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Abstract: The article presents an analysis of priority solutions for trams at a selected sequence of
intersections in Warsaw (Poland). An analysis of the literature has shown the topicality of this issue.
A computer simulation model of a coordinated sequence of intersections was constructed. Three
test scenarios were designed: the existing control system, the new coordinated fixed-time control
system, and the adaptive control system with active priority. In the simulation process, detailed
travel characteristics of trams and other traffic participants in a selected section were obtained for
the three varying scenarios. Electric energy consumption for traction needs and pollutant emissions
was then estimated for each of the variants. It was concluded that for the analyzed configuration,
implementation of the adaptive priority will result in a reduction of tram time losses by up to 25%, a
reduction in energy consumption by up to 23%, and a reduction in the emission of pollutants from
individual vehicles by up to 3% in relation to the original variant. The conducted research may be the
basis for a comprehensive method of assessing the effectiveness of applying the adaptative priority
when designing new tramway lines and modernizing the existing ones.
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1. Introduction
1.1. Development of Tram Systems and Traffic Lights

The beginnings of tramway systems and traffic lights in Poland date back to the turn of
the 19th and 20th centuries. The first electric trams started operating in Warsaw in 1908 [1].
The first traffic lights were introduced in 1926 at the junction of Jerozolimskie Avenue and
Marszatkowska Street [2]. In the initial period, tramway routes were designed along the
existing streets. Additionally, the traffic lights were not adjusted to the needs of tram traffic.
Separated tram tracks were constructed in the post-World War II period. In the 1960s, the
first tram-activated traffic lights appeared. Traffic lights for trams had then the form of a
normal tricolor signal with a yellow casing or a color signal with the inscription “TRAM” [3].
It was not until the late 1970s and early 1980s that tram signals were introduced in their
current form. At the same time, the tram fleet was also developing, and solutions with
automatic start were implemented (in other parts of the world in the 1930s, and in Poland
in 1950s and 1960s) [1]. Later, impulse starting was applied. The development of traffic
control methods and devices made it possible to implement increasingly complex solutions
for public transportation priority in Poland. The fastest development of these systems can
be dated to the years 2010-2020. A similar situation can be seen in many other cities in
the world. The development of the tramway network is related to the directions of urban
development [4]. A similar situation exists in many other cities around the world. The
development of the tram network is related to the development directions of cities [4];
it can also be analyzed as a function of the city’s population [5]. Analysis of western
European cities shows that it is possible to distinguish a period of strong development of
tram networks at the turn of the 19th and 20th centuries, followed by stagnation, and in
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the 1960s and 1970s the length of the tram network decreased. Luckily, in Warsaw only
some lines were closed during this period, and now after many years they are restored—for
example the route to Wilanow. Since the beginning of tramway transportation, the aim has
been to minimize the energy consumption of vehicles. Initially, motorists were required
to have a proper driving technique. However, with the increase in traffic and the increase
in the number of traffic lights, the number of vehicles starts and stops, not resulting from
passenger service, has increased. Each tram start-up consumes electricity, which in turn
has an impact on atmospheric pollution when conventional power plants are used. So far,
the ecological aspect has not been considered when designing traffic lights for routes with
tram traffic. This is where the seemingly separate systems of tramways and traffic control
systems merge once again. The way traffic is controlled influences the electricity or fuel
consumption of vehicles other than trams. By applying traffic engineering methods, it is
therefore possible to influence indicators related to environmental protection.

1.2. Literature Review

Many articles concerning the priority for trams given using traffic lights confirm the
topicality of the research. One of them by the authors of [6] indicates the possibility of
improving tram traffic conditions by considering timetables during the design of coor-
dinated traffic lights on a route with a tram line. In this paper, three types of priority
are distinguished—faster display of the green signal, extension of the green signal, and
an additional green signal in the cycle. The authors presented a model of a coordinated
route and analyzed a case for one route in a selected city. An important weakness of the
presented approach is the consideration of coordination in one direction only. However,
we can agree with the statement that the design of timetables should consider the real tram
traffic conditions on the coordinated route.

A similar approach was presented by the authors of [7], discussing a method of
prioritization based on the same three ways of prioritization as another article [6], but
taking into account different strategies—the use of a fixed cycle on the coordinated sequence
and compensation of the green signal duration in the next cycle. It was pointed out that
the most frequently used priority function is connected with adding an extra stage and it
gives the biggest time savings.

The way trams are organized also has a significant impact on traffic safety. The article
by the authors of [8] presented many factors affecting traffic safety. One of them is the
way of implementing the right turn maneuver (the article refers to the left-hand traffic)
throughout the tramway track. This solution is impossible to apply in Poland due to legal
restrictions resulting from Reference [9]. It can be replaced using protected signals and an
appropriate accumulation length on the left turn lane.

The paper by the authors of [10] presents a method for selecting sections where tram
priority can be applied, allowing for maximized efficiency. The Lorenz Curve was used
for this purpose. The analysis considers passenger flows in particular sections and the
benefits of applying priority. This method allows for identifying sections of the network
where traffic speed is low and the line serves many passengers. For these sections, tram
priority should be designed first. It is important to note that there was a very large spread
of speeds in the presented case study. The lowest range was under 10 km/h and the highest
range was above 30 km/h. Interestingly, the lowest speeds were recorded on sections with
separated tram tracks, so it is evident how much places where traffic directions intersect,
including traffic lights, affect traffic speed.

Reference [11] shows a method for traffic control for trams, vehicles, and pedestrians
at a selected intersection. Multi-criteria optimization was used for its determination. The
authors applied the developed method at a chosen intersection, and this method was based
on the method of signal group control. However, there was no detailed description of the
traffic control algorithm included, which does not allow for repeating the experiment or
applying the method at other intersections.



