicate the dispatch element is intended to improve steady state
operation, not for improving dynamic operation. Convincing field test data are provided
to the exclusion of frequency regulation. The bulk of [24] is the detail behind the operation
of the surge module used in [18] and [17]. The authors describe droop settings that could
cause a 0.5 [Hz| (0.83%) frequency decline for a load increase of 60 [kW].

The control scheme described in [10] uses a concept called angle droop to control active
power, and voltage droop to control reactive power. Simulations are used to character-
ize real power flow and current flow during normal and faulted conditions. Analysis of
frequency deviation is not included. In [38] the control architecture does not require a cen-
tralized control device. Rather, each energy source including renewable sources participates
in the regulation of frequency using frequency thresholds to alter the control characteristics.
Authors in [9] develop a hierarchy of control systems for single phase inverters operating in
parallel within a micro—grid. In [20] a master inverter in voltage mode and a slave inverter
in current mode is established for inverters located near to each other. Inverters remote
from the voltage mode unit employ voltage and frequency droop for control. In [21], data
communications between inverters is used in conjunction with locally measured quantities
to generate the control set points for fundamental and harmonic load sharing.

Based on the assumption that an energy storage inverter operating in voltage control
mode will respond more quickly to changes in grid loading than will synchronous machines,
the authors in [35] propose a virtual droop control system that dispatches assets based on
virtual frequency and voltage calculations. Dispatchable energy sources within the micro—
grid are assigned frequency and voltage droops that determine the participation of each
in the restoration of desired voltage and frequency in the event of changes in net loading.

Simulations and field test data provide convincing evidence the method works as posited,



demonstrating near isochronous control and tight voltage regulation. A control design for

unit commitment is included in the work.

1.2.6 Limitations of Past Work

The limitations of past work are the exclusion of saturation in considering synchronous
machine voltage regulation and fault contributions. Past work has also focused on balanced
three—phase systems, while model structures developed permit modeling of saturation and

zero—sequence networks.



Chapter 2

Transformer Connections and Grounding

2.1 Electric Power System Interfaces

Disregarding utility conventions and restrictions, conceivable transformer connections are
detailed in Table 2.1. Analysis of faults occurring on the Electric Power System show that
micro—grid resources can contribute current during line-to—ground faults for transformer
connections 1, 2 and 3! only. If any other connection in Table 2.1 is used, the micro—grid will
see infinite zero—sequence impedance to the Electric Power System, and cannot contribute
current during line-to—ground faults. Fault detection schemes for micro—grids should not
rely on fault current magnitude alone since power electronic interfaces are current limited

to near 1 per—unit.

2.2 Grounding Systems

Capacitance grounded (ungrounded) systems are used when continuity of service is paramount,
but locating ground faults is time consuming, and there are risks to personnel and equip-
ment should another phase fault to ground. The main reason capacitance grounded systems
are no longer recommended is to prevent transient overvoltages that result during restriking
faults [5].

Systems which have a solid connection to the grounding system present low impedance
paths for current during line-to—ground faults. Transformers without zero sequence paths

to the source present systems with maximum fault currents available for line-to—ground

! Transformers using connection 3 are susceptible to burnout on Electric Power System faults, and the
transformer will act as a grounding transformer for Electric Power System imbalance, reducing capacity to
serve load or supply power, possibly leading to burnout.
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Electric Micro

Transformer Power Transformer  Transformer Grid
Connection System Winding Winding System
Number Configuration Configuration Configuration Configuration
1 4 Wire Gnd-Y Gnd-Y 4 Wire
2 4 Wire Gnd-Y Y 3 or 4 Wire
3 4 Wire Gnd-Y A 3 or 4 Wire
4 4 Wire Y Gnd-Y 4 Wire
5 4 Wire Y Y 3 or 4 Wire
6 4 Wire Y A 3 or 4 Wire
7 4 Wire A Gnd-Y 4 Wire
8 4 Wire A Y 3 or 4 Wire
9 4 Wire A A 3 or 4 Wire
10 3 Wire Y Gnd-Y 4 Wire
11 3 Wire Y Y 3 or 4 Wire
12 3 Wire Y A 3 or 4 Wire
13 3 Wire A Gnd-Y 4 Wire
14 3 Wire A Y 3 or 4 Wire
15 3 Wire A A 3 or 4 Wire

Table 2.1: Conceivable transformer connections between Electric Power Systems and Micro
Grid Systems.

faults. The preponderance of interruptions in plant distribution systems are caused by

line—to—ground faults [37]. Potential concerns with using solidly grounded systems:

High arc fault energy could cause injuries, or damage equipment

Line-to—ground faults cause voltage dips which may interrupt critical loads

Generators designed to NEMA MG-1 are not braced to withstand ground faults that

exceed the three-phase fault capability [37, 23]

Ground fault coordination requires relaying equipment and coordination studies. In
the context of a micro—grid, coordination will be difficult if separation occurs and

power electronic sources are prominent.

High resistance grounding offers the same resilience to ground faults as capacitance
grounding, with the benefit of limiting steady state and severe transient overvoltages in-

herent in capacitance grounded systems [1]. Commonly used at synchronous generators
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to limit current flow during ground faults, high impedance grounding systems are gain-
ing traction for industrial and commercial power systems. Low voltage systems without
line-to—neutral loads, medium voltage systems where continuity of service is critical, and
retrofits of ungrounded systems are all candidates [5]. Ground fault locating is done by
altering the grounding resistance between two values, creating a pulse signal which can be
traced to the ground fault. Reducing the current magnitude of ground faults using high

impedance grounding is beneficial for several reasons:
e Limits arc fault energy eliminating equipment damage and providing a safer workplace
e Does not cause a disturbance in the system voltage

e Generators designed to NEMA MG-1 are not designed for solidly grounded systems
137, 23]

“The reasons for limiting the current by resistance grounding include the
following: a) To reduce burning and melting effects in faulted electric equip-
ment, such as switchgear, transformers, cables, and rotating machines. b)
To reduce mechanical stresses in circuits and apparatus carrying fault cur-
rents. ¢) To reduce electric-shock hazards to personnel caused by stray
ground-fault currents in the ground-return path. d) To reduce the arc
blast or flash hazard to personnel who may have accidentally caused or
happen to be in close proximity to the ground fault. e) To reduce the
momentary line-voltage dip occasioned by the occurrence and clearing of
a ground fault. f) To secure control of transient overvoltages while at the
same time avoiding the shutdown of a faulted circuit on the occurrence of

the first ground fault (high-resistance grounding).” [5]



2.3 Synchronous Generators

Synchronous generators connected to the bulk electric system through a single transforma-
tion normally utilize impedance grounding to protect the generator from terminal ground
fault current exceeding generator mechanical design limitations. Further, these bulk elec-
tric system generators are protected from transmission system zero—sequence currents by
the interconnecting transformer winding arrangement.

Largely due to the conditions stated, academic textbooks focus on simulation of gener-
ators connected to balanced systems [16, 26, 15, 6], and calculation of negative sequence
current flow during fault conditions is developed in [19, 27, 7]. An assumption of balanced
voltage, current, impedance, and load characteristic of transmission systems leads to many
simulation software realizations using a single phase system model to assess electromechan-
ical phenomena [30].

Following the passage of the Public Utilities Regulatory Policy Act (PURPA) of 1978,
it made business sense for some manufacturing plants in the US to install local generation
burning byproduct fuels. As a consequence, mechanical stresses experienced by synchro-
nous generators under line—to—ground fault conditions when neutral connections are made
without intentional impedance became a concern [23, 37, 2]. More recently, the growth
of distributed generation connected to unbalanced low voltage systems fuels an interest in
models capable of accurately predicting generator and other power system component tran-
sient behavior in that context [33, 34, 32, 36]. The stated trend — using generators without
intentional impedance between the generator neutral and electric power system neutral — is
consistent with discussions with generator manufacturer Regal Beloit for system voltages
up to 4 [kV]. At the University of Wisconsin Milwaukee, a micro—grid project includes two
Kohler natural gas generators that are connected directly to the 480Y /277 [V] bus without
intentional impedance in the generator neutral connection.

Authors of [8, 31] assert the superiority of time phase domain generator models over

rotating frame 0dq generator models for transient analysis, while in [32, 36] the authors

10



claim either technique produces comparable results. Authors in [36] state that since the
time phase domain, 0dq axes, and voltage behind reactance models are directly drawn
from each other, a close match is expected, provide proper care is taken in the model

development and simulation time step considerations.
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Chapter 3

General Equations for Electrical System States and

Parameters in the abc Reference Frame

J.E. Hobson and D. L. Whitehead write in [25]

“The analysis of a three—phase circuit in which phase voltages and currents
are balanced (of equal magnitude in three phases and displaced 120° from each
other), and in which all circuit elements in each phase are balanced and sym-
metrical, is relatively simple since the treatment of a single—phase leads directly
to the three-phase solution. The analysis by Kirchoff’s laws is much more dif-
ficult, however, when the circuit is not symmetrical, as a result of unbalanced
loads, unbalanced faults or short—circuits that are not symmetrical in the three

phases.”

Toward the end of simplifying the analysis of unbalanced three—phase systems, transforma-
tions to frames of reference other than the rotating abc frame have been developed. Use of
abc to zero (0), positive (+) and negative (-) sequence components by software developers,
electrical utilities, transmission system owners and operators, and independent market op-
erators is at a mature stage. Generator owners and operators typically use transformations
to zero (0), direct (d) quadrature (q) axes under the assumption of symmetrical electrical
power systems.

Attention has focused on simulation of generators connected to balanced systems [15,
26, 6, 16], and calculation of negative sequence [7, 19] and zero sequence [37, 23] current
flow during fault conditions. There has not been an exhaustive treatment and simulation

of generators that connect to systems which may be exposed to unbalanced conditions —
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due either to load connections, or the inception of line-to—neutral faults at the generator
level. Simulation software to the inclusion of Mathworks Matlab® Simulink®, ANSYS
Simplorer®, Manitoba Hydro International Ltd. PSCAD®, and Siemens PSSE® do not
provide dynamic simulation models that include connections to the neutral point of the
generator. Some of the packages offer a simple voltage-behind-impedance model with
access to the neutral point, without modeling the field and damper winding interactions of
a synchronous machine.

There is good reason for these model limitations. Generators connected to the trans-
mission system are normally configured with grounding impedance to limit the magnitude
of line—to—ground fault currents, and disconnection is initiated based on the voltage ap-
pearing across the grounding impedance. Similar recommendations apply for generators
connected at the customer level with or without transformation between the local electric
power system [1, 37, 23].

In contrast, customers of the Regal Beloit Corporation indicate using generators with-
out impedance between the generator neutral and system neutral at voltages up to 4 [kV].
At the University of Wisconsin Milwaukee, a micro—grid project includes two Kohler Com-
pany natural gas generators that are connected directly to the 480Y /277 [V] bus without

impedance in the generator neutral connection.

3.1 Series Resistance and Inductance

The series elements of an electrical transmission line may be represented in the abc reference
frame by the the resistances and inductances as shown in Figure 3.1 on Page 14 [26]. At

power frequencies of 50 or 60 [Hz|, lumped parameter models have proven sufficient for
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Figure 3.1: An abc reference frame transmission line series component lumped parameter
model.

modeling and analysis of transient phenomena. In equation form

di, diy, di,. diy,
asns ~ Yarnr = .a ot Laa_ + La — t Lac_ + La — t Unrns
Vasns = Varnr = tal at v ar at g T
diy, di di di
Ubsns — Ubrnr = 0676 + Lip— + Lpe— + Lpg—— + Lpg—— + Unpns 3.1
b b b''b bb dt b dt b dt bg dt ( )
di.. dig diy, diy,
Vesns = Vernr = Z'crc + Lcc_ + chz_ + Lc — t Lc — t Unrns
dt dt At T dt

Since iy = —(iq +ip + ic)
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di, di, diy, di..

Lopln _ g, Ha_p g Qe
an dt an dt andt andt
di di diy, di
Ln_n:_Ln_a_Ln__Ln_c 3.2
rr T ar T gt (3.2)
di,, di, diy, di,
Loy Zn - g, He_p, Y, He
cn dt cn dt cn dt cndt

and
d.a - di - d.c
Unrns = iarg + (Lnn — Lan)é + Ty + (Lnn - Lbn)£ +2eTn t (Lnn - Lcn)d_zt (33)

Substituting (3.2) and (3.3) into (3.1) and writing in matrix form

Vasns — Varnr
Ubsns — Ubrnr

Vesns — Vernr

Ta+Th Tn Tn g
Tn  Th+Tn Ty iy | T (3.4)
Tn Tn Te+Tn |l 2c

Laa + Lnn - 2Lan Lab + Lnn - Lbn - Lcm Lac + Lnn - Lcn - Lan ia
Lba + Lnn - Lan - Lbn Lbb + Lnn - 2Lbn Lbc + Lnn - Lcn - Lbn Z‘b

_Lca + Lnn - Lan - Lcn ch + Lnn - le - Lcn Lcc + Lnn - 2Lcn ic

An assumption of uniform conductor size and transposition yields r, = r, = ¢, Loq = Lip, =
Lcm Lab = Lba = Lbc = ch = Lca = Lacu and Lan = Lbn = Lcn- Settlﬂg Ls = Laa + Lnn - 2Lan7
Ly=Lagpy+ Lyp—2L4, =L+ Loy — Lag, 75 =74+ T, m =Ty, and the resistance matrix may

be written

Ts Tm Tm

im=\|r, Ts Tm (3.5)
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and the inductance matrix

Ly L, Ly
Lln = Lm Ls Lm (36)
L, L, L

In first order differential equation form assuming L is invertible,

. _ -1 . -1
laben = _Lln rlnlabcn + Lln (Vs,abcn - Vr,abcn) (37)

where Vg gpen — Viaben 15 the voltage drop measured across the series connection of line
1)}

resistance and inductance, and the letter “n” is appended to the subscripts as a reminder

of a four wire electric power system.

3.2 Leakage Capacitance

Alternating current distribution and transmission circuits exhibit leakage capacitance be-
tween phases and from each phase to neutral and ground. Cable circuits typically have
higher capacitance per unit length than do overhead circuits due to the close proximity of
phase conductors and dielectric characteristics of insulating media. Lumped parameters
for this model component are normally divided by 2 and placed at either end of the ca-
ble run or overhead circuit. The approach will be to separate the line-to-neutral leakage
capacitance from the line-to—line leakage capacitance and write the first order differential
equations for each. This representation could also be used to model power factor correction
capacitor banks.

Referring to Figure 3.2 on Page 17, the model equations for one end of the circuit are

ilca = jjancan + ('l.]an - i}bn)cab + (i}an - Dcn)cca
ilcb = i}bncbn + (Ubn - ijcn)cbc + (Ubn - ban)cab (38)

ilcc = bcnccn + (Ucn - Dan)cca + (Ucn - 'Obn)cbc
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Figure 3.2: One terminal of an abc reference frame distribution circuit leakage capacitance
lumped parameter model.

Assuming c,,, = Cpp, = Cen, and Cqp = Cpe = Ceq and rearranging (3.8)

ilca = (can + 20ab)van — CabUbn — CabUcn

ilcb _Cabi)an + (Can + 2Cab)7jlm - Cabi]cn (39)

ilcc = _Calﬂ.]an - Cab@lm + (Can + 2Cab)@cn

Setting ¢,, = cqp and cs = cqp, + 2¢4p, and writing in matrix form

Z.lca Cs —Cm  —Cm Van
Ueb | = | —Cm Cs —Cm Vpn (3]‘0)
ilcc —Cm —Cm Cs Uen

Expressed in first order differential form

Van Cs —Cm —Cm ilca
Ubn | = | —Cm Cs —Cm ) (311)
Uen —Cm —Cm Cs ilcc
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3.3 Wye Connected Load with Resistance and Induc-

tance

A load composed of resistive and inductive elements may be modeled similar to the dis-

tribution line series electrical elements. In the case of wye connections, the main diagonal

terms of the resistance and inductance matrices represent load parameters, while off diago-

nal terms are trivial. The “receiving” end voltage is set to zero (0). Unbalanced conditions

may be modeled using loads of differing magnitude in one or more legs. The wye connection

is useful for modeling line-to—neutral, line-to-line-to—neutral, and three-phase faults by

presenting small values of resistance and inductance. Refer to Figure 3.3 on Page 19. For

this case, the first order differential equation representation is

Tidan/lidan 0 0 iya
0 T1don/ lidbn 0 Iyp
: 0 0 Tiden/lden | [ ve (3.12)
1/lidan 0 0 Vidan
0 1/ lapn 0 Uldbn
0 0 1/hden || Viden

where 1gan, Tign and r4., are resistive elements connected respectively in series with {44y,

ligpn and lj4., inductive elements in the a, b and ¢ phase legs of the wye connected load.

Setting

Tidan 0 0
Ta=( 0 71gn O (3.13)
0 0 Tlden
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a o

Figure 3.3: An abc reference frame wye connected series resistance and inductance load
representation.

and
lean 0 0

Ly = 0 Ligpn 0 (314)

0 0 lecn

equation (3.12) may be written

iy = —rL iy + Lijvyg (3.15)

3.4 A Connected Load with Resistance and Induc-
tance

For series resistive and inductive loads using delta connections, the construction is funda-

mentally altered. This connection is useful for modeling line-to-line faults and three—phase
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Figure 3.4: Resistive and inductive model for delta connected load in the abc reference

frame.
faults. Referring to Figure 3.4 on Page 20, the circuit equations are

Van — Ubn ’rabiab + Labiab
(3.16)

Tbcibc + Lbcibc

Vpn — Uen =

Ven = Uan Tealea t Lcaan

In first order differential form, (3.16) is

. Tab . 1 1
lab = — lap T Van — Vvn
Lab Lab Lab
. Tbe . 1 1
lpe = ———1lpe + —Upy, — —Ven (3.17)
Lbc Lbc Lbc
G = —e 1 v =S v
ca — ca cn an
Lca Lca Lca
and in first matrix form
Tab ; 1 1
Lab Lab 0 0 Lab Lo Lo 0 Van
e 0 7= 0 || 0 2= —2||vm (3.18)
; Tca ) L L
lea 0 0 Lea lea Tea 0 Tea Ven
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Line currents iaq, tap, and ia. are

iAa = Z'ab - Z'ca; iAb = Z-bc - iab; iAc = Z'ca - Z-bc (319>

3.5 Transformer and Electric Power System Models

The transformer — and the electric power system it connects with — are modeled as series
resistances and inductances. The source feeding the electric power systems is modeled as
a constant frequency zero—impedance voltage source. The first order differential equations
describing the system are similar in form to (3.7). Arriving at rs, 1, Ls, and Ly, for the

combined transformer and electric power system impedance is addressed in Section 4.2

21



Chapter 4

Transforming Zero, Positive, and Negative Sequence

Parameters to abc

Transmission and distribution system parameters are often given in terms of zero, positive
and negative sequence components. The impedance matrices are diagonal and power system
professionals are accustomed to working in this reference frame. For this work, converting
from zero, positive and negative sequence parameters to the abc frame is accomplished

using the transformation from [25]

1 1 1
1
S = g 1 a a2 (41)
1 a2 a

where a = e27/3,
Given a set of states Xgp in the abc reference frame, the relationship to states Xgq2 in

the zero, positive, and negative sequence frame is:

X012 = SXabc (42)
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4.1 Series RL Circuits

Applying (4.2) to a set of abc frame current states iape and equating to voltage states voi2

in the 012 frame

Vo Zs Zm Zm|lia 1 1 1 |]2%a+ Zmip + Zmic

Expanding (4.3) by line

1
vy = g[zs(z'a iy +ie) + 220 (g +ip +1c) ]

1

v = §{Zs(ia +aip +a%ic) + zp[(a+a?)ig + (1+a®)ip + (1 +a)ic]}

1
Uy = §{Zs(ia +a?iy + aie) + zp[(a+a?)ig + (1+a)ip + (1 +a®)i]}

Because 1 +a+a?=0 [12]

a+a*=-1; 1+ad*=-a; 1+a=-a

and (4.4) becomes

1
Vo = 5[Zs(ia iy +ie) + 22 (1g + 1y +1c) ]

1
vy = g[Zs(ia +aiy + a%i.) — 2 (i + aiy + a?i,)]

1
Vg = g[zs(z’a +a%iy + aic) — 2 (i + @iy + ai,)]

From (4.2)

1
1o = g(%a +ip+1c)

1
i = g(za + aiy, + a*i.)

1
7:2 = g(ia + CLQib + aic)

23
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a || zZmla + Zmiy + Zsle

(4.4)

(4.5)

(4.7)



Substituting (4.7) into (4.6)

Vo = (Zs + QZm)iO
v1 = (25 — Zm )11

Vo = (25 — Zm )l2

(4.8)

Given a set of series impedance system parameters as shown in Figure 3.1 on Page 14 in the

zero, positive and negative reference frame, the values for (3.5) and (3.6) can be calculated.

Starting with

20=(2s+22m); To=Ts+2ry; Xo=2Ts+ 2T,

21=(2s—2m); T1=Ts—Tm; T1=2Ts— T,

Using elimination techniques and solving for ry, r,,, s and x,,

1 1
7“3:5(7“0+27’1); xszg(x0+2x1)

1 1
rng(TO_Tl); xng(,fo—l’l)

Working with the inductive reactances and expressing in terms of inductance

1
Ly=—(x¢+211)
3w

1
L, = 3—w(£ﬂo —1‘1)

rad
second

where w =27 f [ ], and f [Hz] is the nominal system frequency.

