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i
Abstract

As the capacity of power systems worldwide is growing, the need for accurate equipment
models to keep the grid stable has increased. When installing new generation equipment,
nameplate data will be provided by the contractors to be recorded and documented. Currently,
there is a shift to include as much renewable energy generation sources as possible. However,
to incorporate these facilities into the modern power system, detailed studies are needed to
realize benefits of the new generation. Due to the need for an accurate model of the power
system, the WECC and NERC introduced a new policy which states that utilities need to
maintain up to date parameters for their systems. Consequently, the common practice is to
follow the IEEE 115 standard which requires that the generator is taken offline. Taking a
generator offline creates an enormous cost for the generation facility due to the time required

to parameterize the machines, so revenue is lost.

To regain revenue where possible, methods to parameterize machine while they are online
have been explored. This thesis explores algorithms and advises ways to parameterize a
generator while it is online. The Joint-Unscented Kalman Filter was chosen to capture the
states and estimate the parameters of a salient pole synchronous machine while it is online.
The chosen filter algorithm was tested, tuned, and verified against a simulated generator.
Furthermore, the Joint-Unscented Kalman filter algorithm was tested on a physical laboratory
setup and was compared against IEEE 115 tests conducted on the machine, providing

promising results toward further industrial implementation.
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Chapter 1: Introduction
Every year, the demand for energy has increased. With the advent of renewable resources such
as wind, solar, and tidal power the requirement for an accurate representation of the power
system has also increased. Due to the increased need for an accurate model of the power system,
the WECC has imposed a new policy in which generators over 20 MW need to be parameterized

[1]. However, the access to a generator for parameter measurement poses a problem.

In industry, technicians use the IEEE 115 standard [2] to parametrize machines. The IEEE 115
standard provides a thorough process to gather all recommended parameters of a machine to
create a suitable model. However, the IEEE 115 standard requires that the machine is taken
offline to perform the tests. Taking a machine offline at a generation facility poses a problem
not only in the cost of the test but in the revenue lost while the machine is offline. The total cost
can vary from a smaller amount to a very large amount depending on how critical the machine
is to the facility. As stated by the previous student on this project, Michael West, an estimation
of the machines parameters while the machine is online can be made through a numerical

algorithm to avoid taking the machine offline.

1.1 Background and Motivation

With the advent of the WECC and NERC standards, power utility companies are required to
parameterize their bulk system components. This includes machines, transformers, lines and
other apparatus. However, these items are taken offline to gather the proper parameters as not
to affect the power system by the testing. This costs a significant amount of capital and time.
Since the focus of this thesis is on machine testing, the references to tests used in industry is the
IEEE 115 standard. In this standard, a machine is taken offline to be tested. When a machine is

taken offline for parameterization or maintenance, it costs the company hundreds of thousands



of dollars. The motivation for this research is finding a way to avoid removing a generator from

service and gather the proper parameters required by the IEEE for system modeling.

1.2 Literature Review

In this section, the various ways to parameterize a synchronous generator are explored to
provide a review. The IEEE 115 standard is discussed for offline parameterization, and why the
application of the standard poses a problem for current utilities. Online parameterization

techniques are explored; furthermore, an algorithm for online parameterization is chosen.

1.2.1 Offline Characterization

In industry, the current standard for parameterizing a synchronous machine for modeling is the
IEEE 115 standard [2]. This extensive testing procedure takes days to complete; however, it
provides a confident procedure for engineers to follow to obtain the proper parameters. The

tests and parameters to be found from the IEEE 115 standard are listed in Table 1.

Table 1: Parameters found from the IEEE 115 Standard [2]

Test Parameters to Be Found
Open Circuit Open Circuit Curve
Short Circuit Short Circuit Saturation Curve
Slip Test Xgsr Xqur Xds
Applied Negative Sequence Current X5, R,
Series Circuit Xo, Ry
Sudden Short Circuit X Xg, 1yt

As shown above, the IEEE 115 guidelines allow the industry to gather all parameters from a

synchronous machine. From the slip test parameters, such as the direct-axis reactance Xgs and



quadrature-axis reactances Xgs and Xqu are calculated. Negative sequence reactance and
resistance, Xz and Ry, calculated from the negative sequence current injection test. The zero-
sequence reactance and resistance, X, R,, calculated from the series circuit test. Lastly, the
direct-axis subtransient and transient reactances and time constants, Xy, X/, 75, 7;, may be
calculated from the sudden short circuit test on the synchronous machine. However, the IEEE

115 standard requires that the test machine be taken offline, which may pose problems for a

facility wishing to gain revenue from the specific machine.

1.2.2 Online Characterization

Through an online characterization method, a utility may parametrize their machine without
invasive testing. Secondly, through an algorithmic approach, the parameters of a synchronous
machine may be found without taking the machine offline or stopping it. Algorithms come in a
variety of applications and are determined by how they process the data. Such models are

described in the following subsections:

1.2.2.1 Black Box Method

A black box method is a technique where the internal structure and functionalities of the box,
h(t), are not needed, as shown in Figure 1. This method aims to check if the software or
hardware models the fundamental aspects of the system. The black box requires inputs, and
then processes the data and gives a respective output. This output allows the user to determine
if the performance matches what is expected. For simplicity, the black box method is the easiest
to make as it only focuses on inputs and outputs. However, the black box method is not suitable

for this application as both the states and parameters of the machine need to be updated. [3][4]



1.2.2.2 White Box Method

The white box method is the other side of the black box, where the user is concerned with the
functionality of the internal structure. The white box testing can uncover implementation errors
in the structure of the system by analyzing the internal workings and structure. For example, if
applied to software, since each line of code is accessible, an analysis of the application can be
made to improve the functionality of the code. However, this is only applicable after a given
input to compare to a certain result. Then the user may check to see if the code produces the

correct results [3][5].

1.2.2.3 Gray Box Method

The gray box method combines parts of both the black and white box testing. This means that
the user may give input to the system, check if the model produces a correct result, and check
the process in which the results were obtained. One main benefit of this method is that it
provides the possibility of “intelligent” structure in which the code can test all functionalities
and scenarios per both its inputs and outputs. This allows the gray box method not only to check
inputs or outputs but modify the internal parameters of the system to match the inputs and

outputs [3].



White Box Model
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Output
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Figure 1: Model Type Flow Chart

1.2.3 Chosen Method

An online parameterization of a synchronous machine requires a gray box method since both
the states and parameters will need to be calculated and updated. An algorithm with the ability
to perform these sets of calculations and updates must be selected. The previous researcher on
this project, Michael West [6], chose the least squares approximation. The option that was
chosen for this thesis is the Kalman filtering method since the options relating to the least
squares approximation have already been explored on this project. However, since the
traditional Kalman filter applies to linear systems, the selection of a Kalman filter variant
suitable for a non-linear application was required. There are various non-linear formats of the
Kalman filter, which will be discussed later. Through exploring journals and papers, it was

concluded that the Unscented Kalman Filter would be used for the analysis of a synchronous

generator for this thesis.




1.3 Scope of the Thesis

The objective of this thesis is the application, design, and implementation of an Unscented
Kalman filter for machine parameterization. In this, it will be shown that the filter can be used
to parameterize a salient pole synchronous machine. This will be demonstrated through
verification against a known model in MATLAB allowing the accuracy of the filter to be
assessed. Following the successful implementation of the filter in a simulation environment,
this method will be applied to a physical laboratory environment and used to parameterize a

physical machine.

14 Summary

This chapter has provided a brief insight into the current machine parameterization scenario
and how current practices are being used. The principles of machine parameterization were
discussed, and possible solutions were suggested. The scope of this thesis was set based on the

significance of machine parameterization for accurate and reliable models of the power system.



Chapter 2:  Synchronous Machine Modelling
This chapter will describe the modeling synchronous generators, more explicitly, salient pole
synchronous generators. The discussion will begin with modeling the machine in the ABC
domain. Next, the synchronous DQO reference frame will be discussed in detail. Finally, the
creation of different state space models and their applications will also be derived and

discussed.

2.1 Synchronous Machine ABC Domain
For a three phase, synchronous machine, the first option to study the machine is in the ABC
domain. The important components of a three-phase synchronous machine are the three phases:

A — Phase, B- Phase, and C-Phase windings as shown in the flux linkage equation found in (1).

[ﬂa'l [Laa Lap Lac Laf] ig
[4p]| \Lpa Lpp Lpc Lbe ip o)
ACJ |Lca ch Lcc chl L.C
La Ly Lee Lepllis
The inductance matrix in (1) is expanded into equations (2) through (10). Where La1 is
the winding leakage inductance. Laao is the inductance corresponding to the constant
component of the air-gap permeance. Lg2 is the magnitude of inductance which

corresponds to the air-gap permeance that varies with rotor angle. Lastly, 6 ,,. is the

electrical rotor angle between the rotor direct axis and stator phase-a axis.
Stator-to-stator mutual inductances
Laqg = La1 + Laqo + Lg2€0520 1 (2)

Lpp = Lgg + Lggo + Lgzc08(26 e + 120°) 3)



Lec = Lay + Lago + Lg2¢05(26 e — 1207) (4)

Stator-to-rotor mutual inductances

]-‘af:]-‘fa:LafcoSze me (5)
Lp=Lg,=L,c05(20 ;,.-120") (6)
Le=Lg=L,¢c0s(28 ,.+120") (7)

Stator-to-stator mutual inductances

1 o
Lab=Lba =" Laap+Lg2C05(26 1e-120") C))
1
LbC:LCb:-ELaaO+Lg2C0529 me (9)
Lac=Lca=-%Laao‘l'LgZCOS(ze met1207) (10)

From the inductance equations, a definition may now be made for a state space of the

machine.

V,ir R, 0 0 0 0 07ri,q|%
v |0 R, 0 0 0 0 [fip] [
Ve 0 0 R. 0 0 0]|i.]|A
Vid 10 0 0 Rfd 0 0 Igg . ).\fd (1 1)
VkD 0 0 0 O Ryp 0 [ligp .
Vil [0 0 0 0 0 Ryglligd i
| AkQJ

In the equations (2) - (10), it is important to note the mutual dependence between each
of the phases of the machine and stator to rotor dependences. Secondly, note the
dependence on a cosine term within the inductance equations which introduces a time

varying nonlinearity. Because of these coupled non-linear terms, machine analysis



becomes difficult. Through the machine equations, a state space representation can be
created for analysis. However, all the inductances are mutually coupled and have non-

linear time-varying behavior, which complicates state space analyses.

