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Abstract. In the XXI century, when environmental awareness is growing and the impact of human activity on the planet
is more and more noticeable, striving to minimize energy consumption seems to be a necessary direction in the development
of technology. This development cannot take place without an initial understanding and describing the relationships influen-
cing specific technologies. It also needs empirical verification of assumed theories. Modern trams play an important role in the
functioning of urban transport. Being one of the oldest modes of environmentally friendly transport, in European capitals they
are currently perceived as one of the most convenient means of transport. This is due, among other things, to the high velocity
of transport along the route. The energy consumed by trams indirectly depends on the driving characteristics, i. e. speed,
acceleration and stops on the route, which are also caused by stopping at traffic light controlled junctions. This paper presents
the results of an experiment showing the change in the level of electric energy consumption depending on the applied method
of traffic light control. This article presents the conditions influencing the power consumption in trams, describes the possible
strategies of traffic lights control and their consequences for other traffic participants. The research was carried out in real
conditions in everyday traffic, measuring the level of electricity consumption in case of both fixed-time and actuated signaling
with full priority for trams. On the examined section there were both modern asynchronous-drive as well as traditional resis-
tor-drive vehicles. The conclusions drawn from the survey confirm the validity of introducing modern solutions and may be
useful for estimating investment costs.
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Pedepat. B XXI B., Koraa pacteT 00LIECTBEHHOE OCO3HAHHE BaYKHOCTH 3KOJIOTHYECKUX MPo0ieM, a pe3yabTaTsl AeATeNbHO-
CTHU 4YeJIOBEKa Ha IUIaHETe HOCST Bce Ooee 3aMEeTHBII XapakTep, CTpeMIIeHHe K MUHUMU3AIlMH PAacX0A0BaHUs SHEPTUH MPE-
CTaBJISIETCSI €ANHCTBEHHO INPABHIBHBIM M HEOOXOJMMBIM HAINPaBICHUEM Da3BUTHsS TEXHOJOTHi. DTO pa3BUTHE HE MOXET
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JIOTUYECKOTO TPAHCIIOPTa CETOAHS BO MHOTHX KPYIHBIX €BPONEHCKHX TOpPOAaX CUHUTAIOTCS OJHHMM U3 Hambosiee YHOOHBIX
CpeACTB IepenBrKeHUs. [IpyunHa MOMyIsSIpHOCTH COBPEMEHHOIO TpaMBas 3aKIOYacTCs B CKOPOCTH €ro MEpeABHKCHUS
TI0 BBIICJICHHBIM IyTAM. Pacxom sHepruu mpy 3TOM 3aBUCHT OT IPOQHIS ABMKSHUS TpaMBast 10 Tpacce, KOTOPHIH BO MHOTOM
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OIIpeeIseTCs] KOIMIECTBOM YCKOPEHHH, TOPMOXKCHUI M OCTAaHOBOK, B TOM YHCJIE HA PETYIUPYEeMbIX IepeKpecTKax. B myo-
JIMKAIMHU TIPEICTaBICHBl Pe3yIbTaThl HKCIICPHMEHTA, LEIbI0 KOTOPOro ObLI aHAIN3 M3MEHEHUs JJIEKTPHUECKOW MOIIHOCTH,
Tpelylommeiicss TpaMBalo U IPOXOXKAEHUS TPACCHL, B 3aBUCHMOCTH OT BBIOPAHHOTO CIIoco0a yIpaBJICHUs] CBETOBOW CHTHAIIH-
3arueil. ChopMyIHpOBaHEI YCIOBUS, KOTOPBIE BIUSIOT Ha BEIMYHHY pacxoja sHepruu. IIpeacTaBieHbl BO3MOXKHBIC CTpaTe-
THH yIpaBJICHUS CBETOBOI CHTHANM3AIMEll HAa MEPeKPecTKax ¢ yJacTHeM TPaMBaeB U MX ITOCIEACTBHS UL IPOYNX yIaCTHHU-
KOB JIBIDKeHUS. McciienoBaHns BRIIONHSIINCH B PEXKIME JISHCTBYIOMIEH TPAHCIIOPTHOM CETH B yCJIOBHAX padouero mHs. Beima
TIPOBEAEHA PeTHCTpanysl KOJMIECTBA Pacxo/a SHEPTUH IS Pa3HbIX CTPATETHH YNPABICHHS CUTHATM3AINEH: C IIOCTOSHHBIM
BpPEMEHEM IIEPEKIIIOUEHNS, a TAaK)Ke aKKOMOJAIIMOHHOM ¢ MaKCHMaJIbHBIM MPHOPUTETOM JUIS TpamBaeB. McciaenoBaHus Kaca-
JIMCHh BCEX BUJIOB TPaMBaeB (KaK COBPEMEHHBIX C aCHHXPOHHBIM JBUTATENIEM, TaK U C TATOBBIM MPUBOIOM), KOTOPEIE MPOCIIe-
JIOBAJIM TI0 BHIOPAaHHOMY YYacTKy TpaMBaHHBIX ImyTed. Pe3ynbTaTsl McciieoBaHnil TOATBEPKAAI0T 000CHOBAHHOCTH BHEJpE-
HHS COBPEMEHHBIX CTpaTerMid yIpaBiIeHHs ABWKEHUEM TpaMBas U MOTYT HaWTH IPUMEHEHHE B TOM UHCIC IPU IIAHUPOBaA-