(4.9)

(4.10)

(4.11)

4.2 Transformer and Electric Power System Models

A two winding transformer with a turns ratio of one (1) is assumed, and phase shift re-

sulting from coil connections is ignored. The transformer core assemblies and coil connec-

tions determine the sequence impedances seen by the micro—grid 480Y /277 [V] system bus.
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This breaks down into three (3) categories for the transformer and electric power system

impedances [25]:

1. Positive, negative and zero sequences add (i.e. grounded-wye to grounded-wye con-

nections)

2. Positive and negative sequences add, zero sequence equals transformer positive se-

quence (i.e. A to grounded-wye connections)

3. Positive and negative sequences add, zero sequence is infinite (any transformer with

an ungrounded secondary in the absence of grounding transformers)

The case at hand is a A to grounded-wye transformation, so the positive sequence impe-
dance of the electric power system is added to the positive sequence impedance of the
transformer to arrive at the cumulative positive and negative sequence impedances seen by
the micro—grid bus. The zero sequence impedance is the equal to the transformer positive
sequence impedance. These values are then used in (4.10) and (4.11) to calculate rg, 1y,

L, and Ly, for the combined transformer and electric power system impedance.

4.3 Leakage Capacitance

For leakage capacitance, applying (4.2) to a set of abc frame voltage states vape and

equating to current states igio in the 012 frame

7;0 Ys “Ym “Ym Vg 1 1 1 YsVa = YmUb — YmUc

1
il =S ~Ym Ys —Ym Uy | = 5 I a CL2 “YmVaq + YsUp — YmUc (412>
i “Ym  ~Ym  Ys ||ve L a® a||[~YmVa—YmVs+ysve
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Expanding (4.12) by line

1

io = g[ys(va + Up + Ue) = 2Ym (Vo + Vb + V) ]
1
i = g{ys(va +avy + CL2’UC) - ym[(a + ag)va + (1 + a2)vb + (1 + a)vc]} <413)

9 = %{ys(va +a’vy + ave) — ym[(a+ a*)vg + (1 +a)vy + (1 +a*)v.]}
Using (4.5) in (4.4)

1
io = §[y8(va + 0y + Ve) = 2Um (Ve + v + 1) ]
1
il - g[ys(va +avy, + Cszc) + ym(va +tavy + CLQUC)] (414)

1
iy = g[ys(va + a’vy + ave) + Y (v + a*vy + av,)]

Invoking (4.2) and substituting into (4.14)

i0 = (Ys = 2Ym) V0
i1 = (ys + ym)vl (415)
io = (Ys + Ym) 2

Given the charging capacitance of a transmission or distribution circuit in 012 coordinates,

the capacitance matrix in abc coordinates can be calculated by elimination techniques

applied to (4.16)

Yo =Ys — 2Ym
(4.16)
Y1 =Y2=Ys tYm
Solving for y, and y,,
1
Ym = 5(91 - yo)
(4.17)

1
Ys = 5(2y1 + yo)
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Expressing in terms of capacitance

1

3_w(y1 - ?/0)

Cm =

(4.18)

1

Cs = 3—(291 + yo)
w

where w = 27 f [%24], and f [Hz] is the nominal system frequency.
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Chapter 5

Synchronous Machine Model

In his seminal 1929 work [28], R. H. Park defines a transformation from the three-phase

abc coordinate stationary reference frame to the 0dq rotating reference frame

Lodq = Qwabcn (51)

where Q is the 3x3 Park’s transformation matrix and x is a 3x1 vector of electrical states.

In matrix form the equation becomes

1/2 1/2 1/2
Q =2/3| cos(wt) cos(wt—2m/3)  cos(wt+2m/3) (5.2)

—sin(wt) -sin(wt-27/3) —sin(wt+27/3)

Q is not power invariant and does not result in a reciprocal (symmetric) inductance matrix
6].

Referring to Figure 5.1 on Page 29, subscripts a, b and ¢ apply to the stator phase
windings, F applies to the field winding, D to the d axis damper winding, and Q) to the q
axis damper winding. Field flux is directed along the d axis, with voltage induction along
the q axis. The angle ¢ represents the power angle and should have a steady state value
greater than zero (0) for generating conditions. Using the a phase magnetic field axis as

reference, the projections of abc quantities onto the d and q axes respectively are

xg =2/3[xqc08(0) + xpcos( - 27[3) + x.cos(0 + 27/3)]

xq =2/3[x4sin(0) + xpsin(f - 270/3) + z.sin(f + 27/3)]
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Figure 5.1: A representation of the synchronous machine assuming sinusoidal winding
distribution.

Other transforms are equally valid, including the arbitrary selection of d and q axes,
and selection of constants to yield power invariance. After [6], the transform from abc to

0dq coordinates is written

1/\/2 1/7/2 1/V2
P =/2/3|cos (wt) cos(wt—-27/3) cos(wt+2m/3) (5.4)

sin (wt) sin (wt - 27/3)  sin (wt + 27/3)
Synchronous machines models exhibit nonlinear behavior due to:
e the appearance of speed voltages in the d and q axes

e mutual inductance saturation
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— along the d axis for salient pole machines

— along the d axis and q axis for cylindrical rotor machines

For nonlinear simulations, the objective is to develop a synchronous generator model in the
form

T = f(z,u,t). (5.5)

Since frequency will be relatively constant, nonlinearities due to changes in rotor speed
will be minimal. The model shall include the zero—sequence network, and be suitable for
analysis of unbalanced load conditions (i.e. line-to-neutral load connections and faults,

and line-to-line load connections and faults).

5.1 Main Generator Electrical Model

In Figure 5.2 on Page 31, the generator parameters are shown in the abc reference frame.
Not all mutual inductances have been included in the figure. For example, the mutual
inductance Lg. between the field winding and the ¢ phase winding is shown, but Lg, and
Ly, between the field winding and the a and b phase windings have not. Similarly, the
mutual inductance Lp, (Lqa.) between the d axis (q axis) damper winding and the a phase
winding is shown, but Lpy, (Lgb) and Lp. (Lg.) are not. The exclusion of mutual inductance
between the q axis damper winding and the two windings on the d axis is due to the
quadrature relationship: there is no mutual coupling between these windings. It is also the
case that not all voltages are indicated, rather one phase is shown, and the others may be
surmised by inspection.

It is assumed that generator mutual inductances are symmetrical: Lp, = L.p, Lgp
= Lpr, Lp. = Lap, etcetera. After [6], symmetry properties will be used to simplify the
model. It is also the case that the most general model will permit the inclusion of electrical
elements 1, and L, between the generator neutral and the electrical system neutral as

shown in Figure 5.2 on Page 31.
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Figure 5.2: The generator electrical system model in the abc reference frame. Not all
mutual inductances are shown.

Following the convention established in [6], inductances with two subscripts are time
varying, and those with single subscripts are constant. Also after [6], the rotor parameters

are denoted with single upper case letter subscripts:
e I — field winding
e D — d axis damper winding

e (Q — q axis damper winding.
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Following the development in [6], the generator voltage equations in the 0dq frame are

Referring all values to the stator:

— Vo —r +3r, 0
Vg 0 r
Vg 0 —wLly

—Up - 0

Up 0

| vQ | |0
—LO +3L,

0 0 0
wlL, 0 0

r —wkMp -wkMp

0 TE 0

0 0 D

0 0 0

0 0 0 0
Ly 0 kMp kMp

0 L, 0 0
kMp 0 Lr Mg
kEMp 0 Mgr Lp

0 kMg O 0

® V4, are the generator stator 0, d and q axis voltages,

10

iq

ip
ip
iQ
io

14

7
iD

1Q

(5.6)

® vppg are the generator rotor field, d axis damper winding and q axis damper winding

voltages,

® o4, are the generator stator 0, d and q axis currents,

® ippg are the generator rotor field, d axis damper winding and ¢ axis damper winding

currents,

e 7, rp, 7p and rg are the stator armature, and rotor field, d axis damper and q axis

damper resistances,

e 1, is the resistance inserted in the neutral connection between the generator and

system neutral,
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L, is the inductance inserted in the neutral connection between the generator and

system neutral,
w is the electrical frequency,
Loq4q are the generator stator 0, d and q axis synchronous inductances,

Lppg are the generator rotor field, d axis damper and q axis damper synchronous

inductances,

kMp is the stator d axis to rotor field mutual inductance,

kMp is the stator d axis to rotor d axis damper mutual inductance,
kMg is the stator q axis to q rotor axis damper mutual inductance,
Lip=kMpr=kMp= Mg and

L g = kMg is the stator q axis to q rotor axis damper mutual inductance.

This representation is shown in Figure 5.3 on Page 34. Setting

r+3r, 0 0 0 0 0
0 r wly 0 0 wkMg
0 -wLy v —wkMprp -wkMp 0
r= (5.7)
0 0 0 re 0 0
0 0 0 0 D 0
0 0 0 0 0 rQ
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Figure 5.3: The generator electrical system model in the 0dq reference frame.
and i i
LO + 3Ln 0 0 0 0 0
0 Lq 0 kMg kEMp O
0 0 L 0 0 kM,
L= ’ N (5.8)
0 kMp 0  Lp Mg O
0 kMp 0 Mg Lp O
|0 0 kMg O 0 Lo |

rearranging into first order differential equation form, recognizing vp = vg = 0, and treating
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vp as an input

[io | [io | (0o ] [0 ]
iq iq V4 0
K S R = (5.9)
i 3a 0 VR
ip ip 0 0
ig | ig | 0 | 0|

Since the generator terminal voltage will be modeled in the abc reference frame, (5.9) is

written
—io- —io- — (o - [ 0 -
iq id Py, 0
Kl I L R R P (5.10)
iF g 0 VE
iD (35 0 0
_iQ_ _z’Q_ i 0 ] | 0 |

where P is the Park transform (5.4).

5.2 Main Generator Saturation

It is generally the case that saturation occurs along the d and q axes for cylindrical rotor
synchronous machines. For salient pole machines, it is sufficient to consider saturation
along the d axis only [6, 14, 16, 3]. Is is also generally accepted that leakage inductance
saturation is minimal due to the flux path being composed mostly of air. From [3] and
referring to Figure 5.4 on Page 36 a per unit saturation function Sg is one way to model

the circuit behavior at Vi,

Sa(Va) = (Irp2 = Irp1) /[ Irp1 (5.11)
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Figure 5.4: Generator air gap line, open circuit saturation curve, and saturation function
Sa.

It is assumed that generator saturation under operating conditions is completely de-
scribed by the open circuit saturation characteristic. The Generator saturation may be
represented in several ways, including look—up table, polynomial function, or an exponen-
tial. Exponential and polynomial forms will be compared for accuracy.

Starting with the exponential form specified in terms of a generator saturation function
Sa

Se 2 Ag expPeVa (5.12)

where Ag and Bg are constants, and

Va=V;-0.8 (5.13)
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Here, V5 and terminal voltage V are expressed as per unit values.

Generator manufacturers normally provide two values for Sg — call them Sg; and Sgo
— at two values of terminal voltage Vi; and Vi, respectively. A typical value for Vi is 1.0
[pu, and for Vs 1.2 [pu].

Solving for Ag and Bg

BG = log(Sm/SGQ)/(VM - VAQ) (514)

and

A = Sea/ expPeVa2 (5.15)

where log is the natural logarithm and ezp the natural exponent in (5.14)—(5.15).

Since the flux linkage Asp = V3V, under open circuit conditions, (5.12) may be written
Se =Ag exp[(’\AD/\/g)_o'g] (5.16)

Based on design program data for a Regal Beloit main generator HSG740066 shown in
Figure 5.4, a comparison between use of the generator saturation function Sg = AgeBeVA
and polynomial fits was conducted. Since the model uses the saturated mutual inductance,
that parameter is used to judge the efficacy of the fitting methods. Figures 5.5 through
5.8 compare the test saturated inductance values and estimated values versus open circuit
voltage, and include a plot of open circuit terminal voltage versus field current.

In Figure 5.5, a comparison between design program data from Regal Beloit Corporation
and use of generator saturation function of the form Sg = AgeBeV2 is plotted. The upper
plot shows the d—axis saturated inductance versus terminal voltage. The fit is best near 1
[pu] voltage, but diverges on either side. The residual calculated for this fit is 3.8 x 1077.
The lower half of Figure 5.5 is a calculation of rated frequency open circuit terminal voltage
versus field current based on the inductance values from the upper plot.

Figures 5.6 through 5.8 use ploynomial fits of increasing order to characterize the sat-
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d-axis Saturated Inductance vs Terminal Voltage
-3 Sq = AgePeVA | residual = 3.8447e-07
T

N

w
[
\

w
T

SG Parameters

Inductance [pu]
N
a1
T

ol AL=0094061 B = 7.8184 i
15 - ©- Test Data
. SG = AGe G
1 I I L L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Terminal Voltage [pul]
Open Circuit Terminal Voltage vs Field Current
2 \ \ T T
— 1.5 b
=
£ I
, Bt o
% 1r —= ]
£ /,
S
> e
0.51 - ©- Test DataB VA ]
o SG = AGe G
L L L I L
0 0.5 1 15 2 2.5 3

Field Current [pu]

Figure 5.5: Comparing main generator d-axis inductance vs. open circuit voltage, and
open circuit terminal voltage vs. field current when Sg = AgeBeVA,

urated inductance. Since there is an order of magnitude improvement in residual between
the fifth (r = 3.2¢7) and sixth (r = 5.9¢71) order fit, the sixth order is selected to repre-
sent the generator saturation. A salient point here is that a generator saturation function
expressing the departure from the air—gap line is not used for the simulations. Rather, the
d axis saturated inductance is calculated directly based on circuit conditions.

An open circuit simulation was performed using the sixth order polynomial fit for d
axis saturation in the Regal Beloit main generator HSG740066. Voltage set—points were
altered, and the resulting field current plotted versus open circuit voltage. The results
shown in Figure 5.9 demonstrate a good fit between the simulated and the design program

data. Open circuit conditions are approximated by a high load impedance of 72 + j55.29
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Figure 5.6: Comparing main generator d—-axis inductance vs. open circuit voltage, and
open circuit terminal voltage vs. field current using fourth order polynomial fit.

[Q] in each leg of a wye connected three phase load.

5.3 Generator Excitation System Model

The generator voltage control loop is shown in Figure 5.10 on Page 43. In this repre-

sentation, Gg represents the excitation system transfer function, Gp represents the main
generator transfer function, and (5.24) and (5.25) are shown in the feedback loop. This
section is dedicated to development of the non-linear first order differential equations de-
scribing Gg, Hp,, and the pseudo-rms calculation.

Using [4] as reference, the IEEE AC8B excitation system model is used for this disser-
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Figure 5.7: Comparing main generator d-axis inductance vs. open circuit voltage, and
open circuit terminal voltage vs. field current using fifth order polynomial fit.

tation. The model block diagram is shown in Figure 5.12 on Page 46. Since there is no
power system stabilizer in the control network, the input vy is ignored. Generator terminal
voltage stabilization is achieved using a PID controller in the abc reference frame.

A typical Regal Beloit generator is composed of three machines on a common shaft.
Referring to Figure 5.11 on Page 43, the permanent magnetic generator and controlled
rectifier produce a DC field current for the exciter module. The DC current is modulated
in response to the v* voltage command signal at the output of the PID controller as
shown in Figure 5.12. In addition to representing the PID voltage control, the IEEE AC8B
excitation system model is an attempt to model the Excitation System components shown

in Figure 5.11, and capture the complex dynamic and steady state behavior exhibited by
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Figure 5.8: Comparing main generator d-axis inductance vs. open circuit voltage, and
open circuit terminal voltage vs. field current using sixth order polynomial fit.

saturation in the permanent magnet machine and exciter modules, demagnetizing affects of
field current, and the operation of the power electronic components as a function of current
levels within the excitation system.

Since a voltage feedback signal vg, is needed to close the control loop, development
starts with the feedback gains. Using a root mean square value — one averaged over a half
or full cycle — is not proposed. Rather, development of a pseudo-RMS voltage level is
pursued.

The control vector for synchronous generator terminal voltage is field current which
drives flux across the airgap. Zero sequence voltage is not produced as a result of flux

crossing the air gap as evidenced by (5.6). Voltage control for generators is best accom-
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Figure 5.9: Comparing open circuit terminal voltage vs. field current for Regal Beloit
design data against simulations using a sixth order polynomial approximation of d axis
saturation.

plished using phase-to—phase voltage as the controlled variable and for feedback.

5.3.1 Voltage Feedback Signal

Given a set of three generator terminal phase-to—neutral voltages Vapen — as shown in

Figure 5.10 — equal in magnitude but displaced by 120°

Van = \/Evrmscos(wt +a)
Vpp = \/§Vrmscos(wt +a—2m/3) (5.17)

Ven, = \/ﬁVrmscos(wt +a+27/3)
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Figure 5.11: Typical common shaft three machine Regal Beloit generator.

Calculate the phase-to—phase voltages

Vab = V2Vpms[cos(wt + ) = cos(wt + a — 27/3]
Vpe = V2Vims[cos(wt + o = 27/3) = cos(wt + o + 27/3) ] (5.18)

Vea = V2V, ms[cos(wt + a + 21/3) = cos(wt + a)]
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Simplify (5.18)

Ugp = \/§\/§V}mscos(wt +a+7/6)
Vpe = \/5\/§Wmscos(wt +a—-1/2) (5.19)

Vg = \/3\/§Vrmscos(wt +a+77/6)

Start with a newly defined term vp,ms, multiply it by V/3 and set it equal to the square

root sum of squares of terms in (5.19)

V30prms = V3V 2V, s [cos? (wt + o + 1/6)
(5.20)

+cos*(wt + a —72) + cos®(wt + o + Trr[6) ]2

where vims is the pseudo root mean square voltage. Applying (A4) to bracketed terms in

(5.20)

cos?(wt ta+m)6) = (ej(wt+a+7r/6) +6—j(wt+a+7r/6))2

cos*(wt +a—m[2) =

N

(ej(wt+oz—7r/2) + e-d(wtrasm/2) )2 (5.21)

cos(wt + o+ T7/6) = i (ej(wt+a+77r/6) + e—j(wt+a+77r/6))2

Adding the right hand sides of the three lines of (5.21) together yields
%{1 +cos[2(wt +a+7[6)] + 1+ cos[2(wt +a—7/2)] + 1+ cos[2(wt +a+Tr[6)]} (5.22)

The cosinusoidal terms in (5.22) sum to zero (0) and (5.20) reduces to
Vprms = V/3Vrms (5.23)

which is the desired result. Writing (5.23) in terms of phase-to—neutral voltages

Uprms = \/[(Uan - Ubn)2 + (Ubn - vcn)Q + (Ucn - Ucm)2] /3 (524)
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Because the stated condition of perfectly balanced voltages does not exist, a 60 [Hz]
(377 [%]) signal will be present in vyms. Judicious application of low pass filtering will
smooth the ripple, but also slow the system response time. Ideally, the delay replicates
that caused by calculation of RMS values in digital control systems. The first order low

pass filter transfer function takes the form

(5.25)

where

e [y is the unitless transfer function from the pseudo RMS voltage to the voltage that
is fed back to the controller
® W, is the cut—off frequency in [%], and

e s is the Laplace variable in the frequency domain with units of [%]

The feedback gain may be written in first order nonlinear differential form by first recog-
nizing

Vs = Weo(Vprms — Up) (5.26)

then substituting (5.24) into (5.26) to yield

0 = weo { V/[(Wan = 04n)” + (Von = 0en)? + (Ven = an)2] [3 = 011 (5.27)

5.3.2 Open Circuit Model Saturation versus Test Data

Exciter models were validated against data from testing performed at Regal Beloit Cor-
poration. The exciter saturation function Sg characterizes the departure of the exciter

machine output from the air gap line under open circuit conditions. The form of Sg is
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Figure 5.12: IEEE AC8B model for rotating rectifier excitation systems.

not defined in [4], it is considered part of the computer program used. In Figure 5.13 on
Page 47, the air gap line, the open circuit armature voltage, the saturation function Sg,
and the product of Sg and the open circuit voltage subtracted from the air gap line are
plotted against field voltage. These values are all based on test data.

Two approaches are taken to conform the model to test data, the first uses the saturation
function Sg defined in [6], and the second uses polynomial fits to approximate Sg. The
components tested are shown in Figure 5.14 on Page 48. The machine on the test stand is

an 8-pole device with the field winding located on the stator.

5.3.3 SE:AEXBBEXEFD

Values for the exciter saturation function Sg are taken from Calculation of ACSB Parame-
ters authored by D. Hyypio 07/22/2015 (internal Regal Beloit Company document). The
system is simulated and armature voltage is compared with open circuit saturation test
data for an exciter built using an H-ES00714 stator and H-ER00708 rotor (internal Regal

Beloit Company reference numbers). Exciter test data is from the open circuit saturation
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Figure 5.13: The exciter saturation function Sg characterizes the exciter departure from
the air gap line.
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Figure 5.14: The IEEE AC8B exciter model components validated through testing.

testing by K. Felber 3/4/2015. K is set to zero per the AC8B parameter document, and Tg
is set to 0.14 to accelerate settling time. More on the impact of Tg on rise time is covered in
Section 5.3.5. Simulation results using the saturation function from [6] — Sg = AgxePrxErp

— are compared with test stand data in Figure 5.15 on Page 49.