Sustainability 2021, 13, 4180

30f22

In Reference [12], the authors pointed out that a tram moving at a traffic speed of
20 km/h is not an attractive alternative to a standard bus service. Therefore, the authors
proposed the use of a priority system based on the specified devices, with a detector located
80-100 m from the traffic lights. Traffic stage diagrams were presented in the article. The
article concluded that use of priority noticeably improves tram conditions. The designated
measures of traffic conditions were not presented in the article.

An attempt to compare different ways of prioritizing trams was done in the article
by the authors of [13]. A multimodal traffic model developed using cellular machines
was used for the analysis. The simulation was based on real programs and signal plans
and algorithms with different levels of priority for trams. Full and partial priority were
analyzed. The former was concluded to have a significant impact on traffic. The possibility
of giving priority only to delayed trams was also analyzed. The paper presents a system of
prioritization and cycle length optimization powered by SCATS software. Traffic condition
factors were calculated for individual transport, public transport, and per capita. It was
shown that partial priority is the best solution in multi-criteria evaluation. A similar
approach, including optimization of time loss for a single passenger, is presented in
Reference [14]. The paper presents a mathematical model of a line on which trams and
other vehicles move. It described ways of assigning priority, analogous to Reference [6],
which presents a genetic algorithm that was used to propose a traffic control strategy,
minimizing time losses globally.

For the proper functioning of priority traffic control algorithms, it is necessary to
use an appropriate detector system. This was confirmed by the considerations of the
authors of [15]. The authors pointed out several types of tram detectors, from the point of
view of their use in traffic control algorithms: an announcement detector, responsible for
registered requests to the traffic control system at a distance; a green signal request detector;
an intersection entry detector; and an exit detector. When a request is recorded at each
detector, the traffic control algorithm proceeds to the appropriate part of the action network.
In the authors” assumptions, the detectors register the speed of the vehicle. Moreover, two-
way detector-vehicle communication was proposed to indicate the expected traffic speed
to the driver to ensure a stop-free transit. The paper presents a discussion on a prediction
of the time of approach to traffic lights together with an analysis of the uncertainty of this
time. The paper presents a proposed method for determining the location of detectors, and
then presents the verification of this method using simulations in the Vissim program.

A comparison and evaluation of tramway priority are presented in Reference [16].
The authors diagnosed the problems related to the traffic control of trams in China, among
which they distinguished: a lack of regulations and standards for trams, a lack of imple-
mentation of priority for trams, and a lack of coordination of low-efficiency signals of
trams. Four tram priority strategies were distinguished and compared: absolute priority,
extra stage, conditional priority, and priority in signal coordination. They were analyzed in
terms of efficiency, costs, influence on other vehicles, and application conditions. A test
application of a modern control system in a Chinese city is also presented.

Transport safety is one of the most important aspects in contemporary research. It
is not only traffic lights that exert some influence, but various aspects such as turnings,
infrastructure, and behavior may also affect what is presented in the discussed papers.

Reference [17] presents different assessment methods at different stages of a tram
infrastructure lifecycle. Various examples of infrastructural solutions negatively affecting
safety of tram traffic are presented. The authors pointed out the actions recommended to
improve the safety of tram transport users.

Reference [18] presents detailed safety analyses for Wroclaw. The impact of traffic
volume, number of passengers, stop location, and road traffic organization was analyzed,
which indicated the most dangerous solutions from the passenger point of view.

A more detailed safety and functionality analysis for tram loops and transfer nodes
is presented in Reference [19]. Factors such as the way of turning, type of loop, number
of holding tracks, and number of platforms were taken into account. The article presents
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only the theoretical basis of the assessment methodology, no analysis of the existing
infrastructure was made.

Another issue related to the safety of tram traffic is presented in Reference [20].
Collisions between trams and cars were simulated. Theesults showed that when a tram
is laterally impacted by a car, the risk of a tram derailment varies depending on the mass
and speed of the colliding car, the structural arrangement, and the loading condition. They
concluded that increasing the number of passengers in a tram significantly reduces the risk
of derailment.

An analysis of the risks related to tram traffic is also presented in Reference [21]. It
took into account individual risk, group risk, social risk, and the risk of derailment. An
analysis of road incidents with trams in Gdansk was carried out. On the basis of statistical
data, places requiring detailed inspections were identified. During the inspection, factors
negatively affecting road safety related to geometric parameters, marking, and functional
features of road infrastructure were identified.

Ecology is another important aspect of the tram traffic. Resent research has been
concerned with fauna [22] and flora [23] on tram tracks. Another ecological aspect is noise
along the tracks. The authors of [24] describe the relationship between the speed of car
vehicles and the occurrence of the tram tracks, which is important in determining the
empirical capacity of intersections located on multilane arteries in cities. The results of the
research considered noise emission in relation to the aspect of speed change of car vehicles
and the occurrence of the tram tracks.

Reference [25] describes the issue of optimizing the speed profile and energy con-
sumption profile on a sequence of coordinated traffic lights. The paper deals with hybrid
trams with an energy storage system. It considered fixed-time control and priority control
for trams. The article pointed out the possibilities of improving energy consumption by
an appropriate choice of speed. Similar conclusions, but resulting only from the method
of control, were formulated by the authors of [26]. However, they did not present the
influence of the control method on the traffic of other participants and, consequently, on
fuel consumption and air pollution. They also omitted the analysis in relation to the use
of a fixed-time program for control and traffic lights operating before the implementation
of priority.

It is also possible to give priority to trams using passive methods. One of them is
described in the paper [27]. The presented solution was based on the determination of
coordination using the MAXBAND model. A model of tram traffic TRAMBAND was
created, in which the movement of a tram on a route is represented and an optimization
task is formulated that allows for the determination of coordination bundles for trams
and individual traffic. A case study for an artery of six four-approach intersections was
presented. It indicated that each of the adopted control strategies had a negative impact on
the movement of other vehicles. It was also noted that the speed of tram traffic should also
be considered when selecting cycle lengths for intersections controlled with tram traffic.

