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Abstract: When a trolleybus travels through insulated sections of the overhead contact line, it ex-
periences momentary power interruptions, which adversely affect the vehicle’s on-board auxiliary
subassemblies. To reduce these negative effects, one can harness energy recovered via regenerative
braking. A model power supply circuit diagram for structural systems of the trolleybus is proposed.
Simulation tests were carried out to develop a method for analyzing power supply to trolleybus aux-
iliary devices and verify it in a real-life example. The results allow determination of the limit power
that can be generated by the trolleybus drive system to feed auxiliary devices during interruptions in
power supply from the overhead contact line. The possibility of powering the on-board auxiliary
equipment of a trolleybus using energy from recuperation with a traction motor is presented.

Keywords: trolleybus power supply system; power interruptions; on-board auxiliary devices; conti-
nuity of power supply

1. Introduction

Issues related to electromobility in public transport systems and the improvement of
the operational efficiency of public transport are currently of interest to many scientists and
engineers [1-6]. This coincides with the development of devices ensuring passenger com-
fort, greater passenger comfort expectations and the intensive advancement of technologies
involved in the production of traction batteries [7,8], supercapacitors [9-12], combustion
generators and other energy sources [9,13,14].

The installation of stationary supercapacitors allows the recovery of braking energy
for increased energy efficiency, as well as a better pantograph voltage profile [10,15]. The
authors determined the basic characteristics of this type of device, characterized by high
power density. The storage system parameters were determined using an optimization
technique. The paper [9] presents a comparative study that was conducted to select the
most suitable control strategy for high power electric vehicles powered by FC, battery and
a supercapacitor (SC).

The actual problem of energy management in traction systems is presented in the
paper [16]. A study was conducted on the use of recuperative braking energy of subways
in electric transportation. Technical advantages, such as, for example, reducing the voltage
fluctuations of the contact line, and economic advantages were presented.

In paper [1], the authors proposed and analyzed new strategies to increase the energy
efficiency of an urban transportation network powered by a catenary. A simulation tool
was developed to determine the energy efficiency of the global transport system (vehicles,
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power line and substation). Simulation results, with and without on-board energy storage
and with high resistive overhead lines, are also presented. It is proven that using high line
resistance instead of standard line resistance increases the efficiency of the overall system
by an additional 5%.

When a trolleybus runs connected to the grid, all its components are powered by
the overhead line. However, because the overhead line has to be divided into sections
and because it is fitted with switches, crossings and exits, the trolleybus temporarily loses
power when running through section (catenary) insulators. As a result, the systems that
feed auxiliary circuits are switched off, to be switched on again after a short time. This is
undesirable, since power interruptions give rise to high electrical and mechanical overloads,
which have a negative effect on the reliability of the vehicle’s sub-assemblies. Moreover,
recharging of the DC link capacitors used in the inverter at the input to the trolleybus’
static converter generates surge currents, which also reduces the service life of vehicle
components [17].

Several methods are currently used to ensure the continuity of power supply to
auxiliary devices during the passage of a trolleybus through section insulators [17,18]. The
most common devices employed for this purpose are additional hydraulic pumps, mounted
on the traction-motor shaft, which, however, only support the operation of hydraulic
systems. On-board 24 V DC batteries are also used to power converters supplying power
to auxiliary assembles, but such systems have many limitations. Another method is to
use a supercapacitor storage unit, with converters in the intermediate circuit of the static
converter, responsible for supplying power to the auxiliary circuits of the trolleybus [19].
However, this solution requires the use of a static converter that has a much more complex
structure and is far more costly. Each trolleybus that is put into service, today, has a
drive system that allows the recovery of energy during braking. It therefore only seems
reasonable that this energy be employed to power auxiliary devices.

In this light, a new research question must be addressed, as to whether the energy
generated as a result of regenerative braking of a trolleybus could be used to power
auxiliary devices installed in the trolleybus when it is driving through insulated sections of
the overhead contact line. This problem was analysed in the present study. A mathematical
model of the trolleybus traction-motor load was developed. It was implemented in Matlab
and Simulink.

2. Trolleybus Overhead Power Supply Network

When a trolleybus is running in contact with catenary wires, all its components are
supplied from the overhead contact line. Because the network has to be broken into
sections and includes switches, crossings and exits, the trolleybus loses power when
running through dead zones for as long as 3 s or more [20].

