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This paper describes a prototype of an intelligent generator monitoring system, developed jointly by Texas A&M University and Houston
Lighting & Power company. The monitoring system is based on a high performance front-end data acquisition system and real-time pro-
cessing of elecirical signals from CTs and PTs, as well as contacts from related protective relays, circuit breakers, and switches. Based on
this data, the svstem performs continwous monitoring af the electrical part of the generator and informs operators of any deviarions from
the normal aperating conditions. As a result, performance of protection relays as well as related conirol and switching equipment can be

evaluated, The svstem is implemented using a PC interfaced to o modified commercial digital fault recorder.
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1. INTRODUCTION

Automated monitoring of large power plants iz a well
established practice in the industry. Several computer sys-
tems are employed today in a control room to monitor var-
ious parts of the power plant such as boiler controls,
turning gear, as well as control and protection of the elec-
trical part.

Introduction of advanced data acquisition systems and
inteltigent techniques have prompted development of new
monitoring systems that provide improved performance
with a reduced overall cost [1 — 3]. Those developments
have heen primarily related to the specific applications
such as menitoring of the electrical parts of the generator.

This paper describes a new design of an intelfigent sys-
tem for automated monitoring of the electrical part of a gen-
erator. The main advantage of this implementation over the
existing ones is the improvement in the data acquisition and
related processing of the data.

The idea for such a system came from development of a
similar system aimed at automated menitoting and analy-
sis of faults in the high voltage transmission systems [4].
This system is also based on the high performance data
acquisitton front-end wusing substation digital fault
recorders and advanced data processing using an expert
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system [5]. The substation system has been installed in the
field and its performance has been monitored for over twe
years.

The experiences and the basic application cencept from
this development have been incorporated in the generator
monitoring system design described in this paper.

The first section of the paper presents a discussion of
the requirements for the new monitoring system. The
next section describes hardware and software modules of
the monitoring system prototype built for Houston Light-
ing & Power Company. The application characteristics
are outlined in the next section. Several examples of the
data processing furctions are given next. Future activi-
ties, conclusions and a jist of references are given at the
end.

The prototype has been instafled since the beginning of
1996 and currently field tests are under way. Figure 1
depicts the control room in the power plant where the gen-
erator monitoring system is installed. The systerm monitors
a 730 MW generator unit in one of the HL&P's fossil-
fueled steam plants. The 21-inch moniter can be seen in
the background. All system messages are displayed in real
time for the operators. Additional informaticn (e.g., event

.report files) can be retrieved manually by using a track-
ball.
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Figure 1 Power plant contral room

2. SYSTEM REQUIREMENTS
2.1  Data acquisition requirements

A close analysis of existing computerized monitoring sys-
tems [1 — 3] for the electrical part of the generator has
revealed the following:

+  The input data sensors and selected sampling rate can
only provide periodic update of the system conditions.
This is realized using averaged values of the analog
inputs which may not be sufficient 10 account for some
important transient and fast dynamic changes

+  The monitoring philosophy is to alarm ali the individual
deviations of the input quantitics. This may produce a
large number of alarms for a given event that may be
difticult to interpret in the case of some unusual or com-
plex operating conditions

* The type and number of sensors and measuring instru-
ments as well as related wiring and instrument trans-
formers. are selected to fit individual measuring tasks.
This does not provide for any inteliigent comparison or
redundant checks among all the measured quantities that
are naturally correlated by the laws of the electrical cir-
cuits.

* There are digital fauit recorders instatled at generating
plants at some utilities, but their function is only to
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record data once they are triggered and no intelligent
processing or analysis is performed.

+ The communication between the data acquisitivn equip-
ment and monitoring computer is done via relatively
slow R5232 seral port.