In articles describing practical implementations of priority, numerical parameters
related to the actual effectiveness of solutions can be found [28]. It has been pointed out,
for instance, that partial priority at traffic lights results in a decrease in travel time in the
range of 5%, while the effectiveness of traffic organization solutions is much greater—e.g.,
separation of tracks results in a decrease in travel time in the range of 25%. However, it
should be noted that in Warsaw, practically all tram tracks are separated from the roadway,
so the possibility of improving tram traffic using traffic lights is very important in this case.

Other current tram-related research topics include issues of tram network develop-
ment. Many Chinese cities are experiencing rapid development of their tram networks—
increasing the length several times, with a total network length of several hundred kilo-
meters [29]. Such a large expansion of tram networks makes it necessary to include new
intersections in traffic signal control and shows that the topic of designing priority for trams
is important. Similarly, in other cities, studies indicate that tramway communication plays
an important role in the city [30]. As the area of agglomerations increases, tram lines can
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extend their reach beyond the city limits, going to neighboring cities [31]. The development
of tram networks also increases property values [32]. The price of real estate is strongly
dependent on the distance from a tram stop. However, it must be remembered that tram
networks are very sensitive to failures or closures of parts of the network. Therefore, it is
necessary to develop an optimal scenario for handling the organization of replacement
transport [33]. Tram priority also influences travel time and its dispersion. Such factors
affect passengers’ perception of public transport [34]. Maintaining a high frequency of
trams is also important for the attractiveness of tram transport [35]. When trams run with
high frequency, proper traffic control is important, as its lack may cause tram congestion.
Another direction in the development of tram networks is to use them for freight trans-
port [36]. It should be noted, however, that such use of the tram network should not cause
traffic congestion for passenger trams, and also requires the use of appropriate control at
branches of the network intended for tram traffic.

Reference [37] describes a control strategy with priority for trams based on a prediction
of tram waiting time. The analysis was conducted for a sequence of five intersections,
for which elements of traffic light programs were presented. Traffic characteristics in the
form of speed distributors were also presented. The research was carried out for different
traffic volumes on the route and different control scenarios (including coordinated and
uncoordinated solutions). The conclusions indicated that it is necessary to consider the
time of tram stops when designing coordination on the route with tram traffic.

Concluding the literature analysis, the following conclusions can be reached:

e The topic of priority for trams in traffic lights is current and it appears in many
scientific articles from the recent period;

e  Many articles concern only selected aspects of the design of priority for trams, and few
articles refer both to the analysis of the sequence and the effects of the implementation
of the designed solutions;

Very few articles deal with the environmental impact of the priority for trams;

When designing a priority system for trams, it is necessary to consider many infras-
tructure factors as well as traffic factors such as timetables, passenger flows, and
passenger interchange times.

1.3. Article Content

The article is structured as follows. Section 1 briefly presents the history of the devel-
opment of tram priority in road traffic in Warsaw. This is followed by a literature review of
both the Polish and international context to confirm the currency of the topic and to ground
the authors’ own research. Section 2 presents the problem of tram priority control in detail,
and describes the concept of modeling tram traffic in various priority configurations, meth-
ods of estimating the influence of the chosen configuration on pollutant emissions, and
electricity consumption for traction. Section 3 includes the results of the authors’ research
on the example of a selected section of a tram route with several coordinated intersections.
These results include, among other things, an analysis of tramway travel times, changes
in pollutant emissions, and energy consumption. At the end of the article, a discussion
of the results in relation to other bibliographic items is presented. The aim of the paper,
and also an original achievement of the authors, is to investigate the relationship between
the method of traffic control and energy consumption for trams and the emission of pol-
lutants by individual vehicles. The research was conducted for a sequence of controlled
intersections in Warsaw.

2. Methods

The research method included three steps: designing the algorithm of tram priority,
building the model using Vissim software, and creating the model of energy consumption.
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2.1. Design of Modern Tram Traffic Control Systems

Over the years, the complexity of traffic signal designs has changed significantly.
In the 1950s, a traffic signal project contained very few elements; apart from the traffic
signal program, the rest of the design elements concerned only the electrical issues [38].
Designs made in the 1980s did not include seemingly basic elements such as a matrix
of minimum intergreen times, although calculations for measures of effectiveness were
included. Nowadays, the traffic light designs for complex intersections contain dozens of
pages of calculations and data necessary for the proper programming of the traffic light
control system. Currently, all new traffic lights built in Warsaw operate as traffic-dependent
signals. As indicated by the authors of [39], it is necessary to consider the adaptive control
method at a very early stage of the project execution. The design of traffic control with
priority does not include additional stages; however, the scope of activities performed
during each stage differs. At the stage of traffic data collection, apart from standard
measurements or forecasts, it is necessary to collect additional data on tram traffic.

These data include:

e  Data on the traffic of trams not included in the timetable (e.g., departures and depar-
tures from the depot);

e Data on tram stop service—the times of passenger exchange and their schedule, the
time of door opening and closing, etc.;

e  Data on passing times for sections between junctions, considering restrictions resulting
from the infrastructure (curves, switches).

Examples of data used in the design of traffic signals with tram priority are shown in
Figures 1 and 2.

— 60 Tram Speed
S~
£
2 50
40
30
20
10 \J
: L |
0 100 200 300 400 500 600 [m]

Figure 1. Characteristics of the tram speed between stops in the time-space scheme.