5.3.4 Polynomial Fit for Sg

Polynomial fits for Sg are shown in Figures 5.19-5.22. Because there is nearly an order
of magnitude improvement in fit between the fourth order (r = 0.142) and fifth order
polynomial models (r = 0.025), and almost no change between the five and six (r = 0.025)
order estimates, the fifth order fit is used. Simulations indicate a relatively good fit between
model and test data under the assumption that Kg = 0.3. Increasing Kg has the effect
of changing the slope, lowering the magnitude, and linearizing the response. Refer to
Figures 5.16-5.18. In Figure 5.16, Kg = 0, in Figure 5.17, Kg = 0.3, and in Figure 5.17,
Kg = 0.6.

5.3.5 Impact of Tg on Rise Time

Two brief simulations were executed to uncover the impact of Tg on the rise time for the

exciter in response to step voltage changes. A value of 1.2 for Tg was provided verbally
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Figure 5.15: Comparing the AC8B model to test data using parameters from Calculation
of ACS8B Parameters, D. Hyypio 07/22/2015.
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AC8B Model Exciter Field Voltage vs Armature Voltage Open Circuit
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Figure 5.17: Simulation results versus test data using a fifth order polynomial expression
for Sg and setting Kg = 0.3.
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AC8B Model Exciter Field Voltage vs Armature Voltage Open Circuit
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Figure 5.18: Simulation results versus test data using a fifth order polynomial expression
for Sg and setting Kg = 0.6.
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Figure 5.19: Third order polynomial fit for Sg.

6 8
Exciter Armature Voltage [pu]

53

10

12

14
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Figure 5.21: Fifth order polynomial fit for Sg.
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ACB8B Model Exciter Field Voltage vs Armature Voltage Open Circuit, 'I'E =1.2

Voltage [pu]
5
T

Exciter Field
Exciter Armature

by D. Hyypio

a rise time in excess of 5 seconds, where Tg = 0.14 as in Figure 5.24 on Page 58 results
in a much faster system. Load application and rejection tests on the 5 inch exciter using
an H-ES00714 stator and H-ER00708 rotor indicate a rise time ¢

Figure 5.25 on Page 59.

time [s]

Figure 5.23: Rise time with Tp = 1.2.

8/19/2015. Referring to Figure 5.23 on Page 57, using T = 1.2 results in

5.3.6 PID Controller

To write the PID controller equations in first order nonlinear differential equation form
requires the addition of one state for the integrator, and a second state for the differentiator.

The proportional control is a linear function of existent states. Summing the three (3)
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Figure 5.24: Rise time ¢, , ,, = 0.48 [s] with T = 0.14.
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outputs
k‘dS

UET'T'
1+ TdS

v =ty vy = ;vaa + kpUery +
Taking each term separately

U: = kiverr = ki(vr - Ufb)

vy = kpUerr = kp(vr — V)

. kq .. 1 kg . ) 1
Vg = T_Z (Verr) = T_dU; = T_j (0 — Ufb) - T_dU;

where
® Ve = Vp +Us — VUgyp, and

e v, = 0 because there is no power system stabilizer input.

(5.28)

(5.29)

The first two elements in (5.29) are readily written into first order ordinary differential

equation form. The third requires using outputs to augment the equations. For purposes

of this dissertation, it is assumed that v, = 0, leaving

vy = —@i) - lv*
d ~ 4 fbo 4 d
Substituting (5.27) into (5.30) yields
* _ ka 2 2 2 L,
Vg = ——Weo {\/[(Uan - Ubn) + (Ubn - vcn) + (Ucn - Uom) ]/3 - vfb} - — Uy
Td Td

5.3.7 Amplifier Gain and Saturation Modeling

(5.30)

(5.31)

Two additional states are required to complete the AC8B model. The first comes from

the amplifier time delay Ta. The amplifier represents the third machine on the generator

shaft, a permanent magnet synchronous generator that provides field excitation voltage to
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the exciter machine. Commence with the input—output relationship
VR: V*KA/(l-i-STA) (532)

where
e Vi [pu] is the amplifier output voltage,
e V” [pu] is the sum of the PID controller outputs,
e K, [] is the amplifier gain, and
e T, [s] is the amplifier time delay.

Written in first order equation form

Vi = (Ka/Ta)V* = (1/T4)Va (5.33)

To achieve non-linear saturation to limit Vg between Vgyin and Vgmax, set up a
condition comparing the state Vi to the limits, and if the state Vi exceeds a limit, set a
variable equal to the violated limit and use that variable in the differential equations for
other states.

Start Example Code:
if y(24) < VrmiN
wye24 = Vgruin
else if (y(24) > Vruin)&&(y(24) < VrRmax)
wye24 = y(24)
else
wye24 = Vyyax

End Example Code.
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The second state is due to the 1/sTg term

where
e Vg [pu] is the exciter output voltage,

e Ty [s] is the exciter time constant, integration rate associated with exciter control,

and
e Vig [pu] is a feedback signal defined in (5.36).

Written in first order form

Vi = (1)TE) Vi - (1)Tg)Vig (5.35)

Vg is the sum of three signals

VFE' ZK0VE+V)(+KD[FD (536)

where
e K¢ [] is the rectifier loading factor proportional to commutating reactance,
e Vx [pu] is defined in (5.37),

e Kp [] is the exciter demagnetizing factor, a function of exciter alternator reactances,

and

e Ipp [pu] is the field current.

The first and third terms on the right hand side of (5.36) result in scaling feedback

signals Vg and Igp respectively. The second term is written as the product of Vg and Sg

Vx =VeSe(Vk) (5.37)
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Table 5.1: Calculating Fgx based on [4], Appendix D.

Condition Frx
In <0.433 1—%]]\,

0.433< Iy <0.75 /0.75- 13
0.75<Iy<1.0  V3(1-1Iy)

1-O<IN 0

where Sg || is the exciter saturation function defined by the fifth order polynomial expres-

sion shown in Figure 5.21.

5.3.8 Normalized Exciter Load Current and Rectifier Loading

Factor

The normalized exciter current is calculated

In = Kelpp/V (5.38)

where all terms have been previously defined. The rectifier loading factor Fgx is a function
of the normalized exciter load current Iy [4]. The value is determined by the operating

range of the exciter according to Table 5.1 on Page 63.

5.4 Generator Electrical and Mechanical Interface

The equation that models the machine motion, known as the swing equation may be written

[6]
JO=T, [Nm] (5.39)

where
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e J [kgm?] is the moment of inertia for all equipment on the generator shaft,
e O [rad] is the rotor angular position, and
e T,[Nm] is the accelerating torque.

The accelerating torque is the differential between the input mechanical input torque and
the torque induced by electrical power output and electrical and mechanical losses in the

generator

To=Tn-Tc-Tp, [Nm] (5.40)
where
e T, is the mechanical torque impelling the shaft motion,
e T, is the electromechanical torque resisting shaft motion, and
e Ty, is friction and windage torque resisting shaft motion.

Choosing a reference frame rotating with (nearly) constant velocity wy, where the sub-

script m is for mechanical speed

O = (wnt+a) =0, [rad] (5.41)

Where
® ., is the mechanical torque angle, and
e « is 7/2 based on the use of P.

Replacing © with 0y, in (5.39)

Jbm = Jiom =T, [Nm] (5.42)
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The friction term T,, is often written

Ty = Dy, (5.43)

The swing equation form used in this dissertation — written in terms of the shaft power
P. in watts is

JWin W, = Py — P. = Py, [W] (5.44)
where
e P, is the mechanical input power from the prime mover,
e P, is the electrical power extracted from the generator shaft, and
e Py, is power lost to friction and windage.

The term Py, is

Mechanical power P, is an input to the generator shaft. In Section 5.5, the mechanical
power becomes a state, with the input a power command in the control loop. The total
three—phase power loading of a synchronous generator P, is comparable to the shaft torque

T., including mechanical and electrical losses, and may be expressed as

Pe = Pout t+ Ploss OT

(5.46)
Pout = Pe — Dloss
Control systems normally use poy since it is measurable and is calculated
Pout = Vala + Uiy + Veie = VI, Aabe  [DU] (5.47)
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Transforming to the dq0 frame, vgpe = P 100dq and tape = P 1%04q, and using the matrix

identity [AB]T = AT BT,
Pout = vgdq(P_l)TP_liOdq [pu] (5.48)
Since P is orthogonal and power invariant, (P-1)" = P and
Pout = Volo + Vald + Vgl (5.49)

The model for this dissertation includes generator current states in the 0Odq reference
frame, but terminal voltage states in the abc reference frame. Generator output power
calculations shall include transformation of voltages from the abc reference frame to the

0dq frame. Combining (5.47) and (5.49)

T
Va (N
Pout = P (3 14 (550)
Ve iq

For implementing in ordinary differential equation solvers

Vg = (1/\/5) (Vg + vy + 0.)

Vg 2/3) [va cos(be) + vy cos(b, — 27/3) + v.cos(b, + 27/3) ] (5.51)

Vg = ( 2/3) [vasin(be) + vpsin(f, — 27/3) + v.sin(b, + 27/3)]

where

Oc = wet + 0 + /2 (5.52)

The torque angle — equal to the electrical angle — compared to the rotor mechanical
angle is

0c = (p/2)0m (5.53)
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and the electrical rotational frequency
we = (p/2)wm (5.54)
where p is the pole count. Substituting (5.53) and (5.54) into (5.52)
0. = (p/2) (Wit + 0 + 7/2 (5.55)
Using (5.55) in (5.51)

Vo = (1/¢§) (Vo + Uy + )
va= (V2/3) {va cos{ (p/2) (wnt + ) + /2]

+03,c08{(p/2) (@t + 8) = /6]

+0e cos[ (p/2) (Wit + O, ) + T [6]} (5.56)
0= (V213) (v sin[(p/2) (@it + 8,0) + /2]

+psin[ (p/2) (Wit + 6 ) — /6]

+vsin[ (p/2) (Wit + O,) + T[6]}
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Rearranging (5.44) and using (5.56), the first order nonlinear differential equation for shaft

motion becomes

Wiy = — (1/\/5) (vq +p +vc)i—0

Jwy,
~(V/2/3) {va cos[(p/2) (wnt + 6,2) + /2]
+uy cos[ (p/2) (wmt + 0, ) — /6]

iq

+v, cos[(p/2) (Wt + 6m) + 77T/6]}Jw (5.57)
m 5.57

- (V2/3) {vasinl(p/2) (wnt + 8) +7/2]

+op sin[ (p/2) (Wt + On) — /6]

o sin[ (p/2) (wnt + 6,,) + 77/6]) Jij

P,

Jw,,

The equation for the mechanical angle is

0, = W,

5.5 Prime Mover Model

m

(5.58)

The prime mover is a General Motors 4.3 liter Vortec V6 engine fueled with natural gas.

Because the equipment provider has no model for the engine, a first order approximation

of the combined fuel valve and combustion delays is used in this dissertation. Inertia of the

engine is estimated to be 3 times the inertia of the alternator section of the generator. The

governor model is based on IEEE models for gas turbines and is represented in Figure 5.26
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Figure 5.26: The internal combustion engine and governor model.

on Page 69 as %. Writing the equation for Py, g

1

1+ STg1

1
[Pref,gl = (e - wm)] (5.59)

Pm,gl =

where
® P, is the desired power output of generator 1,
e P, . is the mechanical input to generator 1,

® T, is the combined fuel valve and combustion delay for the internal combustion engine

driving generator 1,
® W, is the desired generator angular frequency, and
® W, is the measured generator angular frequency.

In first order form, (5.59) becomes

1 1 1 1
Wi — — Pl + — Prefol + ——Wre 5.60
RTgl 7'91 g1 7'91 F.a1 RTgl f ( )

Pm,gl =~
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Figure 5.27: The system configuration used to tune the AC8B PID. Eg, Ecaple, Ery and Eg
represent the equations describing the main generator, cable, micro—grid load, and electric
power system respectively.

5.6 Tuning the AC8B PID Controller

The approach to tuning the AC8B exciter is to build and simulate the model in Simulnk®©,
extract linearized models, and plot pole-zero constellations at selected zero and gain values.
This is a version of root locus, but in the closed loop. The chosen values are used to evaluate
the system response, and adjustments made as needed. The system configuration is shown
in Figure 5.27 on Page 70, and conditions for the initial selection are a lightly loaded
system, power command to the generator is 0.1 [pu], the voltage reference is 1.0 [pu], and
the generator system is connected to the grid.

Rather than assign proportional, derivative and integral gains, zeros are co-located
on the real axis, and a gain is assigned. Equations for determining the proportional and
integral gains given two zeros and a derivative gain start with the transfer function for a
PID controller:

kas? + kps + k;

Gpip = (5.61)

S
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The numerator may be written in terms of the zeros, and (5.61) becomes

2
Corp = by [(s +21)(s+ zQ)] ~ky [(s +(z1+2)s+ 2122)] 7 (5.62)
s s
and
]{Zp = kd(Zl + ZQ) (563&)
l{?i = k:dzlzg. (563b)

The initial set of gains for kg are selected over a wide range, and the same is true for
the zeros. A nested do loop cycles through the various combinations and runs a series of
simulations. From the simulated data the pole constellations were plotted to narrow in on
an area of interest. A zero location and a new range of gains were selected and the process
repeated. A final zero location and gain were selected, a simulation executed, and a review
of voltage, power, current made. If the simulation did not meet expectations, the process
was revisited to find better values.

For the Kohler generator, the process starts with 15 pole—zero constellations based on

simulations performed using the following vectors for zeros and gains:

21 =29=[10 100 1000] (5.64a)

kaa=[1 10 100 1000 2000] (5.64b)

and the derivative gain is normalized so that k; = Zklde.

Samples of the pole-zero constellations from preliminary runs are shown in Figures 5.28
and 5.29 on Pages 73 and 73. Based on the preliminary results, the zeros located at 100
and gains [80 90 100 110 120 130] were simulated. It was observed that as kq was reduced,
the right—most pole was gravitating leftward, and the next leftmost pole rightward. At

kq = 0.001, the poles become oscillatory at —0.306 + j0.0331, so that is the zero and gain
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combination selected. In Figure 5.30 on Page 74, the a portion of the pole—zero constellation
is shown for the system where the zeros are co-located at 100, and kq = 0.002. The two
rightmost poles are shown,and both are on the real axis. As kq is reduced, the poles move
closer together increasing the system speed. Referring to Figure 5.31 on Page 74, at kg =
0.001, the poles have become oscillatory, and the system speed is nearly optimal.

Next, the power command to the generator is changed to 1.0 [pu], and the pole-zero
constellation assessed for speed and stability. In this case, the generator is exporting
full power of 39 [kW] to the grid. The rightmost poles are shown in Figure 5.32, and
demonstrate the system remains stable, but has gotten a more oscillatory as the poles move
away from the real axis and toward the quadrature axis. A final simulation is performed
under the previously stated conditions with the addition of load on the micro—grid equal
to the generator rating of 39 + j29 [kVA]. From the pole zero constellation is shown in
Figure 5.33 on Page 75, the system is faster and has better damping due to the load
addition.

Sample simulated data
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Pole-Zero Constellation for Grid Connected Kohler Generator
21 = Z9 = 10, k‘d =20
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Figure 5.28: Preliminary PID tuning run for the Kohler AC8B regulator demonstrating an
unstable pole constellation.

Pole-Zero Constellation for Grid Connected Kohler Generator
21 = z9 = 100, kg =0.01
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Figure 5.29: Preliminary PID tuning run for the Kohler AC8B regulator demonstrating a
stable pole constellation.
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Pole-Zero Constellation for Grid Connected Kohler Generator
z1 = 29 = 100, kg =0.002
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Figure 5.30: Secondary PID tuning run for the Kohler AC8B regulator showing the two
rightmost poles with zeros placed at 100 and kq = 0.002.

Pole-Zero Constellation for Grid Connected Kohler Generator
21 = z9 = 100, kg =0.001
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Figure 5.31: Secondary PID tuning run for the Kohler AC8B regulator showing the two
rightmost poles with zeros placed at 100 and kq = 0.001.
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Pole-Zero Constellation for Grid Connected Kohler Generator
z1 = z9 = 100, kg =0.001
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Figure 5.32: Secondary PID tuning run for the Kohler AC8B regulator showing the two
rightmost poles with zeros placed at 100 and kq = 0.001, the generator is now exporting
39 [kW] to the grid.

Pole-Zero Constellation for Grid Connected Kohler Generator
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Figure 5.33: Secondary PID tuning run for the Kohler AC8B regulator showing the two
rightmost poles with zeros placed at 100 and kq = 0.001, the generator is at full power and
the micro—grid load is 39 4+ j29 [kVA].
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Chapter 6

Energy Storage System Model

The energy storage system model is broken into the current carrying elements in Section 6.1,

and the primary control elements in Section 6.2.

6.1 Battery, Inverter, LC Filter and Isolation Trans-
former

The energy storage system is built from second—use Odyne lithium—ion battery packs de-
signed for vehicular use. The packs contain 25x512 [Wh], 14.6 [V] series connected cells. A
battery management system controls cell level charging and discharging. The total power
rating is 125 [kW], with an energy rating of 114 [kWh]. Output filtering uses 73 [H] series
line inductors and 230 [uF] capacitors in a A configuration. A 260 [kVA], 208 [V]-480 [V]
3.54%7Z A—A transformer is connected to the output filter. The model assumes the isola-
tion transformer 480 [V] terminals are directly connected to the micro-grid bus because
the energy storage inverter is proximal.

While generator control is done in the abc stationary reference frame, inverter control
is performed in the dq rotating reference frame. Transformation from the abc stationary
reference frame to the 0dq rotating reference frame for inverter control uses transformation
P in (5.4), assumes balanced three—phase conditions, and uses an average model for the
inverter, and a basic battery model assuming linear behavior. The diagram for these
components modeled in the dq reference frame is shown in Figure 6.1 on Page 77. It should
be noted here that parasitic resistances associated with the filter inductor, the transformer,

and cable capacitance are not shown.
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battery LC filter transformer cable microgrid
and i ! capacitance | load
inverter i : : :

Figure 6.1: A qd reference frame model of the battery, inverter, LC filter, transformer, and
micro—grid load. Parasitic resistances associated with the filter inductor, the transformer,
and cable capacitance are not shown.

Starting with the energy storage system three-line diagram shown in Figure 6.2 on
Page 80, the output LC filter and isolation transformer are converted to a single—phase
equivalent circuit as shown in Figure 6.3 on Page 80. Writing the circuit equation for the

inverter voltage in the abc fixed reference frame

V; abc = Uc,abe + Rfif,abc + Lfif,abc (61)

where

® v, 4 is the filter input voltage vector in the abc reference frame [V,

Ve.abe 18 the filter capacitor voltage vector in the abc reference frame [V],

Ry is the filter inductor resistance [Q],

Ly is the filter inductance [H] and

%.qbc 18 the filter inductor current vector in the abc reference frame.
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Applying the Park transform P to (6.1)
P, pe = Pogpe + RpPigape + Ly P ape (6.2)

It is the case that

Pvi,abc = V;,0dq
Pvc,abc = Vc,0dq (63)

Pigope = T50dq
where
® v, 4, is the filter input voltage vector in the 0dq reference frame [V],
® v 4, i the filter capacitor voltage vector in the 0dq reference frame [V] and
® %704, is the filter inductor current vector in the 0dq reference frame [A]

It is also true that

il,Odq = Pihabc + Pil,abc (64)

where 2 44 is the filter inductor current vector in the Odq reference frame, and
Piy g = PP Vi) 04, (6.5)
Substituting (6.5) and (6.4) into (6.2) and rearranging terms

: 1 1 R . .
Lf0dg = T ; Viodg ~ T ; Ve,0dg ~ —Lmzf,Odq + PP i, (6.6)
m
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Invoking A13, the matrix form of 6.6 is

ifo Vo0 Veo ifo 0 0 0 if()

1 1 R,
A P _mle |y _ ; 6.7
ifd L; Vid L; L o 0 0 -wl]isd (6.7)
ifq Viq Ueq ifq 0 w 0 [|ig

Under balanced conditions, iy is superfluous leaving equations for ijq and iy

ULfd 1 |Vid 1 | Ved I W |t
I e N e N ! (6.8)
ifq T vig T veq w _IE_Z ifq
Writing out the filter inductor currents on the d (6.9a) and q (6.9b) axes,
: 1 : :
Ud =7 [Vid = Vea — Rfifa—wLlyig,] (6.9a)
f
: 1 : :
g = L_f [Uz'q — Ueq — Rflfq + waZfd] . (69b)

To write the equations for the capacitor voltage terms under the assumption of balanced
conditions, start by converting the delta connected capacitor bank into an equivalent wye
configuration. Then

teabe = 3CUVe abey (6.10)
Where
® i, represents the line current flowing into the filter capacitor
e ()} is the capacitance connected line-to-line
® V. qcf Tepresents the capacitor line-to-wye floating point voltages

Transforming (6.10) to the rotating 0dq reference frame

Pic,abc = 3CllPi)c,abcf (611)
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Figure 6.3: The energy storage device LC filter and isolation transformer circuit diagram.

