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EXECUTIVE SUMMARY

Recent advances in solid state control technology have led to chopper-
controlled propulsion systems in urban rail transit applications. Such systems
offer the potential for superior train performance through increased train
propulsion efficiency and reduced train operating costs. The present prdgram
sponsored by the Urban Mass Transportation Administration (UMTA) studies the
energy consumption characterisfics of an urban rail system equipped with transit
cars having solid state chopper-controlled propulsion system. The program
objectives include the measurement of the transit system energy consumption
during revenue and nonrevenue service operation and the study of the relative
accuracy of current energy management models for predicting energy consumption

in urban rail systems.

In early 1980, UMTA initiated a cooperative program between government,
transit authorities, and transportation organizations in private industry to
study the problem of energy consumption in an urban rail system equipped with
the latest sophisticated control technolog&. The program as conceived consisted
of two parts; an extensive test program designed to measure. train and system
energy consumption under revenue and nonrevenue service operations and a study
program designed to examine the wvalidity of present energy management models
for predicting rail energy consumption. The program received enthusiastic
response from several sectors of the transportation community. Transit authori-
ties at Atlanta (MARTA) and San Francisco (BART) agreed to participate in the
test program. Nine private industry organizations expressed a desire to parti-
cipate in the validatiom studiles of energy management models. BART was eventu-
ally selectéd as the site for the test program measurements which were conducted
between August 23, 1981 and September 2, 1981. Of the nine organizations which
expressed interest in the model validation studies, namely, Westinghouse,
Garrett AiResearch, L.T. Klauder & Associates, Electrack Inc., Kaiser Engineers,
Rail Systems Center of the Carnegie Mellon Institute, De Leuw Cather, Gibbs &
Hill, and General Electric, the latter three organizations eventually submitted
results from computer simulations using their respective energy management
models. The Carnegie Mellon Institute model was run by the DOT/Transportation

Systems Center, Cambridge, Massachusetts.



The report summarizes the program accomplishments in the BART energy
consumption tests and the validation of energy management models developed by
private industry. The section dealing with the test program contains the test
plan and the BART test data. The latter includes power measurements at seven
substations and at selected circuit locations within the train propulsion
system, Substation and vehicle energy consumptions were found by numerical
integration of the power data. The main problems experienced during the course
of the measurements included certain instrumentation noise in both the substa-
tion and train propulsion data and unscheduled train service interruptions
during some of the test runs. By using careful data reduction, the impact of
instrumentation noise on the final test result was substantially reduced. The
occasional interruption of train service during the initial non-revenue service
runs proved somewhat troublesome and necessitated discarding certain portions

of the early test data rums,

The BART tests comprised Baseline Tests to measure the energy consumption
of a single train in the absence of energy regeneration and Revenue Tests with
many trains to study the effect of regeneration on the total energy consumed
during peak revenue service. The baseline runs provided important data for
'calibrating' the energy consumption characteristics of a single train and was
used as the basis for validating the energy consumption models developed by
private industry. The revenue runs measured the energy consumption with many
trains in operation and offered a convenient means for examining the capability
of present energy management models to predict rail energy consumption with

regeneration present,

A summary of the prediction results for the four energy management models
is given in the table below. For the Baseline Test, the predictions of Model
#3 are in excellent agreement with the test data, and the other predictioms,
except one, are also within 10 percent of the test data. For the Revenue Test,
the predictions are generally lower than the test data. Excessive cycling of
the vehicle propulsion system through powering and braking could be one impor-
tant reason for these lower estimates. Among the additional factors which
contribute to discrepancies between model predictions and test results are
errors arising from the numerical integration of the vehicle power to determine
vehicle energy consumption, the effect of large weight differences between the

train cars during the baseline runs, the effect of train length as a factor

\



MODEL PREDICTION VS. TEST DATA

RUN Model #1 Model #2 Model #3 Model #4

BASELINE TEST

M90 - M16 +2.75% +2.00% -2.50% -6.00%

Mi6 - M90  -13.407% +9.007% -0.50% +7.00%

REVENUE TEST

M90 - ML6 - - - -
M16 — M9O - -10.00% - -
MP6 - M0 - MP6 -29.00% - -4,00% -

affecting the train speed profile as it relates to changes in speed restriction
as well as the programmed decelerations at stations, and observed variations in
train accelerations, decelerations, and cruise speeds compared with the nominal

prescribed values.