Similar to the control of traffic lights without trams, priority control is also possible for
signal groups and stage control. In the first method, the traffic signal controller determines
the traffic stages independently, considering the implemented restrictions for traffic safety
and traffic control efficiency; in the second case, the stages are defined by the designer. The
first solution provides more flexibility for traffic control, but there is no guarantee that the
composition and sequence of stages chosen by the controller are optimal from the traffic
control point of view. The second solution, on the other hand, requires significant design
effort to ensure high efficiency. An intermediate solution is stage-group control and stage
control with separated, so-called partial, intersections. This allows for the decomposition of
the design problem and creation of a larger number of simpler traffic control algorithms [5].
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Figure 2. Representation of tram traffic at a controlled intersection with actual speed limits in a time-space diagram [40].

The choice of control method in most cases comes down to the use of a control based
on examining the time gap between approaching vehicles, which means adaptive control.
In traffic control systems, however, it is possible to use more collected data for control
optimization. In terms of the selection of the type of traffic control algorithm, the most
commonly used algorithm is the “return green signal to main direction” type. This type
of algorithm is especially advantageous when using coordinated control when the tram
moves along a coordinated route [41].

Intersections with a tramway, especially those containing tramway crossovers, are
characterized by a greater number of signal groups, and consequently, a greater number of
possible traffic stages. During design, it is necessary to consider possible traffic situations
occurring at the intersection, estimate the probability of their occurrence, and then analyze
the validity of the use of given traffic stages. It may be necessary to apply alternative stages,
which are used when there are no signals in one of the signal groups and it is possible to
serve the tram faster—such as the example in Figure 3a. In this situation, if there are no
green signal in the 7T group, it is possible to activate stage 2 and serve the 9T group.

In the same way, it is possible to apply stages with reduced composition, which allow
for a tram to pass without servicing other road users, or even, a tram to pass only in one
direction. Such a solution makes it possible to reduce the negative impact of priority on
other road users as well as to improve the traffic conditions for trams. When the relevant
stage can be shorter and the interstages are shorter, the tram service takes less time in the
traffic light cycle. Examples of such traffic stages are shown in Figure 3b.
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Stage 2
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a) b)

Figure 3. Examples of light signal stages used in priority-based, adaptive algorithms (random stage numbering) shown in

(a) left and (b) right.

At this stage, it is also necessary to analyze the possibility of realizing particular
interstages, including the possibility of operating a group of signals twice in a cycle by the
same or different traffic stages. This solution, although popular in traffic control algorithms,
means that the traffic stage diagram cannot be modeled as a Berge graph (digraph and
unigraph), which limits the applicability of graph and network analysis methods. Addi-
tionally, the complexity of the task increases, because the number of analyzed sequences of
stages is larger than that defined for Berge’s graph by Equation (1).

nsr = 2 n”;”r) M

where: ngr is the maximum number of stage sequences and n is the number of stages.

The design of interstages for priority traffic control algorithms does not differ sig-
nificantly from typical traffic control algorithms. However, the objective function for
optimizing the stage transition must be defined in each case. In the case of achieving
the highest possible flexibility of control and recalling the green signal for trams in the
shortest possible time, the aim should be to minimize the duration of the stage transition,
while in the case of the desire to extend the green signal for the tram signal group, the
method of minimizing the actual intergreen time between selected signal groups should be
applied [39].

The process of determining the time conditions can be implemented, but again, its
complexity increases significantly due to the larger number of roads to be analyzed in
the network resulting from the transformation of the graph representing the traffic stage
diagram. It is necessary to analyze all possible ways of transitions between traffic stages
and select time conditions for them. Among the conditions not normally encountered at
intersections without priority public transport service, the following can be identified:

Time conditions related to vehicle tracking on approach to an intersection;
Time conditions specific to the selected sequence of stages when a priority request is
registered (shortening of signals during conflicting stages);

e Logical variables for storing events (e.g., occupancy on a detector or occurrence of a
stage or a stage transition) which influence further algorithm realization;

e  Conditions related to blocking a transition to another stage in case of a demand for
priority tram service.
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The detector operation issues can be implemented in separate algorithms, running
in parallel to the main traffic control algorithm. The number of detectors for trams is
significantly higher in the algorithm with priority. They are needed as it requires early
registration of the tram request and then checking if the tram is moving at the desired
speed and reaches the junction in time. Detectors are often placed several hundred meters
from junctions. To reduce costs, it is possible to use data transmission between signal
controllers or virtual detection and notification fields recorded using GPS position analysis
and data transmission to the traffic control system [42].

The action networks (block diagrams) of the algorithms are much more complex. An
example algorithm (fragment) is shown in Figure 4.

< LP W

Is(21,31); tm3x:=0

!

< L 3K Worl 4K W >—>< Pora_dzienna

| 1 15(21,32); tm3x:=0

L_18T_W and (tm<=T_F21doF42_ost)

flag_skrety:=2 H 1s(21,42); tmdx:=0 I—b

!

L_17T_W and (tm<=T_F21doF11_ost)

L B B

flag_skrety:=2 H Is(21,11); tm11:=0 I——D

]

Is(21,1); tm1:=0;

synchr_cyklu:=0

Figure 4. Fragment of a traffic control algorithm with tram priority.

Therefore, it is highly recommended to test the algorithm in a simulation environment
before implementing it at an intersection. This allows for diagnosing errors arising at all
stages of design [43].

In the case of priority for buses or trams traveling on tracks not separated from the
roadway, the issue is even more complicated. In addition to the expected arrival time of the
public transport vehicle, it is necessary to consider the length of queues at the intersection
in order to be able to serve the vehicle at the assumed moment.

2.2. Modeling in Vissim

The study included traffic simulations in Vissim for three traffic control variants on
the string, using the same traffic volume sets. The study was performed for the non-peak
hours period, duration 3600 s (1 h), network filling 600 s (10 min).

The study was performed for three scenarios:

e  Variant 1—isolated, fixed-time control (programs and signaling plans functioning
before the activation of the priority);

e  Variant 2—fixed-time programs prepared as a basis for running the priority and
coordination for cars;

e  Variant 3—accommodating programs with priority for trams.