Since Picape = Ge0dg ANd PO gpes = Veodg — PPOeodg, (6.11) may be written
ic,Odq = 3Cll I:'i)c,Odq - PP’I}C,Odq:I (612)

In matrix form, (6.12) becomes

7:CO Uc() 0 O 0 ,UCO
iea | = 3Cu[veg | =3Cu|0 0 —w||ve (6.13)
icq ch O w 0 ch

Rearranging (6.13) and eliminating the zero sequence term to avoid singularity, the non—
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linear first order differential equations become

VUed 1 Z.cd ~WU¢q

= — (6.14)
Veg 3Cu Teq Weg
Writing (6.14) in terms of states defined in the non-linear differential equations
Ved 1 |tsa 1 | 0 -—w||Ve
AN (6.15)
Veq Wi, i w0 ||

Where as shown in Figure 6.3 on Page 80
L4 7:c,dg = 7:l,dg - it,dga
® irq and iy, are the filter inductor d and q axis currents respectively, and

® i;q and iy, are the transformer d and q axis currents respectively.

Setting C¢ = 3Cy and writing the equations for ¥, 4, on the d (6.16a) and q (6.16b) axes,

. L. :
Ved = _Cf [Zfd = Ud — C&)Cfch] (616&)
. r.. .
Vg = C_f [ifq —itg + WC U] - (6.16Db)

Transformer current equations are of the same form as (6.8)

. Rt .
td 1 | Ved 208 | Vc2d I, Wt
“I- 1 e gz t (6.17)
/itq t Veq t Ve2q w —% itq
Writing the equations for transformer currents on the d (6.18a) and q (6.18b) axes,
. 1 : :
=1 [Ved — @Ve2q — Riia — wliiy, ] (6.18a)
t
: 1 : :
g =7 [Veg — aVeaq — Ryirg + wlyirg] - (6.18b)
t

81



Note that Cs voltage terms are scaled by the isolation transformer ratio. Since the trans-
former connections are A—A, there is no phase shift to model.
To transition from a 3 wire rotating dq reference frame to a 4 wire stationary abc

reference frame at this location, write the equations for veeq and veoq based on the vapen

values
Ve2a
Vead \/5 S (Omp +5) €08 (Ormp = F) 08 (Omp + ) 6,19
V3 Ve .
Ve2q 3 sin (me + g) sin (me - %) - (me N %r 2b
Ve2e

Where 0,,, is the reference angle at the micro-grid bus as defined by (6.20) and (6.22)-
(6.24) for the phase-locked—loop (PLL). Letting

Om Ormp — Oy + X
Py 1o = 2 cos( b+ ) cos( b ) cos( b+ 6) (6.20)

31 sin (O + Z) sin (O~ Z)  sin (O + I2)

e
olx

SIE

Substituting (6.20) and (6.19) into (6.17)

Ve2a
ltd 1 | Ved 208 0 -wl||iwa
=T - MPQ:Z&,LZ% Veap | T (6.21)
itq t ch t w 0 itq
Ve2c

Referring to Figure 6.4 on Page 83, a PLL is modeled to estimate the angle 0, at the
micro—grid bus. Within the PLL structure, the resultant angle is used in calculation of
Vead and vegq relevant to (6.17). Because micro-grid frequency is needed at the secondary
control level, a frequency estimate w,,, is extracted and ported into a low—pass filter to
yield Wipf mb-

Since the PLL is connected to the 480/277 [V] system, veaq is defined by (6.20). Writing

Veoqi 1N first order form

Veadi = Kipit (Ve2a) (6.22)
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\
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1/s =

Figure 6.4: The phase-locked-loop (PLL) block diagram for extracting estimates of the
micro—grid bus phase angle and frequency.

The estimated micro—grid bus voltage angle 0., first order equation is

Omp = Veadi + K ppu (Ve2a) (6.23)

The equation for the micro-grid bus filtered frequency signal wipg b is

: 1 Kppu 1
Wipf,mb = T—fvcw + £ (Uch) - T—f (wlpf,mb) (6-24)

6.2 Battery, Inverter and Energy Storage Device Pri-
mary Control Models

The energy storage battery, inverter, and primary control model block diagram is shown
in Figure 6.6 on Page 87. In this section, model equations are presented, and the primary
control is tuned.

Primary control for the energy storage device consists of an inner current feedback loop
and an outer voltage feedback loop. The essence of the primary control strategy is to drive
the filter capacitor q axis voltage magnitude to 1 [pu], and drive the d axis to 0 [V]. This
is the equivalent of placing the energy storage voltage phasor V. on the q axis as shown

in Figure 6.5 on Page 84. Conceptually, the q axis is used to control voltage magnitude,
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\'

cd

Figure 6.5: Energy storage filter capacitor voltage phasors and angular relationships. Pri-
mary control drives des to zero so |Viq| = [Ve| and |Veg| = des

and the d axis is used to control the power angle across the energy storage filter inductor.

When b, is near to zero

‘/cq = ‘/c (625&)

Ledl_ 5, (6.25b)
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6.2.1 Battery and Inverter

Writing the equations for inverter voltage on the d (6.26a) and q (6.26b) axes,

c 1
dia = % [Ucd + g - _Uid:| (6.26a)
Tde Vde
. Vde 1 ]
Vig = — | Veg + U — — ;| - 6.26b
I Tde [ I 1 Vdc I ( )

6.2.2 Inner Current Feedback Loop

Describing the voltage commands for d (6.27a) and q (6.27b) axes,

U; = kp3ide7‘7" + iderm’ + Z.de’/‘rd (627&)

. . . .
vy = kp3igerr + tgerri + igerrd: (6.27Db)

The igerr and iger terms in (6.27) represent the d and q axes errors between current com-

mands ¢;; and iy and filter inductor currents iy4 and iy, in the feedback loop:

lderr =1y = Ufd (6.28a)

*

gerr = 0% — 4. (6.28b)

Current commands i and ¢; are defined in Section 6.2.3. The first right-hand terms in
(6.27) are linearly dependent on other system states. The second right—hand terms in (6.27)

represent integrator functions and may be written:

iderm’ = kiS [22 - Zfd] (629&)

lgerri = kis i3 = i) (6.29b)
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The third right-hand terms in (6.27) represent derivative functions and the equations are

written:

iderrd = - [iderr - _Z‘derrd] (630&)
Td3 Td3

. ka3 [ 1. ]

Lgerrd = — | Ygerr — T lgerrd | - 6.30b

gerrd a3 q Tas gerrd ( )

6.2.3 Outer Voltage Feedback Loop

The equations for command values 7 and 7} for d (6.31a) and q (6.31b) axes are:

. %
g = kaUderT + Uderri T Uderrd (631&)

iy = Kp2Ugerr + Vgerri + Ugerrd- (6.31b)

The Vgerr and Ve, terms in (6.31) represent the d and q axes errors between voltage

commands v3* and v;* and filter capacitor voltages v.s and v, in the feedback loop:

Vderr = Ué* — Ved (632&)

Vgerr = Uy " = VUgq- (6.32b)

Voltage commands v;* and v;* are defined in Section 7.2. The first right-hand terms in
(6.31) are linearly dependent on other system states. The second right-hand terms in (6.31)

represent integrator functions and may be written:

jjderm’ = ki2 [U;* - Ucd] (633&)

'l'}qerri = kig [UH’ - ch] . (633b)
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Figure 6.6: The energy storage device primary control block diagram.

The third right-hand terms in (6.31) represent derivative functions and the equations are

written:

k 1
bderrd = 7__d2 |:’Dderr - T_Uderrd:I (634&)
d2 d2
kao [ 1
Vderrd = -2 [iderr - _qurrd:I . (634b)
Td2 Td2

6.2.4 Controller Tuning

The primary control tuning was performed under the assumption that frequency remains
stable and fixed at 1 [pu]. The approach taken is to tune each controller in succession,

starting with the inner current feedback loop, and moving to the outer voltage feedback
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i

Figure 6.7: Inner current feedback loop simplified diagram for tuning PID3. E;, E¢, Ei,
E., and E,,, represent the battery and inverter, LC filter, transformer, cable capacitor, and
micro—grid RL load equations.

loop. Referring to Figure 6.7 on Page 88, the system model includes equations for the

battery and inverter, LC filter, transformer, cable capacitance, and micro—grid RL load.

PID3 Tuning

In the same technique used in Section 5.6, an initial set of gains and co-located zeros were
used to narrow the selection. Tuning was performed under full load conditions where S, =
100 + j75 [kVA], then tested at light load. In the initial runs, zeros and poles were iterated

through the following values:

231 = 232 = [10 100 1000 10,000]

kdd =[1000 2000 3000]-

After careful inspection of the pole-zero constellations, the ranges were narrowed:

2’3122322[1000 2000 3000 4000 5000]

kdd3=[5000 6000 7000]

and more simulations performed. Based on the pole—zero constellations, and some iterations

with PID2 tuning, the selected zero locations are at 3000, and kgq3 is chosen to be 7000.
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Pole-Zero Constellation for Energy Storage
z31 = 23 = 3000, kg3 =0.00077778

6
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Figure 6.8: Pole-zero constellation for the system shown in Figure 6.7 at full load using
gains specified in (6.35).

That translates to

kaas 7000 .
kg3 = = =7.78 x 10 6.35
43 231232 30002 * ( a)
/{?pg = (231 + Zgg)k'dg =4.67 (635b)
k’z'3 = 231232l€d3 = 7000. (635C)

A wide view of the pole—zero constellation for full load conditions is shown in Figure 6.8
Page 89, and a view of the poles nearest the quadrature axis in Figure 6.9 on Page 90.

A light load condition where S,, = 4 + j3 [kVA] was also simulated with the resulting
pole—zero constellation shown in Figure 6.10 on Page 91. Only the poles nearest the quadra-
ture axis are shown. Notice the improvement in damping over the full-load case. In the full
load case, the dominant poles are located at —112 + 51630 [%l], indicate a damping ratio
of 0.07, with overshoot at 81%. In the light-load case the poles move to —237 + j274 [%‘l],

the damping ratio is 0.65, and overshoot at 6.7%. With the additional of the next stage
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Pole-Zero Constellation for Energy Storage
z31 = 23 = 3000, kg3 =0.00077778

2000
1500}
1000}
500
of @)

-500r

Quadrature Axis (seconds_l)

—-1000f

-1500f
X

_200 1 1 1 1 1
—1%00 —-1000 -800 -600 -400 -200 0
Real Axis (seconds_l)

Figure 6.9: A view of the poles nearest to the quadrature axis for the pole—zero constellation
for the system shown in Figure 6.7 at full load using gains specified in (6.35). The dominant
poles are located at =112 + 71630 [%]

PID controller, the control performance improves for both conditions.

PID2 Tuning

The tuning for PID2 as shown in Figure 6.11 on Page 91luses values for the PID3 gains
specified in (6.35). For the voltage feedback outer loop, a set of zeros and gains were

selected:

221=222=[300() 4000 5000 6000 7000]

kdd2=[5000 6000 7000 8000]
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Pole-Zero Constellation for Energy Storage
z31 = 23 = 3000, kg3 =0.00077778
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-1500}
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Figure 6.10: A view of the poles nearest to the quadrature axis for the pole—zero con-
stellation for the system shown in Figure 6.7 at light load using gains specified in (6.35).
Rightmost poles are located at —237 + 7274 [’"‘;—d]

PID2

i
PID3 | @-> E,EEEE, "9

Figure 6.11: Outer voltage feedback loop simplified diagram for tuning PID2. E;, E¢, Ex,
E., and E,,,, represent the battery and inverter, LC filter, transformer, cable capacitor, and
micro-grid RL load equations.

and simulations run to extract the pole—zero constellations. Careful examination of the

data led to a tighter search window:

2’2122222[2800 2900 3000 3100 3200]

kdd2=[6900 7000 7100]-
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Pole-Zero Constellation for Energy Storage
231 = 23 = 3000, kg3 =0.00077778, zy = 222 = 3000, kg2 =0.00077778
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Figure 6.12: Pole—zero constellation for the system shown in Figure 6.11 at full load using
gains specified in (6.36) and (6.35).

Based on the pole—zero constellations, the selected zero locations are at 3000, and kgqs is

chosen to be 7000. That translates to

Eado 7000 6
kgo = = =7.78 x10 6.36
42 29212292 30002 * ( a)
kpg = (221 + ZQQ)de =4.67 (636b)
kig = 221222kd2 =7000. (636C)

The pole—zero constellation for the gains specified in (6.35) and (6.36) under full load
conditions where S;,, = 100 + j75 [kVA] is shown in Figure 6.12 on Page 92. A closer lok at
the poles nearest the quadrature axis is shown in Figure 6.13 on Page 93. The dominant
pole location is on the real axis at —369 [%], has a damping ratio of 1 with 0% overshoot.

A light load condition where S, = 4 + j3 [kVA] was also simulated with the resulting
pole—zero constellation shown in Figure 6.14 on Page 94. Only the poles nearest the quadra-

ture axis are shown. The dominant pole location is again on the real axis at —495 [%1],
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Pole-Zero Constellation for Energy Storage
231 = 232 = 3000, kg3 =0.00077778, zy = 222 = 3000, kg2 =0.00077778
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Figure 6.13: A view of the poles nearest to the quadrature axis for the pole—zero constel-
lation for the system shown in Figure 6.11 at full load using gains specified in (6.36) and
(6.35). The rightmost pole locations —369 + j0.0[2¢]

s

has a damping ratio of 1 with 0% overshoot.

93



Pole-Zero Constellation for Energy Storage
Z31 = 232 = 3000, kdg 20.00077778, 291 = 22 = 30007 de =0.00077778
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Figure 6.14: A view of the poles nearest to the quadrature axis for the pole-zero constel-
lation for the system shown in Figure 6.11 at light load using gains specified in (6.36) and
(6.35). The dominant pole location is on the real axis at —495 [ ]

S
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Chapter 7

Formulation of Voltage and Frequency Control

Secondary control for the synchronous machine and energy storage device has four com-
peting objectives: active power, frequency, reactive power, and voltage. The high level
system block diagram is shown in Figure 7.3 on Page 99. Primary control comes with the
equipment, but the secondary control would come in the form of external architecture and
sensing equipment. The theory of operation is that an error between micro—grid active
power and active power set—points will bias the frequency command signals sent to the
generator and energy storage device primary control system in a manner to compensate for
the error. The active power error is weighted relative to the frequency control signal.

Similarly an error between micro—grid reactive power and reactive power set—points
will bias the voltage command signals sent to the generator and energy storage device
primary control system in a manner to compensate for the error. The reactive power error
is weighted relative to the voltage control signal.

Because the model equations are written in the rotating dq reference frame, there is a
need to extract a frequency signal based on the changing angular relationship between the
d and q axis voltage vectors. In the design of the primary controls for the energy storage
device in Section 6.2, phasors for the energy storage filter capacitor voltage are shown in
Figure 6.5 on Page 84. The angle 0. represents the instantaneous value of the voltage
angle. Using the filter capacitor voltage as an example, but without loss of application to

other locations, the equation form for 0. is

T
0o, = f wdt + b, (7.1)
0
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Taking the derivative of both sides in (7.1) yields

dees _ d(ses
el i (7.2)

Recognizing that d., = tan™* ij and under the presumption the command frequency for the

energy storage device is 1 [pu], (7.2) may be written

1 d (tan‘1 ”Ld)

es — 1+ fe
“ 2 f dt

(7.3)

The proposed implementation for the derivative term in this dissertation is a band—pass

filter realization. A transfer function of the form

S

H =— 4
(%) = G ots 71 (7.4)
is combined with a low pass filter
Hy(s) = oo (75)
§)=——— .
AT 0.05s + 1
to form the composite transfer function
s
H.(s) = (7.6)

0.000552 +0.06s + 1"

The Bode plot for the composite is shown in Figure 7.1 on Page 97, and a simulation of
the response to a ramp input shown in Figure 7.2 on Page 98.

A representation of the generator system is shown in Figure 7.4 on Page 100, and shows
equations used to model the generator and secondary control system. For more detail
on the generator matrices see Section 5.1. The AC8B regulator equations are not listed
explicitly, please refer to Section 5.3.

Similarly, the energy storage device is illustrated in Figure 7.5 on Page 101. In the dia-
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Figure 7.1: Bode plot for the derivative function described by (7.6).

grams for both systems, frequency domain representations are used for the PID controllers.

The secondary control block diagrams for the generator are shown in Figure 7.6 on
Page 102, and the energy storage in Figure 7.7 on Page 103. For active and reactive power
control vectors, the devices are assigned user selected participation factors as defined in
Table 8.6. The participation factor compensates for differences between power commands
and loads, adding or subtracting from the device power set—points. Each device responds to
active and reactive power deviations according to the relative magnitude of its participation
and weighting factors.

Referring to Figure 7.7 on Page 103, f; s represents the energy storage device partici-
pation factor for active power and f;, ;o represents the sum of all active power participation
factors for power sources presently on line. Pietior is the sum of active power reference

points for power sources, and Py, is the sum of active power being delivered by all power
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Figure 7.2: A simulation of the response to a ramp input for the derivative function de-
scribed by (7.6).

sources. Prefes is the active power reference for the energy storage device, and P is the
active power supplied by the energy storage device. Similarly, in Figure 7.6 on Page 102,
f, g1 represents the generator participation factor for active power, Pyefq1 is the active power
reference for the generator, and Py is the active power supplied by the generator. Pig,
Preftot, and fio, are defined above. For example, say the following conditions exist on the

micro—grid with an energy storage device and a generator on line:

fp.es =100

fp,gl =50

Prefes =50 kW]

Pref,gl = 10 [kW]
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Figure 7.3: High level system diagram showing the demarcations between secondary and
primary control stages, and between primary control and plant.

o Py =70 kW]
o Py =14 kW]
Then
o fpiot =150

o Profior=50+10 =60 [kW]

® Ptot:70+14:84 [kW]

o P.opior =60 -84 =-24 [kW]

L Pcomp,gl =24 %

o Pr=50-"70-(-16) = -4 [kW]

Pcomp,es =

—24 % 100

150

50
150

= 16 [kW]

= -8 [kW]

o Py =10-14-(-8) =4 [kW]
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Figure 7.4: Generator plant and control systems block diagram showing model equations.

For more on the generator matrices see Section 5.1, for the AC8B regulator equations see
Section 5.3.

suggesting the energy storage device should decrease active power output by 4 [kW] and
the generator should increase active power output by 4 [kW].
Tertiary control is anticipated using economic commitment and dispatch, but is out of

scope for this dissertation.

7.1 Synchronous Machine

Equations for the synchronous machine secondary control are developed, and the controller

is tuned in this section.
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Figure 7.5: Energy storage system plant and control systems model equations.

7.1.1 Equation Development

Referring to Figure 7.6 on Page 102, the equations for active power P/ and voltage vy, g1

command values for the generator are

* %
gl = kp4Perr,gl + Perri,gl + Perrd,gl (77&)

(7.7b)

Ur g1 = kp4verr,g1 + Verri,gl + Verrd,gl-
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Figure 7.6: The generator secondary control block diagram.

The Peyr g1 and Ve g1 terms in (7.7) represent the power and voltage errors and are written:

Per’r,gl = Wref —Wg1

ot (7.8a)
+ WPgl [Pref,gl - Pgl - (Pref,tot - Ptot)]
fp,tot
Verr,gl = Uref,gl — Ugl,fb
I (7.8b)

+ Wle [QTef,gl - le - (Qref,tot - Qtot)]

where

® w,.s is the reference frequency,
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Figure 7.7: The energy storage device secondary control block diagram.
® W, is generator 1 angular velocity,
® Pt is the reference active power for generator 1,
e P, is measured generator active power,
® P ot is the sum of active power references for all dispatchable devices,
e P, is the measured active power for the load,
® U, is generator 1 reference voltage,

® v, p is the measured generator terminal voltage,

Qretg1 1s the reference reactive power for generator 1,
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o ()1 is measured generator reactive power,
® Qreftot 1 the sum of reactive power references for all dispatchable devices, and
e Qio: is the measured reactive power for the load.
The first right—hand terms in (7.8) are linearly dependent on other system states. The

second right-hand terms in (7.8) represent integrator functions and may be written:

Perri,gl = ki4Perr,gl (79&)

'l.]erri,gl = ki4verr,g1- (79b)

The third right-hand terms in (7.8) represent derivative functions and the equations are

written:

. k . 1
Perrd = - |:Pe7"7“ - _Perrd] (710&)
Td4 Td4
k 1
Derrd = - |:7>err - _Uerrd] . (710b)
Td4 Td4

7.1.2 PID4 Tuning

For micro—grid applications, the energy storage device is paired with a Kohler REZG40
generator set with parameters listed in Table A3 on Page 152. The generator is connected
to the micro—grid bus using 150 [feet] of #2 [AWG] cable with parameters listed in Table A5
on Page 153. It is notable that for this cable, the ratio X/R = 0.167, implying that AC
power flow is driven less by angular difference and more by voltage difference than is
normally assumed for AC systems.

