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Abstract—A novel technique to estimate and model parameters ,_OM

of a 460-MVA large steam turbine generator from operating data is R L B La
presented. First, data from small excitation disturbances are used il < L Rea Ia

to estimate linear model armature circuit and field winding pa- Vi v Li I Vi
rameters of the machine. Subsequently, for each set of steady state L,

operating data, saturable inductancesL 4, and L4, are identified

and modeled using nonlinear mapping functions-based estimators. °
Using the estimates of the armature circuit parameters, for each

set of disturbance data collected at different operating conditions,

the rotor body parameters of the generator are estimated using an
output error method (OEM). The developed nonlinear models are
validated with measurements not used in the estimation procedure.

Index Terms—Armature circuit and rotor body parameters,
large utility generators, parameter identification.

q-axis

I. INTRODUCTION
Fig. 1. Online model structure.

ARAMETER identification from operating data for syn-

chronous generators is a beneficial procedure which does ] o ] ]
not require any service interruption to perform. Thus, machifi@&ar mapping [7] can easily identify the shape of the nonlinear

parameters, which can deviate substantially from manufactufgpction from training data. Therefore, rapriori knowledge

values during online operation at different loading levels, c&lf the shape of the mapping is required. The effects of gener-
be determined without costly testing [1]. These deviations afL°T Saturation, rotor position, and loading are included in the

usually due to magnetic saturation [2]-[4], internal temperatuf@aPPing process. Finally, validation studies are conducted to

machine aging, and the effect of centrifugal forces on windirlgvestigate the performance of nonlinear mapping models and

contacts and incipient faults within the machine. Referencgstimated parameters.

[5]-[7] include investigations into modeling synchronous gen-

erator parameters as a function of operating condition. In most II. MACHINE MODEL DESCRIPTION
of these studies, the independent variables used in modeling AND PROBLEM FORMULATION

nonlinear variations of the parameters are primarily the termmal.l.he structure of the synchronous machine model used in this

voltage, current, or a combination of these quantities includi : (21 11 with . .
the phase angle. A similar study can be found in [7] and [8] f%r%dy is amodel 2.1type [1], with one damper in the-axisand

I d rot h ‘ ne damper in thg-axis given in Fig. 1.
asma round rotor synchronous generator. . .. For continuous time systems, the state space representation
In this study, disturbance data sets acquired online at dbff-

. . . this model is
ferent loading and excitation levels of a large utility generator

are used to identify the machine parameters. It is assumed that dX(t)
the machine model order is known (i.e., the number of differ- — =A0) - X(1) + B(6)-U) + w(t)
ential equations). Estimated machine parameters for each oper- Y(t) =C- X(t) + v(t) (1)

ating point are then mapped into operating condition-dependent

machine variables using nonlinear mapping functions. The NGfinere (¢) and () represent the process and measurement

noise. Also, see the equation at the bottom of the next page. All
parameters are in actual units. Also, it is assumed that the ma-
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corresponding transformed quantities on the stator side througt ~ ;*1°
the field to stator turns ratio = N;q/N, as follows:
2 v} 31
’ifd = §Gi7d de = % Rfd = §§R;d
All other variables and parameters are referred to the stator.
The identification of machine parameters including arma- i ; ‘ ; ‘ ; ‘
ture, field, and rotor body parameters involve the following five A R A L A
stages.

1) Measurement data are validated. oosl-

2) Using small excitation disturbance data, linear model =
armature circuit and field winding parameters are Foosf e
estimated. 3 1 ’ 1 ’ 1 ’ 1

3) Saturable inductancés;; andL, are identified for each
steady-state operating point and nonlinear models are de ? i ? i ? i ?

0 01 02 0.3 04 05 0.6 o7 08

veloped for mapping.qs and L, to various operating fime (sec)
points.