HHUH HOBBIX I/IHBeCTHLIPIﬁ B Pa3BUTUEC TpaMBaﬁHle MapupyToB.

KiroueBbie cji0Ba: TpaMBaii, pacxo 3JIEKTPUUECKOIT SHEPIUH, CBETOBAs CUIHAIN3ALMSA, IPHOPUTET TPAMBast
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Introduction

In the XXI century, when environmental awa-
reness is growing and the effects of human activity
on the planet are more and more perceptible, stri-
ving to minimize energy consumption seems to be
the only right and necessary direction in the deve-
lopment of technology. Modern trams play an im-
portant role in the functioning of urban transport.
Being one of the oldest modes of environmentally
friendly transport, today in European capitals they
are often seen as one of the most convenient means
of transport in metropolitan areas.

The highest velocity is achieved by trams on
separate tracks, in tunnels or flyovers which do not
collide with other infrastructure, so called fast
trams. Unfortunately, this is not possible to create
fast trams in a dense network of urban buildings,
so the element of infrastructure, which is most
often used is traffic lights allowing for tempora-
ry provision of a protected “tunnel” for the tram.
The way of controlling this signaling has a signifi-
cant impact on the efficiency of public transport.

The energy consumed by trams indirectly de-
pends on the driving characteristics, i. e. speed,
acceleration and stops on the route, which may be
caused by the need to stop at traffic-light con-
trolled intersections.

The aim of the research presented in this article
was to examine the consumption of electricity de-
pending on the type of traffic light control used.

Types of traffic light signaling

Crossroads controlled by traffic lights can be
divided into fix-timed controlled and actuated,
which means that they depend on the current traffic
conditions. In such control it is possible to give
priority to selected groups of participants, which
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is most often used for public transport. Following
the Poznan idea [1], were can adopted three priori-
ty levels for trams: full, high and low, and they are
distinguished by the criterion of average time loss.
A full priority ensures lossless crossing at an inter-
section, a high priority ensures an average loss
of time of up to 10 s and a low priority applies to
other cases above 10 s. Moreover there are limits
on the maximum duration of prohibitive signals
for non-preferential traffic flows that may cause
a short-term reduction in priority level. For this
reason, an absolute tram priority similar to that of
railways is not introduced, as this would be detri-
mental to the functioning of the city, causing long-
term blockage of intersections without any respect
for other road users. In addition, a lack of priority
or negative priority can be distinguished, i. e. the
deterioration of tram traffic conditions due to de-
sign errors — usually a detection deficit or incor-
rectly accepted coordination offsets.

In Warsaw (the capital of Poland), it was de-
cided to introduce adaptive traffic lights ensuring
priority for trams.

The main demonstrated benefit of the priority
for trams is the increase in the speed of travel by
this means of transport, which reduces the travel
costs of passengers and contributes to the increa-
sed use of public transport. The experience of
Warsaw Trams shows an increase in travel speed
by 15-30 % for complex projects covering all in-
tersections over a longer distance. Increasing
the speed of the journey goes hand in hand with
a reduction in the demand for rolling stock, which
results from a reduction in the duration of full
tramway brigade cycles. As a result, the same
timetable can be achieved with fewer trains.
The third benefit of the tram priority is the im-
provement of safety at junctions by eliminating
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the dilemma zone at entrances with no stops.
The standard 3-second length of the yellow signal
equivalent of the tram is not sufficient to guarantee
safe stopping of the tramway. National regulations
do not allow this signal to be extended [2], because
such action could increase the risk of rear-end col-
lision of the second train set and cause the dilem-
ma zone phenomenon.

Another benefit of the priority is the impact on
electricity consumption. Only the generally men-
tioned correlation [3, 4] has been found in the lite-
rature, but no studies carried out in real conditions
have been reported. Therefore, it is possible to
identify a certain research gap in this field. Addi-
tionally, in view of the increasingly frequent argu-
ments concerning the need to increase energy
efficiency and decarbonization of transport [5],
it seems appropriate to determine the scale of
the phenomenon.

Literature contains numerous references to the
optimal driving style (theoretical acceleration
curve) [6] and simulation tools modelled on rail-
way solutions for determining the energy con-
sumption during the tram ride [7, 4]. However,
no studies presenting the scale of occurrence of the
phenomenon in uncontrolled conditions have been
found.