As a result of this analysis, it was realized that an
advanced data acquisition and processing system consist-
ing of a digital fault recorder and a PC can offer several
major benefits if the following update of the requirements
is provided:

« The input data is obtained by vsing synchronized sam-
pling of currents, voltages, and contact states, This pro-
vides enhanced resolution and temporal relation for the
input quantities that enables monitoring of fast tran-
sients and dynamic changes of the generator electrical
system

* An intelligent processing of alarms is performed. This
may eliminate the need to report the individual alarms
by automatically correlating the alarms and providing
one comprehensive resulting staternent about the pre-
vailing generator operating condition

= All the input data is gathered in a common data base that
is updated in real time. This enables consistent process-
ing of input quantities, where intetligent correlation may
be established, thus providing additional redundancy
and logic checks for improved menitoring

* High speed processing and reporting of transient and
fast dynamic changes is performed. This provides real
time reporting 1o the operator.

2.2 Application requirements

Based on the mentioned features, it was concluded that the
new monitoring system should benefit different groups of
personnel responsible for the various aspects of the genera-
tor system operation.

The following are the major application requiremnents
identified regarding the specific groups of personnel:

« The operators need to have a dedicated high perfor-
mance system capable of making intelligent conclusions
about the cperating state based on a variety of system
measurements and conditions. This may simplify the
operator tasks while improving overall quality of the
operations

+ The engincering and design staff need to have a system
capable of recording system conditions and operations
with increased accuracy and selectivity. This may pro-
vide useful information needed for the on-going analysis
of the generator operating performance and improve-

- ments in the engineering design practices

+« The protection engineers and maintenance technicians
need to have access o the data, that have not been avail-
able earlier, describing abnormal operations and condi-
ticns on the generater. This may improve their
capability 1o troubleshoot various operations of contro!
and protective relaying systems and to better understand
impact of these systems on the generator

engineering intelligent systems
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Figure 2 shows the breakdown of the application functions
that are initially identified as the most important for all
three groups. The list of functions is by no means final. It
does include the functions that are related 1o the monitoring
of the most impertant elecirical quantities as well as some
protection relays and breakers.

Two different generaior modes of operation are support-
ed by the monitoring system:

+ normal operation of the generator,
* generator and bus synchronizing.

During normal operation of the gencrator, plant operators
need to be alerted when generator operating parameters are
not within prespecified limits.

During generater and bus synchrenizing, a digital syn-
chroscope needs to be displayed and the synchronizing pro-
cedure needs to be monitored. The system should help Lhe
operator to synchronize the unit with the least amount of
stress 1o the unit itself by calculating and displaying the
optimal closing time of the control switch.

The next section presents hasic hardware/software mod-
ules that were designed for this monitering system. The sys-
tem was designed to allow easy recosfiguration for other
power plants as well as functional extensions.

3. SYSTEM IMPLEMENTATION

Figure 3 shows the basic block diagram of the generator
monitoring system. A digital fault recorder (DFR) serves as
a data acquisition front-end, providing continuous data flow
toward the menitoring system PC. At the same time, the
DFR maintains its basic function of recording the events
according to the internal triggers and storing those events
on the local hard drive inside the recorder. These stored
events arc available remotely per request over a dial-up
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Figure 3 System’s block diagram

line, using master station software provided by the DFR
manufacturer.

The DER system consists of two recorders (i.e.. master
and slave unity having a total of 64 analog and 48 digial
channels [6]. These channels are completely isolated from
each other and the control electromics. The DFR sampling
frequency is fixed at 4.8 kHz. All analog and digital chan-
nels are sampled synchronously. The DFR Master unit is
organized around an Intel 486 chip cperating at 33 MHz
with 256 kilobyte cache. It also has a local hard disk drive
for storage of recorded events.

The communication between the DFR and monitoring
system PC is done via a high speed parallel interface beard.
Data samples are transferred to the PC in 16 Kb data blocks.
Each block contains 244 samples of every input channel
{this corresponds 10 3.05 cycles of data), Data biocks are
queued and processed by the system software continuously.
To facilitate continucus data transfer between DFR master
unit and the PC, TAMU and the DFR vendor jointly speci-
fied and designed a special communication board. DFR
master and slave units are interfaced using high speed fiber
optic link. Additional adapter card for the master unit is
designed to accommodate the real time external data trans-
fer. The interface card for the PC plugs in a free ISA slot
and is capable of buffering 16 Kb of data prior to interrupt-
ing the host processor. Figure 4 shows links between these
two units and the external PC.