As mentioned in the introduction, for every new project it is necessary to test its
functionality in microsimulation before implementation in the field. This makes it possible
to assess the impact of the future traffic signal operation on traffic conditions and all its
participants, and to test its coordination with adjacent intersections. In this way, the costs
and benefits of an investment can be measurably assessed.



Sustainability 2021, 13, 4180

10 of 22

Las bielariski 02

However, more and more often the aim of the investment is not to improve the capacity,
but to reduce the harmful influence on the environment. As presented in the previous
chapters, many tools exist to assess the impact of individual vehicles on the environment,
but no tool has been found in the literature to assess the real impact of traffic lights on the
emissions of public transport vehicles, especially where emissions are directly related to
traffic conditions depending on priority at traffic lights.

To determine the tram travel profile in this analysis, the Vissim tool [44] was used,
which allows for the detailed construction of a network fragment. The tool allows for
the faithful reproduction of reality on a microscale, preserving such details as limited
vehicle speeds on curves, the dispersion of passenger interchange times, and individual
psychophysical conditions of drivers resulting in different driving styles.

For the study, a model was built consisting of eight intersections spaced over a distance
of 2600 m with five pairs of tram stops (Figure 5). The Marymoncka street has a profile
of 2 x 2 lanes with extensions at the entrance and a fully separated track on the eastern
side of the road. It conducts individual traffic of the intensity of 1000-1100 passenger car
equivalent (PCE) in each direction. Two tram lines with the numbers 6 and 17 that run
parallel to each other make 10 departures per hour in each direction, except for the peak
hours when they make 15 departures. Priority is given to trams at the local level over
coordination plans, which have been optimized for individual vehicle traffic because of
the lack of effective tram-vehicle coordination. The obtained priority for trams is full and
provides a travel speed of about 25 km /h in rush hour. Disturbances to the coordination
bands due to the tram priority are minor and cover about 20% of the cycles.
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Figure 5. Scheme of analyzed street with traffic lights and tram stops localization.

Giving priority to trams takes place at the local level over coordination plans, which
have been optimized for vehicular traffic only. In the analyzed section, tramcars with
asynchronous drive type 120 Na (Pesa Swing) and 20-m 134 N (Pesa Jazz) operate as well
as with resistor-drive types (23.2%), which, due to the different traffic characteristics and
the lack of data loggers in the vehicles, have not been further analyzed.

To analyze the energy consumption and the impact of public transport vehicles on
environmental pollution, it was decided to use a method consisting of two elements.
The first is an accurate determination of the driving characteristics of the tram using
a microscale traffic simulation environment. The second is a simplified model of the
energy consumption of the tram depending on the profile of the vehicle speed in particular
sections.

To determine the tram travel profile, the Vissim tool [44] was used, which allows
for the detailed construction of a network fragment (shown in Figure 6). The tool allows
for the faithful reproduction of reality on a microscale, preserving such details as limited
vehicle speeds on curves, the dispersion of passenger interchange times, and individual
psychophysical conditions of drivers resulting in different driving styles.
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Figure 6. Model of a selected intersection in Vissim.

After a detailed reconstruction of the entire studied arterial road with the real road
conditions, the three traffic control variants were introduced. Real programs functioning at
the intersections, historical for variants V1 and V2, and current for V3, were introduced
to the models. The programs for V3 were designed in accordance with the methodology
described earlier. Introducing such complex algorithms into Vissim was possible using
the VisVap add-on, which makes it possible to create algorithms in Vap language and load
them into the virtual controllers prepared in the model. Thanks to this combination, the
accuracy of the reconstruction of tram traffic at the junction is practically identical to reality.

2.3. Calculating Emmisions and Energy Consumption

For the analysis of air pollution generated by individual vehicles, a simplified method-
ology used by the Synchro and Transyt programs [45] was used, based on the following
relationship determining fuel consumption:

F = TotalTravel - k1 4 TotalDelay - k2 + Stops - k3 2)

where: k1 = 0.075283 —0.0015892 - Speed +0.000015066 - Speed?, k2=0.7329,k3 = 0.0000061411 -
Speed?, F is the fuel consumed in gallons, Speed is the cruise speed in mph, TotalTravel is the
vehicle miles traveled, TotalDelay is the total signal delay in hours, and Stops is the total
stops in vehicles per hour.

Metric values were converted to imperial values for the calculation.

Further, the pollutants emitted by the vehicles were determined using simplified
formulas developed by Oak Ridge National Labs [45]. This ignores atmospheric state
modeling issues [46], so it is an estimate of emissions associated with individual vehicle
traffic. The following relations were used for the calculations:

_ g

CO = F-699 [g—al} (3)
_ . 8

NO, = F-13.6 [gal} 4)
_ 8

VOC = F-16.2 [ﬁ] 5)

where: CO is carbon monoxide emissions (g), NOx is nitrogen oxides emissions (g), VOC is
volatile oxygen compounds emissions (g), and F is fuel consumption (gallons).

For the purpose of estimating the electricity consumption for the journeys in the
computer simulation, a model of the energy demand of a particular tram was built on
the basis of its actual operating characteristics obtained through measurements on real
routes. The obtained results were collected in a database for subsequent analysis. The
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choice of the database over other data storage formats, such as Excel or text files, was
dictated by the large volume of experimental data recorded at a frequency of 1 Hz for
journeys made by multiple vehicles per day. The recorded data were divided into sections
where the tram was in continuous motion. A simplified cycle of the tram’s journey on
the section constituting the basis for the model of energy consumption estimation was
defined. Then, on the basis of the measurement data, an energy demand matrix for the
vehicle was constructed for selected speed ranges and accelerations, which constituted a
source of data for the computational model. Using the constructed model, the estimated
electricity consumption was calculated for the routes and vehicles obtained by modeling in
the Vissim program. The obtained summed values of electric energy consumption were
the basis for inferring the impact of introducing street priority.