Program goals were effectively met at the conclusion of the program
effort. The BART tests provided data on the energy consumption characteristics
of an urban rail system equipped with chopper-controlled rail vehicles. Com-
parison of the data with model predictions furnished each program participant
with a means for assessing the validity of the respective model. It also
provided important insights into possible ways to improve the model's validity

and thereby enhance its effectiveness as a tool for future rail system analyses.

xii




1. INTRODUCTION

Accurate prediction of energy consumption of a transit car for any given
set of operating conditions, and the resulting rms and peak substation loading is
vital to transit systems in evaluating different alternatives in equipment
designs and operating procedures. Several equipment manufacturers and con-
sulting groups have, therefore, developed different computer models to simu-
late vehicle operations in revenue and nonrevenue service. The Rail Systems
Center of the Mellon Institute, Pittsburgh, Pennsylvania, has also developed
such a model for the Urban Mass Transportation Administration (UMTA) of the
U.S. Department of Transportation. Early 1980, UMTA initiated a program to
validate these computer models by comparing actual energy consumption data of

operating transit systems with the energy consumption predicted by these models.

This program received enthusiastic industry-wide cooperation in the form
of participation in the preparation and review of the overall test program, and
providing results of computer simulation. Transit systems at Atlanta (MARTA)
and San Francisco (BART) agreed to participate in the measurement of energy
consumption during revenue and nonrevenue service operations. Limited
energy measurements were conducted at BART between August 23,1981 and Septem-
ber 2,1981. The test plan was prepared in cooperation with BART and the
transit industry, and this plan is presented in Section 2. These tests were
jointly conducted by BART and the Boeing Services International (BSI). The
BSI also processed the data obtained during these tests. This data is pre-

sented in Section 3.

All the engineering data for the test section of the BART system and the
operating conditions for the above energy measurement tests were provided to
the transit industry to enable these organizations to run their respective
computer models. The BART engineering data included the track charts, ATC/ATO
system specifications, vehicle data, system history log, passenger density on
the trains, electrical network layout, etc. This data is presented here in

Appendix A.



A total of nine organizations had initially agreed to participate in
this program, run their respective computer models, and provide the results
to UMTA for comparison with the test data. These are: General Electric,
Westinghouse, Garrett AiResearch, L.T.Klauder & Associates, De Leuw Cather,
Gibbs & Hill, Electrack Inc., Kaiser Engineers, and the Rail Systems Center
of the Mellon Institute. This UMTA program, however, was delayed considerably
due to the lack of needed resources, and only three organizations actually
submitted the results of their computer simulations. These are: General Elec-
tric, De Leuw Cather, and Gibbs & Hill. The Mellon Institute model was run by
the DOT/Transportation Systems Center, Cambridge, Massachussetts. The results

of these four computer models are presented in Sections 4-7.



2. BART TEST PLAN

The BART system shown in Figure 2.1, consists of three routes covering
a total of 71 miles and 34 passenger stations. Simulation of rush-hour re-
venue service, with several hundred cars running with variable train consists,
and monitoring energy consumption at various locations, is neither practical
nor necessary to validate computer models. A small section of the system -
Ml and M2 tracks between the mile posts of 6.00 and 15.30 - was, therefore,
selected for conducting the energy measurements, This test track is a part of
the Daly City - Concord, and the Daly City - Fremont routes. It covers nine
passenger stations between the Daly City and the Embarcadero stations, and
extends beyond the Embarcadero station for about 1.3 miles. The test track

layout is presented in Figure 2.2.

This track was selected for two reasons: the electrical network for this
part of the BART system can be isolated from the rest of the system, and there
are no yards along this track length. This isolated electrical network, shown
in Figure 2.3, has seven rectifier substations supplied from only one ac sub-
station. The network simulation is, therefore, simplified, and hence less
expensive. Since there are no yards, monitoring vehicle energy consumption is

also simplified.

Simulation of the following two types of train operations was considered

vital for model validation:

1. only one train running on the track, to obtain baseline energy

consumption data for a car without regeneration, and

2. several trains running on the track with rush-hour headways to

obtain data on the energy saving by regeneration.