Obtaining the ideal runs for the electricity con-
sumption postulated in the literature [6] is not
achievable — at least until autonomous trams or
cabin control systems are introduced, following the
model of the ETCS level 3 system used on rail-
ways. Where the driver receives information about
the speed at which he should go to avoid stopping
by means of a cab signaling.

Definitely the most common solution is to give
priority to trams in signalling, i. e. to match traffic
lights to the smooth passage of the tram, ra-
ther than the driving behaviour of the drivers to the
displayed signals. The savings achieved in this way
can reach up to several percent regardless of the
driving style of the driver and without introducing
additional, expensive systems.

In Warsaw conditions, the priorities for trams
are usually designed as accommodation algorithms,
coordinated and open to equipment. The company
Warsaw Trams Ltd. in cooperation with the Mu-
nicipal Roads Administration, runs its own invest-
ment and research and development programme.
It uses tools for microscopic simulations at the
stage of designing and programming drivers and
remote monitoring of traffic lights in the post-imp-
lementation period. The full priority, ensuring loss-
less tram passage, operates in Warsaw at 34 inter-
sections, the high priority (average tram loss of
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less than 10 s per warehouse) — at 25 intersections,
and the low priority (other cases) — at 43 intersec-
tions.

The priority in traffic lights affects the level
of energy loss by minimizing the likelihood of a
tram stopping or braking at a location other than
a stop or speed limit. It follows from the above that
only tram entries where no stops have been built
have an impact on the energy balance. The optimal
situation from the energy point of view is to ensure
a full priority there. Moreover, shortening the tra-
vel time reduces the energy expenditure on the ve-
hicle's own needs, independent of the momentary
speed, such as: air-conditioning, air conditioning,
ventilation, passenger information displays.

Full priority is achieved by blocking the possi-
bility of simultaneous arrival of the tram and trig-
gering a collision phase (in relation to to tram).
Using the local priority, the tram must be detected,
and the operation of the control process must be
modified in advance of the given formula

Ly =tppr-ky T tminky T lppk-r) T4 + Eth’ (D

where tppr_x) — duration of the phase-to-phase tran-
sition leading to the collision phase; #mink), — mini-
mum duration of the collision phase; #prx-r — du-
ration of the phase-to-phase transition until tram
groups are switched on; ¢, — driver response time;
t, — braking time.

Energy losses occur as tram traffic increases.
Since collision phase blocking is limited by the
maximum acceptable duration of prohibitive sig-
nals for non-priority streams, there may be several
a number of trams without reserves in the signaling
cycle. The second source of loss, which should be
considered as a design error, is the lack of suffi-
ciently distant detection, especially when the tram
has to trigger a signal.

The issue of energy losses can also be consi-
dered for the passive preference of trams in the
coordinated traffic lights, not necessarily accom-
modative. The priority for trams in coordination
requires that the width of the coordination beams
in the signaling cycle be maximized. These beams
are time windows within which the tram can
smoothly and without wasting time through suc-
cessive intersections. The wider the beam, the lo-
wer the level of time loss for trams, but to mini-
mize energy loss it is also necessary to elimina-
te the cases of prematurely giving a permit signal
for trams before the start of the coordination beam.

There are some similarities here to the coordi-
nation of signaling for vehicles. There are few
works in which the conditions for integrated tram-
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vehicle coordination were described, such as the
works of M. Kaczmarek [8]. Automation of com-
putational processes in this area is practically una-
vailable at present. The results obtained based on
the Transyt method available on the market [9],
tested on the example of one of the designed tram
routes, turned out to be unsatisfactory, so at present
it is not possible to give up the “manual” work per-
formed by the designer in this area.

Research method

A series of 8 crossroads on a 2600-metre sec-
tion of Marymoncka Street, where full priority was
applied, was selected as a testing ground. The level
of the road is mostly flat with the exception of the
crossroad with Zabtocinska Street, which is located
in a hollow.

The street has a profile of 2x2 lanes with ex-
tensions at the entrance and a fully separated track
on the eastern side of the road. It conducts individ-
ual traffic of the intensity of 1000—1100 PCE (Pas-
senger Car Equivalent) in each direction in each
direction. Two tram lines with numbers 6 and 17
running parallel to each other make 10 departures
per hour in each direction except for the peak and
15 in the peak. Priority is given to trams at local level
over and above coordination plans, which have been
optimized for individual vehicle traffic in the absence
of effective tram-vehicle coordination. The obtained
priority for trams is full and provides a travel speed
of 25.9 km/h in rush hour. Disturbances to the coor-
dination beams due to the vehicle priority are minor
and cover about 20 % of the cycles.