Main software modules are given in Figure 5. The Data
Transfer module is iterminate and stay resident! DOS pro-
gram (hat is servicing interrupts coming from the interface
board. Data blocks coming from the DFR are lime tagged
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Figure 4 Communication interfaces for the DFR and external PC
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Figure 5 System’'s software organisalion

and gucued at a prespecified memory location. Data Prepro-
cessing and the rest of the modulas are MS Windows 3.1
hased applications. The Data Preprocessing module access-
as blocks of data samples and calculates the measurements
needed for every application function on a power cycle
basis. These measurements include voltage phasors, fre-
quency, currenl phasors, neutral voltage, MW, MVARs,
third harmonic voltage at generator terminal and neutral,
and rotor speed. Some of the digital signal processing algo-
rithms used for these calculations are listed in the
Appendix, The Recorder Configuration module provides
{nformation regarding the DFR channel connections such as
channel type, PT or CT ratios. This information is utilized
by the data preprocessing module ©w chtain scaled values
for all analog signals. The Application Functions module is
the core of the gencralor monitoring system. The applica-
tion functions are described in greater detail in the follow-
ing sections of the paper.

The GUI module represents the system's interface 1o
the operator. Finally, File Archiving and [ata Logging
maduie is used to manage generated report and log files.
In addition to the alarm messages displayed on the moni-
tor. the monitoring system gencrates comprehensive
reports for every genmerator event. These reports contain
the following:

+  plain English description of a generator svent, pinpoint-
ing the problematic areas

+ several cycles of historic data (e.g., voltages, currents,
status of different telay contacts, status of auxiliary
preaker contacts, etc.).

The reports are created for the benefit of protection and
design engineers to help them in performing & post-moftem
analysis of a given generator event.

4. APPLICATION FEATURES

Table | summarizes the functions related to the monitoring
of the normal operation of the generator unit. In addition,
there are several completely new functions. that are moni-
toring generator parameters presently not covered by any
protection instrumentation.

Table 2 shows a summary of the types of signals that are
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Tahle 1 Application functions reluted 1o the generator normal operating
state

Function fnstrument Brief 1
Name Maonitered Description
Voltage Relay 60 [retects unbalances between phases on the
Unbalances same ingirument transformer
Detects unbalances, monitors operation of
Relay 60, and detects failure {c.2. blown
fuse) of connected instrument transformers
Delects undgr voltage condition
Excessive iz Liniter | Detects excessive VoltsfHz condition and
ViHz Relay 59/81 | monitors operation of the limiter and relay
Loss of Relay 30G6 | Detects loss of excitation condition and
Excitation monitors relay 40G6
Negative Rclay 46 Tretect negative sequence current under
Sequence small and full load coaditions and NOMLters
Current relay 46.
Trip Relay 86 Provides analysis of a trip sequence afier
Monitoring the Relay 86 operates
Generator Tachometer | Detects if the generatof rotor speed is out of
Speed prespecified limits
Rotor Tachometer | Detects the rotot’s sub-synchronous
Subsynchr resenance
Resonance
Generator New virtual | Displays generalor operating point on the
Capability instrument | capability curve, and monilors it it goes vt
of prespecified limits for a given generator
T00% Stator | New victual | Provides 100% Stator Ground Protection
Ground Prot | instrument

Table 2 Summary of input signals

Analog Inputs

DFR GCMS
No. of current inputs a7 3
No. of voltage inputs 24 16
No. of DC inpuls 3 3
Total number of analog inpiis &4 2z
Digital Inputs
Mo, of relay contacts 23 20
No. of switch contacts 13 13
No. of breaker contacts 1 11
Spare ] =
Total number of digital inputs 48 Iz

monitored by the digital fault recorder (DFR) and the gener-
ator monitoring system (GMS) at a power plant. Tt contains
the total number of analog and digitat inputs for DFR and
GMS. and the types of those inputs.

 Sixty-four analog signals and forty-eight contacts are
being menitored by the DER. Presently, application func-
tions embedded in the GMS logic require monitoring of
twenty-twa analog signals and forty-four contacts.