4) Using the armature circuit parameter estimates from tR@. 2. Recursively estimated... and L, trajectories.

previous step, rotor body parameters are estimated from

d|s'Furbance dat? acquired whgr? the machine is operatmhe machine. In order to satisfy linearity, the field side of the
onllng under various test conditions. .,_.machine should be disturbed in small amounts (approximatelyt
5) Nonlinear mapping models are developed and vahda;g 0 10%) while the machine is underexcited and operating at
to map variables representative of generator operaUnght load. The measurements needed for the estimation process
cor?dm.on o each rotor lf’?dy parameter. Ar€Vap, Vbe, Veay lasy lbs, fes, i7q, ANAO. These quantities can
Stage 1 is discussed in detail in a recent study by the authgisconverted talg-axis equivalents by following the steps de-
[18]. Stages 2—5 comprise the primary objectives of this papgkrined in reference [20].

In order to validate the established model based on estimated P35 recursive estimation procedure [20] is used to estimate the
rameters, simulation studies are also performed and the resy|ts . .o circuit paramete®, , al.q, and Ly from two dif-
a ady

are compared against the.S|muIat|on results V.V'th manu_factu]r fent small disturbance data. Due to the sensitivity of estima-
parameters. In these studies, measured terminal and field elie

) . ) . of L, to the accuracy of for small angles [18], it was not
ages are used to excite the machine model to obtain term*‘g{,}[|

! . sible to estimaté, for these operating points. The trajecto-
and field currents. The simulated currents are compared agalnst ¢ recursively estimatedZ.,; and Ly are given in Fig. 2
corresponding actual measurements. ad ¢ L

The | " : d for stud . In?iddition to the armature circuit parameters, field winding pa-
€ large steam generator used for study purposes IS one.£ eters’},; andL, are also estimated, applying output error

the Cholla Units operated by Arizona Public Service Co. (APE\Sé

~
T

i)
T

Ld {mHenry)

. o ethod (OEM) technique [21] to these small disturbance data
This machine is rated at 22 kv, 460 MVA, and operates at 36 ts in that the contribution of damper winding effects can be ig-

r/min. The generator |s7mon|tored continuously, and o!a_lta HBred. Table | lists the estimated parameters for these two cases.
recorded at an operator’'s demand or when a fault condition %ﬂgﬁough the machine can be assumed to be linear while it is

curs. The .data consist of measurements of stator voliages aH erexcited, there is still a slight difference between estimated
currents, field voltage and current, generator speed, and po:gfﬁfameters for two different operating conditions.

angle. Ten steady-state data files at various operating conditi NS e to the sensitivity ofiLq, La, R, andL s, estimates
. . y . . . - ady ’ fdl da
were used in this paper’s analysis. Thirteen transient data fi quite negligible even for significant changeinas shown

were obtalr!ed either by steppmg the voltgge regulator for ShfHLI'able I, the value oR?, can be set as the manufacturer’s value

periods of time or by capturing fault conditions. 0.0047Q2. Also, the leakage inductande is assumed to be 10%

of L4, as given by manufacturer-supplied values. Based on this

value ofL;, the value of turns ratia was found to be within the

range of 9.9. This tuning procedure is obtained by experience
The first stage of the estimation process involves estimatiarth the measured and manufacturer's data and confidence in

of linear model armature circuit and field winding parametetbeir values.

[ll. ESTIMATION OF LINEAR MODEL ARMATURE CIRCUIT AND
FIELD WINDING PARAMETERS

Vg Vd Vg
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TABLE |
ARMATURE RESISTANCE SENSITIVITY
ANALYSIS ON ESTIMATION WITH SMALL DISTURBANCE DATA

Ra Ld a*Lad Rfd Lfd

: Q) (mH) (mH) Q) (mH)
Small 0.0024 | 4.2224 | 37.466 | 0.0459 | 0.3506
Disturbance | 0.0047 | 4.2222 | 37.466 | 0.0465 | 0.3359
Case #1 0.0095 | 4.2219 | 37.466 | 0.0472 | 0.3228
Small 0.0024 | 4.2714 | 38386 | 0.0524 | 0.3225
Disturbance | 0.0047 | 4.2714 | 38.386 | 0.0523 | 0.3185
Case #2 0.0095 | 4.2714 | 38.386 | 0.0522 | 0.3120

Les tpu)

Power angle: delta (degree)

20 i 05

40 50 =

Active power: P {pu)
Power angle: delta (degree)

Fig. 3. \Variation ofL,, andL,, as a function of power anglé) and active
power ().