2.2 DQ Reference Frame

As seen in the previous section, the ABC domain machine equations include a lot of non-linear
mutually coupled values. However, there are additional analysis techniques to decouple and
transform the machine to create for equations that are easier to work with. In the case of machine
analysis, transforming to a rotating DQO domain provides a way to decouple the ABC domain

into manageable equations and remove the time variation.

bs—axis :
qr-axis

\ A

as

cs (+)

bs (+)

kd

kq ] 1 \ = dr-axis

T as—axis

bs ) kd(+)

168

f(+)

cs—axis as (4)

Figure 2: DQO Reference Frame Diagram
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Figure 2 illustrates a diagram relating the ABC and DQO reference frames. Where the Direct
axis (d-axis) is aligned with the A-phase voltage, and along the pole face of the rotor. The
Quadrature axis (g-axis) is shifted from the d-axis. In this case, the g-axis leads the d-axis by
90 deg. It is important to note the rotation of the reference frame for DQO domain, which is
described by the representation of 6 (12). Where 6 is the angular position of the reference
frame in electrical radians which is equal to the angular position of the rotor as it turns, in

electrical radians.

0, =wst+6—m/2 (12)

2.3 Park’s Transformation: DQO
To transform the synchronous machine equations from the ABC domain to the rotating DQO
domain, a series of equations must be applied. Equation (13) includes the basic equation to

transform to the DQO domain.

quo = R(6,)T(0)fapc (13)
-1 -1
[1 <> 5 ]
T7(0) = §| 0 ? - ‘/2_§| ABC to Two Axis Stationary Reference Frame (14)
.
2 2 2
cos(6,) sin(6,) O
R(6,) = [—sin(er) cos(6,) 0| Two Axis Stationary Rotating Frame (15)
0 0 1
T(6;) = R(6,)T(0) (16)

quO = T(6,) fapc (17)
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The set of ABC values described by f,;. is multiplied by the abc to two axis stationary
reference frame transformation matrix (14) and then transformed to the rotating reference frame
using (15). This rotating reference frame can either be synchronous with an external system, or
with the rotor, or even to any stationary reference. This thesis will use the synchronous reference
frame, such that 6, = wst as seen in equation (12). The combined transform in shown in (18)
is also known as “Parks Transform” [7]. By using this, an analysis of the machine can be made

largely using linear state space methods.

fas —sin(8,) —sin(6, —120°) —sin(6, + 120°)||fps (18)

fas cos(6,) cos(6,—120°)  cos(6, +120°) || fus
=k
fo 1/2 1/2 1/2 fes

Where k = (19)

The application of the Parks Transform, (20) — (21) may be used to derive the voltage equations
in the DQO domain. Where rs is the stator resistance, iqqo represents the stator currents of the
machine in the DQO domain, p is the derivative operator, o is the angular speed in rad/s, and

Adqo are the DQO fluxes.
T(er)vabc = rsT(er)iabc + T(er)p/labc (20)
Vagqo = rsiqu + p/lqdo + w/lqdo (21)

2.4 Flux Linkage

Now that the ABC domain equations have been decoupled to the DQO domain, the inductances
are independent of time and frequency as seen in (22) — (27). Since the inductances are now
reduced, the voltages and currents in the DQO domain may also be determined as seen in (28)

— (41). A special note are the mutual inductance terms Laq (34) and Lag (35) which are the
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inductances combined in parallel to their respected axis. These terms are calculated values used

in the calculation of the mutual flux Amq (36) and Amg (37). It is important that the mutual

inductances are all the inductances in parallel. With the DQO domain equations, a circuit may

be configured as shown in Figure 3. This circuit is subject to change depending on the

configuration of the synchronous machine. These changes are related to how many damper bars

the synchronous machine has in each axis.

Stator Voltage Equations:

Rotor Voltage Equations:

Lg = (Lis + Lina)

Lq = (Lls + lmq)

Lep = (Lirp + Lina)
Lro1 = (Liko1 + Ling)

Lyp = (Likp + Lina)

Ly = (Lls + 3Ln)

Vag = pAq — wrlq — Tslg
Vyg = pAq + wrdq — 7504

Vo = 0o — 75l

vfd = plfd + rfdifd

Vkp = 0 = pAkp + Tkplkp

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)



ka =0= p/’le + erikQ
Expanded Mutual Flux Equations:

1 1 1 1 (_
Log=(—+—+ + !
Lmq Lis Likgr Likg2

Lad=(L+i+L+L)_1

Lma Lis Lirp  Likp

P
Amq = Lag(F+—
maq aq (Lls leQl)

_ Ad | Arda | AkD
= Loa(ld 4 212 4 By

Ama
m Lis  Lirp  Likp

Current Equations:

. -1
lg = I (Aas — Ama)

) 1
‘e = 1. (Ags = Amgq)

) -1

ip =—L

0=y Lo

ira = — (Ara, = Ama)
Lifag s
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(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

Combining the equations above we can create the following flux linkage matrix relationship:

Ag ~L; 0 0 0 Lpg
Aq 0 Ly 0 Ly, O
Aol | o0 0 —-L, 0 0
Aol 0 —Lmg O Ligs O
Aa| |-Lma O 0 0 Ly
Mol L=Lma 0 0 0 Lpg

Lnalr

0

0
0

Lmd

Lipll

(42)
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re Ads©r Ly Lo s
) nmm
ANV —O
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lq laz
Vgs Lmg
rJ
v

Figure 3: DQO transform of a synchronous machine with two Q-Axis damper windings [8]

2.5 State Space Equations

State space equations for the machine electromagnetic behavior may be determined based on
the derived circuit found in Figure 3. As prescribed in [7,8,9,10] these state space equations
will be the backbone of the modeling done in this thesis. Equations (43) to (46) are the d-axis,
g-axis, Zero-axis, and field flux linkage differential equations respectively. The DQO and field
axis equations will always be present in the machine modeling in this thesis, with additional
equations for different scenarios. Equations (47) and (48) are the damper (amortisseur
windings) windings which will only be included if the physical construction of a machine
includes these windings. To fully observe the machines states, additional states and

measurements must be made for the system of equations to be stable.

o = (0a + 0rdg + 7= ((Ama = 1a) (43)
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Ag = g = wrha + 7= ((hmg = 20))) (44)

lo = (Vo — L’—;AO) (45)
A = Wra + 7 (Oma = Aa)) (46)
Akg = (Wig + e (g = Ag)) (47)
Lep = Wi + 72 (Ama = Aup)) (48)

To obtain observability, the speed of the machine must also be estimated. Equation (50)
represents the change in speed of the machine where J is the inertia constant. And, where T, is
the mechanical torque on the shaft of the synchronous machine which is related to power in,

and Te is the electromechanical torque produced by the machine, which is calculated using (50).
& =5 (T~ T.) (49)

3 poles

Te (Ad lq )lq id) (50)

Measurements must also be made to observe the system. The measurements required are: the
peak ABC voltage (L-N) and line current, field voltages, and currents, and the speed of the

rotor, all sampled versus time. These measurements are required for a stable system.
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2.5.1 6™ Order State Space Equations

To account for damper windings in the d-axis and g-axis, additional equations are added for
each respective damper winding. The 6™ order set of equations in (51) accounts for one damper
winding each in both the d-axis and g-axis. The 6™ order model includes the effects of the
damper windings during transient conditions on the machine, providing an accurate model for
transient simulations. Note that 6™ order means six coupled first order differential equations.

j“d _Vd +a)rﬂ’q +(rs/LIs)(ﬂ’md _ﬂ’md)_

j’ Vq _a)rﬂd +(rs/LIs)(ﬂ’mq _ﬂ’mq)

q

/io Vo - (rs/l—|s)/10
| (51)
ﬂ’kQ VkQ + (er / LIkQ)(ﬂmq B ﬂkQ)
j’kD VkD + (rkD/LIs)(ﬂ”md o A’kD)

g 1L Vet (Mg /L) (Aa — A1)

2.5.2 4™ Order State Space Equations

When analyzing a machine that does not have damper windings, the state space reduces to a 4™
order system. Also, the 6" order equation may also be reduced if the machine is in a steady state
since the currents in the damper windings are zero. The 4" order equations allow easier analysis

but are not numerically stable if the machine physically includes damper windings.



j’ Vq _a)rid + (rs/LIs)(ﬂ'mq -4 q)

/io VO _(rs/LIs)ﬂ“O

/ifd L Vig + (I /Lls)(/lmd — A1)

2.6 Summary

;td _Vd + a)r/lq + (rs / Lls)(ﬂ‘md - /lmd )_
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(52)

This chapter has explored several modeling scenarios pertinent to this thesis. The

implementation of these equations through an algorithmic approach to estimate the states and

parameters of a generator. Principles and equations in this chapter were used to define the model

of a synchronous machine will be applied in Chapters 3 and 4.
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Chapter 3: Unscented Kalman Filter Theory

3.1 Unscented Kalman Filter

The Unscented Kalman Filter (UKF), first proposed by Julier et al [12,13] and then further
developed by Wan and Van der Merwe [14,15,16], was devised as an alternative to the
Extended Kalman Filter (EKF). The main difference between the UKF and the EKF is that the
EKF uses the Jacobian to linearize the non-linear system to achieve first order accuracy. Both
the UFK and EKF use Gaussian random variables (GRV). However, because the UKF is a
sigma-point filter, it uses a deterministic sampling approach to select the minimal set of chosen
sample (sigma) points. Through these sample points, the UFK no longer needs a first order
system linearized through the Jacobian, and can effectively capture the posterior mean and

covariance of a 2" order approximation, for any nonlinearity.

3.1.1 Terms

Xi = posteriori estimate of the initial state vector
X, = priori state estimate
x,ia) = augmented state matrix with states and noise
Xx = vector of sigma points
P, = error covariance
Py = cross covariance
Vr = predicted measurement

E(x) = expected value (guess)



K = Kalman gain

t, = time

W, = process noise

U, = measurement noise

Qy = covariance of process noise

R, = covariance of measurement noise

Uy = input measurements

Px = parameter vector

3.2 Unscented Kalman Filter Algorithm

3.2.1 Overview of Operation

19

To estimate the parameters and states of the machine, a definition of the discrete nonlinear

process model must first be made [17].
X = FQo_q, Ug—1) + wi_q
Vie = HQq, wy) + vy
wi~(0,Q) Q= cov{w} = E{w *w'}

ve~(0,Ry) R = coviw}=E{w*wT}

(53)

(54)

(55)

(56)

The objective of this system is to estimate recursively x; from the output measurements y;,.