The one line diagram of the power plant given in Figure

6 outlines the physical location of the monitored instrumen-
tation (e.g.. current transformers, potential transformers,
ete.)~Tabie 3 summarizes the types of input signals used by
the generator monitoring system.

engineering intelligent systems
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Figure 6 One line diagram of the power plant

5. EXAMPLES OF DATA PROCESSING

5.1 Generator synchronizing

Figure 7 shows the digital synchroscope and information
presented to the operator during the generator synchroniz-
ing procedure. The GMS monitors the synchronizing proce-
dure and helps the operators by providing ‘optimal’ closing
angle. In this way, the operator will always synchronize the
generator and the system with the minimal stress to the gen-
¢rator unit. The ‘optimal’ closing angle is catcutated based
on breaker closing time (fixed setting) and frequency differ-
ence between running and incoming voltages.

The amalysis of synchronizing procedure is performed
automaticaily afler closing the control switch. The *quality’ of
synchronizing is evalated based on the maximum transient
detectzd in the generator output current. The analysis report
also contains time intervals between ‘optimal’ and actual con-
1rol switch closing times, first appearance of the generator
output current and breaker auxiliary contact change.

Table 3 Types of input signals

Analog quantities Signal Lecation

generalor output currents CT2
rgencmlor exciter field current and voltage L. Vet
voltages from the main transformer secondary CCVT2
penerator neutral current and voltage CT13, Neut, Transt.
generalor terminal voltages PTL, PT2
voltages from the auxiliary buses PT3 - FT6
i voliages from the system buses CCVT] - CCVT2
turbine speed Tachometer
[hig q
relay contacts (€.2., generator fockoul relay, various
differential relay, loss of excitation relay, eic.)
control switches (e.g_, synchronizing switch, various
contro! switch. ete.)
CiTouit breakers (e.g.. generator breaker, auxiliary| CBI-CBLO
transformer breaker, etc.)
main ransformer disconnect swirch D51
L ~ i 10ng
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Figure 7 Digital synchroscope

5.2  Voltage unbalances

This function delects three different conditions:

«  voltage unbalances between phases of the same potential
transformer,
voltage unbalances between same phases of two differ-
ent potential transformers
under voltage condition

Table 4 gives the summary of different events that are

detected for these three conditions, respectively. The infor-
mation displayed to the user and stored in the analysis

Table 4 Monitoring of the veltage unbalances

Voltage Unbalance Between Phases on the Same PT

Event Voltage unbalance - short
type Valtage unbalance - lasiing

Voitage balance - returned

Phase A to B Unbalance

Fhase B to C Unbalance

Phase C ta A Unbalance

Phase A to B and Phase B to C Unbalarce

Phase B 1o C and Phase C to A Unbalance

Phase C to A and Phase A o B Unbalance

Pi. A to B and Ph, B C and Ph. C to A Unbalance
Voltage Unbalance Between Phases on the Same PT
Event Valage unbalance - short; Relay 60 - should not operale
type Voltage unbalance - lasting: Relay 60 - should operate

Voltage balanre - returned

Phases
invelved

Phases Ph. 4 Faiture: Ph. B Faiture; Ph. C Failtre;
involved  Ph A and B Failure; Ph. B ard C Failure:
Ph, C and A Failure; Ph. A and B and C Failure
Relay Relay 60 - correct aperation
operation  Relay §0 - faifure
Under Voltage
Evenl Iinder voliage condition - shori

tvpe Under voltage condition - lasting
Ungar voltage condition - rehuned 1o normal

Phases Ph. 4 Under voltage; Ph. B Uinder voltage:
| involved Pk C Under voltage: Ph. A and B Under vollage;
= Ph B and C Under voitage: Ph. C and A Under voltage

Ph A and B and € Under voliage
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report file is also indicated.

Implementation logic for voltage unbalance (same PT)
module is shown in Figure 8. There are three different set-
tings for this function. V, is thresheld for detection of unbal-
ance condition (default value is 95% of generator rated
voltage); T1 and T2 are time delay settings for confirmation
of unbalance condition and checking if an unbalance is
short transient ot lasting unbalance.