Tuning the generator secondary control picks up from the end of Section 5.6. A similar
approach is taken: given the AC8B parameters determined in Section 5.6, three zero lo-

cations and five values for k4 are used in simulations for the secondary control PID gains.
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Pole-zero constellations are examined and zero locations selected. The gain is tuned, and

the system simulated. This process is iterated until system performance is satisfactory.
Of note is there are separate zeros and gains for the q and d axes leading to distinct

sets of proportional, integral and derivative gains for each axis. From the iterative process,

gains for the q axis are

kd4q = 027
kpag =4.0, and
Fisg = 20,

and for the d axis
kasqa = 1.0,
kpag =20., and
ki4d = 100

The pole-zero constellation using the selected gains is shown in Figures 7.8 and 7.9 on
Pages 106 and 107. Figure 7.9 shows the three right—most poles illustrated in Figure 7.8.
To validate the selection, a simulation is performed where the load is initially very light,
and then a step load change occurs. Sample simulation data are shown in Figures 7.10 and
7.11 on Pages 108 and 109. Figure 7.10 indicates the generator terminal voltage and power
response to a change in load occurring at t = 25 [s]. The initial loading is 1.6 + j1.2 [kVA],
stepped to 39 + j29 [kVA]. The settling time is dictated by the rightmost pole located at
-0.692 [%], corresponding to a frequency of about 0.11 [Hz|. This response is attributed
to the field winding which has a high inductance but low resistance, resulting in a large %

time constant. In Figure 7.11, the voltage on the q axis is shown with a time scale from

24.9999 [s] to 25.0002 [s] to illustrate ringing near 125 [kHz]. The poles responsible for this
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Pole-Zero Constellation for Grid Connected Kohler Generator Plus Secondary Conti
Zy1d = zapd = 10, kg = 1, 241y = 2a9g = 10, kg = 0.2
6
5 X 10

X
a4t

3_

Quadrature Axis (seconds_l)
o
X
X
X

X

—_8%00 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0
Real Axis (seconds_l)

Figure 7.8: Final PID tuning run for the generator secondary control — complete constel-
lation.

ringing are shown in Figure 7.12 on Page 110, the ringing frequency being

| 7.89x 107 ["24]

fr 5

=126 [kH z].

7.2 Energy Storage

The equations for the energy storage device secondary control are developed and PID tuning

is outlined in this section.
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Pole-Zero Constellation for Grid Connected Kohler Generator Plus Secondary Conti
zqd = 2400 = 10, kaag = 1, 2019 = 203 = 10, kgyy = 0.2

1

0.8f
0.6f
0.4r

0.2} System: es_lin_sys

. Pole : ~0.709
Damping: 1

Overshoot (%): 0
Frequency (radls): 0.709

ot X X
—0.2}

_0.4_

Quadrature Axis (seconds_l)

-0.6f

_0.8.

-1 L L L L
-15 -1 -0.5 0
Real Axis (seconds_l)

Figure 7.9: Final PID tuning run for the generator secondary control — rightmost poles
only.

7.2.1 Equation Development

* %

The equations for d axis v;* and q axis v;* voltage command values for the energy storage

device are:

%ok
Vg = pldperr,es + Perri,es + Perrd,es (7113)

'U;* = kplq@err,es + Qerm’,es + Qerrd,es- (711b)
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Figure 7.10: Simulation data for Kohler generator with grid connection. A step change in

load is initiated at t = 25 [s].

The Peyres and Qepr s terms in (7.11) represent the power and voltage errors and are written:

Perr,es = Wref —

+ Wpes

Qerr,es = Vgref,e

+ WQes

Wmb

Pref,es - Pes
s = ch

Qref,es - Qes -

where

® w,.s is the reference frequen

cy,
108

(7.12a)

fp,es

f ot (Pref,tot - Ptot):|
p,to

. (7.12b)

fq7tot (Qref,tot - Qtot)]
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Figure 7.11: High frequency due to lumped parameter 7t cable model. Despite low cable %
ratio, the cable end capacitors resonate with generator and transformer inductances.

® W, is the measured frequency at the micro—grid bus,

® P..es is the reference active power for the energy storage device,

e P, is measured energy storage device active power,

® P.iot is the sum of active power references for all dispatchable devices,
e P, is the measured active power for the load,

® Uges is energy storage device reference voltage,

® v, is the q axis filter capacitor terminal voltage,

Qretes 18 the reference reactive power for the energy storage device,

Qes 1s measured the energy storage device reactive power,

Qreftot 1S the sum of reactive power references for all dispatchable devices, and
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Pole-Zero Constellation for Grid Connected Kohler Generator Plus Secondary Control
241a = 2424 = 10, kaaa = 1, zag = za2q = 10, kayg = 0.2

5x 10°

2 System: es_lin_sys

Pole : ~1.9¢+04 + 7.89e+05i
Damping: 0.0241
Overshoot (%): 92.7

1+ Frequency (rad/s): 7.89e+05

o+ x XX X00

Quadrature Axis (seconds_l)
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Real Axis (seconds ™) x 10"

Figure 7.12: High frequency due to lumped parameter 7t cable model. Despite low cable %
ratio, the cable end capacitors resonate with generator and transformer inductances.

e ot is the measured reactive power for the load.
The first right-hand terms in (7.11) are linearly dependent on other system states. The

second right-hand terms in (7.11) represent integrator functions and may be written:

Pe'rri,es = kz’ldper'r,es (713&)

Qerri,es = kiquer’r,es‘ (713b)

The third right-hand terms in (7.11) represent derivative functions and the equations are

written:

~ K : 1
Perrd,es = 4 [Perr,es - _Perrd,es (714&)
Tdid Tdld
: kaig | 1
QSTTCLES = 1 Qer‘r,es - _Qerrd,es . (714b)
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The command Pe* (Qes™) from the first stage described above amplified is by a relative
weight Wpes (Wqes) and added to the frequency (voltage) error to produce a command
Perres (Qerres). Permes is amplified by proportion and integral control gains to produce
the derivative of the d axis voltage reference dvq**. A pure integrator produces the d axis
voltage command v4**. For implementation, the firing angle for the PWM or vector control
scheme would include the reference frequency w,.f as an input to the final integrator.

Qerres 1s amplified by proportional and integral control gains then added to the energy

storage q axis voltage reference (vqwer) to arrive at a voltage command v **.

X *

The d and q axis voltage commands vq** and v ** are fed directly to the inverter
primary control as set points. The control block diagrams are shown in Figure 7.7 on
Page 103.

Secondary generator control is accomplished in a manner similar to secondary energy
storage control. Referring to Figure 7.6 on Page 102, P*,; (Q*,1) is amplified by a weighting
factor Wpg1 (Wqg1) and added to the frequency (voltage) error to generate a signal Peyy o1
(Verr,g1). Proportional and integral control gains are applied to Peyy g1 and vey g1 to arrive
at the prime mover control input command for active power Py ** and generator primary
control input command for voltage vy g.

Picking up the first order non-linear equation development for the energy storage device

from the end of Section 6.2, assuming one generator, one energy storage device, and a

collection of loads, the equation for dvq** is written

fp,es

,DZIM = Perri,es + Kp1 {(Wref - Wlpf,mb) + Wpes [Pref,es — Pes - f
tot

(Preftot — Ptot)]} (7.15)

where
® w,.s is the reference frequency,
® P, . es is the integrated value of P,,, .s described above,

e P, is the active power output of the energy storage device,
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® f,es is the energy storage device active power participation factor,
® [0t is the sum of f, ., and f, 41,
® f,q1 is the generator active power participation factor, and

o W, s is the energy storage device active power weighting factor.

7.2.2 PID1 Tuning

As in Section 7.1.2, PID1 has separate gains for the q and d axes. Tuning PID1 was
performed while the energy storage device was interconnected with the generator and other
micro—grid components. After some unstable initial attempts, the set of zeros and gains

attempted for this stage were

Z11q = R12¢ = ?11d = 2124 = | 100 200]

kddlg=105 1.0 1.5 2.0]

kddld={5 10 15 20]-

Final values selected are 211, = 2124 = 2114 = #124 = 200 [%], kddlq =1, and kddld = 10. Or

Kadiq _ 1

ka1 = e 2008 25 x 1076 (7.16a)
kqia = zﬁﬁid = 2;82 =250 x 107 (7.16b)
kpiq = (2114 + 2129 ) ka1g = 10 x 1072 (7.16¢)
kpra = (2114 + 2190) kara = 100 x 107 (7.16d)
kig = 2119212k a14 = 1.0 (7.16e)
kita = z11a212dKa1a = 10. (7.16f)

Pole-zero constellations for the full load case are shown in Figures 7.13 and 7.14 on
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. Pole-Zero Constellation for Energy Storage
x 10

X

Quadrature Axis (seconds_l)

X
o

-16 =14 -12 -10 -8 -6 -4
Real Axis (seconds_l) x 10

Figure 7.13: Final PID tuning run for the energy storage secondary control — full load
conditions and full constellation. 2z, = 29, = 200, kg1, = 25 x 1075, 21, = 29, = 200, kgq1q =
250 x 1074, 231 = 239 = 3000, kgg = 7.778 x 1074, 291 = 299 = 3000, kg = 7.778 x 1074

Pages 113 and 114. Figure 7.13 is the full view of the constellation, and Figure 7.14
shows the poles nearest the quadrature axis. Figure 7.15 on Page 115 is the comparable
constellation for the light load case. The pole locations indicate an extremely slow response
time from the dominant pole location near to the quadrature axis — at —0.112 for the light
load case — and the potential for high frequency ringing due to the poorly damped poles at
several locations: near (-2 + j450) x 10* [%2¢] and (-2 + j100) x 10* [22¢].

113



Pole-Zero Constellation for Energy Storage
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Quadrature Axis (seconds'l)
o
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Figure 7.14: Final PID tuning run for the energy storage secondary control — full load
conditions showing rightmost poles, the slowest at -0.527 [%] 21q = Zoq = 200, kgiq =
25x1079, 214 = 294 = 200, kg1q = 250x 1074, 231 = 230 = 3000, kgg = 7.778x1074, 291 = 299 = 3000,
kgo = 7.778 x 1074,
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Pole-Zero Constellation for Energy Storage
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Figure 7.15: Final PID tuning run for the energy storage secondary control — light load
conditions showing rightmost polesthe slowest at -0.517 [224]. 21, = 2o, = 200, kg1q = 25%x1075,
21q = 2oq = 200, kgiq = 250 x 1074, 231 = 230 = 3000, kg3 = 7.778 x 1074, 291 = 299 = 3000,
kg = 7.778 x 1074.

115



Chapter 8

Simulations

This chapter is dedicated to two distinct simulation scenarios. The first revolves around the
fault current magnitude experienced by a synchronous generator when exposed to phase—
to—neutral faults using the four wire system model developed in earlier sections. The second
relates to the stability of an isolated micro—grid using the models and tuning parameters

developed in previous sections.

8.1 Four Wire with Generator and Grid — Nonlinear

Model Using Matlab

The main reason for this inquiry is to investigate the level of fault current flowing during
a phase to ground fault. Statements in [23, 37, 2] motivated the investigation. Due to
pressing commercial demands, testing the subject Regal Beloit generating equipment was
not feasible. To establish some level of confidence in the proposed model, simulations using
generator parameters described in [16] Chapter 3 are compared with results published in

[36].

8.1.1 Model Implementation

A one line representation of the simulated system is shown in Figure 8.1. A generator
connects through a 1 foot section of cable to a micro-grid bus. A net load represented
by series resistance and inductance is place on the bus. The bus is also supplied through
a A— Grounded Wye transformer from an external electric power system. To impose a

phase-to—ground fault, the “a” phase-to—neutral load impedances on the micro—grid bus
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are set to small values.

The model is written in first order non—linear differential equations of the form

= f(x,u,t). (8.1)

Writing (8.1) in matrix form — noting many equations are non—linear — yields

e L
zp|= [GG] zp |+ [GB] [ug] ) (8:2)
LA LA
where
. . . . . . T
g = [1910 ig1d iglq TglF ig1D Tg1Q Wglm ®glm] , (83)
. . . . . . T
g = [vcla Vclb Vcle Unla Unlb Ynle Ve2a Ve2b Ve2e Uda Udb 1ldc:| 5 (84)
— * * A~ A A . . . T
Lrp= ['Uglfb Vg1i Yg1d Y91R VglE Wi (S} Wipf Pmechgl lsa sb Zsc] s (85)

the states being defined in Table 8.1.1 on Page 118

[
EJ
N

GG(l : 6) =| -rL7?

[slelejele])
[slelejelele)
OO OO
OO OO0
OO OO0
QOO OO0
QOO OO0
OO OO
OO OO0
OO OO0
OO OO0
QOO OO0
QOO OO0
OO OO0
OO OO0
OO OO0
QOO OO0
QOO OO0
OO OO0
OO0 OO0
OO OO0
QOO OO0
QOO OO0

~~

o0

o

N~—

o
N
N

and r and L are defined in Section 5.1, By = L71(1:3,1:3), By = L7'(1:3,4:6), and P

is defined in (5.4). Continuing
.Q) — [971 972473000 -Dx(7) 0000000000000000000001/(Jz(7)) 000
GG(7:8) = [0 000 "1 000000000000000000000 5" 000], (87

where

-1
g7l = ﬁj—w)[gg(g) +2(10) + 2(11)] (8.8)
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Table 8.1: Symbol definitions for states used to describe the generator and electric power
system components in first order differential form.

State #s Symbol Description Units
1 igio  Generator 1 zero sequence current [A]
2 lg1d Generator 1 d axis current [A]
3 igig  Generator 1 q axis current [A]
4 igip Generator 1 field current [A]
5 igtp  Generator 1 d axis damper winding current [A]
6 1910 Generator 1 q axis damper winding current [A]
7 Wgtm  Generator 1 mechanical speed [ad]
8 ©g1m  Generator 1 mechanical angle [rad]
9-11 veiabe ~ Cable charging capacitor 1 a,b,c phase voltages  [V]
12-14 imabe  Cable a,b,c phase current [A]
15-17 Veaabe ~ Cable charging capacitor 2 a,b,c phase voltages  [V]
18-20 i1dabe ~ Micro—grid load a,b,c phase current [A]
21 vgs,  Generator 1 pseudo-rms terminal voltage [V]
22 Vo1 Generator 1 terminal voltage integrated error [pu]
23 V)14 Generator 1 terminal voltage derivative error [pu]
24 var  Voltage regulator output [pu]
25 vae  Exciter voltage behind commutating reactance  [pu]
26 w; Integrator state for PLL [rad)
27 ) Estimated micro—grid electrical angle [rad]
28 Wiy Estimated micro-grid electrical frequency [zad]
29 Prechgt  Internal combustion engine output power (W]
30-32 Lsabe Electric power system a,b,c phase current [A]

118



2
72 = ——{x(9)cos|p/2 x x(8) +7/2
g \/§Jx(7){ (9) cos[p/2 x x(8) + /2] 59)

+2(10) cos[p/2 x ©(8) — w/6] + x(11) cos[p/2 x z(8) + Tr/6]}

-2 .
73=—{x(9)sin|{p/2 x () + /2
g \/§Jx(7){ (9) sin[p/2 x x(8) + /2] 5.10)

+x(10) sin[p/2 x 2(8) — 7/6] + x(11) sin[p/2 x x(8) + Tr/6]},

and D and J are defined in Section 5.4.
GG(9:11) = [c-lP—1 zed35 -clg -c! zed318] ; (8.11)

where ¢ and g are defined in Section 3.2, zed35 is a 3x5 matrix of zeros, and zed318 is a

3x18 matrix of zeros. Next
GG(12:14) = [zed38 L;! -L'r, -L;! zed315] ; (8.12)

where r;, and Ly, are defined in Section 3.1, zed38 is a 3x8 matrix of zeros, and zed315

is a 3x15 matrix of zeros. Then

GG(15:17)=[zed311 ¢! -clg -c! zed39 c‘1]> (8.13)

where zed311 is a 3x11 matrix of zeros, and zed312 is a 3x12 matrix of zeros. Rows 18-20

are

GG(18:20):[zed314 L} -Lijlry -ct zed312], (8.14)

where r;q and Ljg are defined in Section 3.3, zed314 is a 3x14 matrix of zeros and zed312
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is a 3x12 matrix of zeros. Rows 21-25 are

GG(21:25) =

000 0 0000000000000O0OO 0 0
000 0 0000000000O0O00COOOO —k; 0
000 0 00000000O00O0OOCOOOO 0 0
000 0

000-Kp/(Tgl,)00000000000000

where terms are defined in Section 5.3.

GG(26:29) =
000000 0 00000000
000000 0 00000000
000000 0 00000000
000000 —Pyas/(37TTR751) 00000000
where

92617 = kipll

g2618 = kipll

92619 = kipll

92717 = kppir
92718 = kppu
92719 = Eppu
g2817 = @
92818 = @
g2819 = @

0000000000000000 kKAa:(7)/TAKAx(7)/TAKAx(7)/TA000000000

00 0

Rows 26-29 are

92617 g2618 g2619

92717 2718 ¢2719

92817 2818 ¢2819
0 0 0

2/3 cos[x(27) + /2],
2/3 cos[x(27) - 7/6],
2/3 cos[z(27) + T /6],
2/3 cos[z(27) + /2],
2/3 cos[z(27) - /6],

2/3 cos[x(27) + T [6],

2/3 cos[x(27) + /2],

2/3 cos[x(27) - /6],

2/3 cos[x(27) + T /6],

0 000000000
0 000000000
-1/7q 000000000

0 000000000O0
(8.15)

0 0 O 0 000
1 0 O 0 000

1/rf0o-1/7f 0 000 |>
0 0 0 -1/rg1000

where terms relating to the phase—locked—loop in rows 2628 are defined in Section 6.1,
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and those relating to the internal combustion engine in row 29 are defined in Section 5.5.

Rows 30-32 are
GG(30:32)=[zed314 L' zed312 —L;lrt], (8.17)

where r; and L; are the total system impedances defined in Section 4.2, zed314 is a 3x14
matrix of zeros and zed312 is a 3x12 matrix of zeros.

The “input” vector is defined as

u =
T
[0 00 225FEx V5 0001 1 v Prepgr 1 480/2/3{ [cos(wt+8) cos(wt+6-2pi/3) cos(wt+0+2pi/3)]} x24 x25:| ,

(8.18)

where terms x24 and x25 are lower and upper bound versions of states 24 and 25 respectively

as defined by the example code in Section 5.3.7, Fgx is also defined in Section 5.3.7, v, is

the generator 1 voltage setpoint in [pu], Prer is the generator 1 power setpoint in [pul,

the three cosinusoidal terms represent the grid input voltage in [V], w is the electrical
rad

frequency in [*2¢], and 0 is the synchronizing angle in [rad].

The terms in rows 1-6 in GB are
GB(1:6) = [L-l zed611] : (8.19)
where zed611 is a 6x11 matrix of zeros. Rows 7-20 are

GB(7:20) = [zed1417] : (8.20)
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where zed1417 is a 14x17 matrix of zeros. Row 21 is

GB(1) = (8.21)

[ zed1s weo  /{1u(9)-5(10) P+ [5(10) -y (1) P+ [s(1)-y(9) '} 3/450-y(21) ) zed18 |,

where w,, is the cut—of frequency of the voltage feedback filter and zed18 is a 1x8 matrix

of zeros. Row 22 is

GB(22) = [zedlg k; zed17], (8.22)

where k; is the AC8B voltage regulator integrator gain, and zed19 is a 1x9 and zed17 is

a 1x7 matrix of zeros. Row 23 is

GB(23) - (8.23)

[ zed18 ~(ha/mayweo (/o) -y(10) P+ {y(10) -y (1) P+ ly(11)-y(9) )} /3/480-(21) ) zed1s |,

where kq is the derivative gain and T4 is the derivative time delay for the AC8B voltage

regulator. For row 24

GB(24):[zed19 2(7)k,Ka/Ta zedl5 -1/T4 0] (8.24)

where zed15 is a 1x5 matrix of zeros and the balance of terms are defined in Section 5.3.

Row 25 is

GB(25)=[zed17 —polyval(p5, 25, sb,ub) zedl7 1/Tg —KE/TE], (8.25)

where zed17 is a 1x7 matrix of zeros, polyval(p5,x25,s5,u5) returns the fifth order estimate
of the exciter saturation function evaluated at x25, and the balance of terms are defined in

Section 5.3. Rows 26-28 are

GB(26:28) = [zed317] : (8.26)
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Figure 8.1: One-line diagram representation of the system used to simulate phase—to—
neutral faults performed in Section 8.1.

where zed317 is a 3x17 matrix of zeros. Row 29 is

GB(29):[zed110 Praz]Tgt  Praz/(RT41) zed15], (8.27)

where zed110 is a 1x10 matrix of zeros and the balance of terms are defined in Section 5.5.

Rows 30-32 are

GB(30:32) = [zed312 L zed32] : (8.28)

where zed312 is a 3x12 and zed32 is a 3x2 matrix of zeros.
The model equations are written into a Matlab® function file invoked by a Matlab®
script file. Generator and electric power system parameters are defined in Matlab® function

files. The contents of these files! may be found in Appendix D.

8.1.2 Model Validation

The model comparison is imperfect because a single damper ¢ axis damper winding models
the parallel combination of the 2 damper windings on the q axis for the generator described
n [16]. Another difference is that in [36] the generator connects to an infinite bus, where
simulations performed assumed a 600 [MVA], 3%Z, X/R=40 transformer impedance to the
infinite bus. However, the simulated current magnitudes are close to those published in

[36].