This means calculating estimates of x; at time k, given the y; _y, values up to time k. Using

the assumption that the initial function of the state vector (x,|y,) is known, (xi|yy) is obtained
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recursively in a two-step process: prediction step and update step using the non-linear equations
x = F(x) and y = H(x) respectively. Where x; is the state vector, u is the system input vector
and y; is the output vector with noise. The functions F() and H() are nonlinear and need to be
continuous, and wy, are the process noise sequence and vy, are the observation (measurement)
noise sequence to account for a noisy system. Noise is assumed to be Gaussian (normal

distribution) with zero mean and known time invariant covariance matrices.

The state distribution can also be represented by Gaussian random variables, but the method
used here is a minimal set of carefully chosen sample points. These points, called sigma points,
completely capture the true mean and covariance of the states and are propagated through the
nonlinearity. For calculating the statistics of a random variable which undergoes a nonlinear

transformation we can use the unscented transformation (UT) [17].

To understand how the sigma points are calculated and distributed, consider a variable x
(dimension n), which is propagated through a nonlinear function y = f(x). The mean of x can

be calculated by (57) and the covariance of x is calculated by (58).
x = E{x} (57)
Pe=E{(x—x)*(x— 0"} (58)
To calculate the statistics of y, a matrix v of 2 *x n + 1 sigma vectors is formed per (59) to (60).
Xo=X (59)

Xi = f+y(\/Fx)i i=1,

(60)

=

xi=%—y(fP), i=n+1-2xn (61)
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Where (62) is a scaling parameter and (63) depends on the constant a which determines the

spread of the sigma points around the mean value Xx.

y=vn+41 (62)
A=a?x(n+kf)—n (63)

The constant kg is a secondary scaling parameter and is usually set to O for state estimation. A
note can be made that is the i-th column of the matrix square root denoted by (\/Fx)i, may also

be described through the Cholesky factorization method. The y; vectors are propagated through
the nonlinear function y; = f(x;). The mean and covariance for y are approximated using a

weighted sample mean and covariance of the posterior sigma points as seen below in equations

(64) to (66):
WO(m) N (nil) (64)
W = (n%l) +(1—a?+p) (65)
W™ =W = —i=1,2%n (66)

As stated above, the UKF filter has two main portions, the prediction step, and the update step.

Below is the main UKF state estimation algorithm, with additive (zero mean) noise [17]:

3.2.1.1 Initialization Step at k=0

Initial estimated state vector X, = E{x,}
Initial covariance matrix Py o = E{(xo — o) * xo — £)"}

Sigma point calculation for k>=1
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Xk = lfk—1 Xp-1 + V( Px,k—l) Xy—1— V< px,k—l)l (67)

3.2.1.2 Prediction Update
For the prediction step, a transformation of the sigma points through the state-update function

(68) must be made. Then a calculation of the apriori state estimate (69) and apriori covariance

(70) are made, where the weights Wi(m) and Wi(C)are defined by equations (65) and (66).

Xlt = F(Xk—l: uk—l) (68)
%o = Y2 WM™ i (69)
Pre = S W0 — %) ()i — %)+ Q (70)

3.2.1.3 Measurement Update
Similar to the predicting step, a transformation of the sigma points through the measurement-

update function found in Equation (71) will be made. Then a calculation of the apriori state

estimate and apriori covariance, where the weights Wl.(m) and WL.(C) are calculated in (65) and

(66).
Yo = H(Xp—-1, Ui (71)
i = 2w« (1), (72)
i = S W« (0 — 7i0) () — 5T + R (73)

Calculate the cross covariance

Peyr = W« ()i — %) (VD) — 7T (74)
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Calculate the Kalman filter gain vector:

Ky = ﬁx,y,k * (Py_,k)_1 (75)

Finally, calculate the estimated state and the covariance by the standard Kalman filter algorithm

=X + Ky — Vi) (76)

I;ﬁz

Py = Py — K Py x Ki (77)

Because the UKF does not require does not require the calculation of Jacobian at each time step
k, [17], the filter can be easily applied to many different scenarios. The portion of the filter that
requires the most computation time is calculating the sigma points. For computational purposes,
the sigma points are re-used for both the predict and measurement steps; however, the sigma
points can be re-calculated for each step. This will not be done for the application in this work

to reduce possible errors within the code, or computing power.

3.3 Joint Unscented Kalman Filter Algorithm
The “Joint” Unscented Kalman filter algorithm is an augmentation of the standard UKF for
both parameter and state estimation. This is done by “augmenting” the states of the UKF by

including both the states and parameters.

3.3.1 State Space

Originally, the standard UKF states were:
X = F(Xg—1, Ug—1) + Wi

Vi = H(xp, ug) + vy
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However, in augmenting the states, we now have: the states of the system x;_,, plus the

parameters to be estimated pj_, inputs u,_,, and noise wy_, and vy,

|

X = F(Xp_1, Pr—1, Uk—1) + Wi_1 (78)
Vi = H(xp, pre—1, W) + vy (79)
A more visual example can be explained through matrices.
Xk
x) = Wi (80)
Uk
E(x0)
=1 0 (81)
0
E[(xg — %)(xg —%)"] 0 0
P = 0 Qb O (82)
0 R

0

Now, as seen in (83) there is now an augmented p, matrix of 1xP parameters representing the

parameters to be estimated. This extends the state matrix by n states +p,,.

% =] (®3)
_9?8
xIEO) = |Wg (84)
| Vk
E(xo)
=] o0 (85)
0
E[(x(to) — Zo)(x(t)) —%)"] 0 0
0 Q O (86)
0 Ry

P():
0
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Using the joint-UKF provides a straight forward way to estimate the parameters of a system.
However, in augmenting the states with parameters, the total state vectors increase from an 8x8
matrix to a 17x17 matrix for this system. This is not a hindrance for this system; however, in
larger power system modeling which includes hundreds of states, doubling or even tripling the

states can lead to significant computational expense.

3.3.2 Summary
Figure 4 shows a flow chart for the operation of the unscented Kalman filter. This filter was
chosen for its increased accuracy in non-linear equations while having the same processing

abilities as a filter that linearizes the equations.

Y

/ Time Update (“Predict”) \ i Measurement Update (“Correct”) \

(1) Propagate Sigma Points

(1) Sigma Point Calculation

- N N Yiepe-1 = H(xye—1)
ter=[fer Beat [Q+ DR, B [0+ Dm, | |

(2) Calculate Mean and Covariance
(2) Propagate Sigma Points through nonlinear function

Tapem1 = FQi-r 1) Ve = ﬁz W ¥-1 0=0,..2L

(3) Calculate Mean and Covariance 1 N AT
By = ﬂz W (Vi1 — Fi) (Vg1 — ) + Ra
=0

1 2L
25 = ZZ Wit i=0,..,2L
<

2L
1 . AT
Popye = ﬁz W (Koot — %) (Vi1 — F5 )
=0

2L
- 1 e =T 3) Calculate Kalman Gain, Next States, and
%Ezn WE (xigpe-1 — %) (Xogge-1 — 2) + Qe / ((Eo)mriance
=
\&_ L Y A 3;«1)%

[ Update Estimate \

Initial estimates for Xz, and P, (1) Update New States and Covariance

T = % + K — 9)

P,

ET

- T
ka KlkPJ’kJ"kKIk

Figure 4: Unscented Kalman filter operation
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Chapter 4: MATLAB Test System

4.1 The Test System

Studies were performed in the MATLAB Simulink environment [18]. The filter in its entirety
was developed in code through MATLAB and then was tested against know values provided
by the simpower systems add-on in Simulink. The performance of the filter was observed under
the various settings, primarily: A steady state case, and a transient case to see how the filter

behaved in both applications.

4.1.1 Simulink Model

To create a simulation environment which allows for fast testing, power system data was
exported from Simulink to MATLAB in the form of .mat files. In Simulink, the “To File” block
was used to pull required voltages, currents, and respected rotor information. Figure 5. Shows
the power system setup which was analyzed in the tests. This model uses the power_turbine

example as a backbone from the Simulink Library.
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This Simulink model encompasses the generator side of the power system. Including the
generation, excitation, transformer, and lines. The exciter and governor models for the generator
were removed for all testing, and constant excitation and mechanical power were assumed. Due
to numerical instabilities, the purely resistive load between the generator and transformer must
be included in the Simulink model. This does not affect the performance of the estimation

process.

4.1.1.1 Synchronous Generator

The parameters of the simulated synchronous generator are listed in Table 1. The parameter
estimation algorithm will first be tested on this machine. It is important to note that an
apostrophe ° is used to denote values which have been referred to the stator by the turns ratio.
The 187 MVA synchronous generator block used in this parameterization was the
“Synchronous machine SI fundamental” block from the power_turbine example. The
generator’s specific parameters can only be found within this specific block, either taken from
the example, or from the default settings from the block within the library. These parameters
are not included in the “pre-set model” list but are the default values when the generator is

placed in the Simulink environment.