53  Generator capability monitoring

This function monitors the trajectory of the generator oper-
ating peint. It will alert the operator when the generator unit
is in an abnormal operating condition (i.e., when operating
point falls outside the normal operating area shown in Fig.
9. Table 5 summarizes types of the events detected by this
function. Figure 9 and Table 6 show generator gross capa-
bility graph for this particular unit and definition for each
curve, respectively. 1t is worth mentioning that these curves
are configured in the Settings management module and can
be modified or adapted for different generator units. Every
curve is approximated with a maximum of 12 points. The
parts of the curve between [wo points are treated as linear.

An example of a display for this function is given in Fig-
ure 10, The Capability curve window is automatically dis-
plaved when the operating point falls outside the normal
operating area, or it can be invoked manually by the operator
using menu command. The operating point is displayed in
real time (i.e., screen is updated whenever the measurements
change for a given increment). The last 20) measurements are
also displayed so the operator can ohserve the trend.

Table 5 Generator capability monitoring

Generator operating point reaches A farm Area
of operation:

Generator operaiing poinl returns (o normaf;
Generaior over excilation detected;

Generator gross MW aver fimit detected;
Generator under exciiation detected.
Generator gross MW under limit delected;
Generalor reverse pawer condition detecied;
20 cycles long snapshol  Generator rermingal MWs

of input quantities Generator werminal MVARs

Event type
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6. FIELD TESTING AND
FUTURE EXTENSIONS

Initial field-testing is well underway, A generator shutdown
and synchronizing have already been experienced.

It has been recognized that for a given event, LWo Or
mare functions may be triggered. This, in turn, produces a
number of alarm messages thal may be difficult to interpret
in the case af some unusual or complex cperating condi-
tons.

In order to address this issue, the authors envision addi-
tional software module that will be designed to receive sta-
tus messages from individual application functions and
perform further inference action based on the available
informaticn.

7. CONCLUSIONS

Based on the rescarch and development expericnces gained

Tahle 6 Generator capability curve definitions

Curve Description

Reverse Power

Genetator MVA Rating

Generalor Over excitation

Generator Under excitation

Maximum Generator Voltage with Aux. Loads
Maximum Generawor Yolage without Aux. Loads
Minimum Generator Voltage with Awx. Loads
Minimum Generator Yoltage without Aux Loads
Maximum Aux. Voliage

Maximum Gross MW Capability

Minimum Gross MW Capability

DW= D

11 Minimum Execitation Limiter
12 Loss of Field Relay
“13 Steady State Stability Limit

engineering intelligent systems
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Figure 10 Generator capability monitoring window

sa far, the following can be concluded:

* The existing generator monitoring systems can be
enhanced if higher data sampling rate and improved pro-
cessing are emnployed.

* The GMS design takes advantage of the high perfor-
mance data acquisition front-end provided by the DFR,
and the system software aimed at comprehensive assess-
ment of the generator operating status.

* The montorirg capabilities of the GMS system may be
wseful for a variety of utility personnel including opera-
tors, as well as design and protection engineers.
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APPENDIX

The following are some of the digital signal algorithms used
by the data preprocessing module:

+ Phasor calculation

X= XV 7ch
Ly N-1
X =2 F gocos 2L
N =0 N
=l
X‘,:\"i X, sin 2R
N =0 N

X=NX2+ X2
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8 = arctan | — 1]
X('

where & is the number of samples and x; is the kth sam-
ple.
+  RMS calculation
X=x2+x2

* Positive, negative and zero sequence calcuiation
X, 111 X,
X|=|1 2 o X,
X5 I o o X,

.
where ¢ = e~120
*  Power flow claculation

§ = Viconjity) + Viconjlly) + Vigonitlo)

Frequency calculation

I xop—x, 0

IrAY X,Zg— X2

where the data window is equal to three quarters of the
nomina! period. The sampling rate is 16 samples per
cycle. x; is the input signal and At is the time step.

Wy = X, 5 + BX, 3 + X,y + i,
Wy = 0, + X, 5 + CT g + X, )
ZD = exn-Z +fxl'*3 + gXI'HT
= e,y +fxa + g,

a =-1.044303503155235
b =0.52823862829380

e =0.78543321540189
f=-1.05813678372674

c=003 g =-0.03943924221845
d=001
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