The baseline test is quite straightforward, although it can be performed

only during nonrevenue hours. It is also preferable if the regeneration test is
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conducted during nonrevenue hours, because trains of equal length and weight
can be dispatched at equal headways from both ends of a track. This would,
of course, require several trains manned by train operators. For example, one
would require six trains ( see Figure 2.4 ) to be dispatched from both the
Daly City and the Embarcadero passenger stations. This would require assem-
bling special train consists before tests, parking them appropriately at both
ends and in between, dispatching them on schedule, and reforming the trains
after the tests for revenue service as necessary. Fufther, such tests could
only be conducted early Sunday mornings, because enough time would not be
available any other morning. These tests would, therefore, extend over a
period.of'several weeks, would require many train operators working overtime,.

and would be very expensive.’

It was, therefore, decided to monitor the energy consumption during the
regular evening rush-hour period. This meant that the trains would be of
variable length, and that the passenger loading of the trains would be variable,
and would be known less accurately. BART computes the train loading data by
correlating the number of passengers entering and léaving a particular passenger

station to the trains arriving and departing that station.

The following two types of tests were planned:

Test 1 — Regeneration Test ( Revenue Service )

Three instrumented cars would be added to a train consist, and this
~train would make one round trip between Richmond and Daly City, lea-
ving Richmond at about 16:00 hours. The train would then enter the

test area at about 16:45 hours, arrive at Daly City at about 17:00
hours, leave Daly City a few minutes later,.and éxit the test area at
about 17:30 hours. The test data would be recorded onboard during
this trip. The rectifier substation data would be recorded for a

time period of about 14:00 - 19:00 hours.



FIGURE 2.4 TRAFFIC CHART FOR THE ROUTE M16 - M90



Test 2 - Baseline Test ( Nonrevenue Service )

A four-car train with the above three instrumented cars would make
runs between Daly City and Embarcadero. The energy consumption

would be monitored onboard and at the substations.
The detailed test plans are presented in Appendix B and Appendix C.
2.1 Instrumentation Plan

The schematic for the BART chopper is shown in Figure 2.5. It was nece-
ssary to monitor the energy consumed in the traction system, the onboard auxi-
liaries, and the total vehicle energy consumption. Some variables are normally
monitored by the propulsion control system for internal use., These include the
voltage across the line filter capacitor, motor currents for both the trucks,
axle speed, etc. Some logic signals are also available that indicate whether
a car is in propulsion or in braking. This plan attempted to use the available
sensors, as far as possible. A certain level of redundancy was also introduced
in measurements so that the required data would be obtained under possible

sensor malfunctions.

The BART Engineering Car with many of the sensors in place is an A - car,
and is designated as Car # 1. Two B - cars were also instrumented, and were
designated as Car # 2, and Car. # 3. These two cars carried passengers during
the revenue service tests, but Car # 1 did not carry any passengers except for
the test crew. Two 14 - channel FM magtape recorders were used to record a
total of 24 variables. A few channels were left vacant to be available during

tests, if required.

The channel assignments for the two recorders were as follows ( refer to

the BART chopper schematic for various sensor and variable designations):
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Channel Symbol
1 vy
2 I,
3 Iy
4 VMl
> L1
6 Tuy1
7 IoB1
8 Lar1
9 L
10 -
11 -
12 ON/OFF
13 s
14 t
1 v,
2 I,
3 Iy
4 VM2

RECORDER A

Description

Capacitor voltage for car # 1, .sensor in place

Liné current for car # 1. The sensor TTD3 (£20004)
on this car had to be shifted as shown in Figure A-2
in -Appendix A

Auxiliary current for car # 1.

Motor armature voltage for car # 1. The sensor (1500V)
was connected between terminals PA3 and PA4.

Motor current in X-truck for car # 1, sensor TDl in place.
Motor current in Y-truck for car # 1, sensor TD2 in place.
Dynamic braking current, car # 1. Sensor TTD2 in place.
Current in R2-R3-R4, car # 1. Sersor TID1l in place.

LPBP logic signal, car # 1. 1 = Power, O = Brake.

Vacant

Vacant

Manually operated switch to identify vehicle trips.
Speed, car # 1. Sensor in place.

Time
RECORDER B

Capacitor voltage for car # 2. Sensor in place.

Line current, car # 2. Sensor was located as shown
in Figure A-2.

Auxiliary current, car # 2.

Motor armature voltage, car # 2.

11



RECORDER B (CONTD.)