Table 2: 187 MVA Synchronous Generator Parameters [18]

Stator Lona Ling L T

Vg‘;fn[]H’ 3.2164E-03 | 9.7153E-04 | 3.0892E-04 | 2.9069E-04

Field Llfd’ rfd,

Value

[H, Ohm] 3.0715E-04 | 1.9013E-03

Damper I} I} ’ I ’ I
Windipngs Ll Llqe Tkq1 Tkq1 Llp Tkp
Value[H, 4.90764E | 1.1900
Ohm] 1.0365E-03 | 1.0365E-03 | 2.0081E-02 | 2.0081E-02 .04 E-02
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4.1.1.2 Transformer Parameters
The transformer used in the Simulink model is an 187 MVVA Three Phase Transformer. Since
the transformer in the power_turbine example comes in Per Unit, it is easy to adjust the MVA

rating to match the generator.
Table 3: 187 MVA Transformer Parameters

Magnetization

Secondary Primary )
R1(pu) L1(pu) Resistance Rm
Voltage Voltage
(pu)
13.8kV 230kV 0.0001 0.08 500

4.2 Measurement in Simulink

In Simulink, there are various ways to gather measurements. The method used for this
application was the “send to file” block. When a simulation is run, this block creates a file in
the path directory which you are testing in the MATLAB environment with that name
designated on the block. These files are then called by the UKF program and read as discrete
points much like values to be stored or saved in a buffer. Below are the physical measurements

that are recorded for proper operation of the filter:

[VaS:VbS:VcS,las'lbsllcsllfds'(*)rotorrTerm]

Where the stator voltages v,_, vy, v, are being recorded as peak voltage Line — Neutral. The
currents are being recorded as instantaneous stator line currents denoted by i, , iy, , i.. The rotor

speed w,.:0r 1S recorded in rad/s. The mechanical torque T, into the machine is being recorded

as watts. The last input required is the physical rotor position in degrees as it revolves 0 — 360
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deg. For simulation purposes, a sample rate of 8 kHz was used to duplicate a sampling rate

found in the power system equipment used in Chapter 7.
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Chapter 5: MATLAB Machine Simulations and State Estimation Results

5.1 Simulation Technique

Through engineering judgment, it was found that approximating parameters of the machine in
a two-step process greatly increases the probability of success. The first half of the estimation
process incorporates the steady state operation of the machine, allowing the filter to solely
estimate the steady state parameters. This is possible because while the machine is in steady
state, the transient parameters cannot be estimated. The second half of the estimation process
incorporates the transient parameters; however, this step also needs to incorporate the steady
state values and is more efficient if the steady state values are known before the transient
parameters are approximated. While successful estimation can be done with the full filter, the

probability of success lies with how accurate the initial states and parameters are.

5.1.1 Steady State

The steady state test, while its primary use is for estimating states and parameters, also provides
a way to initialize the filter. In removing the filter’s ability to estimate the transient parameters,
it will focus on estimating the steady state parameters. It is important to note that the transient
states are still included in the algorithm; however, a guess of the transient parameters is only
included for initialization purposes. It has been found that the transient parameters will not
significantly affect the approximation of the steady state values. The initial flux calculation
depends greatly on the inclusion of the fluxes in the damper windings during the initialization
process. If they are not included, the filter may become unstable. In the process update section,
the transient states can be “turned off” from estimation calculation. This is done by setting the
transient equations to zero in the state space. Because the transient states have been set to zero,

the states “freely float” to an approximated state and do not hinder the steady state calculations.
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Equations (87) and (88) show the before and after state spaces with the transient parameters

“turned off.” The states or parameters that are “turned off” are marked in red in (88) and will

freely estimate without impacting the results of the filter.

.

Vg + @, A+ (/L) (Ang = Ang) |
V,—o 4 + (I’S/Lls)(ﬂurnq —Aing)
Vo= (1 /L) A
Vio + (o /Lig) (Ang = Ao)
Vio + (o /L) (Ang = 4io)
Vig + (g /L) (Ag = A0)

1/, -T.)
0
0
0
L 0 -
Vo + @, A+ (6 / L) (Ang = Ang) |
Vy =@, Ay + (/L) (g = Ag)
V, = (r, /L) A

0

0
Vig + (g /Lls)(}“md — )

o O o o o

(87)

(88)
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Equation (88) can be said to be a 4™ order system since the only states to be estimated are the
DQO and field states. However, the filter needs to account for flux in the damper windings and
must use the full 6™ order state space. Within the steady state tests, it has been assumed that
prior knowledge of the stator resistance and field resistance are known or can be measured

before the tests. Thus the only steady state parameters to be estimated are L,,4, Lyq, Llsq and

L. Test results will be discussed in Section 5.2.

5.1.2 Transient Test

5.1.2.1 Three Phase Fault

To capture the transient parameters, the synchronous machine will need to be put through a
transient condition for currents to be generated in the damper windings. It was initially stated
that a three-phase fault would produce the best results and has been a common method in most
papers. In simulation programs, such as Simulink one can introduce a fault onto the system
easily and provide the correct measured data. However, in the physical world, it is hard to
introduce a fault onto the generator terminals, let alone have a power company allow one to do
so. The three-phase fault was first considered in this thesis for result verification, but will not

be included in the results due to feasibility constraints.

5.1.2.2 Step Load

While the hypothetical three phase fault would be the best option, the next feasible option is
one that does not require extreme operations of the generator. The ability to monitor the
generator during a vigorous step load in either the form of load pickup or shedding was found
from this research. If the step load is vigorous enough, it will introduce a transient condition in
the machine causing a change in flux in the damper windings. The filter can now approximate

the fluxes in the damper windings appropriately since the steady state parameters will have been
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found before the transient condition. It is important to note that the full 6™ order equations will
need to be used for this approximation. For this test, a new state space and parameter selection

will need to be used as seen in (89).

Ay | Vet @Ay + (0 /L) (g = Ang) |
Yl V, =@, A + (1, /L) (Ang = Amg)
Ao Vo — (/L) A

A Vie + (o /Lig) (Ang = A)
Ao Vio + (o /L) (Ang = 4io)

da |=] Vi + (g /L) (Ang — Ag) (89)
o 1/, -T.)
o 0
Lo 0
o 0
Lo | 0 |

As noted above, all the state equations are included; however, the steady state parameters are
set as known constants and are not included in the state space. Only the transient parameters
are included in the estimation process; this allows the filter to focus on just the transient

parameters, increasing the likelihood of a successful estimation.
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5.2 Steady State Model Verification

5.2.1 Steady State Objective

To fully observe the filters operational abilities, multiple tests were run for different input
parameters. This was achieved by multiplying each initial parameter guess by a random scaling
factor between +20% or -20%. Meaning, Lmd, Lmq, Lis, LI, Llkp, and Llkq were each multiplied
by a different random percentage to re-create estimating without the exact values of the

machine.

5.2.2 Steady State Gains

In determining the gains of the steady state parameter estimation calculation, it was determined
that small gains for the process covariance, noise, and measurement noises provided more
accurate results [19]. Table 4 to Table 6 show the respected gains recommended for steady state
parameter estimation based on engineering judgment through recursive testing. The covariance

matrix is comprised of the states and parameters found in (90).

P = diag [Kd,Aq,Ao,Afd,)thl,AkD,U),Lmd,Lmq:Llfd’Lls] (90)
P,=diag[10”7 Wb, 10”7 Wb, 108 Wb, 107 Wb, 10> W, 10> Wb, 10 (%)] (91)
P,=diag[10'* H, 10"'* H, 10"* H, 107! H) (92)

The covariance gains for the states and parameters found in (90) are explained through the series
of equations in (91) and (92) where P, is the process state covariance and P, is the parameter
covariance. Similar to the covariance matrix Q, the state and parameter process noise is
described by equations (93) to (94) where Q is the state process noise and Q,, is the parameter

process noise.
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Q=diag[Ad,Aq,A0,At0,Akq1, kD)0, LindsLing, LipasLas] (93)
Qy=diag[10"7 Wb, 10”7 Wb, 10° Wb, 107 Wb, 10”7 W, 107! Wb, 1077 (%)] (94)
Q,=diag[10'' H, 10'' H, 10! H, 10" H) (95)
The measurement noise of the system is described by equation (96).

R,=diag[107 A, 107 A, 10° A, 107 A, 10-7(%) ] (96)

Table 4: Steady State Kalman Filter Gains

Sigma Point Gains 1 2 0

It is important to note that the UKF gains for noise and covariance in Table 4 have been set
loosely for steady state operation. This is to enable the filter to “search” around for the correct
value. Allowing the UKF to search around avoids the possibility of finding another stable state
with incorrect values. Incorrect values can be observed by knowledge of typical parameters of
the stator leakage inductance Lis. If Lis increases or decreases down to zero or a negative value,

the test will be considered null.

5.2.3 Steady State Test Results

The filter process was set up such that the final parameters were saved and exported to the
workspace window. In addition to the final parameter values, plots of the states versus time,
measurements, and estimated parameters were saved to verify if the filter was behaving
properly. Figures 6 through 12 show the run case #3 results also summarized in Table 6. Figures

6 through 8 show the states plotted versus time. As observed, the states reach steady state after
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0.2 seconds. In the case of online testing, a short convergence time is ideal, so the UKF requires
fewer points to finish the estimation. An important note to make on these graphs is the scale on

the y-axis as most of the graphs have an increased scale for observation purposes.
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In addition to the states, the comparison of the estimated measurements with the physical
measurements is a primary focus of plotting the states. If the estimated measurements are not
matching the actual values known in this test case, the filter has an error or has improper gains.

Figures 9 and 10 show the estimated measurements in black plotted against the actual values in
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red. If it looks as if there is only one plot, the estimated value has covered the actual value. The
Simulink cases are included measurements such as load angle (Delta). The load angle and
mutual flux measurements were not used in the filter state space, but provided an extra

calculation, check to ensure the filter has been configured properly.
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Figure 11: Measurement estimation of the system 0-axis and Field currents

The steady state parameter estimation plots of Lmg Lmg and Lls LIrp are shown in Figure 12 and
13 respectively. As noted above, the filter reaches steady state at around 0.3 seconds and will

remain at this value.
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Table 5 summarizes the parameter estimation of three separate tests. The column “Test # Initial

% Error” is the initial percent error of the parameter used for the initial guess. For example,
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Run 1 Initial % error for Lmq was -7.2378%, meaning the initial guess value of Lmq was
decreased by -7.2378%. The next column “Test 1 Estimated % Error” is the percent error of

the final value the filter estimated.

Table 5: Steady State Parameter Runs

Test 1 Test 2 Test 3
o Test1 o Test 2 o Test 3
_ Actual Initial _ Initial ) Initial )
Variable Estimated Estimated Estimated
Value % % %
% Error % Error % Error
error error error

Lina 3.2164E-3  0.90878 = -0.00313 | 14.512 0.099238  1.2431 | -0.03455
Ling 9.7153E-4  -7.2378 | -0.03934 | 2.4962 -1.0705 | -13.109 | 0.27821
Ly 3.0712E-4  -3.7417 = 0.75638 | 3.2107 = -0.9441 | -6.0807 & -4.9406
Lirp 3.0892E-4  -0.9991  0.12478 | -5.785 3.662 -6.5503 | -0.3255

While the parameters of the machine are the primary focus of this work, it is also important to
observe the states and measurements throughout the estimation process. While the fluxes of the
machine are not observable, the currents and rotor speed are. Comparing the estimated currents
and rotor speeds to the actual value provide a check of performance which can be observed in

Simulink and are displayed in Figures 9 and 10.