IV. DEVELOPMENT OF SATURATION MODELS
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Fig. 4. Nonlinear mapping and OEM estimated, andL, for the patterns
not used in training.

In order to verify that the nonlinear mapping functions are
able to generalize properly, a cross validation data set, which is
not included in the estimation, is used after the model develop-
ment. The values of estimatdq,; and L, are compared with
the cross validation set not previously used for modeling. As
shown in Fig. 4, both nonlinear functions saturation models can
correctly interpolate between patterns not used in estimation.

V. ESTIMATION OF ROTOR BODY PARAMETERS

The estimation procedure involves the identification of field
winding d- and ¢-axis damper winding parameters from dis-
turbance data. For estimation of rotor body parameters, oper-

First, saturable inductancds;; and L, are identified from ating data due to disturbances that will excite adequate amount
e_ach steady-state operating data_collected atvarious levels ofgdamper winding currents are needed. For instance, this can
citation and power generation. Sinég, L;, anda are already pe achieved by perturbing the field excitation voltage or by cap-
determined in the previous stagks, and L,, can be calcu- tyring line fault events.

equations:

fixed in this estimation procedure. These parameters include

I Vg + Rq - ig 5 R, Ly, Lq, Ly, anda. Then, the parameter vector to be es-
i+ 2.0 w, Hi%, 0.9 @) timated ford-axisis 0o = [R}; Lya Ria Lia] and for
va+ Ry - ig g-axisis 8, = [R14 Li4]. The model for estimation can be
Lys =—7+—=. (3) established as follows:
W 1q ;
. . . vy -R, 0 0 iq
A total of 34 steady-state data points were used to idefitify P 0 Riy 0 it
and 29 of which (excluding operating points with smallan- ! /e I
. ) ) ) o 0 0  Rua| |41
gles) were used to identiff4s. Fig. 3 depicts the variation of (L4 L alus I
L,s and L, as a function of power angle and active power at (Lt + Laa) ,, L5 ad
. . . + _ L a (Lfd—l-Lad) L
the machine-rated terminal voltage for these data points. aLad —iz aLad
Once the inductance values are identified for each operating —Laa alL—gd Lig+ Laa
point, the nonlinear mapping saturation models can be devel- ig
oped. The nonlinear mapping function to be identified between p|ita
the input and output patterns is proposed as i1g
{ Lis= Ng(va vy iq ig i3y) @) (5)
Lys= Ny(va vy ta 14 z}d) {v;] _ {—Ra 0 } |:’Lq ]
whereN, and N, are unknown nonlinear mapping functions to 0 0 R iy
be established. The field voltagg, need not be a part of the n —(Li + Lag) L. » iq
mapping since it is simply a scaled version of field currgnt Lqg —(Li + L1g) l1q
at steady state. (6)
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Fig. 5. Test 1. Comparisons of simulatéd and i, for estimated and Fjg 6. Test 2: Comparisons of simulatéd and i}, for estimated and
manufacturer parameters against measufeandiy ;. manufacturer parameters against measeyeahd:’, .

whereuv; andov; ared- andg-axis voltages as described in Fig. 1
and their computation procedure can be found in [7].

The model (5)—(6) is not in the proper form for estimation.
To render them amenable for state space representation, the
should be rearranged. This is accomplished by taking curren
vector: as outputs and voltage vectogs inputs of the system,
then the state space form for both models is Power anyle: celta {degree) Field curent: Ifd (pu}

LFd {mH)

i=—L"'Ri+ L tv. (7)