Channel Symbol : Description
5 ’ IMXZ Motor current, X-truck, car # 2. Sensor in place.
6 Liyo Motor current, Y-truck, car # 2. Sensor in place.
7 IDBZ Dynamic braking current for car # 2. Sensor (2000A)
was connected in series with terminal Pl4 of resistor Rl.
8 IBR2 Current in R2-R3-R4, car # 2. Sensor was connected
in series with terminal P19 of resistor R4.
9 L, LPBP logic, car-# 2.
10 L4 Line current, car # 3.
11 Iys Auxiliary current, car # 3.
12 - Vacant.
13 - Vacant.
14 t Time.

2.2 Data Reduction

The objective of this test program was to obtain sufficient and relevant

data regarding energy consumption of transit cars to be able to validate

computer models predicting the same. Several variables were, therefore,

defined that are critical to such validation. These included:

(o}

Station kW for seven stations and the total kW
Vehicle input kW, auxiliary kW, and the traction kW
Series resistance kW/motor kW in braking

Dynamic braking kW/motor kW in braking

Traction kW/motor kW in braking

Input kW/motor kW in braking

12



o Vehicle speed
o Vehicle input voltage

o Vehicle input current

All these variables are defined in terms of the observed variables in

Appendix D.

The resistive losses in the series resistances R2, R3, and R4 and the
dynamic braking resistance are included here to examine how much energy is
not available for feedback to the third rail because it is lost in the chopper

controller itself.

The information recorded during the tests was reduced in different ways
to produce four basic types of output data for comparison with model predic-

tions. These types were:

o .Instantaneous plots of all the variables for a very limited
time period

o One-minute averages for vehicle and substation kW loadings

o Energy consumption ( kWh ) on a trip basis at the substations
and in different onboard components such as motor, braking
resistances, etc.

o Substation loadings as 15-minute averages.

These data reduction requirements are detailed in Appendix D.
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3. TEST DATA

The necessary sensors and the recording instruments were installed on
the three cars and at the seven substations during the first three weeks of
August 1981. After the initial checkouts and debugging, the tests were

conducted during the period 23 August - 2 September 1981.

The Baseline Tests had to be conducted during the early nonrevenue hours
of 2:00 to 7:00 of any Sunday. The first such test runs were conducted on 23 Au-
gust. After completing one-and-a-half round trips between the Daly City (M90)
and the Embarcadero (M16) stations, the tests had to be terminated because of
an unexpected malfunction of the MA set on the Engineering Car. Additional
tests were then conducted on 30 August, running the train for seven round trips
between the Daly City and the Embarcaderoc stations. A total of eight-and-a-half
round trips were thus run during these Baseline Tests. Out of all these trips,
useful data was obtained only for six one-way runs — four (4) from Daly City to
Embarcadero, and two (2) from Embarcadero to Daly City. During other runs,
either the 'System History Log' was lost in the BART Central Computer, or some
car equipment and/or some recording equipment malfunctioned. This is mentioned
here only to give the reader an idea of what can be expected of a non-laboratory-

type test environment, especially when several systems have to be coordinated.

The Regeneration Tests were conducted on the following six days: 25-28 Au-
gust, and 1-~2 September 1981, Out of these six days, however, useful data was
obtained only on three days. 'For other days, either the 'System History Log'
was lost, and/or the train dispatch data could not be correlated with the arri-
vals and the departures at the passenger stations, and/or the passenger density

data could not be generated.

The data which could be used for this validation program, therefore,

covered only the following runs:

Baseline Tests : 4 runs from M90 to M16, and 2 runs from M16 to M9O0.

15



The timing of these runs are presented in Table 3.1. This timing
information should be used to identify the test data presented

later.

Regeneration Tests : Afternoon rush-hour revenue service between

15:00 - 18:00 hours on 25-26 August, and 1 September 1981.

3.1 Baseline Test Data

The Baseline Test Data are presented in Figures 3.1 - 3.3. It includes
different types of data such as the station loadings, vehicle input power,
inherent circuit losses during vehicle braking, etc. These are separately

discussed below.
3.1.1 Substation Loading

The one;minute average of substation power is shown in Figure 3.1 and
the instantaneous substation power in Figure 3.2. Large background noise
was observed in the substation instantaneous power as can be seen in
Figure 3.2, Without suitable corrections this would lead to extremely
large errors in the integrated substation energies. Fortunately this noise
error could be estimated for a baseline test run by correlating the test
data of Figure 3.2 with the train schedule. During the train station
dwell times, substation loading should be minimal and limited to the power
demand of the train auxiliary systems. Moreover, any substation located
relatively distant from the passenger station in question should experience
near-zero loading during these periods of train station dwell. The sub-
station power during these time periods was used to establish a baseline
noise level which was subséquently subtracted from the substation power

data to obtain the substation loading due to the moving train.