3. Results

The results of the research cover three aspects—the influence of the applied control
strategy on the traffic conditions, the influence on the emission of pollutants by individual
vehicles, and the influence on the electricity consumption for tram traction.

3.1. Influence of Control Strategy on Traffic Conditions

On the basis of the simulation, measures of effectiveness for individual vehicles and
trams were determined. The results are presented in Table 1.

Table 1. Calculated indicators of traffic conditions for trams and individual vehicles.

Variant 1 Variant 2 Variant 3
Traffic Indicators
Car Tram Car Tram Car Tram
Average speed [km/h] 32.52 22.39 31.02 20.48 30.48 24.22
Total travel delay [h] 92.81 2.00 98.31 2.66 102.17 1.47
Number of stops [-] 15,041 81 14,138 164 14,010 27

The results provide a significant improvement in tram traffic conditions in Variant 3
relative to Variant 1—a decrease in time loss by 25% and in the number of stops by 67%,
which was the goal of the implemented project. The deterioration of traffic conditions
in Variant 2 was visible as a result of the activation of two additional traffic lights—a
pedestrian crossing on Marymoncka Street at the level of Smoleniskiego Street and traffic
lights at the intersection with Zabtociriska Street.

3.2. Influence of Control Strategy on Pollutants Emission

On the basis of the simulation results, the emissions of pollutants emitted by individual
vehicles traveling along the thrust were also examined in a simplified method. The results of
the calculations indicated that the control method has little effect on air pollution (Figure 7).

The use of the new fixed-time programs resulted in a reduction of emissions of about
3.5%. The application of the adaptive control algorithms with priority resulted in a 0.5%
increase in emissions compared to the fixed-time programs, which was still better than the
previous traffic control system.

3.3. Influence of Control Strategy on Energy Consumption

The aim of the research presented in this chapter was to estimate the effect of imple-
menting public transport priority on electricity consumption used by a tram to cover a
designated route demand. The proposed method used the empirical measurement data
of the tram’s rides, which contain information about the vehicle’s speed, position, con-
sumed energy, and other characteristics important for building a tram energy consumption
map [47]. Which was then used in a computer simulation for the estimation of the total
electricity consumption [48]. These characteristics were collected via an on-board recording
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device. The data were obtained experimentally for several rides. They formed the input set
for the analysis of energy consumption by the tram.

24.36
= 23.52 2365 M Fixed-time historical - viariant 1

® Fixed-time modernised - variant 2
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=
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od
=, 15
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0 . l l -
CcO NOx VOC

Type of pollution
Figure 7. Emissions of individual transport.

The measurement data collected over a day were divided into fragments correspond-
ing to the route segments on which the vehicle was in continuous traffic. Then, the segments
were numbered according to the time of starting the journey. Figure 8 shows the travel
time dependence on the segment number. It can be concluded that the measurements on

the selected day consisted of six courses.
8 g3g

A simplified tram’s traffic cycle along a route’s segment can be represented by three
basic stages (Figure 9): acceleration to local maximum speed (stage 1), coasting (stage 2)
and braking (stage 3). Any route segment can be represented as a sequence of a certain

number of these stages, with stage 1 always occurring at the beginning and stage 3 at
the end.
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Figure 8. Travel times for route segments.
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Figure 9. Basic stages for the tram ride.

In stage 1, the electric energy supplied to a tram’s engine increases the speed of the
vehicle, thus increasing its kinetic energy. The energy consumed from the electrical supply
network is determined by the changing current I,,c over time at a constant network voltage
Utrae. In addition, the consumed energy is also used for the tram’s own needs (e.g., heating,
air conditioning, powering the onboard computer and other electrical devices). Stage 2
starts when the tram has reached a local maximum speed. This stage is characterized a
significant drop in electric current. The tram continues to move with a slight negative
acceleration (the direction of the air resistance force and friction force is opposite to the
direction of motion). Stage 3 corresponds to the active braking of the vehicle. The tram
continues moving with deceleration until it stops. The energy recovered in the braking
process is returned to the electrical supply network.

The energy Ej;;c needed for the tram’s acceleration (stage 1) can be estimated from the real
measurement data. In this case, m = {my, my, ...my,} is an ordered set of measurements
of tram’s ride characteristics for the route. A single measurement m; € {m}, i = [l.n]is
a vector of the values m; = {v;, I;, U;, ...} registered with frequency f, where v; is the
vehicle speed, I; is the power current, and U; is the power voltage.

The energy used for traction along the route’s interval [x; y] given by the measurement
numbers x and y (where 1 < x < y < n) can be calculated as Equation (6):

Y U xI
Exy: Z Zf l (6)
j=x

where j € [x;y] is the number of the temporary measurement 11; and f is the frequency of
measurements in Hz.

Using Equation (6), the total electric power consumption for one tram per day was
calculated. The obtained value E/ = 1018 kW /h was compared with the data of the
vehicle recorder (Table 2).
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Table 2. Summary of tram’s energy consumed per day.
Type Description Value, [kWh]
E delivered from the electrical supply network 1015
E recuperated recuperated through braking 122
used for traction (engine) 788
E consumed own needs during a stop 143
own needs during a driving 206

According to the data from the tram’s recorder, the total amount of energy taken from
the electrical supply network was E” = 1015 kWh. Comparing the values of E’ and
E" we obtained the error of calculating the energy consumption at about 0.3%. We thus
concluded that the chosen method can be used for calculations of energy consumption on
short segments of the route.

The measured data were grouped by velocity from v,,;, = 0 to vy With a step of
Av =10 km/h. Then, the averaged energy consumption E(v;, 4;) within each group v; as a
function of acceleration a; was calculated. In this way, the energy consumption map was
obtained (Figure 10).
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Figure 10. Energy consumption map.