5.3 Transient State Model Verification

To estimate the transient parameters from the synchronous machine, it must be subjected to a
transient condition. This requires changing from the 4™ order set of equations to a fully defined
6™ order equations. Additionally, the steady state parameters Lmd, Lmg, Lls, LIrp, I's, and rsg must
be known to ensure an accurate estimate with the load pickup test. It was verified that the steady

state values do not need to be known for a three-phase fault test. However, this test is not
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feasible on power system equipment. Second, while the filter adjusts its covariance matrix
throughout its estimation, it’s advisable to use a new set of gains for a transient parameter
estimation since the covariance between the points differs for a short period, rather than

maintaining a steady state.

5.3.1 Transient Gains

Similar to the steady state values, the process covariance was set to a smaller value. The primary
difference from the steady state case lies in the choice of noise gains. The transient process
noise gain has all been increased by a factor of 10. Increasing the value of the noise gain will
damp the filter in the transient period, again allowing the filter to avoid an incorrect estimation.
Equation (97) describes an overview of the covariance gain for the system where each state has
an individual gain. Equations (98) and (99) illustrate the matrix break down of the covariance
of the process where the covariance for both the states Px and parameters P, are combined into

one full covariance matrix.
P=diag[A4,Aq,A0,Atd,Akq1, kD, W, Likp, Lk Tk Tk ] (97)

P,=diag[10”7 Wb, 10”7 Wb, 10° Wb, 107 Wb,107 W, 101! Wb, 1077 (%)] (98)
P,=diag[10' H, 10"** H, 10! H, 10! H) (99)

Similar to the process covariance matrix, the process noise gains are shown below first as the

state covariance illustrated in (100) the parameter covariance in (101).
Q,=diag[103 Wb, 103 Wb, 107 Wb, 107 Wb, 107 W, 101 Wb, 10”7 (%)] (100)

Q,=diag[10'* H, 10" H, 10! H, 10" H) (101)
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Equation (102) shows the measurement noise gains for the system. It was assumed to have a
little noise in the measurements, to calibrate the filter. These gains will be recommended used
for transient testing of the generator testing as the voltages and currents being recorded will be

filtered before being analyzed by the filter.

R,=diag[107 A, 1077 A, 10 A, 107 A, 107(22) ] (102)

s
The alpha term in Table 6 has been reduced to 0.3. In reducing the alpha term to a smaller value,

the UKF assumes the mean is closer the specific sample point, creating a stiffer system.

Table 6: Transient Kalman Filter Gains

Sigma Point Gains 0.3 2 0

5.3.2 Transient State Test Results

In the transient test case, a load was switched into the system at 0.05 seconds, with both a real
and reactive component. Changes of both real and reactive power are required such that there
is current in both the d-axis and g-axis damper windings. It is advisable to pick-up a load which
forces the synchronous machine to be put in a leading power factor to avoid saturation. The
saturation case will be discussed in the future work section. The transient parameter estimation

test cases in Simulink the governor and exciter systems were removed and applied as constant
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values. In that way, a smaller load was needed. For the following figures, the recorded estimated

parameters may be found in Test #1 in Table 4.
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Figure 19: Measurement Estimations of the system currents 10 and Ifield
The transient parameter estimation plots of Llkg Llkp and rkq rko are located below in Figures

20 and 21 respectively. As seen, the parameters reach their estimated value after 0.2 seconds

similar to the steady state test conditions. The importance of these plots is the path the filter
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takes to approximate the values. The filter approximates up to the proper value for Llko;

furthermore, the filter decreases its calculation to find the correct value of Llkp. This estimation

path shows the filter has been tuned properly and converges to the correct value.
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Through numerous tests to calibrate the filter, an observation was made on a requirement for
an appropriate transient parameter estimation. The filter must be able to estimate a parameter
below the guessed value. Meaning, in observing Figure 20, the second plot Llkp decreases the
initial guess value down to an approximation close to the actual value. If the gains in the filter
are incorrect, the filter will only approximate to a greater value, and the results will look like a

step change for all values.

Table 7 show the results of three separate runs recorded similar to the steady state tests. The
column in Table 7 under “Test # Initial % Error” is the initial percent error of the parameter
used for the initial guess. For example, Test 1 Initial % error for Llkg was -11.11%, meaning
the initial guess value of Llkg was decreased by -11.11% from the known value. The next

column “Test 1 Estimated % Error” is the percent error of the final value from the filter.

Table 7: Transient Parameter Estimation

Test 2 Test 3
Test1 Test1 o Test 2 o Test 3
_ Actual . ) Initial ] Initial )
Variable Initial % | Estimated Estimated Estimated
Value % %
error % Error % Error % Error
error error
Rko
2.0081E-2 2.277 0.30492 7.864 1.2948 -1.528 -1.3402
(ohm)
Llko
H) 9.7153E-4 | -11.11 2.514 -9.768 1.8756 7.9722 | -0.28091
Rkp
3.0712E-2 5.102 5.0895 -5.815 -4.2218 1.1206 | -1.4409
(ohm)

Llko (H) 3.0892E-4 | 12.634 5.3606 8.824 -3.0706 | 6.2661 = -1.2649
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54 Summary

As shown in Table 7, the filter approximates the parameters of the generator within 5% error.
This error, however, does depend on initial guess values. One very important note about the
filter operation was proper finding the proper gains for the noise and covariance. If these values
are not tuned properly, the filter only approximates to a value above the initial guess; this looks
like a positive step change when plotting. An observation of Figure 20 can show that while Likq
increases to the proper value, Lo decreases to its proper value. From this decrease of
magnitude, it can be shown that the filter is approximating values of the generator, and not

randomly finding a value determined by the additive noise.
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Chapter 6: Lab Generator Testing Analysis and Results

6.1 Lab Setup

The University of Idaho has a 20 horsepower generator located in Buchannan Engineering
Laboratory that is the primary focus for generator testing in this work. This generator can be
synchronized to the Analog Model Power System (AMPS), which simulates a transmission
system connected to the local utility system. This lab setup provides the ability to model a
generator located at a facility, bringing real world challenges for parameter estimation to light

within the lab.

6.1.1 Generator
The generator to be analyzed is a 20 horsepower salient pole synchronous generator shown in
Figure 22. This generator’s prime mover is an induction machine driven by an ABB 5550 VFD.

This generator has a shaft encoder with the ability to provide the rotor angle.

Figure 22: Lab 20 horsepower Synchronous Generator
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Table 8: 20 Horsepower Synchronous Generator Name Plate Data

20 Horsepower Westinghouse Salient Pole

Synchronous Generator Value
Horsepower 20
Voltage (V) 920
Current (A) 46

Field Voltage (V) 195
Power Factor 08
Field Current (A) 5
Frequency (Hz) 60
Poles 3

Table 9: Synchronous Generator Calculated Base Values

Calculated Generator Base Values
Voltage Base (V) 179.63
Current Base (A) 65.0525

Field Current Base (A) 3.18
Impedance Base (Zbase) (ohm) 2.7613

Electrical Speed Base (rad/s) 376.9911

6.2 Measurement Requirements

The required measurements described in Chapter 4 have been repeated below.
[VaS,VbS'VcS,iasfibsiicsﬂifdsiRm]

However, note that a couple of items have been removed. In this case, the set-up does not
include a torque transducer. The mechanical torque provided to the machine must be calculated

and entered the filter by hand when approximating the transient conditions of the machine.
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Second, the speed of the machine must also be calculated for the transient condition of the

generator as the encoder only provides rotor angle.

6.2.1 Time Alignment of Encoder to Data

The shaft encoder output is not being recorded by a relay at present and must be time aligned
offline for input to the filter. In the lab, the encoder uses synchronous serial interface (SSI).
This data is read from a Digilent chipKIT pro MX7. To time align the microcontroller output
and the SEL-735 Relay, an output trip signal, is sent from the SEL-735 to the Digilent chipKIT
pro MX7. This time aligns the microcontroller by triggering it at the same time the relay is
triggered. It is important to note that the microcontroller does not record time in its data, and
relies solely on the assumption that the trip sent to the microcontroller is instantaneous and
without delay. The delay was found to be negligible after taking oscilloscope measurements to

verify there is no time delay between the two devices.

6.3 Offline Parameter Estimation

The offline parameter estimation of the synchronous machine was produced by following the
IEEE 115 Standard, as well as laboratory experiments produced from courses taught at the
University of Idaho. These results are the benchmark to use for the online algorithm. The offline

parameters calculated are as follows:

1. X4
2. Xq

3. Xo
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6.3.1 Parameterization of Xd

Xq was found by using the open circuit characterization analysis as followed by University of
Idaho laboratory handout procedures. The machine was open circuited, and a DC voltage was
applied across the field. Starting at 170V (L-L) the terminal voltage was increased in increments

of 10V up to 290V. The data has been included in Appendix A.

Xa = %yscc (103)
X41 = X4 at 1.0 Per unit voltage (104)
X4 = X4 at 1.2 Per unit voltage (105)
Xq ==t (106)
X, = 3.7406254347969 _ o 0o g (107)

2

6.3.2 Parameterization of Xq

To find Xq, the machine was operated as a synchronous condenser. This allows for the g-axis
to become visible since there is no real power. From Appendix B, the data can be found for X,
The synchronous machine is now operating as a condenser, and the current produced will be in
the g-axis allowing Xqto be calculated. Located below in (108) through (111) are the formulas

used to calculate Xj.
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Figure 23: Phasor Diagram of a Salient Pole Synchronous Generator
Vo = Eq — jXalg — jXqly — Rals (108)
ch - EA—O—jXqu—RAIA (109)
__Vo—Epg+IaRp

Xq - jlq (110)
X, = 2.9577 ohm (111)

6.3.3 Parameterization of Xo

The test procedure for finding X0 was based on the IEEE 115 Standard [1] for both parallel and
series stator winding tests. Both tests yielded the same results, and the test data is supplied in
Appendix A for reference. Once the tests were completed, equation (112) was applied to the
data to find the per unit value of Z0, which is equivalent to X0. Where E in the equation is the
test voltage in per unit of base line-to-neutral voltage, and | is the total test current in per unit

of base current.
Zy = ? per unit (112)

Z, = 0.080013 Per Unit (113)
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6.3.4 Parameterization of Lis

Lis cannot be directly calculated unless done through extensive testing of the machine. In the
case of this study, it was assumed that Xis is equal to Xo the zero-sequence reactance. This
assumption increases the amount of error in the tests; however, in the following chapter, it will
be seen that it does not impact the results. To calculate Lis, we need to convert Xs from the per

unit system to inductance in equation (115).