The energy consumption data for Run #4 and the corrected ‘energy

consumption are presented in Table 3.2. The total substation energy

16



TABLE 3.1

SCHEDULE OF BASELINE RUNS

RUN TIME ROUTE DATE RUN TIME
1 2:29:06 -~ 2:47:06 M90 - Mlé Aug 23 0:18:00
2 3:15:17 - 3:40:50 M90 - M16 Aug 23 0:25:33
3 1:37:21 - 1:58:11 M990 - Ml6 Aug 30 0:20:50
4 3:15:22 - 3:34:49 M90 - Ml6 Aug 30 0:19:27
5 1:58:20 - 2:22:42 M16 - M90O Aug 30 0:24:22
6 2:52:42 - 3:12:30 M20 - M90 Aug 23 0:19:48

17



TABLE 3.2

ENERGY CONSUMPTION CORRECTED FOR ESTIMATED NOISE

SUB- RAW CORRECTED
STN. KWH KWH
MDC 58.7 16.8
MBP 50.0 17.6
MGP 44.3 18.0
MTF 34.6 13.2
MSS 27.0 13.9
MPS 51.9 32.7
MTW 76.8 16.8

TOTAL 343.3 129.0

* includes background noise

18



FIGURE 3.1 VEHICLE AND SUBSTATION TEST DATA
FOR BASELINE RUNS
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FIGURE 3.2 SUBSTATION LOADING DATA
FOR BASELINE RUN # 4
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FIGURE 3.3 VEHICLE DATA FOR BASELINE RUN # 4
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consumption for the run is 129.00 kWh which includes the train energy

and the losses in the third rail. The estimated error for the individual
substation loadings is *0.3 kWh, except for the Powell Street (MPS) and
the Bay Tube West. (MTW) substations where the estimated error is *1.0 kWh.
It is interesting to note that the loading at the Powell Street substation

is significantly greater than the other substations.

Unfortunately, however, similar plots are not available for other
runs, and the energy consumption data for these runs cannot be corrected

with any confidence.
3.1.2 Vehicle Data

The data recorded on the two cars can now be examined. The speed-time
variation of Figure 3.3(a) is quite straightforward, where the ATO speed
limits can be clearly identified. The deadband of the vehicle speed control
system and the station dwelllcan also be seen. The line current drawn by
the car as presented in Figure 3.3(b) can also be closely correlated to the
speed-time variation, where each acceleration of the car corresponds to a
current drawn by the car, and each deceleration corresponds to a zero current
level. The current drawn by the car cannot be negative because there is

no regeneration.

The input and the auxiliary currents were both monitored by magnetic
flux type current sensors, and these sensors were located close to each
other and to other current carrying cables. A significant level of noise
was, therefore, seen in the auxiliary current recording. Hence the auxi-
liary power was assumed to be constant at 20 kW per car. Also, the line
voltage variation was within a range of about 1060 - 5.7% and 1060 + 13.27%.
The variation of the input kW and the traction kW with time, therefore,

closely resembles the line current variatiom.
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The problem of sensor noise arose several times during the test
program. Line current sensors for Cars #2 and #3 exhibited large noise
over a section of the track from Mile Post 13.84 to Mile Post 14.65,
between the Daly City and the Balboa Park passenger statioms. All
attempts to eliminate this unexplained noise proved unsuccessful and
the vehicle data for Cars #2 and #3 between these stations had to be
discarded. A less serious but equally annoying problem was the zero
offset error present in the line current sensors for these two cars.
This offset error was discovered during data processing, and was eli-
minated using proper adjustments. These zero offset corrections were
obtained by extrapolating the input line current to zero motor power,
and the data was then corrected for this offset and for the constant
auxiliary power. This procedure was used to correct the vehicle data

for Car #2 for the baseline tests.

The power input monitored on the car is presented in Figure 3.1.
Energy consumption of a single car is obtained by integrating the

kW-time plots and is presented in Table 3.3 for all the six baseline runs.