Files containing Regal Beloit Corp. proprietary information have been redacted
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generator 7t cable model load grid

Figure 8.2: Four—wire diagram representation of the system used for simulating phase-to—
neutral faults in Section 8.1.

The model validation simulation data is shown in Figure 8.3 on Page 125. The setup
follows [36]: the generator is connected to a bus without load when a phase a to neutral fault
occurs. Data in [36] is not reproduced here due to copyright infringement concerns. The
simulated results are compared to [36] in Table 8.2 on Page 125, and a close magnitude
match — 2.5% difference — and sinusoidal shape of the a—phase and b-phase currents is
noted?. While simulated field current peak magnitude is within 10% of [36], the shape
is quite different: the simulated data has a more severely pronounced second harmonic
as shown in Figure 8.3 on Page 125. The electromagnetic torque comparison indicates
a full order of magnitude difference between the simulated data and [36], and shares the
pronounced second harmonic seen in the field current.

Since phase a current is the critical quantity, the proposed model seems a fair match.
There are a number of alterations, unknowns and differences which might account for the
field current departure, the pronounced second harmonic content, and the gap between
the torque values. The consolidation of two damper windings into one has already been

mentioned, and that may contribute to the second harmonic. In [36], there is no mention

?Data from [36] is interpreted from images, not tabular.
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Table 8.2: Generator Zero—Sequence Model Validation: Phase “a” to Neutral Fault
State From [36] Simulated % error

i 64[kA]  65.6 [kA] 2.5
i 9 [kA] 8.9 [kA] 1.1
ir 60 [kA] 54 [KA] 10
T, 5[MNm] 0.57 [MNm] >>1

Generator Currents and Electromagnetic Torque

_. s0f ~‘ ‘ 1 : ]
<t
= 0
5 -50f ]
-100= i 1 i { 1 | E|
12.09 121 12.11 12.12 12.13 12.14 12.15 12.16
T T T T T T
= 10 ,
= 1
- -10F 1
_20 1 1 Il Il Il Il
12.09 121 12.11 12.12 12.13 12.14 12.15 12.16
T T
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Time s

Figure 8.3: Generator model validation simulation results using data from [16].

of voltage regulation, so it is unclear how field excitation is controlled. This could have
a dramatic effect on the field current magnitude and shape. Also in [36] the authors
state that the generator is connected to an infinite bus, where simulations are performed
assuming a finite impedance transformer. This too could impact the field current. Another
potential source for error is timing of the fault inception. Finally, there is no mention of a
prime mover in [36]. This could have a profound impact on the electromechanical torque
experienced by the generator.

Performance was also checked against manual calculations to ascertain the model va-
lidity. The generator is now the Regal Beloit model with parameters listed in Table A1 on
Page 151. Similar to the previous simulation, the generator is operating at rated voltage and
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speed under light load conditions. Impedance to the infinite bus is a 3 [MVA], A=Y, 2.5%Z,
X/R=10 transformer plus a positive sequence system impedance Z, = 0.054 + j0.54 [m€].
The circuit diagram is shown in Figure 8.2 on Page 124. A phase a to neutral fault is
imposed on the system and fault current magnitude extracted from the simulation results.

The manual calculation of fault current magnitude starts with Figure 8.4 on Page 128.
The impedance values are defined in Table 8.3 on Page 127. To calculate the total fault

current, add the positive and negative sequence impedances in the left branch:

Zes1 = ZLs1 + Zn (8.29a)

Zess = Zsy + Zio. (8.29b)

Next find the equivalent positive, negative and zero sequence impedances:

ZGSIZ 1
Zreq= 70— 8.30
ted Zesl + Zgl ( a)
Zes2Z 2
Zoeq = 0 8.30b
2ed Zes2 + Zg2 ( )
Z0Zgo
Zoeq = - 8.30
00 = 7o+ Zoo (8.30c)
Calculate the positive, negative and zero sequence fault current:
£ - - - 3+ Vi
Ling = Iing1 = Ling2 = Dingo = l (8.31)

Zleq + ZQeq + Z()eq.

Substituting the V = 27720 [V] and impedance values into (8.31), Ijs = 1612 — 84.6°

[kA]. To calculate the generator sequence currents use current divider calculations:

- - Zesl

I =1,———=13.22 -86.0°[kA .32
g1 leesl+Zgl 3.22 —86.0°[kA] (8.32a)
7 7 Zes

Ipp = Ipjo—22— =13.22 - 86.0°[kA] (8.32b)

es2 T Zg2

s s Zyo

lo=1,———=13.62 —85.0°[kA]. 8.32
w=lng 7 = 1364 - 85.0°kA] (8320
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Table 8.3: Generator Manual Fault Current Calculation Impedance Data

Parameter Value [mQ)]
Zq  0.054+0.54
Zo  0.054+j0.54
Zn 019145191
Zip 0191+ 4191
Zo 0191+ 41.91

Zy 0.52 + j7.58
Zg» 0.52 + j7.58
Zg0 0.52 + j5.64

The phase “a” fault current is the sum:

A

Tpagir = Ly + Lo + 10 = 39.92 — 85.6°[kA]. (8.33)

The system simulation results are shown if Figure 8.5 on Page 129. Close inspection reveals
that the fault current magnitude is increasing with fault duration due to field response. To
mimic the manual calculations as nearly as possible, the two current peaks immediately

following the fault inception are used to calculate fault magnitude:

i ] = lipk1| + lipho|  60.7+51.0 [kA]
l - =
& \/g \/g

= 39.5 [kA]. (8.34)

The difference in magnitudes between (8.33) and (8.34) is 1.0%.

8.1.3 Simulated Faults

A 3-phase fault and a phase-to—neutral fault with the synchronous machine isolated from
the grid are simulated to establish baseline current magnitudes. Then the generator is
interconnected with a grid system — modeled as ideal sources behind finite positive, negative
and zero—sequence impedances — and a single phase fault is again simulated to determine

if the grid connection adds to the fault current seen by the generator. The transformer
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Figure 8.5: Simulation data for model validation employing a line to neutral fault.

and grid impedances are changed to examine the effect on fault current magnitude in the
generator. The model for simulations is shown in Figure 8.2 on Page 124. A one (1) foot
length of 500 [MCM] cable with impedance data listed in Table A5 on Page 153 is used to
connect the generator to the micro-grid bus.

Fault duration for each simulation is 3 cycles. Prior to the fault the voltage behind
the reactance of the generator will be established by the AC8B regulator and will impact
the fault current flowing in the generator during the fault. The loading on the generator
immediately prior to the fault is 2 4+ j1.5 [MVA] in each case.

AC fault current magnitude is gauged by examining the peaks in the current waveforms.
A current magnitude is calculated for each cycle while the fault is impressed. The equivalent
AC RMS value is calculated using (8.34).

Samples of the simulated data are shown in Figures 8.6-8.8. The baseline for 3 phase
fault magnitude is set by Figure 8.6 on Page 131, and for the line-to-ground fault in
Figure 8.7 on Page 131. A sample simulation for a phase-to-neutral fault is shown in

Figure 8.8 on Page 132. The transformer connection is A-Y, and it is rated 3 [MVA], 5%Z,
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X/R=10. System impedance to the infinite bus is 0.54 + j5.4 [mQ)].

Electric power system and transformer impedances, and fault magnitude data is sum-
marized in Table 8.4 on Page 132. For this Regal Beloit generator, the data demonstrate
that the current magnitude for a phase-to—neutral fault exceeds that of a three phase fault
in agreement with [23, 37, 2]. Both faults are applied near to the generator terminals. The
data also show that placing this generator in parallel with another zero-sequence source
reduces the fault current experienced by the generator. The latter conclusion is in conflict
with positions taken in [23, 37, 2].

Two factors help to explain the disagreement. In [23], the generator zero sequence impe-
dance magnitude is 0.71 that of the electric power system zero sequence impedance. Using
the impedance data from Row 8 in Table 8.4 on Page 132 as an example, the generator
zero sequence impedance magnitude is 3.0 that of the system zero sequence impedance.
A lower relative generator zero sequence impedance will raise the total fault current mag-
nitude, raise the generator zero sequence current magnitude, increasing the fault current
magnitude seen by the generator. Because the Regal Beloit generator has a relatively high
zero sequence impedance, the fault magnitude is reduced as is the current flow through the

generator zero sequence network.

8.2 Micro—grid as an Island

After tuning PID controllers in the AC8B exciter and voltage regulator, the energy storage
device primary control system, and the secondary control system, the complete complex

system is simulated to determine the impact of the secondary control network.

8.2.1 Model Implementation

The one-line diagram for the model implementation is shown in Figure 8.9 on Page 133.

More details on the equation based model for the micro—grid electric power system current
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Figure 8.6: 3-phase generator fault current corresponding to Rows 1-4 in Table 8.4 on
Page 132.
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Figure 8.7: Line-to—neutral fault at the generator terminals with a 3 [MVA], 20 [pu] impe-
dance transformer to grid connection.
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Figure 8.8: Line-to-neutral fault at the generator terminals with a 3 [MVA], 5% impedance
transformer to grid connection corresponding to Row 6 in Table 8.4 on Page 132.

Table 8.4: Summary of Generator Terminal Fault Data
Three Phase Fault

System Z XFMR Cycle 1 Cycle 2 Cycle 3 Average
Row Phase (mQ)] 3 [MVA] X/R=10  [kA] [kA] [kA] [kA]
1 a 0.54+55.4 5% Z 37.1 31.6 28.3 32.3
2 b 0.54 + 554 5% 7. 36.4 31.1 27.7 31.7
3 c 0.54 + j5.4 5% Z 35.6 30.2 26.9 30.7
4 AVG  0.54+ 554 5% 7 36.2 31.0 27.6 31.6

Line-to-Neutral Fault

System 7 XFMR Cycle 1 Cycle 2 Cycle 3  Average
Row Phase (mQ] 3 [MVA] X/R=10  [kA] [kA] [kA] [kA]
5 a 0.54 + j5.4 2000% Z 45.0 45.8 47.5 46.1
6 a 0.54 + 554 5% 7. 43.4 42.3 41.3 42.3
7 a 0.54+ 3554 2.5% 7 42.4 40.9 39.6 40.9
8 a 0.054 + 70.54 2.5% 7 44.8 42.5 40.7 42.7
9 a 0.054 + j0.54 7.5% 7 44.8 44.9 44.3 44.7
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Figure 8.9: One-line diagram representation of the system used to simulate balanced three—
phase conditions in Section 8.2.

carrying elements are shown in Figure 8.10. Details of other components — secondary
control module, primary control for the energy storage device, AC8B regulator, and internal
combustion engine — are shown in previous sections. The models for simulations performed

in Section 8.2 are built in Simulink®, and the diagrams may be found in Appendix D.

8.2.2 Steady State Conditions

In Table 8.5, simulated steady state loading of the energy storage device and the generator
are presented. Participation and weighting factors assigned to the power compensation for
the simulations are defined and listed in Table 8.6.

The system was simulated first with the secondary control deactivated, and then with
secondary control active. Without secondary control, it is evident that active power is
primarily provided by the energy storage device, despite a generator set—point requesting
40 [kW]. Reactive power is also being supplied by the energy storage device, and in fact
the generator is taking in VARs. When the secondary control is active, the devices share
active and reactive loading more equitably. The steady state values are taken from the step

response simulation described in Section 8.2.3

8.2.3 Step Load Change

A step change in load is simulated for two micro—grids conditions. The first uses all com-

ponents listed with the exception of secondary control. In the latter, secondary control is
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Figure 8.10: A diagram of the micro—grid as simulated in Section 8.2. Details of the
secondary control module, primary control for the energy storage device, AC8B regulator,
and internal combustion engine are shown in previous sections.

de

Table 8.5: Steady State Loading
No Secondary Control | With Secondary Control

Sm [KVA] | 50 + j37.5 | 100 + j75 | 50 + j37.5 | 100 + j75
Ses [KVA] | 50 +3j50 | 97 +j79 | 36 + j32 73 + j70
Seen [KVA] | 0 —j12 0 j4 14 + j6 29 + j7

enabled. Referring to Figures 8.11 through 8.13 on Pages 136 through 137, at t = 100 ]
the micro—grid load is increased from 50 + j37.5 [kVA] to 100 + j75 [kVA]. Fig. 8.11 shows
the energy storage system power response without and with secondary control. Fig. 8.12

shows the generator power response without and with the secondary control. Transient
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Table 8.6: Participation and Weighting Factors

Participation Factors

Symbol Definition Value
f, o1 Generator Active Power 40,000
fq o1 Generator Reactive Power 30,000

foes Energy Storage Active Power | 100,000

foes Energy Storage Reactive Power | 75,000
fptot fre1 + fhes 140,000
fo tot fo.e1 + fqes 105,000
Weighting Factors
Symbol Definition Value
Wopg1 Generator Active Power 0.5
Waqet Generator Reactive Power 0.5
Whes Energy Storage Active Power 1

Waqes | Energy Storage Reactive Power 2

response in the energy storage and generator power does not appear to change radically
with the secondary control enabled, but steady state loading is impacted as outlined in
Section 8.2.2.

The load frequency is affected in a positive manner in that frequency deviations following
a step load change is much smaller in magnitude. A bit of oscillation is apparent in the
generator speed. Referring to Fig.8.13, the scheduled frequency is restored within 0.5 second
and the load frequency dips to 0.975 [pu] without secondary control. Because load frequency
barely moves with secondary control enabled, frequency restoration is instantaneous.

Load terminal voltage is shown in Figure 8.14. Load terminal voltage without secondary
control enabled starts at about 0.99 [pu], and achieves steady state rather quickly following
a step increase in load. But the steady state level drops about 0.5% as a result of the
load step. With secondary control enabled, the voltage prior to the step load increase is
near 1.0 [pu], rising to 1.005 [pu] following the increase. The rise time is on the order of

5 seconds, as the load d and q axis voltages adjust to satisfy the active power, frequency,
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Figure 8.11: Energy storage system active and reactive power response to a step load
change.

reactive power and voltage commands biased by the weighting factors at the generator and
energy storage device. Since there is more than one control objective on each axis, steady
state conditions represent a compromise of the control objectives. A voltage reference of
one (1) [pu] is akin to the base setting, with deviations occurring because of competing
control objectives.

While the energy storage LCL filter and generator stator impedances have a relatively
high X /R ratio, the cable connecting the generator to the micro—grid bus does not. So
there is strong cross coupling between the active power flow and voltage rise, and reactive
power flow and power angle when comparing the generator bus to the load bus.

Based on simulation, the stability limit for step load change is 130% of the energy
storage device rating. To design a high reliability micro—grid, the energy storage device
should be capable of carrying the micro—grid load without assistance from other sources,

implying a step load limit of 100% of the energy storage device rating.
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Figure 8.13: Generator, energy storage device, and load frequency response to a step load

change.

8.2.4 Step Change in Command

For the simulation data presented in In Figures 8.15 and 8.16 on Pages 139 and 140,

the micro—grid is loaded at 100 + j75 [kVA] throughout, with initial set—point values as

137



Load Terminal Voltage v,,, and v,q
500 T T T

400
Z.

. 350

Without Secondary

< 300 — — — With Secondary

200 I I I I
99 100 101 102 103 104 105

Without Secondary

Vpna [V]
‘ 3
T

j00F ST S e — — — With Secondary 4

[vm| [pu]

0.95 I I I I
99 100 101 102 103 104 105

Figure 8.14: Load voltage magnitude response to a step load change.

indicated in Table 8.7 on Page 139. At t = 100 [s], the active and reactive power reference
values for the energy storage device are reduced by 35% so that Pretes = 70 [kW] and Qyefes
= 52.5 [kVAR]. The dispatch of the devices changes: the generator changes from S, = 29
+ j6.8 [kVA] to Sy = 38 + j4.0 [kVA], and the energy storage device changes from S.; =
73 4+ j70 [kVA] to S.s = 65 + j74 [kVA]. The power responses are shown in Figure 8.15,
and frequency response is shown in Figure 8.16.

While the simulations indicate stable response, certain combinations of power references
lead to unstable simulations. For example, if set—points for the energy storage device are
less than 0.7 [pu] of the device rating while the generator set—point remain at 1.0 [pu], the
simulations indicated instability. However, simulations where the energy storage set—points
remain at 1.0 [pu] were stable even when the generator set—points dropped to 0 [pu]. With
proper vetting, restricted ranges would ensure stable operation over a broad range of load

values.
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Table 8.7: Reference Values

Symbol Definition Value
Wref Frequency 1 [pu]
Prefg1 Generator 1 Active Power 40 kW]

Uref,g1 | Generator 1 Terminal Voltage 480 [V]
Qrefig1 Generator 1 Reactive Power 30 [kVAR]
Prefes Energy Storage Active Power 100 kW]

Urefes Energy Storage Voltage 208 [V]
Qrefes | Energy Storage Reactive Power | 75 [kVAR]
Preftot Prefgr + Prefes 140 [kW]
Qreftot Qref.g1 + Qrefes 105 [kVAR]
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9% 100 101 102 103 104 105
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Figure 8.15: Changes in generator and energy storage power output in response to step
changes in energy storage active and reactive power set—points.
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Chapter 9

Conclusions

The scope of the work is represented by the

e development of a mathematical model for a salient pole, 2 damper winding synchro-

nous generator with d axis saturation suitable for transient analysis,

e the development of a mathematical model for a voltage regulator and excitation

system using the IEEE AC8B voltage regulator ans excitation system template,

e development of mathematical models for an energy storage primary control system,

LC filter and transformer suitable for transient analysis,
e combination of generator and energy storage models in a micro—grid context,

e development of mathematical models for electric system components in the stationary

abc frame and rotating dq reference frame,
e development of a secondary control network for dispatch of micro—grid assets,

e cstablishment of micro—grid limits of stable operation for step changes in load and

power commands based on simulations assuming net load on the micro—grid, and

e use of generator and electric system models to assess the generator current magnitude

during phase-to—ground faults.
Areas where further research is warranted are

e Model validation of the component and composite generator systems: permanent
magnet generator, exciter and main generator. This should include load application

and rejection, 3 phase fault inception, and phase—to—neutral fault inception.
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e Model validation of the energy storage system.

e Implementation of the secondary control network in a micro—grid context and perfor-

mance validation.

e Investigation of micro—grid stability when the energy storage device is in charging

mode.
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Appendix A: Calculating PP-1

In transforming circuit equations from abc to dq0 coordinates, evaluation of PP g

required. Taking the time derivative of (5.4):

0 0 0
P =1/2/3| —wsin (wt) -—wsin (wt-27/3) -wsin (wt + 27/3) (A1)

wcos (wt)  weceos(wt-27/3)  wcos(wt +27/3)

And the inverse of (5.4) is:

1/v/2  cos(wt) sin (wt)
P =.\/2/3 1/V2 cos(wt-2) sin(wt- %) (A2)

1/\/5 cos (wt+ %”) sin (wt+ %’r)

Calculation of first row terms a;q, ajo and a3 in PP-1 is trivial, resulting in three entires

of zero (0). The terms ag; and ag; in column 1 are also trivial being the sum of three (3)

sinusoids of equal magnitude displaced by 2?” [radians]. The main diagonal terms are:

2
(g9 = —a33 = —?w[sin (wt) cos (wt)

+sin (wt - 2%) cos (wt - 2%) (A3)

+sin{wt + — Jcos|wt + —
3 3

Invoking Euler’s identity:

cos (0) = %(ejeJre_je) A
0 (0) = A (63 _ 30 A
sin () > (el - e7i%)
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Multiplying the two lines of (A4) together:

sin (0) cos (0) = 4i (e7? +e7?) (e - e77?)
J
1,
:4_j(6]20—6 329+1—1) (A5)
= 5 sin
Substituting (A5) into (A3):
Q9o = —(33 = —2?&) {% [sin (2wt) + sin (th - 4%) +sin (th + 4%)]} (A6)

And terms age and agz are zero (0) being the sum of three (3) equal magnitude sinusoidal

signals displaced by ¢ [radians]. Moving to term as;:

2 2 2
(o3 = —— [sin2 (wt) +sin? (wt - —W) +sin? (wt + l)] (A7)
3 3 3
Invoking (A4) a second time:

2
sin? (0) = (QL) (eje — e‘je) (el —e71%)
J
1, . 4
= (6720 4¢3 —1-1) (A8)
-1 [cos (20) — 1]
2
Substituting (A8) into (A7):
2w 1 4 4
93 = ?wi [cos (2wt) =1+ cos (2wt - ?ﬂ) -1+ cos (th + ?ﬂ) - 1] = —w (A9)

Where in (A9) the sinusoidal terms sum to zero (0). Evaluating term ago:

azp = 2% [0082 (wt) + cos? (wt - %T) + cos? (wt + 2%)] (A10)

149



Invoking (A4) a third time:

cos® (0) = ) (e +e7?) (e +e77%)

e+ e 41+ 1) (A11)

Substituting (A11) into (A10):
2wl 4 4
Qg9 = ?wé [cos (2wt) + 1+ cos (2wt - ?ﬂ) + 1+ cos (th + %) + 1] =w (A12)

Where in (A12) the sinusoidal terms sum to zero (0). In matrix form

00 0
PP'=|0 0 -w (A13)
0 w 0
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Appendix B: Parameter Tables

Parameter Value Description
X 0.883 [pu] q axis synchronous reactance
X, 0.063 [pu] armature leakage reactance
R 0.52 [mQ] armature line—neutral resistance
X 0.124 [pu] d axis transient reactance
Ry 1.509 [Q]  field winding resistance
Xip 0.0836 [pu] stator referred d axis damper leakage reactance
Xig 0.0738 [pu] stator referred q axis damper leakage reactance
Xip 0.129 [pu] stator referred field axis damper leakage reactance
Tt 0.024 [s]  subtransient short circuit time constant

Table A1l: Parameters for the
synchronous generator.