In (5) and (6),i14 andiy, represent unmeasurable rotor body
currents for bothi- andg-axis. Once the state space estimation vl |
models in the form of (7) are obtained, OEM can be employed g T e T ﬂ_xrm”
for the estimation ofl- and g-axis rotor body parameters. The s 1
estimation algorithm requires initial values for the parameters "= @ dess)
to be estimated. Manufacturer values are used for this purpose. o ]
In this study, disturbance data were collected at different o '9r're7r'n an;'at'on Off. 74 andR ;4 w.r.t. mean power anglé{ and mean field
erating and loading conditions by perturbing the field excita- e
tion of the machine or by capturing fault events. A total of such
nine disturbance data records were captured and made avail-
able for identification. Five of these records include proper large Using nonlinear mappings [8], the variables representative of
transient dynamics required for the estimationlofndg-axis generator operating condition are mapped to each rotor body pa-
damper winding parameters. The remaining four records comameter being modeled. Thus, a total of four nonlinear functions
prise relatively smaller transient dynamics in that the contribare used to model the rotor body parametefs, L4, 214, and
tion of damper winding effects are insignificant. However, thesk, ;.
records can still be used to estimate field winding parametersThe generator testing procedure is generally conducted at
R}, and Lgq. As a result, five sets of- andg¢- axis damper rated terminal voltage. Hence, the operating region of the gener-
winding parameters and nine sets of field winding parameteator can be determined by using the field currgntand power
are estimated using the transient data files provided by APSangles. Due to the fact that the variablég, andé are not con-
Subsequently, simulation studies are conducted to validatant during a disturbance, there is not one unique point that
the performance of these estimated parameters. In these studias,represent each measurement record to be used to develop
the simulated currents generated by using manufacturer and medels of rotor body parameters. Well-known statistical vari-
line-estimated parameters are compared against correspondibigs, mean value, and standard deviation$ pands are used
actual measurements. For example, Figs. 5 and 6 illustrate thiesethis purpose.
comparisons for field current;; andd-axis currentiy in two Itis desirable to visualize the transfer functions of rotor body
test cases. Validation studies show that estimated rotor body parameters with respect to all variables of input vector space
rametersity,;, Lga , 14, andLq4 clearly outperform the man- P; however, this can be at most represented in three dimen-
ufacturer parameters. No appreciable differences were noticgoins. For example, the approximate nonlinear mappings be-
between the performance of estimateq,, L,, and manufac- tween E(i%,), E(6), and operating condition dependeRt,
turer g-axis rotor body parameters. andL . are portrayed in Fig. 7. These three-dimensional (3-D)

oR

Field current: Ifd {pu)

VI. DEVELOPMENT OFROTORBODY MODELS
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TABLE I [3]
COMPARISON OFOEM-ESTIMATED AND NONLINEAR MODEL ESTIMATED
PARAMETERS FOR THECROSSVALIDATION DATA SET
4
Data Set #1 Data Set #2 Y
Ry (@) | Lu(mH) | R (Q) | Lu(mH)
OEM Estimate 0.0460 0.3161 0.0493 0.7160 [5]
Nonlinear Estimate| 0.0465 0.3260 0.0472 0.7497
% Error 1.07 1.24 4.20 4.71
[6]

plots represent the variation manifolds within the bounds of es-
timated parameter values.

In order to verify that the nonlinear mapping functions are
able to generalize properly, cross validation data sets, which are
not included in the estimation, are used after the estimationI8]
Table 1l compares nonlinear model estimated and OEM-esti-
matedd-axis parameters for the data set not used in estimationgj
As can be seen, nonlinear models can correctly interpolate for
the patterns not used in estimation.

Due to the very limited number of data sets availableRgg [10]
and L, estimates, all estimates are used for model estimation
and not left for validation procedure.

(7]

(11]

VIlI. CONCLUSIONS [12]

A nonlinear mapping-based modeling technique for a large
utility generator is developed. Operating data collected onliné*!
at different levels of excitation and loading conditions are used
for estimation. The disturbance data used for estimation are olpl4]
tained by perturbing the field side of the machine or by capturing
fault events. Small excitation disturbance data sets are first usegk;
to estimate linear model machine parameters. Subsequently, sat-
urable inductancet,, andL,, are identified for each steady-
state operating point based on the estimates of linear model pa-
rameters. Nonlinear saturation models are developed by maf6]
ping generator terminal variables iy, andL,, estimates. An
OEM technique is later employed to estimate the operating point
dependent rotor body parameters. Rotor body models are devel-
oped by mapping field current,; and power anglé to the pa- [18]
rameter estimates.

Simulation studies show that estimated parameters clearl
outperform the manufacturer parameters. It has also been shoﬁﬁ
that nonlinear models can correctly interpolate between patterns
not used in training. It is expected that a richer data set collectel@o]
at different loading and excitation levels would improve the per-

formance of such nonlinear mapping models.
[21]
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