The analysis of the measurement data (Figure 10) indicates that for higher vehicle
speeds v; the energy demand is higher for the same values of acceleration a;, because the
air resistance force is proportional to the square of the speed. For the purpose, the energy
consumption modeling for the trips obtained by computer simulation, a matrix with dimen-
sions [k; m] was constructed. The value in the table cell (i, ), wherei € [L;k], j € [1;m],
was calculated using measured data according to Equation (6) for records meeting the
condition v; 1 < v < v;and ;1 < a < a; (where 4 and v are the momentary values of
acceleration and speed retrieved from measured data, respectively).

Table 3 shows a data fragment obtained through tram’s ride computer simulation on
the selected route. The values of GeocX and GeocY coordinates correspond to the position
of the vehicle in the two-dimensional modeling space (in meters).
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Table 3. Data obtained from Vissim simulation.

Lane Speed Acceleration a, Time Coordinate Coordinate

Number v, km/h [m/s 2 x 3.6] t, [s] GeocX, [m] GeocY, [m]
4 48.15 0.26 100.1 —1020.2 853.3
4 48.32 0.46 100.2 —1021.3 852.7
4 48.55 0.66 100.3 —1022.5 852.0
4 48.86 0.86 100.4 —1023.7 851.3

Enegry E, [Wh]

160

140

100

60

20
20

The algorithm of estimation energy consumed for the modeled trip used the energy
consumption matrix M(v;,y, a;, E) and the result of a computer simulation from the
Vissim program in the form of the dataset S = {v, a, t, x, y}, ordered by time f (in the
format shown in Table 3), as the input data. The algorithm’s result is the estimation of the
total energy consumption for the selected modeling configuration. The algorithm runs
iteratively, calculating for each route segment where the acceleration value a is constant,
and the estimated energy uses the matrix M. The total energy consumption was obtained
as summary results of partial calculations. The algorithm was implemented as a computer
program in C# language on the Microsoft NET platform. To accelerate the calculations, a
column database [49] was used for storing the large sets of measurement data. An example
of the algorithm’s result for the tram line number 4 on the segment t = [100; 300] is
shown in Figure 11. The resulting energy demand for this example was Eg;;; = 1.67 kWh.
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Figure 11. Estimated energy consumption for a modeling route section.

Using the developed algorithm, the estimated traction energy consumption was
obtained for all three compared variants of traffic organization on the intersection route.
The results are presented in Table 4 and Figure 12.
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Table 4. Comparison of the estimated energy consumption results obtained from modeling.

Variant Etrac, [KWh] %

1—before changes 292 100
2—coordinated fixed-time control 289 99
3—actuated control with tram priority 226 77

100 ___100 99
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Figure 12. Estimated energy consumption in each variant from modeling.

4. Discussion

The results of the study conducted on Marymoncka Street in Warsaw (Poland) indi-
cated that tram travel conditions can be significantly improved with the use of active traffic
signal priority solutions on a coordinated route.

In the past, traffic control was based on the fragmentary coordination of traffic signals
on the route with different cycle lengths and the operation of some intersections as uncoor-
dinated intersections. The use of a properly designed traffic control did not significantly
aggravate traffic conditions, despite the increase in the number of intersections controlled
for traffic safety reasons.

In Reference [50], the design of traffic control algorithms with priority for trams
is presented. The discussed solution concerns uncoordinated intersections. The article
presents the basics of designing traffic lights and the rules of localization of detectors for
trams. Then the algorithm is presented in the form of a block diagram. It is based only
on a modification of the stage durations and cycles. This is a much more basic form of
control than the algorithms currently used in Warsaw. To verify the algorithm, a model was
developed in the Vissim software and measures of the traffic conditions were calculated in
the form of time loss for trams and individual vehicles, queue lengths, and time loss and
level of freedom of movement for the entire intersection. The best results were obtained for
partial priority. They were better than for the fixed-time program and significantly better
than for the absolute priority program.

Reference [51] presents an approach to priority design similar to the one used in
Warsaw. It is a coordinated control system, with local adjustments of signaling programs
depending on the traffic situation. The algorithm is described by means of a block diagram.
Additionally, simpler solutions of tram traffic control are the subject of current research.
Solutions based on time-based control [52] as well as control solutions without tram priority
elements [53] have been described.

A study by the authors of [54] reports a several percent reduction in traffic incidents
after implementing tram priority in Melbourne. The study was conducted for 29 controlled
intersections based on a traffic incident database. The study also looked at different types of
traffic incidents and reductions that could be observed for different types of traffic incidents.
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What is missing from the paper is information about whether other changes were made to
the traffic lights during the introduction of priority, such as upgrades to the traffic lights for
electrical wiring, changes to the intergreen times, or other issues that affect traffic safety.

The analysis of the actuated control with tram priority carried out with the aid of
simulation methods indicated that tramway traffic conditions improved significantly,
reducing the number of stops by 67% and time loss by 25%. Traffic conditions for individual
transportation did not significantly deteriorate. There was an increase in time loss and
a decrease in average speed, but the number of stops decreased. The decrease in the
number of stops may be influenced by using a longer cycle length on the coordinated street,
providing the ability for enabling more vehicles to pass in a bound.

The analyzed control strategies did not have a significant impact on air pollutant
emission estimates—the changes were within single percentages. Signalization programs
developed on the basis of current traffic studies provided a slight improvement in this
regard. The use of active priority for trams at traffic volumes as high as those on Mary-
moncka Street did not significantly decrease pollutant emissions and decreased energy
consumption by 23%.