Giving priority to trams takes place at the local
level over coordination plans, which have been
optimized for vehicular traffic only. In the analy-
zed section tramcars with asynchronous drive
type 120 Na (Pesa Swing) and 20-metre 134 N
(Pesa Jazz) operate as well as with resistor-drive
types (23.2 %).

The experiment consisted in temporarily
switching off all active tram privileges and swit-
ching to fix-time control according to emergency
programs with 80-second cycle. Since the coordi-
nation of signaling did not consider the preferences
of trams, such signaling working conditions ref-
lected a situation in which a tram accidentally
gains or loses out on an individual traffic-oriented
signaling system.

The study was carried out on a weekday
from 11:00 a. m. to 8:00 p. m., so that both the
inter-peak period and the afternoon peak were
measured. The obtained results were compared to
identical periods of the day from two other days
when the weather conditions were analogous.
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In none of the days were unusual situations or traf-
fic stoppages on the surveyed section recorded.

Data acquisition was carried out basically with
the use of energy consumption recorders installed
in the traction substation supplying the section
of Marymoncka Street. The data were aggregated
in 15-minute intervals. Supplementary measure-
ments were carried out by means of recorders in-
stalled in trams type 134 N.

Energy consumption for traction purposes de-
pends not only on fixed elements such as: route
profile, inter-stop distances and location of stops,
maximum speed, but also on vehicle load and
start-up method [10, 11]. However, because the
measurements were carried out in real conditions
(different drivers and constantly changing vehicle
filling), it was assumed that the total differences
in these parameters are small and have negligibly
little influence on the results of the experiment.

Results

The obtained results unequivocally indicate
a significant relationship between the allocation
of full priority in traffic lights and electricity con-
sumption, which is illustrated by the diagram of
accumulated hourly electricity consumption given
in kW-h (Fig. 1). The continuous line in the graph
shows the energy consumption on the day of pri-
ority switch-off. During the entire period of priori-
ty shutdown, i. e. 10 h, an increase in power con-
sumption of 340 kW-h compared to the average
consumption in the corresponding period on the
remaining days was recorded, which represents
an increase in energy consumption of 13.5 % over
the entire period under investigation. The increase
in the number of passing trams has a strong impact
on energy consumption, but the relationship be-
tween these parameters is not unknown. The Pear-
son correlation coefficient was 0.68.
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Fig. 1. Cumulative hourly electricity consumption
for three consecutive days
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The greatest deviation from the average values
was recorded during the departure of additional
brigades from the depot around 14:00, the peak of
the afternoon peak and the exits to the depot after
20:00. It could be assumed that the relationship
between the impact of the local priority on electri-
city consumption and the intensity of tram traffic
on the route exists, but is not linear.

The increase in energy consumption can al-
so be seen from the level of a single vehicle.
The speed run shows additional stoppages before
traffic lights and two stoppages and the energy
consumed during this time. Data from the recorder
in the vehicle indicate that the tram during one run
in the tested sequence consumed about 2 kW-h of
energy more than in the case of similar runs during
the operation of the full priority. It should be re-
membered, however, that some of the energy con-
sumed during braking is transferred to the network,
and its amount is difficult to estimate. This energy
can only be consumed on an ongoing basis if there
is a second vehicle on the network that can receive
it, otherwise it “escapes into the air”. According
to the manufacturer’s data, recuperation covers up
to 30 % of the energy consumed for braking.

However, regardless of the number of stoppa-
ges or brakes, in individual cases data from substa-
tions show real values and generalized to one-hour
periods, so they also contains the energy taken
from the recuperation instead of the network.

CONCLUSIONS

Although the pilot experiment did not cover
the whole day, the analysis clearly showed that
there is a close and important link between the full
priority for traffic lights and the energy consump-
tion of the tramway. The reading of the total ener-
gy consumption of trams in the form of traction
substation showed an increase of 13.5 %, what
means approximately 40 euro gross for the ana-
lyzed section (within 10 hours of measurement).
By estimating energy consumption for the whole
year — by introducing full priority in traffic lights
on the tested track annually — the Company saves
approximately 15 600 euro only from energy used
to drive vehicles. In addition, it should be remem-
bered that including the priority also means shorter
tram journey times, i. €. shorter time of consuming
the remaining 25 % of energy used for own needs
(heating, air conditioning, displays). The experi-
ment should be repeated by modifying it in such
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a way as to determine the relationship between
the low and medium priority and energy consump-
tion. In addition, consideration should be given to
whether it is justified to omitted parameters such as
driving style, type of rolling stock or vehicle fil-
ling. The relationship between the impact of a local
priority on electricity consumption and tram traf-
fic volume on the route exists but is not linear.
In order to verify the thesis and find other factors,
more detailed studies should be carried out and an
attempt should be made to link the variables with
each other and the way of control at the crossroads.
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