Regal Beloit 2.57 [MVA], 480 [V], 0.85 pf, 60 [Hz], 1800 [rpm]

Parameter Value

Description

Ka 290 []
Ta 0 [s]
VRmIN 0 [V]
VRmax 275.5 [V]
Tr 0.14 [s]
Kg 0[]
Ko 0.57 [A7]
Ko 0.53 []
VEMIN 0 [V]

regulator voltage gain

regulator time constant

PM generator lower voltage limit

PM generator upper voltage limit

self excited time constant

self excited constant

exciter demagnetizing factor

rectifier loading factor related to commutating reactance

exciter lower voltage limit

Table A2: Parameters

for the Regal Beloit AC8B Excitation System Model.
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Parameter Value Description
Xa 3.087 [pu] d axis synchronous reactance
Xq 1.506 [pu] q axis synchronous reactance
R 4.8 [mQ] armature line-neutral resistance
X, 0.358 [pu] unsaturated transient reactance
X, 0.315 [pu] saturated transient reactance
X 0.160 [pu] unsaturated transient reactance
Xg 0.141 [pu] saturated transient reactance
R¢ 2.610 [QQ] field winding resistance
Xo 0.150 [pu] negative sequence reactance
Xo 0.012 [pu] zero sequence reactance

Table A3: Parameters for the Kohler REZG40, 50 [kVA], 480 [V], 0.85 pf, 60 [Hz|, 1800

[rpm] synchronous generator.

Parameter Value Description
Lad 1.66 [pu]  d axis mutual inductance
Lag 1.61 [pu]  q axis mutual inductance
L 0.15 [pu]  armature leakage reactance
R. 0.003 [pu]  armature resistance
Ltq 0.165 [pu] field leakage inductance
R 0.0006 [pu] field resistance
Liq 0.1713 [pu] d axis damper leakage inductance
Riq 0.0284 [pu] d axis damper resistance
Liq 0.7252 [pu] q axis damper 1 leakage inductance
Riq 0.00619 [pu] q axis damper 1 resistance
Log 0.125 [pu] q axis damper 2 leakage inductance
Roq 0.02368 [pu] q axis damper 2 resistance

Table A4: Parameters taken from [16] Chapter 3 for a 555 [MVA], 24 [kV], 0.9 pf, 60 [Hz],
3600 [rpm] turbine-generator.
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Pos & Neg Sequence Zero Sequence

Volt. Cond. Series Series Shunt Series Series Shunt
Class Size R X C R X C
[kZV] [%] [%] [m(zzle] [mfzzle] [mgzzle] [%}

1 #2 [AWG] 0.987 0.165 4700 6.99 0.273 9000
1 500 [MCM] 0.134 0.123 1300 3.11  0.208 2100

Table A5: Cable parameters taken from [25] Table 6 Chapter 4 page 79.
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Appendix C: Time Based Linearizations

To extract stability information, linearizing non-linear energy storage device and generator

models at desirable operating points may be employed. To assure development of the correct

model, one of several techniques is used:
1. Manual calculation using maxim

2. Model linearization using Matlab® and Simulink®

3. Extraction of the numerical Jacobian from the selected Matlab® ordinary differential

equation algorithm using the numgjac function

A second order system was used to validate the methodologies. Given the system described

by the set of equations:
Tp=-x + 203 v 19+ u
LIZ:Q == — LU%

with output defined as

y=x

find the state space model of the system at equilibrium when u = 0.1.

Setting the left side of (A14) to zero (0) and solving the two equations

—ZL'1+2ZEZ{’+ZE2+O.]_=O

I = —m%

Substituting —z2 for x;:

228 — 22 —25-0.1=0
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yields two real-valued solutions for xy. The two equilibrium points are!
1. z(1) =[-0.012700 -0.112696]"
2. x(2) =[-1.021584 1.010734]"

To arrive at the small signal state space model, first order Taylor’s series expansion Jacobian

matrices are formed and evaluated at x(1)

o -1+622 1 -0.999032 1
a=— = =
0|,y 1 —2m -1 0.225393
- z=x(1)
L B b
8 -
z=x(l) -
d= % = 0]
u z=x(l) -

The Simulink® non-linear model realization is shown in Figure Al on Page 157 and sim-
ulation results with initial conditions set to zero (0) are shown in Figure A2 on Page 158.
The time-based linearization occurs at ¢t = 30 [seconds], and the equilibrium point values
for 21 and x5 are shown in Figure A2 on Page 158. For initial conditions of zero (0), the

simulated equilibrium point corresponds to that calculated for xo(1) and x(1)

!The equilibrium point corresponding to x(1) is stable with eigenvalues at —0.385 + 0.7904, while equi-
librium point x(2) is unstable with eigenvalues at —1.8815 and 5.1218.

155



The state space matrices are read from the Matlab® workspace

B ——0.999032 1
" -1 0.225393
b —1
= 0 (A19)
[1
d= —o]

This demonstrates that the linearized system representations (A18) and (A19) are equiva-
lent.

A third method to extract the numerical Jacobian using the Matlab® function numjac
yields the simulation results in Figure A3 on Page 159, showing a system response identical
to the Simulink® results in Figure A2 on Page 158. Extracting the Jacobian matrix at
operating point x(1)

-0.999032 1
a= (A20)

-1 0.225395

which is the same @ matrix as in (A18) and (A19) to five (5) significant digits.
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T=30

Timed-Based
Linearization

W=
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i;l_’{ u(1)+2*u(1)*3+u(2)+u(3) IW;

-u(1)-ui2)*2

| x2dot
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®1

simout3

o

X2

Figure Al: The Simulink® realization of the sample non-linear system.
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Figure A2: The simulation results for Figure Al.
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Figure A3: The simulation results for the call to ode23tb in Matlab®.
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Appendix D: Matlab® Files and Simulink® Models

Main Matlab® file for simulating four-wire systems:

/» General simulation of abc three phase system

% System model with generator source modeled in 0dq reference frame
% pid control of generator terminal voltage

% AC8B exciter model

% Line charging at generator terminals

% Line impedance

% Line charging at load end

% Wye connected load

% grid is an infinite source behind an RL impedance connected at load

clear all

tstart = 10;

tinit = tstart;

step = le-4;

tplot = 0.1;

tfinal = tstart+tplot;

t = tstart:step:tfinal;
% load(’carp9_4b.mat’);

% global zed31 zed33 zed62 zed69 zed610 zed35 zed312 zed314 zed621 zed1316

zed32 = zeros(3,2);

zed33 = zeros(3);
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zed62 = zeros(6,2);

zed611 = zeros(6,11);

zed35 = zeros(3,5);

zed312 = zeros(3,12);
zed314 = zeros(3,14);
zed621 = zeros(6,21);

zed1317 = zeros(13,17);

h
o
b
b
b
h
b
b
b
b
b
o
b
h
o
b
h
b
h

igd0 = 0; %yl
igd0 = 0; %y2
igq0 = 0; %y3
igF0 = 0; %y4
igD0 = 0; %y5
igQo = 0; %y6

w0 = pi*60; %y7

thetalO = 0; %y8

vcla0 = 0; %y9
vcib0 = 0; %y10
vclcO = 0; %yll

iln1a0

0; %hyl2
ilnib0 = 0; %y13

ilnicO = 0; %yl4

vc2a0 = 0; %y15

vc2b0

0; %yl6

vc2cO

0; hyl7

ild1a0

0; %yl8

i1d1b0

0; %y19
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b
b
b
b
b
b
b
b
b
b
b
b
b
o
b

ild1cO0 = 0; %y20

vglfb0 = 0; %y21

vgli0o = 0; %y22

vgld0 = 0; %y23
vglRO = 0; %y24
vglEO = 0; %y25

omegahatiO = 0; %y26
thetahatO = 0; %y27
omegahatlpfO = 0; %y28

Pmechgl0 = 0; %y29

ic = [ig00 igdO igq0 igFO igD0O igQO0 w0 thetal ...
vcla0 vclbO vclcO ilnl1a0 ilnlbO ilnicO vc2al0 vc2b0 vc2cO ...
ildla0 i1d1b0O i11d1cO vglfbO vgliO vgldO vglRO vglEO ...

omegahatiO thetahatO omegahatlpfO PmechglO]’;

load(’initcond9_4a.mat’);

ic

T

= finstate;

start the generator isolated from the grid

options = odeset(’NonNegative’, [24 25],’RelTol’,le-1,’AbsTol’,le-1);

T

[s,y] ode23tb(@abcflow9_4, [tstart tfinall],ic,options); % Solve ODE

[s,yout]=o0de23tb(@abcflow9_4a, [tstart tfinall,ic,options); % Solve ODE
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finstate = yout(length(yout),:)’;

% save initcond9_4a_12s_nl_100pu_v.mat finstate;

touta

I
0

youta = yout;

Yo

[rln1,11lnl,c,g,rld1,11d1,r1d2,11d2,wco,kipll,kppll,tauf,tevent,...
tflt,rt,1t,omegal = eps9_4Q);

[ra,ld,Lq,J,we,kMQ,rF,rD,rQ,1F,1D,LQ,L0,D,rn,Ln,p,kfd,Lnd,p6,s6,mub, . ..
R,taugl,Pmax,pref] = rb_hsg_740066_V9_4();

[kiss,kp,kd,taud,Vrb,Irb,KAow,TA,Vrmax,Vrmin, Vfemax,Vemin, TE,p5,s5,mu5, . . .
KE,KD,KC,vrp,vrs,vrmu] = rb_5_inch_exciter9_4();

p= 4;

vgl0dq = zeros(length(yout),3);

iglabc = zeros(length(yout),3);

pang = zeros(length(yout),3);

% pout = zeros(length(yout),3);

% qout = zeros(length(yout),3);

for n = 1:length(yout);

vgl0dq(n,:) = sqrt(2/3)*[1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...
cos(p/2*yout(n,8)+pi/2) cos(p/2*yout(n,8)-pi/6) cos(p/2*yout(n,8)+7*pi/6);...
sin(p/2*yout (n,8)+pi/2) sin(p/2*yout(n,8)-pi/6) sin(p/2*yout(n,8)+7*pi/6)]...
*xyout (n,9:11)7;

iglabc(n,:) = sqrt(2/3)*[1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...

cos(p/2*yout (n,8)+pi/2) cos(p/2*yout(n,8)-pi/6) cos(p/2*yout(n,8)+7*pi/6);...
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sin(p/2xyout(n,8)+pi/2) sin(p/2*yout(n,8)-pi/6) sin(p/2*yout(n,8)+7*pi/6)]...
\yout(n,1:3)7;

pout(n,1) = vglOdq(n,1:3)*yout(n,1:3)’;

qout(n,1) -vgl10dq(n,3)*yout (n,2)+vgl0dq(n,2)*yout(n,3);
pang(n,1) = 2*yout(n,8)-yout(n,27);

end

tem = pout./yout(:,7);

pouta pout;

qouta qout;

tema = tem;

vglOdga = vglOdq;

iglabca = iglabc;

panga = pang;

% save data9_4a_slgf_nl_3mva7_5pct_lowzs.mat touta youta vglOdqa iglabca panga;
% save data9_4a_lpgt3mvabpct_lowzs.mat touta youta vglOdqa iglabca panga;

% save data9_4a_lpgt_ng.mat touta youta vglOdqa iglabca panga;

Tolh

% find an angle for synchronizing to the grid

theta = -pi:2*pi/1000:pi;

vsO = 480*sqrt(2/3)*[cos(theta); cos(theta-2*pi/3); cos(thetat+2*pi/3)];
for m = 1:length(theta);
err(m) = norm(vs0(1:3,m)-finstate(15:17));

end
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errtrac = 1leb;
for q = 1:length(err)-1;
if err(gq+l) < errtrac;
errtrac = err(q+1);
count = g+1;
else
end
end
global teta
teta = theta(count);

save theta9_4a.mat teta;

% tfinal = 12;

tstartl = tfinal;

tinit = tfinal;

tsim = 0.5;

tfinal = tfinal+tsim;
ita0 = 0; %y30

itb0 = 0; %y31

itc0 = 0; %y32

ic = [finstate; ita0; itb0; itcO];

% load(’initcond9_4b_12s_nl.mat’)

% ic = finstate;
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% connect the generator to the grid and continue simulation

clear yout teout yeout ieout

options = odeset(’NonNegative’, [24 25],’RelTol’,le-1,’AbsTol’,le-1);

[s,yout]=o0de23tb(@abcflow9_4b, [tstartl tstartl+tsim],ic,options);

% tstartl = s(nt);

finstate = yout(length(yout),:)’;

% save initcond9_4b_13s_nl.mat finstate;

yA tout = s;
toutb = s;
youtb = yout;
Yoo
P =4
vgl0dq = zeros(length(yout),3);

iglabc = zeros(length(yout),3);

pang = zeros(length(yout),3);

vs = zeros(length(yout),3);

for n = 1:length(yout);

vgl0dq(n, :) = sqrt(2/3)*[1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...
cos(p/2*xyout(n,8)+pi/2) cos(p/2*yout(n,8)-pi/6) cos(p/2xyout(n,8)+7*pi/6);...

sin(p/2xyout(n,8)+pi/2) sin(p/2*yout(n,8)-pi/6) sin(p/2*yout(n,8)+7*pi/6)]...
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*xyout(n,9:11)7;

iglabc(n,:) = sqrt(2/3)*[1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...

cos(p/2*yout (n,8)+pi/2) cos(p/2*yout(n,8)-pi/6) cos(p/2*yout(n,8)+7*pi/6);...
sin(p/2*yout (n,8)+pi/2) sin(p/2*yout(n,8)-pi/6) sin(p/2*yout(n,8)+7*pi/6)]. ..
\yout(n,1:3)’;

pout(n,1) = vglOdq(n,1:3)*yout(n,1:3)’;

qout(n,1) = -vglOdq(n,3)*yout(n,2)+vglOdq(n,2)*yout(n,3);
pang(n,1) = 2*yout(n,8)-yout(n,27);

end

tem = pout./yout(:,7);

poutb = pout;

qoutb = qout;

temb = tem;

vglOdgb = vglOdqg;
iglabcb = iglabc;
pangb = pang;

% save data9_4b_1lpgt3mvabpct_lowzs.mat toutb youtb vglOdgb iglabcb pangb;
% save data9_4b_1lpgt_ng.mat toutb youtb vglOdgb iglabcb pangb;

b

% % tout = s;

tout = [touta; toutb];

len = length(tout);

yout = zeros(len,length(finstate));

yout (1:1length(touta),1:29) = youta;

yout (length(touta)+1l:1len,1:1length(finstate)) = youtb;
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vgl0dq = [vglOdga; vglOdgbl;

iglabc = [iglabca; iglabcb];

% pout = [pouta; poutb];

% qout [qouta; qoutb];
% tem = [tema; temb];

pang = [panga; pangb];

168



Matlab® file abcflow9_4a.m

function dy = abcflow9_4a(t,y)

Yoo 1o o To o JoTo o o o ToTo o o o To o o o JoTo o o o To T o o o To T o

[rln1,11nl,c,g,rld1,11d1,r1df2,11d2,wco,kipll,kppll,tauf,tevent,tflt, ...
rt,1lt,omegal = eps9_4Q0);

[ra,1d,Lq,J,we,kMQ,rF,rD,rQ,1F,1D,LQ,L0,D,rn,Ln,p,kfd,Lmd,p6,s6,mub, . ..
R,taugl,Pmax,pref] = rb_hsg_740066_V9_4();

[kiss,kp,kd,taud,Vrb,Irb,KAow,TA,Vrmax,Vrmin, Vfemax,Vemin, TE,p5,s5,mu5, . . .
KE,KD,KC] = rb_5_inch_exciter9_4();

if t<=tevent;

ril rldil;

11

11d1;
else

if (tevent<t)&&(t<=tevent+tflt);

rl = rldf2;
11 = 11d2;
else
rl = rldi;
11 = 11d1;
end
end
vref = 1;

% bring generator voltage and power up in 3 seconds
if t<=3;
vr = vref*xt/3;

prefgl = pref*t/3;
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ki=0;

else
vr = vref;
ki=kiss;
prefgl = pref;

end

% avoid division by 0
if TA == 0;
TA = 1e-3;

end

ki=kiss;

prefgl = pref;

/» enable for generating open circuit characteristics
% if t<=40.01;
% vr = 1.10*vref;

% else if (40.01<t)&&(t<=41);

o vr = 1.10%vref+0.05%(£t-40);

Y else if (41<t)&&(t<=45);

v vr = 1.15;

v else if (45.01<t)&&(t<=46);

v vr = 1.15+0.05%(t-45);
A else vr = 1.2;

A end
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% end

% end

% end

zed33 = zeros(3);
zed62 = zeros(6,2);
zed35 = zeros(3,5);
zed39 = zeros(3,9);

zed618 = zeros(6,18);

zed1312 = zeros(13,12);

Irb

Irbxkfd;

Vrb = Vrb/kfd;

% commutation calculations associated with AC8B model
IN = KCx(y(4)/Irb)/y(25);
if IN<=0.433;
FEX = 1-(1/sqrt(3)*IN);
else
if (IN>0.433)&&(IN<=0.75);
FEX = sqrt(0.75-IN);
else
if (IN>0.75)&&(IN<=1.0);

FEX

sqrt (3)*(1.0-IN);
else

FEX

Il
(@]
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end
end

end

%» u = [lvglOin 2vgldin 3vglqin 4vglFin 5vgiDin 6vglQin 70 87Pin 9VFEmult

%10glvrefpu 11Prefglpu 12wrefpu 13Prefespu 14Qrefespu 15Qrefglpu 16vesref]’

u = [0; 0; 0; FEXxy(25)*Vrb; 0; 0; O; 1; 1; vr; prefgl; 1];

LAD = polyval(p6,480*y(21),s6,mub) ;

rgen = [ra+3*rn 0 0 0 0 O
0 ra wexLq O 0 wexkMQ
0 -we*(1d+LAD) ra -we*LAD -wexLAD O
000CTF OO
0000zxDO

00000 rQl;

lgen = [LO+3*Ln 0 0 0 0 O
O 1d+LAD O LAD LAD O
0 0 Lg 00 kMQ
O LAD O 1F+LAD LAD O
O LAD O LAD 1D+LAD O

0 0 kMQ 0 0 LQJ;

lgeni = lgen\eye(6);
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% NL first order DE

dy = [-lgen\rgen zed62 [-sqrt(2/3)*1lgeni(1:3,1:3)*...
[1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...
cos(p/2%y(8)+pi/2) cos(p/2*xy(8)-pi/6) cos(p/2xy(8)+7*pi/6);...
sin(p/2¥y(8)+pi/2) sin(p/2%y(8)-pi/6) sin(p/2%y(8)+7*pi/6)]
-sqrt(2/3)*1geni(4:6,1:3)*[1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...
cos(p/2*xy(8)+pi/2) cos(p/2xy(8)-pi/6) cos(p/2*y(8)+7xpi/6);...
sin(p/2*y(8)+pi/2) sin(p/2xy(8)-pi/6) sin(p/2*y(8)+7*pi/6)]1]. ..
zed618 % 1 to 6 [igl0 igld iglq iglF iglD ig1Ql’
-1/ (sqrt (3)*Jxy (7)) *(y () +y (10)+y(11)) . ..
~sqrt (2)/ (sqrt (3)xJ*y (7)) *(y (9) xcos (p/2*y (8) +pi/2) . ..
+y (10) *cos (p/2*y (8) -pi/6)+y(11) *cos (p/2*y(8)+7*pi/6)) . ..
~sqrt (2)/ (sqrt (3)xJ*y (7)) *(y (9) *xsin(p/2*y (8)+pi/2) . ..
+y(10) *sin(p/2*y(8)-pi/6)+y(11) *sin(p/2*y (8)+7*pi/6)) . ..
0 0.0 0 -Dxy(7)/J 0 0 0.0 ...
00000.000000.000000.0000 1/(J*xy(7)) % 7 [omegam]
00000001000.000000.000000.0...
00000.00000O0 % 8 [thetam]
sqrt (2/3)*c\ ([1/sqrt (2) 1/sqrt(2) 1/sqrt(2);...

cos(p/2*xy(8)+pi/2) cos(p/2xy(8)-pi/6) cos(p/2xy(8)+7xpi/6);...

sin(p/2*y(8)+pi/2) sin(p/2xy(8)-pi/6) sin(p/2*y(8)+7*pi/6)]\eye(3))...

zed35 -c\g -c\eye(3) zed33 zed33 zed39 % 9 to 11 [vcla vclb veclc]’
zed33 zed35 1llnl\eye(3) -1lni\rlnl -1lnli\eye(3) zed33 zed39...