The energy consumption associated with individual station runs was
determined for Baseline Test Run #4. This data for the Engineering Car,
i.e., Car #1, and for Car #2 is presented in Table 3.4. The relative
magnitudes of the vehicle energy consumption for these cars reflect the
large difference in weights of these cars. Car #1 weighs 98,000 1bs.,
and carried a test crew of 4 or 5, and the Car #2 was a B-car weighing
58,400 lbs. The station-to-station run times, the station dwells, and

the auxiliary power consumption are also shown in this table.

Table 3.5 summarizes the station-to-station energy consumption of
the test train obtained by adding energy consumption of Car #l to the
consumption of three cars of the type of Car #2. The total energy con-

sumption for the entire trip is 117.00 kWh including the energy consumption
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TABLE 3.3

ENERGY CONSUMPTION OF THE BART ENGINEERING CAR

RUN KWH
1 33.59
2 34.21
3 37.31
4 34.49
5 51.75
6 53.19

34.90 kWh

]

Average of 1 -~ 4 for M90 - M16 trip

Average of 5. - 6 for Mi6 - M90 trip 52.47 kvWh
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TABLE 3.4

VEHICLE ENERGY CONSUMPTION FOR BASELINE RUN #4

TIME CAR #1 CAR #2

STATION RUN SEC KWH KWH
M90 - M8O 213 6.55 5.22"
M80 DWELL 18 0.09 0.09
M80 — M70 121 5.63 4.34
M70 DWELL 17 0.09 0.09
M70 - M60 | 169 5.40 4.42
M60 DWELL 2 0.13 0.13
M60 - M50 106 3.87 3.29
M50 DWELL 18 0.09 0.09
M50 - M40 124 5.53 4.15
M4O DWELL 21 0.11 0.11
M40 ~ M30 71 2.33 1.85
M30 DWELL 22 0.12 0.12

' M30 - M20 65 2.53 1.97
M20 DWELL 17 0.09 0.09
M20 - M16 57 1.92 1.56

TOTAL 1063 34.48 27.52

* estimated by assuming an identical motor kW-to-total kW
ratio for both the cars.
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TABLE 3.5

TRAIN ENERGY CONSUMPTION FOR BASELINE RUN #4

STATION RUN KWH
M90 - M80 22.20""
M80 - M70 18.65
M70 - M60 18.66
M60 - M50 13.74
M50 - M40 17.98
M40 - M30 7.88
M30 - M20 8.44
M20 - M16 6.60
AUXILIARIES  g.88

DURING STN. DWELL

TOTAL 117.03

* station-to-station energy excluding station dwell

%% car #2 consumption estimated by assuming an identical
motor kW-to-total kW ratio for both cars.
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of the onboard auxiliaries during the station dwell times.
3.1.3 Motor Traction Power

The traction system accounts for most of the energy consumption
of the car. During constant acceleration, the motor power increases
approximately linearly with speed until the motor becomes power limited.

The motor power then remains essentially constant during car acceleration.

The total motor input power for Car #1 and Car #2 are shown in
Figure 3.3(k) for two acceleration runs from O - 42 mph. One of the
runs is a baseline run, and the other is a revenue service run during the
regeneration tests. The motor power undergoes a sharp drop in the speed
range of 29 to 33 mph, in response to a circuit changeover for field
shunting. Toward high speeds, the motors become power limited at 700 kW
per car for Car #l1 and at 740 kW per car for Car #2 respectively. The
effect of car loading is clearly evident from these plots. During the
baseline run with constant acceleration, the motors in Car #1 are loaded
more than those in Car #2 by almost 30 percent. This is because Car #l is
substantially heavier than Car #2. During the revenue run, however, when
Car #2 carries passengers, the relative motor power in the two cars is
approximately equal. Also, the load weighing circuit of Car #1 is adjusted
to increase motor tractive effort in proportion to the car weight only
up to an AW2 weight of 82,000 1lbs. Since the weight of Car #1 is 98,000 1bs.,
this car will experience a push from the remaining B-cars in the consist
such that the resulting acceleration of Car #l is consistent with the

acceleration of the entire train.

3.1.4 Circuit Losses in Braking

When the propulsion system is in a braking mode, the traction motors

operate as dc generators, and the kinetic energy of the car is converted into
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electrical energy. This energy usually flows to several different sinks.
These include:

i) Series resistances R2, R3, and R4,

ii) Dynamic braking resistor,

iii) Line filter capacitor,
iv) Auxiliary systems,
v) Third rail distribution network ( not receptive during
the Baseline runs ), and

vi) Other lossy circuit components.