Xis_per.unit = Xo_per.unit = Zo_per.unit = 8.0013% (114)
Xis = Xls_per.unitzbase (115)

Xis = 0.22094 (ohm) (116)

Lys = mrbese (117)

Ly, = (0.080013 (Pe;ﬂz:')tl)i)z()z.%m (ohm)) (118)
Lis = 0.0058597 (H) (119)

6.3.5 Parameterization of Lmd
Lma can be calculated by finding the difference between X4 and Xis as shown in equation (120)

through (122).
Xd = de + Xls (120)
3.65 (ohm) = X,,q + 0.22094 (ohm) (121)

3.65 (0ohm)—0.22094
Ling =
2n(60Hz)

= 0.0090959(H) (122)
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6.3.6 Parameterization of Lmq
The same method in calculating Lmd can be applied for calculating Lmq. This may be done by

finding the difference between the calculated Xq and the leakage reactance Xis.

Xq = Xmq + Xis (123)
2.957 (ohm) = Xpq + 0.22094 (ohm) (124)
Lmq _ 2.957 (ohm)—0.22094 (ohm) — 0.0072162 (H) (125)

2n(60Hz)

6.3.7 Final Offline Machine Parameters

Table 10: Final offline machine parameters

Parameter Value
Lma (H) 9.0959E-3
Lmg (H) 7.2576E-3
Lis (H) 5.8597E-4

Table 10 shows the steady-state parameters of the synchronous machine found using the IEEE
115 and University of Idaho procedures. It is important to note that the calculated values of Ljs
and L fieiq are dependent on the estimation of Xo, with the assumption that Xis is similar to Xo

since a prior value of Xis was not known.

6.4 Test Description
To gather the steady-state values from the synchronous machine while it is online, the
synchronous machine was synchronized to the model power system and set to export power at

a leading power factor. The leading power factor was chosen as it reduces the possibility of
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saturation on the rotor of the synchronous machine. Procedures to synchronize to the model
power system or “Grid” may be found in Appendix B. Synchronizing the synchronous machine
to the grid will ensure the rotor speed of the machine is at the same frequency as the grid while
the machine is loaded to export power. The first step in the test was to record the synchronous
machine operation at unity power factor once the synchronous machine was synchronized to
the grid. Under unity power factor, the initial reference can be calculated since delta is zero
under this condition since the shaft encoder is a relative measure. Next, the prime mover
(induction machine) torque was increased through the VFD, and the synchronous machine
exported real power. Through excitation control, the synchronous machine put at a leading
power factor to induce a current in both the d and g-axes of the machine without saturating the

rotor.

6.4.1 Initialization

In the initialization step of the testing, the rotor angle of the synchronous machine must be
aligned to the peak of the phase A voltage. This may only be done when the synchronous
machine is at unity pf. The rotor angle “shift” with load variation will be accounted by
calculating the number of samples it takes to “shift” the rotor angle zero crossing to the peak of
the A-Phase voltage peak. This “shift” will be recorded in the number of samples taken and

later used in the loaded condition parameter calculation.

6.4.2 Loaded Condition Test

Once the steady state initialization measurements have been recorded, the synchronous machine
was set to export power by increasing the Hertz “HZ” value on the VFD. This effectively
increases the torque on the shaft of the synchronous machine. Once the machine was exporting

real power, the excitation control was adjusted to change the power factor of the machine to
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0.85 leading. Once the pf was leading, records of the voltage, current, and rotor angle were
captured. A similar sample “shift” may be calculated to find the load angle of the machine. This
is achieved by again calculating the required number of samples to shift the rotor angle zero
crossing to the peak of the A-Phase voltage. As a sanity check, if the machine is at a leading pf
this “shift” for the loaded power factor condition should be less than the unloaded “shift” value.
If the value is greater than the initial calibration sample shift, the value is incorrect. Once the
rotor crossing is aligned to the A-phase peak, the difference between the unloaded condition

and the loaded condition is calculated and is used to find the load angle of the machine.

6.5 Results

Following the procedure described in Section 6.4, the synchronous machine was first brought
up to rated speed and synchronized to the grid. The machine voltages, currents, and field values
was recorded. Next, the machine was brought to export power and 0.85 pf leading. Table 11
shows the initial distribution of operating conditions analyzed for the machine with

measurements sampled at 8 kHz.

Table 11: Sample Shift Distribution of Voltages and Currents Sampled at 8 kHz at 0.85 pf

Sample Shifts vd (V) 1d (A) Vg (V) Iq (A)
0 (samples) 0.07899 -4.118 171.3 6.788
1 8.7 3.7 171.06 6.9569

2 16.7 -3.4 170.32 7.12

2.5 20.7988 -3.186 169.8 7.2

3 24.8 -3.0 169.522 7.23

4 32.7 -2.7 168 741
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In this test case, a shift of 2 samples was calculated after processing the data. Table 12 shows

the operating condition for the generator with the machine operating at 0.85 pf leading.

Table 12: Generator Operating point at 0.85 pf leading

Test Power Sample
10176 | Factor shit, |~ VAV | 1d(A) - Valv) 1 (A)
0.85 Lead 2 16.7 -3.4 170.32 7.12

Using the recorded operational data, the parameterization of the machine was commenced.
Table 13 shows a distribution of parameters approximated by the filter. As before, the calculated
sample shift for this test set was two samples; however, when this data was put into the filter
for estimating the parameters, the filter output became slightly unstable. This stability issue was
explored, and it was concluded that the actual value for the calculated “DQO0” voltages and
currents based on the angle of the g-axis (8) approximated was halfway between to two sample
shifts. This new sample shift of “2.5” as seen in Table 11 shows the dg0 voltages and currents
required to keep the filter stable. Table 13 shows the estimated parameters of each sample shift.
In the column named “Lis Trend” explains the trend of Lis through each shift. Unstable means
that Ls either went to infinity or zero to keep the filter stable. When Ljs decreases or increases,
it means that it expands to infinity or zero very slowly, and stable indicates where the filter and

all its states remain stable converging to one value.



Table 13: Parameter Distribution at 8 kHz as Sample Shift VVaried

Sample Shift | Lmd (H) Lmg (H) Lis (H) Lita (H) LIs Trend
0 0.0092005 ' 0.0064246 @ 3.1811e-05 0.015458 Unstable
1 0.028189 = 0.087154 | 0.0013877 | 0.010308 Unstable
2 0.0093755  0.006581 | 0.00011136 | 0.010115 | Lls Decreases
2.5 0.0091415 0.0071011 H 0.00036287 0.009758 Stable
3 0.008928 | 0.0077916 | 0.00097494  0.010127 | Lls Increases
4 0.0090319 ' 0.0095991 | 0.0017646 | 0.010124 Unstable

pf leading sampled at 30.72 kHz.

Table 14: Voltage and Current Distribution at 30.72 kHz with 0.83 pf Leading as Sample Shift Varies

Sample vd (v) | Id(A) Vq (v) Iq (A)
Shifts

9 (samples) | 14.5091 -3.0559 | 129.9477 | 6.5755

10 16.1061 | -2.975 @ 129.7637 @ 6.6132

11 17.6973 | -2.8942 @ 129.5662 @ 6.6497

12 19.2907 | -2.8125 129.3463 | 6.685

13 20.8728 | -2.7309 = 129.1039 | 6.7196

14 22.4553 | -2.6488 | 128.8438 | 6.7528
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To test the accuracy of the parameter estimation test system, a second test set was conducted
with measurements at 30.72 kHz using an SEL-735 power quality meter. The current shaft
encoder is not able to sample above 20 kHz and it was sampled at 15.36 kHz then re-sampled
30.72 kHz offline. Due to the increased number of samples in the test set, a more accurate
determination of the a-phase voltage peak can be made; furthermore, an accurate determination
of the required sample shift (load angle) can be calculated without approximation. Table 14

shows the distribution of voltages and currents of the synchronous generator operating at 0.83
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Table 15 shows the distribution of parameters calculated by the filter with different shifts
around the original sample shift calculation of 11 samples. In these results, it is important to
note that in every test case the filter estimation is stable; furthermore, all the calculated values

close to the actual measured parameters from the IEEE 115 Standard test values.

Table 15: Parameter distribution at 30.72 kHz with 0.83 pf leading

Sample Shift | Lma (H) Lmg (H) Lis (H) Lira(H) | Lis Trend
9 (samples) | 0.0093376 ' 0.0065945  0.0001097 | 0.010338  Stable

10 0.0091912 0.0064424 | 0.00021877 0.010158  Stable
11 0.0092337 1 0.0068743 | 0.00058343 0.010089  Stable
12 0.0093353 | 0.0069934 | 0.00085115 0.010087 @ Stable
13 0.0092703 1 0.0072805 0.0010599 @ 0.01009 Stable
14 0.0094055 = 0.007681 | 0.0012452 0.010087 @ Stable

6.6 Summary

Tables 16 and 17 provide a comparison of the results between the two sample rates of 8 kHz
and 30.72 kHz. It can be seen in Table 16 that while the 8 kHz sampling rate comes close to the
IEEE 115 calculations of Lmg and Lmg, the Lis estimation error is quite large as noted in Table
17. It is important to note that the calculated L;s for this machine was based on an estimation
and not a definite value. Regardless, the estimation error with 8 kHz is still quite large due to
the nature of the equations, allowing the filter to adjust Lis to keep the system stable. Second,
in using the 8 kHz sampling rate, the ability to verify the exact amount of samples used to
calculate load angle is determined by post-processing and engineering judgment. The
engineering judgment can be described as seen in Table 13 where the “correct” sample shift

was 2.5 instead of 2 due to the resolution of the 8 kHz sampling of the voltages and rotor
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encoder. The increased error in the 8 kHz tests is due to the inability to accurately calculate the
dgO voltages and currents of the operating point. When the filter miscalculates a sample shift
by one, the filter becomes unstable and adjusts Lis to keep it stable. This was the primary reason
for testing at the higher 30.72 kHz sample rate as it provided the ability to remain stable even
through testing ten different sample shifts on the same test. The estimation process with the
30.72 kHz sample rate does provide promising results. When the 30.72 kHz sample rate is used,
the estimation errors for all values are reduced to below 5%. Note that the sample shift

procedure would not have been necessary with an absolute encoder.