% 12 to 14 [ilnla ilnib ilnlc]’

zed33 zed35 zed33 cl\eye(3) -c\g -c\eye(3) zed39...

% 15 to 17 [vc2a ve2b vc2c]’

zed33 zed35 zed33 zed33 1ll\eye(3) -11\rl zed39...
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% 18-20 [ildla ildlb ildic]’

00000.000000.000000.000000.000000.000060 ...

=

00000.000000.000000.000000.0-k10000.000060 ...

=

b 22 [vglix]

00000.000000.000000.000000.000 -1/taud...

0 0.00000 % 23 [vgldx]
00000.000000.000000.000000.0 ...

—kp*KAowxy (7) /TA KAowxy(7)/TA KAowxy(7)/TA -1/TA 0.0 0 0 0 0 % 24 [vglR]
0 0 0 -KD/(TE*Irb) 0.0 000 00.000000.000000.0...

000 1/TE -(KE/TE) 0 0 0 0 % 25 [vglE]

00000.000000.00000O0 ...

kipll*sqrt(2/3)*cos(y(27)+pi/2) kipll*sqrt(2/3)*cos(y(27)-pi/6). ..
kipll*sqrt(2/3)*cos(y(27)+7*pi/6) 0 0 0.0 0 0 0 0 0.0 0 0 0 0 ...

% 26 [omega_hati]

00000.000000.00000O0 ...

kppll*sqrt(2/3)*cos(y(27)+pi/2) kppll*sqrt(2/3)*cos(y(27)-pi/6). ..
kppll*sqrt(2/3)*cos(y(27)+7*pi/6) 0 0 0.0 0 0 0 0 0.0 1 00 0 ...

% 27 [theta_hat]

00000.000000.0000O0 O kppll/tauf*sqrt(2/3)*cos(y(27)+pi/2)...
kppll/tauf*sqrt(2/3)*cos(y(27)-pi/6) . ..
kppll/tauf*sqrt(2/3)*cos(y(27)+7*pi/6) 0 0 0.0 ...

0000 0.0 1/tauf 0 -1/tauf 0 % 28 [omega_hatlpf]

0000 O0.00 -Pmax/(R*taugl*60*pi) 0 0 0.0 0 0 0 0 0.0 0 00 0 0.0 ...
00000.0000 -1/taugll*y+... % 29 [Pmechgl]

[1geni zed62 zed62 zed62 % 1 to 6 [iglO igld iglq iglF iglD iglQ]’

00000.000000.000% 7 [omegam]
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zed1312 7, 8-20

00000.0000O0 ...

weox (sqrt (((y(9)-y(10)) "2+ (y(10)-y(11)) "2+ (y(11)-y(9))~2)/3) /480 ...

-y(21)) 0.0 0 0 % 21 [vglfb]

00000.00000%kiOOFY% 22 [vglix]

00000.0000 ...

- (kd/taud) *wco* (sqrt (((y(9)-y(10)) "2+ (y(10)-y(11)) "2+ (y(11) . ..

-y(9))~2)/3)/480-y(21)) 0.0 0 0 % 23 [vgldx]

0

0

return

000 O.

000O0.

000 O.

000 O.

000 O0.

000 O.

0

0

0 0 0 0 kpxKAowxy(7)/TA 0 0 % 24 [vglR]

0 0 -polyval(p5,y(25),s5,mu5) 0 0.0 0 0 % 25 [vglE]
00000.000 7% 26 [omega_hati]

00000.000 % 27 [theta_hat]

00000.0007% 28 [omega_hatlpf]

0 000 0.0 Pmax/taugl Pmax/(Rxtaugl)]*u; % 29 [Pmechgi]
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Matlab® file abcflow9_4b.m

function dy = abcflow9_4b(t,y)

oo ToToTo o JoToo o o ToTo o o o To Fo o o To o o o To o Fo o o To o o

[rln1,11nl,c,g,rld1,11d1,r1d2,11d2,wco,kipll,kppll,tauf,tevent,tflt,. ..
rt,1t,omegal = eps9_4();

[ra,ld,Lq,J,we,kMQ,rF,rD,rQ,1F,1D,LQ,L0,D,rn,Ln,p,kfd,Lnd,p6,s6,mu6,R, . ..

taugl,Pmax,pref] = rb_hsg_740066_V9_4();

[kiss,kp,kd,taud,Vrb,Irb,KAow,TA,Vrmax,Vrmin,Vfemax,Vfemin, TE,p5,s5,mu5b. . .

,KE,KD,KC] = rb_5_inch_exciter9_4();

load(’theta9_4a.mat’);

% global r1 11 vr ki prefgl TA Irb Vrb IN wye24 LAD

if t<=tevent;

ril

rldil;

11

11d1;
else

if (tevent<t)&&(t<=tevent+tflt);

rl rld2;
11 = 11d42;
else if tevent+tflt<t;

ril

1lebxrldil;

11

1e5%11d1;
end
end

end
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vref = 1;

if t<=3;
vr = vref*t/3;
prefgl = prefx*t/3;
ki=0;

else
vr = vref;
ki=kiss;
prefgl = pref;

end

if TA == O;
TA = 1e-3;

end

Irb = Irb*kfd;

Vrb = Vrb/kfd;

% wye24

polyval (vrp,y(24) ,vrs,vrmu) ;

% wye24

y(24);
if y(24)<=Vrmin;
wye24 = Vrmin;
else
if (y(24)>Vrmin)&&(y(24)<=Vrmax) ;
wye24 = y(24);

else
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wye24 = Vrmax;
end

end

Vemax = (Vfemax-kdxy(4)/Irb)/(KE+polyval(p5,y(25),s5,mub));

if y(25)<=Vfemin;
wye25 = Vfemin;
else

if (y(25)>Vfemin)&&(y(25)<=Vemax) ;

wye25 = y(25);

else

wye2b = Vfemax;
end

end

IN = KC*(y(4)/Irb) /uye25;
if IN<=0.433;
FEX = 1-(1/sqrt(3)*IN);
else
if (IN>0.433)&&(IN<=0.75);
FEX = sqrt(0.75-IN);
else
if (IN>0.75)&&(IN<=1.0);
FEX = sqrt(3)*(1.0-IN);

else
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FEX = 0;

end
end
end
zed32 = zeros(3,2);
zed33 = zeros(3);
zed62 = zeros(6,2);

zed611 = zeros(6,11);
zed35 = zeros(3,5);

zed312 = zeros(3,12);
zed314 = zeros(3,14);
zed621 = zeros(6,21);

zed1317 = zeros(13,17);

%» u = [1lvglOin 2vgldin 3vglqin 4vglFin 5vglDin 6vglQin 70 87Pin 9VFEmult...
% 10givrefpu 11Prefglpu 12wrefpu 13Prefespu 14Qrefespu...

% 15Qrefglpu 16wye24 17wye25]°

u = [0; 0; 0; FEX*wye25*Vrb; 0; 0; O0; 1; 1; vr; prefgl; 1;...
480*sqrt (2/3) * [cos (omegaxt+teta); cos(omegaxt+teta-2*pi/3);...

cos (omegaxt+teta+2*pi/3)]; wye24; wye25];

% LAD = Lmd;

LAD = polyval(p6,480*y(21),s6,mub);

rgen = [ra+3*rn 0 0 0 0 O
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0 ra wexLgq 0 0 wexkMQ

0 -we*(1d+LAD) ra -we*LAD -wexLAD O
0O0O0CrFOO

0000<zxDO

00000 rQl;

lgen = [LO+3*Ln 0 0 0 0 O
0 1d+LAD O LAD LAD O
00Lq0 0 KMQ
O LAD O 1F+LAD LAD O
O LAD O LAD 1D+LAD O

0 0 kMQ 0 O LQJ;

lgeni = lgen\eye(6);

% NL first order DE

dy = [-1gen\rgen zed62 [-sqrt(2/3)*1geni(1:3,1:3)...

*[1/sqrt(2) 1/sqrt(2) 1/sqrt(2); cos(p/2xy(8)+pi/2) cos(p/2*y(8)-pi/6)...

cos(p/2%y(8)+7*pi/6); sin(p/2xy(8)+pi/2) sin(p/2*y(8)-pi/6)...
sin(p/2*y(8)+7*pi/6)]

-sqrt(2/3)*1geni(4:6,1:3)*[1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...
cos(p/2*y(8)+pi/2) cos(p/2*y(8)-pi/6) cos(p/2xy(8)+7*pi/6);...
sin(p/2xy(8)+pi/2) sin(p/2*y(8)-pi/6) sin(p/2*y(8)+7*pi/6)]1] zed621...
% 1 to 6 [igl0 igld iglq iglF iglD igiQ]’

-1/ (sqrt (3)*Jxy (7)) *(y (D +y (10)+y(11)) ...

-sqrt (2)/(sqrt (3) xJ*y (7)) * (y (9) *cos (p/2*xy (8)+pi/2) . ..

+y (10) *cos (p/2*y (8) -pi/6)+y(11) *cos (p/2*y(8)+7*pi/6)) . ..
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-sqrt(2) /(sqrt (3) *J*xy (7)) *(y (9) *sin(p/2*y (8)+pi/2) . ..

+y (10) *sin(p/2*y(8)-pi/6)+y (11) *sin(p/2*y (8)+7*pi/6)) . ..

0 0.0 0 -D*y(7)/J 0 0 0.0 ...
00000.000000.000000.00001/(JI*xy(7)) 0.00 0 % 7 [omegam]
00000.001000.000000.000000.000000.0 ...
00000.0007% 8 [thetam]

sqrt (2/3)*c\ ([1/sqrt(2) 1/sqrt(2) 1/sqrt(2);...

cos(p/2*xy(8)+pi/2) cos(p/2xy(8)-pi/6) cos(p/2xy(8)+7*pi/6);...
sin(p/2*y(8)+pi/2) sin(p/2*y(8)-pi/6) sin(p/2xy(8)+7*pi/6)]...
\eye(3)) zed35 -c\g -c\eye(3) zed33 zed33 zed312...

% 9 to 11 [vcla vclb vclc]’

zed33 zed35 1lnl\eye(3) -1lni\rlnl -1llnl\eye(3) zed33 zed312...

% 12 to 14 [ilnla ilnlb ilnlc]’

zed33 zed35 zed33 cl\eye(3) -c\g -c\eye(3) zed33 zed33 zed33 c\eye(3)...
% 156 to 17 [vc2a vc2b vc2c]’

zed33 zed35 zed33 zed33 1l1l\eye(3) -11\rl zed312...

% 18-20 [ildla ildib ildlc]’
00000.000000.000000.000000.000000.0 ...
00000.000% 21 [vglfb]
00000.000000.000000.000000.0-ki0000.0 ...
00000.000FY% 22 [vglix]
00000.000000.000000.000000.000 -1/taud 0 0.0 ...
00000.000 Y% 23 [vgldx]
00000.000000.000000.000000.0 ...

~kp*KAow*y (7) /TA KAowky (7)/TA KAowky(7)/TA 0 0.0 0 0 0 0 0.0 0 O ...
% 24 [vgliR]

0 0 0 -KD/(TE*Irb) 0.0 0 0 0 0 0.000000.000000.0 ...
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00000.000000.000 Y% 25 [vglE]
00000.000000.00000 ...

kipll*sqrt(2/3)*cos(y(27)+pi/2) kipll*sqrt(2/3)*cos(y(27)-pi/6). ..

kipll*sqrt(2/3)*cos(y(27)+7*pi/6) 0 0 0.0 0 0 0 0 0.0 0 0 0 0 0.0 0 0 ...

% 26 [omega_hati]

00000.000000.00000O0 ...

kppllx*sqrt(2/3)*cos(y(27)+pi/2) kppll*sqrt(2/3)*cos(y(27)-pi/6). ..
kppll*sqrt (2/3)*cos (y(27)+7+pi/6) 0 0 0.0 0 0 0 0 0.0 1 0 0 0 0.0 ...
0 0 % 27 [theta_hat]

00000.000000.00000O0 ...
kppll/tauf*sqrt(2/3)*cos(y(27)+pi/2). ..
kppll/tauf*sqrt(2/3)*cos(y(27)-pi/6). ..
kppll/tauf*sqrt(2/3)*cos(y(27)+7*pi/6) 0 0 0.0 0 0 0 0 0.0 ...

1/tauf 0 -1/tauf 0 0.0 0 O % 28 [omega_hatlpf]

0000 O0.00 -Pmax/(R*xtaugl*60*pi) 0 0 0.0 0 0 0 0 0.0 0 0 0 0 0.0 ...
00000.0000 -1/taugl 0.0 0 0 % 29 [Pmechgl]

zed314 -1t\eye(3) zed312 -1lt\rtlxy+... % 30-32 [ita itb itc]’

[1geni zed611 %, 1-6

00000.000000.000000.000%7

zed1317 7, 8-20

000000000 ...

wecox (sqrt (((y(9)-y(10)) "2+ (y(10)-y(11)) "2+ (y(11)-y(9))~2)/3) /480 ...
-y(21)) 0.0 0 0 0 0 0.0 0 0 % 21 [vglfb]

00000.00000ki 00000O0.000% 22 [vglix]
00000.0000O0 ...

- (kd/taud) *wco* (sqrt (((y(9)-y(10)) "2+(y(10)-y(11)) "2+ (y(11) ...
-y(9))~2)/3)/480-y(21)) 0.0 0 0 0 0 0.0 0 0 % 23 [vgldx]
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00000.000O0 O kp*KAowxy(7)/TA 0 0 0 0 0.0 -1/TA 0 % 24 [vgliR]
00000.000 -polyval(p5,wye25,s5,mu5) 0 0.0 0 0 0 0 0.0 ...
1/TE -(KE/TE)% 25 [vglE]
00000.000000.000000.000 7% 26 [omega_hati]
00000.000000.000000.000 % 27 [theta_hat]
00000.000000.000000.000 % 28 [omega_hatlpf]
00000.00000O0 0.0 Pmax/taugl Pmax/(R*taugl) 0 0 0.0 ...

0 0 % 29 [Pmechgl]

zed312 1t\eye(3) zed32]*u; % 30-32 [ita itb itc]’

return
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Matlab® file eps9_4.m for electric power system parameters

function [rln,lln,c,g,rld1,11d1,r1d2,11d2,wco,kipll, kppll,tauf,...

tevent,tflt,rt,1t,omegal = eps9_4()
1 = 1/5280; % cable length in miles
% circuit impedances
% from Westinghouse T&D Table 6 Chapter 4 p79
wco = 150;

kipll = 100;

kppll = 10;

tauf = 1/125;
tevent = 10.2;
omega = 2*pi*60;

tflt = 3/60;

% B00MCM CU 1kV 60Hz impedance

r0 = 2.74; % = rs+2rm [ohms/mile]

x1ln0 = 0.208; % = xs+2xm [ohms/mile]

rl = 0.1354; % = r2 = rs-rm [ohms/mile]

xlnl = 0.123; % = x2 = xs-xm [ohms/mile]

% BOOMCM CU 1kV 60Hz shunt capacitance

xcO = 2600; % [ohms/mile]
xcl = 1300; % [ohms/mile]
bcO0 = 1/xc0; % [S/milel
bcl = 1/xcl; % [S/milel

% B500OMCM CU 1kV 60Hz shunt resistance
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r10 = 9000; % [ohms*mile]
rll = 4700; % [ohms*mile]
glo = 1/r10; % [S/milel
gll = 1/r11; % [S/milel

% % #2 CU 1KV 60Hz impedance

% r0 = 6.99; % = rs+2rm [ohms/mile]

% x1n0 = 0.273; % = xs+2xm [ohms/mile]

% rl =0.987; % = r2 = rs-rm [ohms/mile]

% x1nl = 0.165; % = x2 = xs-xm [ohms/mile]
b

% % #2 CU 1kV 60Hz shunt capacitance

% xcO = 9000; % [ohms*mile]
% xcl = 4700; % [ohms*mile]
% bcO = 1/xc0; % [S/milel]

% bcl = 1/xcl; ¥ [S/mile]

A

% % #2 CU 1kV 60Hz shunt resistance

% r1l0 = 9000; % [ohms*mile]
% rll = 4700; % [ohms*mile]
% gl0 = 1/r10; % [S/mile]
%h gll = 1/r11; % [S/milel

% Assume 1 mile

rs = 1x(r0+2%r1)/3; % [ohms]
1ls = 1% (x1n0+2*x1n1)/(3*omega); % [H]
rm = 1x(r0-r1)/3; % [ohms]
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1m = 1*(x1n0-x1nl1)/(3*omega); % [H]

% Assume 1 mile using lumped parameter pi model

cm = 1x(bcl-bc0)/(3*omega*x2); % [F]
cs = 1x(2xbcl+bc0)/(3*omegax*2); % [F]
gm = 1x(gli-gl0)/(3%2); % [S]

gs = 1x(2xgli+gl0)/(3*2); ¥ [S]

rln = [rs rm rm; rm rs rm; rm rm rs];
1ln = [1s 1Im 1m; 1m 1s 1m; 1lm 1lm 1ls];

¢ = [cs -cm —-cm; -cm ¢s -cm; -cm —-cm cs];

g = [gs -gm -gm; -gm gs -gm; -gm -gm gsl;

% s1 = 39e3 + 1i*0.75%39e3;

% z1 = 48072/conj(sl);

% rl = real(zl);

% 11 = imag(zl)/omega;

b

% rldl = [r1 0 0; O r1 O0; 0 O ri]l;
% 11d1 = [11 0 0; O 11 0; O O 11];

% 82 = 2e6 + 1ix0.75%2e6;
%h z2 = 48072/conj(s2);
% r2 = real(z2);

% 12 = imag(z2)/omega;

s2 = 2000 + 1i*0.75%2000;

z2 = 48072/conj(s2);
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r2 = real(z2);

12

imag(z2)/omega;

% x2 imag(z2) ;

% s2 = 40e3 + 1i*30e3;

% z2

480°2/conj(s2);
% r2 = real(z2);

% 12 = imag(z2)/omega;

% x2 imag(z2) ;

rldl = [r2 0 0; 0 r2 0; 0 O r2];

11d1 = [12 0 0; 0 12 0; O 0 12];

%» a phase line to neutral fault

% rldflt = [1le-4 0 0;0 rldb 0; 0 O rldc];
% 11dflt = [1e-6 0 0; 0 11db O; O O 1lldc];
% rldflt = [r2 0 0; 0 r2 0; O O r2];

% 11dflt = [12 0 0; 0 12 0; 0 O 12];

% m = 100;

% rld2 = [m*xrl1 0 O0; O m*rl O0; O O mx*rl];

% 11d2 = [m*11 0 O0; O m*11 O; O O mx*11];

% % phase to neutral fault - full load
% m = 1le-6;

% rld?2

[mxr2 0 0; 0 r2 0; 0 O r2];

% 1142 [m*x12 0 0; 0 12 0; 0 0 12];
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% phase to neutral fault - no load

m = le-8;
rld2 = [m*r2 0 0; 0 r2 0; 0 O r2];
11d2 = [m*12 0 0; 0 12 0; 0 O 12];

% 3 phase fault

% m = le-5;
% rld2 = m*rldi;
% 11d2 = m*11d1;

% % three phase fault

% rldflt

[1e-7 0 0;0 1e-7 0; 0 0 1le-7];

% 11dflt [1e-9 0 0; O 1e-9 0; 0 0 1e-9];

% impedance to the infinite bus - assume delta-wye transformer with no leakage
% capacitance

Rsi

5.4e-5; Y [ohms] electric power system positive sequence resistance

Xsl = 5.4e-4; 7 [ohms] electric power system positive sequence reactance
Ztmag = 0.075; % [pul transformer impedance

Sbase = 3e6; % [VA] transformer rating

XtoR = 10; % assume X/R = 10

Vbase = 480; % [V]

Ztbase = Vbase~2/Sbase; % [ohms]

Ztohm = Ztmag*Ztbase; % [ohms]

Rt = Ztohm/sqrt(XtoR"2+1); % [ohms]

Xt = Rt*XtoR; % [ohms]
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% rt0 = Rt+Rsl; % = rts+2rtm [ohms] for wye-wye
% xt0 = Xt+Xsl; % = xts+2xtm [ohms] for wye-wye
rt0 = Rt; % = rts+2rtm [ohms] for delta-wye gnd

xt0 = Xt; % = xts+2xtm [ohms] for delta-wye gnd

rtl = Rt+Rsl; % = rt2 = rts-rtm [ohms]

xtl = Xt+Xsl; % = xt2 = xts-xtm [ohms]

rts = (rt0+2*rt1)/3; % [ohms]

lts = (xt0+2*xt1)/(3*omega); % [H]

rtm = (rt0-rt1)/3; % [ohms]

1tm = (xt0-xt1)/(3%omega); % [H]

rt = [rts rtm rtm; rtm rts rtm; rtm rtm rts];
1t = [1ts 1tm 1ltm; 1ltm 1lts 1ltm; 1ltm 1ltm 1lts];
end

Matlab® files rb_hsg_740066_V9_4.m containing main generator parameters and
rb_5_inch_exciter9_4.m containing exciter parameters are withheld as they contain propri-

etary information.
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Figure A4: Diagram of the main Simulink® model for the micro-grid.
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Figure A6: Diagram of the internal combustion engine and governor model for the micro—
grid.
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Figure A7: Diagram of the AC8B voltage regulator and excitation system model for the
micro—grid.
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