This flow of energy is controlled as follows: the braking energy is
first fed into the auxiliaries, the filter capacitor, and the third rail
if it-is receptive; when the capacitor voltage exceeds a predetermined level,
the braking energy is diverted to the dynamic braking resistor, and is
wasted as heat. During vehicle braking at speeds above 17 mph, an additional
resistance of 0.1 - 0.8 ohm ( R2, R3, R4 ) is inserted in the circuit. The
fraction of the motor generated power lost in these resistances and the
dynamic braking resistor are presented in Figures 3.3(h) - 3.3(i). It can
be seen that considerable energy is lost in these series resistances, and
this energy is not available to be fed back to the third rail, even if it
were receptive. These loss calculations are made only when tha vehicle
is in a braking mode as identified by the LPBP logic signal. These vari-

ables are, therefore, set to zero when the vehicle is in a propulsion mode.

It should be noted here that the switching in of the dynamic braking
resistor can be accurately correlated with the charging of the filter
capacitor as indicated by the step-increases in the line voltage.

3.1.5 VTRX/MOTOR in Braking

This ratio represents the fraction of the motor power returned to

the third rail and the auxiliaries. 1In the Baseline Tests, the third rail
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is not receptive, and this ratio represents the braking power used to
supply the auxiliaries. This ratio, by definition ( see Appendix D ),
is always negative. The Figure 3.3(j), however, shows several short
positiye pulses. Most probably, this is because the ratio is being
computed -even when the vehicle is in propulsion. This was done due
possibly to misinterpretation of the LPBP power/brake logic signal

during transitions.
3.2 Regeneration Tests

These tests were conducted during evening rush hours for six days -
25-28 August and 1-2 September 1981. The total substation power and the
energy consumption was monitored as usual by the Utility ( PG & E ) at
the ac substation. Vehicle performance was monitored during these tests

and energy consumption for specific runs was examined in detail.
3.2.1 Substation Loading

Table 3.6 presents the kW loading at the ac substation as recorded
by the Utility. The maximum and the minimum substation loading during
this period is shown in Figure 3.4. The kW-loading is computed as a
30-minute average, and the maximum should not be interpreted as a peak

kW-load.
3.2.2 Vehicle Energy Consumption

The energy consumption of the BART Engineering Car during these tests
was obtained by integrating the kW input data of Figure 3.5, and is pre-
sented in Table 3.7. It should be noted here that the train made just
one round trip in the test section dufing the evening rush hour each day -
MP6 to M90 and back. The effectiveness of regenerative braking at BART

can be evaluated by comparing this data with that of Table 3.3.

79



08

15:

15:

16:

16:

17

17:

HOURS
00 - 15
30 - 16:
00 - 16
30 - 17
:00 - 17
30 - 18

:30

00

+30

: 00

:30

: 00

AUG 25

4.06

4.96

5.62

6.45

6.10

TABLE 3.6

KW LOADING AT THE AC SUBSTATION

AUG 26

4.38

5.00

6.00

7.13

6.13

4.25

AUG 27

3.83

5.01

5.82

5.54

6.35

6.15

AUG 28

3.88

4.94

7.11

7.46

5.29

4.23

SEPT 1

4.13

4.54

SEPT 2

4.38

5.13

6.88

7.25

8.25

5.63



TABLE 3.7

"ENERGY CONSUMPTION OF THE BART ENGINEERING CAR

KWH EST.KWH KWH EST.KWH
DATE M90 - MP6 M990 - MI6 MP6 - M90 Ml6 - M90
AUG 25 33.86 47.67
AUG 26 34.00 44,80
SEPT 1 33.36 48.53
AVERAGE 33.74 28.00 47.00 43.50

81



8

AC SUBSTATION POWER, MW

10.0 r
——— MAXTMUM
o~ == = MINIMUM
8.0 p
6.0 }
L ——-——ﬁ _____ -J
so b 1t 1 v [TTT77
2.0
15:00 16:00 17:00
HOURS

18:00

FIGURE 3.4 UTILITY DATA FOR TOTAL SUBSTATION LOAD



FIGURE 3.5 ENERGY CONSUMPTION ON A TRIP BASIS
FOR REGENERATION TESTS
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