Table 16: Final Parameters for the 20 horsepower synchronous machine at 8 kHz and 30.72 kHz

Parameter 8 kHz samples = 8 kHz 2.5 samples = 30.72 kHz Actual
Lmd (H) 9.3755 E-3 9.1415 E-3 9.2337 E-3 9.0959E-3
Lmg (H) 6.581E-3 7.1011 E-3 6.9743 E-3 7.2576E-3
Lis (H) 1.1136E-4 3.6287E-4 5.8343 E-4 5.8597 E-4

Table 17: Percent error of the parameters found at 8 kHz and 30.72 kHz

Parameter | 8 kHz 2 Sample Error =~ 8 kHz 2.5 Sample Error 30.72 kHz Error
Lmd (%) 3.0739 0.50132 1.515
Lmg (%) 9.3226 2.1564 3.9035
Lis (%0) 80.996 38.074 0.43347
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Chapter 7:  Sensitivity Analysis
In some cases, assumptions made in simulations cannot be carried over to application of this
filter to a physical system for online parameter estimation. In this section recommendations,
will be made as to how to appropriately implement the UKF algorithm to estimate the fluxes

and parameters of a synchronous machine.

7.1 Noise

The noise of the system depends on the type of data being recorded. In this thesis, the data was
recorded using a microprocessor-based protective relay, which performed low pass filtering as
part of the recording voltages and currents. This data limited the filtering which was needed to
remove any harmonics, as well as measurement noise. When using raw data, the data analyzed
by the UKF will need to be filtered by a low pass filter. The raw data will include noise, as well
as harmonics that will need to be removed. For example, due to the construction of the 20
horsepower salient pole synchronous generator in the lab, a large 11" harmonic is observed in
both the raw and filtered data, requiring the data to be filtered again. Figure 24 below provides

an example of the raw data recorded plotted against the filtered quantities.
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Figure 24: Raw Vs Filtered Data (a) current (b) voltage

The primary reason for filtering the voltages and currents is for increased accuracy with DQO
analysis; furthermore, when analyzing the data offline, the filtered data provides a tangible way

to accurately find the peak of the voltage for an angle reference.

7.2 Data Sampling

In this thesis, there are two main factors which surround the sample rate. Time alignment of the
samples, and the sample rate itself. As discussed in Chapter 6, the sample rate impacts the
estimation process and can lead to the improper estimation of parameters when using a relative
encoder to determine angle. Table 16 shows the percent error from estimating with 8 kHz or

30.72 kHz rates, leading to the conclusion that 8 kHz would not be recommended. The error in
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the 8 kHz values primarily stems from the ability to calculate correct voltages and currents
related to the load angle of the machine. In Table 16 a sample misalignment at 8 kHz will cause
an 8V shift in the d-axis voltage, causing the filter to become unstable. One sample shift error
at 30.72 kHz still allows the filter to be stable; however, it does increase the error in the
estimated Lis value. The error in the sample shift at 30.72 kHz does again stem from the ability
to calculate the actual angle of the g-axis to calculate the DQO voltages and currents, but the
ability to calculate the correct sample shift at 30.72 kHz is simple and does not require
engineering judgment in offline post-processing. A sample rate higher than 8 kHz is

recommended for this application in the use of calculating an appropriate load angle of the shaft.

7.3 Time Alignment

Due to the nature of the equations used in the state and parameter estimation, the increased need
for accurate time aligned samples grows especially if multiple devices are used. If the rotor
quantities are not time aligned with the voltage and current measurements, it will render the
analysis null. In a MATLAB simulation, the model calculates each respected value from T =0,
this allows for time aligned accurate values regardless of the sample rate. In a physical system,
T = 0 is not known unless the synchronous machine has a previous rotor encoder recording of
the first A-phase pole in the sequence. However, this very rare and cannot be assumed to be

known.

For the laboratory experiments, a rotor encoder was installed on the synchronous machine to
allow measurements of rotor position. This encoder output was recorded by a Digilent chipKIT
pro MX7, rather than a microprocessor-based protective relay because the encoder uses

synchronous serial interface protocol (SSI) to transmit the rotor position. Since two separate
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systems are being used, the SEL-411L was used to trigger both an event report and the

microcontroller at the same time.

While having the SEL-411L send a trip signal to the Digilent chipKIT pro MX7 does time align
the data, the probability of error increases when there are two independent systems working in
parallel. It is advised to record voltages, currents, and rotor position in one device to remove

possible sources of error.

7.3.1 Sample Rate

The sample rate was the primary source of error in laboratory testing. As discussed previously,
in Simulink the generator model is continuously being calculated with the discrete points
recorded at a fixed sample rate. Simulink uses these discrete points for all calculations so that
all calculations and measurements are aligned in space with zero error. Noise may be applied
on top of these samples to increase error; however, this does not increase the error of the
calculations made within the Simulink library blocks. On the physical generator, sampling the

encoder to retain an accurate rotor position proved to be the primary concern.

As shown in Chapter 3, the load angle of the generator was calculated by a two-step process:
the calibration step, and the loaded condition step. As seen in Table 11, at 8 kHz the voltage
increases by 8 V per sample. This generates error when the filter uses the wrong value. If the

filter is off by one sample shift, the calculations are now invalid, and the filter becomes unstable.

Since the SEL-411L only can sample at 8 kHz, the SEL-735 was used to sample at 30.72 kHz.
The higher sampling rate of the SEL-735 allowed the error to be reduced in the voltage and
current measurement; however, the rotor shaft encoder was only able to sample at 20 kHz. To

ensure a consistent calculation, the encoder was only sampled at 15.36 kHz and then resampled
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based on the frequency of the voltage to 30.72 kHz. The resampling of the data allowed for a
higher sample rate to calculate the load angle of the machine. Tables 12 and 14 in Chapter 6
show the distribution of voltages and currents per sample for 8 kHz and 30.72 kHz. From these
two tables, it can be observed that when the filter miscalculates the sample shift by one, the 8
kHz voltages and currents vary by 8 V. However, when the filter miscalculates the sample shift

by one of the 30.72 kHz, it varies by 1.7 V decreasing error in the parameter estimation.

While sampling at a higher rate is promising, it is the underlying factor of load angle which
determines the ability to accurately calculate the DQO values. The primary focus of this
calculation is the A-phase voltage peak reference and the zero crossing of the rotor. If the
voltage reference and rotor crossing values can be recorded with high accuracy, the need for
sample rates is negligible since the rotor position can be extrapolated with the frequency of the
machine. Consequently, this applies to the steady state condition of the machine as the physical
rotor position will need to be recorded at a higher sample rate than 8 kHz for a transient

condition as the kinematics of the rotor will need to be captured as the machine changes states.

7.4 Power Factor Control

Throughout testing the synchronous machine, it was found that without a tuned AVR the ability
to keep the machine at a constant power factor depends on how rapidly the grid voltage
magnitude and frequency is fluctuating. Furthermore, it has been found that during a windy day
the grid voltage and frequency changes grow more dramatic and the ability to calculate a load
angle becomes null. Figure 25 shows a windy day on March 14" 2017 with samples every 3
seconds over three hours. On these days, the grid becomes inconsistent and pushes the power
factor of the synchronous machine around as the machine sends a different amount of reactive

power every minute. The inconsistency of the power factor on these days creates the inability
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to calculate an accurate initial sample shift. The tuning of the AVR exciter is recommended to

better facilitate online testing.
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Figure 25: Power System Measurements on March 14, 2017, at 1 pmto 4 pm.

7.5 Torque Measurements

Torque measurements are not required for steady state tests. The shaft of the generator will be
at a steady state speed and the requirement to calculate the change in speed of the machine is
null. When transient parameters are required, the transient torques on the shaft are required to

calculate the change in speed of the shaft.

7.6 Summary

Through the realization of the parameter estimation on a physical laboratory setup, it was found
that many factors affect the performance of the filter’s ability to estimate parameters. An
analysis was made on the sensitivity of the laboratory equipment and the UKF abilities, and it
was found that a higher sample rate than 8 kHz such as 30.72 kHz was required for the filter to
be stable without requiring engineering judgment to compensate for the error. If the experiment

were to be extended into the transient parameters, high sample rates for voltage, current, rotor
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angle, and torque measurements must be provided to ensure an accurate calculation for the UKF

filter to estimate accurate values.
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Chapter 8:  Conclusion and Future Scope

8.1  Conclusion

With the advent of the WECC requiring utilities to parameterize machines, the ability to
parameterize generation online has become more of interest. The standard for machine
parameterization currently is the IEEE 115 standard, which requires the machine to be taken
offline to conduct the tests, costing extra time. The purpose of this thesis is to test and prove

the ability to parameterize a synchronous machine without taking it offline.

In this thesis approaches to parameterize an online machine were reviewed as well as advice
taken from Michael West, the previous researcher on this project. Different approaches such as
a black box, gray box, and white box techniques were researched, and it was determined a gray
box would vyield the best results. Due to the non-linear system behavior of the machine, a
nonlinear filter was selected to approximate the parameters. Since the Least Squares Estimation
had already been selected by Mike West, the Unscented Kalman filter was selected for this

thesis.

This thesis explored the application of the unscented Kalman filter, and a realization of the filter
was created in the MATLAB environment for initial testing and calibration. The main testing
of the filter was done with the Simulink add-on of MATLAB and tested in the discrete time
domain to replicate being implemented in a microcontroller based device. The filter was tested
at 8 kHz calibrated after numerous tests to simulate laboratory testing. Once the filter was
calibrated, it was tested as if it were in the field by running in real time off discrete data. In both
the steady state and transient test cases, the filter could approximate the parameters, which were

simulated to be unknown, to within 5% error of the actual value.
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To realize the filter on a physical synchronous generator, tests were conducted on the University
of Idaho’s 20 horsepower generator in Buchannan Engineering Laboratories. Steady state
condition tests were gathered, and the operational data was used to characterize the synchronous
machine against generator characterization measurements that were conducted before testing.
Two steady state test sets were conducted for the characterization of the synchronous machine,
as well as determining the performance of the filter. The first test was tested at 8 kHz with an
SEL-411L relay which demonstrated that the UFK could characterize Lmg and Lmq Of the
machine with errors below 3%. However, when testing at 8 kHz using a relative encoder, the
data must be post-processed and evaluated with engineering judgment since the resolution of
the sample points may lead to errors in the calculations. If the error in the calculation extends
beyond one sample point, the filter will become unstable, and Lis will not converge to a specific

value due to the set of equations chosen.