The model of electricity consumption for routes with different driving profiles was
built with the use of experimental data. The results of estimating the unit energy con-
sumption (kWh/km) were within the acceptable limits for a given type of vehicle [55],
which proves the correctness of the developed model. Moreover, the model was simpler
to build than the one proposed by the authors of [56], as it is based on a small number of
parameters: speed, acceleration, and distance. The accuracy of such an approach to model
construction was confirmed, among others, by the authors of [57]. On the basis of the
obtained results it can be concluded that the introduction of the fixed-time priority did not
significantly reduce the energy consumption. In contrast to this, the computer simulation
carried out for the actuated control priority predicted a noticeable reduction in the demand
for electricity, which is an important argument for the implementation of such solutions
in practice. It should be emphasized that the actual savings may be several percentage
points lower due to the error assumed in the model and the fact that energy recuperation
was not included in the simulation algorithm. Studies such as Reference [58] show that
energy recovered by recuperation contributes to a reduction of the total energy input from
the electric traction network, provided that the vehicle has an internal energy storage
unit. However, this does not substantially affect the differences in energy consumption for
different control strategies, but rather complicates the model considerably. Summarizing a
specific configuration of the coordinated sequences also plays an important role; therefore,
separate modeling should be carried out in each specific case.

5. Conclusions

The paper presents the results of research on the analysis of priority control strategies
for trams at a coordinated sequence of intersections. The aim of the study was to develop
a method for comparing alternative control strategies and analyzing its implementation
as a computer simulation model. The average speed, the electricity consumption for
traction, and the emission of pollutants by individual vehicles were selected as criteria for
comparing the strategies. Three traffic control strategies were selected for detailed analysis,
which can be characterized as an uncoordinated fixed-time control system, a coordinated
fixed-time control system, and an adaptive control system with active priority for public
transport.

A mathematical model was proposed for the evaluation of the strategy criteria in the
form of equations describing electricity consumption and pollutant emissions as functions
of travel time, vehicle speed, stopping time at intersections, and average fuel consumption
of other traffic participants. Next, the assumptions of the mathematical model were realized
in the form of a computer simulation. For this purpose, a model of the coordinated arterial
was built for a selected section of a real tram route using the Vissim software. In the
next stage, alternative control strategies were programmed in appropriate traffic light
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programs. Traffic volumes at junctions and tram traffic profiles were defined as input
parameters for the model. For each of the compared strategies, travel times were obtained
as well as a set of simulation data, on the basis of which, using mathematical methods,
the estimated energy consumption and pollution emissions were calculated. The obtained
values of each criterion allowed for the comparative evaluation of the analyzed traffic
control strategies and selection of the best one in the context of the analyzed route section.
It was found that for the analyzed configuration, the implementation of traffic light control
with priority resulted in a reduction of time loss for trams by up to 25%, a reduction in
energy consumption by up to 23%, and a reduction in pollutant emissions from individual
vehicles by up to 3% in comparison to the uncoordinated fixed-time variant.

The original solution presented in this paper was to link the traffic control method with
parameters affecting energy consumption and pollution emitted by vehicles. Because of the
inclusion in the analysis of the accommodative control, with an extremely random character,
these parameters were determined by simulation, and not by an analytical method. In this
paper, the calculation of the emission of pollutants by individual transport was based on
measures of effectiveness (MOEs) used in other papers: delay [6,11,15,27,37,50-52], travel
speed [11,16], and traveled distance and stops. Additionally, the following MOEs were used
to assess the quality of control: tram delay [6,11,27,50], tram stops [16,27], tram operating
speed [10,16,28], and travel speed [11,16]. In the literature, there are also indicators such as
queue length [11,37,50], v/c ratio [37], and tram capacity [13], which were not used because
on the analyzed route problems concerning capacity for both individual vehicles and public
transport do not occur in any of the variants. Further indicators found in the literature may
be derived from the above-mentioned indicators of travel time [7,14,16,52], tram travel
time [13] (with variability) [12,51,52], and level of service [50], or they may refer to other
issues such as person delay / passenger waiting time [14,51], number of crashes [8,54] (with
severity and frequency), and bandwidth [51]. However, analyses of energy consumption
were carried out only in Reference [25], but there was no such detailed analysis of traffic
control in that study—the analysis is based only on a comparison of control strategies,
while the authors’ research uses control by the algorithm designed specifically for the given
route. Moreover, in Reference [26] the results of empirical research on energy consumption
in the case of tram priority functioning (or not) are presented, but no model of energy
consumption based on tram traffic characteristics derived from both measurements and
simulations is presented.

The authors’ contribution to the development of scientific knowledge is also the
proposal of a method for the evaluation of tram priority control strategies for a sequence of
intersections. The complexity of the method consists in including in the process of analysis
criteria relating to both trams and other traffic participants, which results in the possibility
of estimating the total impact on the environment. Such an approach is compatible with
the concept of sustainable urban development. A detailed literature analysis carried out
in the first chapter also proved the topicality of the research topic. The method presented
in this thesis for estimating the traffic impact of priority on coordinated arterial streets
is universal.

The results of the application of the authors” method, obtained in the process of
computer simulation, indicate that the control strategies with traffic light priority for
trams have a significant influence on the improvement of traffic conditions for trams,
including the reduction of travel time, and can also contribute to the reduction of electricity
consumption and emissions of pollutants by other traffic participants. In the examined case,
the active priority strategy gained a significant advantage. It should be noted, however,
that for each specific configuration of input parameters, the estimation results in the form
of a decision on the recommended type of priority may significantly differ.

The authors plan to continue the research in the field of analyzing the influence of
quantitative and qualitative parameters characterizing the traffic on the arterial route,
such as changes in tram traffic volume, changes in vehicle traffic on the arterial route
and on adjacent roads, the variability of passenger exchange time, the influence of time



Sustainability 2021, 13, 4180 20 of 22

variability on the operation of control algorithms, stop location analysis, or geometrical
solutions at junctions. They also plan to extend the testing ground to other priority routes
to universalize the conclusions drawn. This will allow for the development of tools to
assess the effects of traffic control solutions with priority for trams, both in the design of
new solutions and in the modernization of existing tram lines.
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