The second test set was conducted at 30.72 kHz with an SEL-735 relay primarily because this
sample rate was the next higher available sample rate. Due to the higher sample rate, the
performance of the filter and the ability to parametrize a synchronous machine increased
substantially. The errors for Lmd¢ and Lmq Were still around 3%, the same as from the 8 kHz.
However, the Ljs estimation was around 0.5% error instead of 35%, proving that the filter can

parameterize a synchronous machine when it has enough sample resolution.

To realize this algorithm into a fully packaged online estimation device, the sample rate will
need to be greater than 8 kHz or an absolute encoder will be needed. The 8 kHz rate which was
tested in Simulink was found to be at the edge of the ability to accurately capture the mechanics
of the rotor position and A-Phase voltage to parameterize the machine with the laboratory setup.

This thesis finds that a higher sample rate such as 30.72 kHz is recommended to characterize
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the machine without any additional engineering judgment after the tests have been recorded to

allow for automation of the full process.

This thesis has explored methods to parameterize online synchronous machines. The Unscented
Kalman Filter was chosen for this process and MATLAB code was produced. The UKF filter
was then tested and calibrated with the Simulink environment for both steady state and transient
tests. Once the UKF was calibrated, it was used to test a physical laboratory setup at the
University of Idaho. The UKF could consistently identify the steady state parameters of an
online synchronous generator at 30.72 kHz. However, the UKF had difficulty identifying
parameters at 8 kHz due to A-Phase voltage alignment issues. Second, tests have not been
conducted to determine the transient parameters of the 20 horsepower synchronous generator

since it does not have a feedback loop.

8.2 Future Work

If this online parameter estimation method were to be continued, additional work would need
to be produced on the transient parameter estimation. This includes work on the physical
laboratory experiment for tuning the AVR and VFD to respond properly when a load is
switched onto the system. The generator tested in the simulation was much larger than the one
being used in the lab, and could handle a pickup in load without much control. The synchronous
generator will be stressed without a tuned AVR and torque control. Additionally, data logging
will need to be implemented for the AVR to sample both the field voltage and current. A higher
sample rate such as 30.72 kHz should be considered so the filter can capture both sub-transient,

and transient conditions and parameters.

Through laboratory testing, it was found that the synchronous generator needs a feedback loop

to keep its power factor constant. Further work needs to be done to tune the AVR and VFD
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such that it can mimic an online generator. Currently, the ability to reliably calculate the load
angle purely depends on wither or not the machine is at the same power factor when a

consecutive measurement is made.

Second, additional research will need to be continued in capturing the mechanical rotor angle
and the alignment with the A-Phase voltage. At 8 kHz, it was found to be difficult when trying
to align the rotor encoder data to the A-Phase voltage peak. The current rotor encoder is the
BEI CHO5 SSiI single turn encoder with 13 bits of resolution. At 8 kHz the BEI encoder samples
the rotor every 0.922 degrees, moreover, at 15.36 kHz it samples every 0.48 degrees at 60Hz.
Chapter 6 has proven that when the BEI encoder is sampled at 15.36 kHz and re-sampled to
30.72 kHz is sufficient for this application due to the increased number of samples. It has been
recommended by others that using one device to record the voltages, currents, and rotor positon

with an absolute encoder would remove the issues of time alignment and increase accuracy.

A few methods were proposed through academic papers that could be considered to improve
rotor angle measurement to improve parameter estimation. The first is using a programmable
automation controller (PAC). The PAC had the ability to incorporate GPS time into its
measurements of the absolute rotor encoder which uses SSI, and then transfers the data through
Ethernet to a central system for calculations. The rotor data can then be time aligned with
voltage measurements without any engineering judgement. The second recommended method
is through capturing rotor angle with a hall effect encoder which produces analog outputs. These
analog outputs can be recorded in a microprocessor based relay which automatically time aligns
the voltages, currents, and rotor angle. If a new rotor encoder is to be used it is recommended

that an absolute single turn encoder which has a resolution 12 bits or higher.
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For laboratory testing, it was noted that when the AVR is in use, the Digilent chipKIT pro MX7
continuously trips rendering all the rotor encoder measurements null for the tests. If the Digilent
chipKIT pro MX7 is to be used in further experimentation with the AVR, a guard which protects
the device and all cabling from electromagnetic interference will be required. If the rotor
encoder is to be replaced with a hall effect sensor and is implemented in a microprocessor based

relay this problem would be removed.

Further testing will need to be produced on the transient and subtransient parameters of the 20
horsepower synchronous generator in the laboratory. The transient parameters will first need to
be verified through the IEEE 115 standard, and checked against previous measurements on the
machine. Once the transient parameters have been found, installation of a feedback loop for
both the governor and exciter is recommended to commence these tests. The inclusion of the
feedback loop will enable the synchronous machine to stay stable while undergoing a transient
condition. Stability factors such as under voltage/frequency and over voltage/frequency will

need to monitored throughout the tests.

Through the implementation of the filter, a few MATLAB scripts were created to automate the
UKF for field testing. The UKF itself is set up as a series of modular functions requiring specific
inputs which have been commented in the code structure. It is recommended that this filter be
implemented in a device which can store or read in all required measurements. The primary
consideration of field implementation is how the rotor encoder data is being captured. If a
synchronous machine is using a relative encoder, the rotor encoder data will need to be aligned
to A-Phase voltage as described in Chapter 6. If it is an absolute encoder, the electrical rotor
angle may be analyzed by the filter without alteration with the assumption it has already been

aligned to the A-Phase voltage.
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Appendix A — Characteristics

Open Circuit Characteristics

Table 22: OCC Characteristics

Test Number | Field/ IFD V12 V23 V31 VOC VLN
sqrt(2)

1 1576848122 | 2.23 170 170 170 170 | 98.14955
2 1.71119841 | 2.42 180 180 180 180 103.923

3 1.838477631 @ 2.6 190 190 190 190 | 109.6966
4 1.97282792 = 2.79 200 200 200 200 | 115.4701
5 2.107178208 @ 2.98 210 210 210 210 | 121.2436
6 2.248599564 = 3.18 220 220 220 220 | 127.0171
7 2.382949853 | 3.37 230 230 230 230 | 132.7906
8 2.538513344 @ 3.59 240 240 240 240 | 138.5641
9 2.708218972 @ 3.83 250 250 250 250 | 144.3376
10 2.856711396 @ 4.04 260 260 260 260 | 150.1111
11 3.040559159 @ 4.3 270 270 270 270 | 155.8846
12 3.224406922 @ 4.56 280 280 280 280 | 161.6581

3.422396821 4.84 290 290 290 290 | 167.4316

[EEN
w
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Table 23: Calculated Xd Values

Test Case Xd

4.121855
4.021664
3.951199
3.875917
3.810234
3.740625
3.690172
3.614643
3.529311
3.479691
3.395033
3.320029
3.239674
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Synchronous Condenser Operation to Calculate Xq Data

Table 24: Synchronous Condenser Operation

Test Vige
11 12 13 IL V12 V23 V31 Ifgen
Number n
1 16.4 16.4 16.4 16.4 220 220 220 1.98 35.2
2 9.93 9.97 9.88 9.92666 220 220 220 2.46 435
3 13.07 13.03 13.05 13.05 220 220 220 2.21 39.2
4 6.87 6.9 6.83 6.86666 220 220 220 2.69 47.5



Table 25: Calculated Xq Values

Test Xq (ohm)
ohm

Number ‘
1 2.8623

2 2.9424
3 3.0285
4 2.9978



Appendix B — AMPS Setup

Variable Frequency Drive

ACS550

Encoder

BEI CHO5 SSI Absolute Single Turn Encoder

Current Transformer

SEL-411L Relay Settings

General Settings

CTR-30
PTR-1
Trip Logic
TR -PB7_LED
Outputs

Interface Board Outputs

OUT201 Interface Board 1 Output OUT201 (SELogic) — PB7_LED

Report

Event Reporting

SRATE -8

LER -0.25



PRE - 0.05

Event Reporting Analog Quantities

VAYFM

VBYFM

VCYFM

IAWFI

IBWFI

ICWFI

FREQPM

3PF

FREQP

SEL-735 Relay Settings

General Settings

CTR-30

PTR-1

Trip Logic

TR -0UT101

Event Report
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ER1 Event Report Equation 1 — PB03

SRATE - 512

LER - 120

PRE -1

EVE_SCA - PRI

Inputs/Outputs

OUT101 - FAULT OR PBO03
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Analog Model Power System

Synchronization to the Power Grid

To connect the synchronous generator to the grid the following steps will need to be followed:

1. First, begin by making sure all the breakers are open on the AMPS system

2. Next start with connecting the synchronous generator to the terminal box behind the

VFD

Figure 26: Connection Panel next to 20 hp Synchronous Generator

3. The panel in step 2 connects the generator to the AMPS distribution panel seen in Figure
27. Take the “longest” lab cables and connect them to bus 22 on the AMPS system as
noted in Figure 28. There is an additional connection from bus 23 to bus 24. This is
because the Synchroscope is connected to bus 24. The Synchronous generator must be
connected to bus 24 via bus 22. This is a radial system as seen by disconnecting bus 37

or 38 from the system.



Figure 27: Connection Panel On AMPS System Above Computer
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Figure 28: Generator Bus Configuration
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4. Before staring the generator, it is important to make sure the AMPS M/G set is

disconnected via the breaker box as seen in Figure 29.

al ud

Figure 29: Breaker Box for AMPS MG set

5. After the generator, has been connected, and the AMPS MG set has been disconnected,
turn on the AMPS system.

6. Bring the generator up to rated speed and up to the AMPS voltage. This will be around
208V to 215V Line-to-Line depending on the grid voltage.

7. Close Breaker 1 on the AMPS system.

8. Figure 30 shows the synchrocope located next to the generator bus on the AMPS system.
This should be spinning, if it is not turn off the system and check the system is connected
properly. If it is, make sure it is spinning counter clockwise, meaning slightly above

rated frequency. This ensures the generator will export power when synchronizing to



87

the grid, not importing power. If the machine is not above rated frequency, adjust the

VFD such that it says 60.1 Hz on the face plate.

e

\ SYNCHROSCOPE /
\\ - /

Figure 30: Synchroscope

9. The best time to synchronize the generator is when the needle is about 10 degrees from
the vertical position. This ensures the minimal power export and minimum torque on
the generator. When ready, turn the Breaker 2 handle clockwise as fast as possible to

sync the generator.