The supply voltage of a trolleybus may vary from 400 to 800 V. Figure 1 shows a view
of a wire switch, installed in the overhead contact line. The smaller the angle, shown in the
figure, the longer the interruption in power supply lasts. The dead section d can be up to
4 m long. The time a trolleybus travels without grid power depends on travelling speed, as
shown in Table 1 and Figure 2 (red arrow).
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Figure 1. View of a trolleybus wire switch, showing the section of the network with no power supply, where: a denotes
insulator zones and d denotes a dead zone.

Table 1. Time a trolleybus travels through a 4 [m] long insulator depending on trolleybus speed.

Trolleybus Speed Travel Time through the Insulator of the Overhead Contact
v [km/h] Line with a Length of 4 [m] ¢ [s]

5 2.88
10 1.44
15 0.96
20 0.72
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Figure 2. Curves of time vs. traction network current I [A] (black line), traction network voltage Ut [V] (blue line), trolleybus
speed (scale x 0.1) v [km/h] (green line), and traction inverter DC link voltage Ud [V] for a trolleybus passing through a
series of section insulators [21].

Figure 2 shows curves of operational parameters during the passage of a trolleybus
through a series of overhead contact line insulators. In the depot area, power interruptions
occur very often due to the large number of devices installed on the overhead contact
line. Figure 2 also shows how the traction inverter operates when a trolleybus is passing
through insulated sections of the overhead contact line. At 38 s, the traction system goes
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Wire switch

into the regenerative mode, maintaining the voltage on the inverter’s DC links at 250 V. All
auxiliary devices are turned off at that time so that energy recuperation with the traction
motor does not cause discomfort to the passengers and the driver, and so that regenerative
braking can be used while the trolleybus is driving through an insulator [16].

3. Functional and Formal-Legal Requirements for Trolleybus Auxiliary Devices

Apart from the traction drive system, each trolleybus is equipped with auxiliary
devices [22]. They include air conditioners, 24 [V] batteries along with a control system, a
power steering pump, a heating boiler and an air compressor. These elements of equipment
ensure the functionality of all systems installed in the trolleybus and maximize passenger
comfort. The most important auxiliary devices are shown in Figure 3.

Air conditioners

Power steering

pump

\ 24 [V] batteries

with a control

system

Air compressor

Heating boiler

Traction motor

Figure 3. Components of trolleybus equipment; on-board auxiliary systems include air conditioners, 24 [V] batteries with a

control system, a power steering pump, a heating boiler and an air compressor [21].

All auxiliary systems are powered by a static converter and other power electronic
devices that provide a number of utility functions and meet the requirements for protection
against electric shock. The auxiliary devices in the trolleybus can be supplied directly
from the overhead contact line or from the DC links of the traction inverter [23]. When the
trolleybus is powered from the overhead contact line, regardless of the operating mode
of the drive, there is always a break in power supply to auxiliary devices during passage
through a catenary insulator. Supplying power from traction inverter DC links increases
trolleybus performance [10,24]. This is due to the fact that during regenerative braking,
when the line voltage rises to 780 V, the inverter system switches energy recovery from the
overhead contact line to the braking resistor. In this situation, the energy generated by the
traction motor also powers the auxiliary devices [25], as marked with the green arrow in
Figure 2. A block circuit diagram of such a system is shown in Figure 4.
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Figure 4. Block diagram of power supply to trolleybus drive and its auxiliary devices [21].

The block diagram proposed in this paper has been divided into four parts, with the
individual components grouped by their functionality. The elements associated directly
with the traction drive are referred to as the traction system. This system includes input
devices such as a line choke, fuses, main contactors, a contactor for the pre-charge of the
traction inverter capacitors and a line filter. The traction system also comprises a traction
inverter, a resistor with a braking transistor and an asynchronous traction motor. The
off-wire power system is fed from the traction inverter DC links. This system is part of a
larger system responsible for supplying energy to the trolleybus when it is running off-wire.
The traction inverter DC links also supply power to the heating system and the static
converter, which feeds all auxiliary units other than the heating system.

3.1. Functional Requirements

Legal standards require that the power steering system be operative at all times.
Whenever the trolleybus is passing through catenary insulators at speeds above 5 km/h,
the power steering system must be operative for 10 s. However ensuring the continuity
of operation of the 24 V installation poses a huge problem even with short lasting power
interruptions. The converter, which charges the 24 V on-board batteries, loses power when
the trolleybus travels through a catenary insulator. During this time, the entire 24 V wiring
is supplied with energy stored in the on-board batteries. This means the 24 V batteries need
to be kept in pristine technical condition. The provisions of the legal standards regarding
the operation of auxiliary devices for passage through section insulators of the overhead
contact line are given in Table 2.
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Table 2. Power of trolleybus auxiliary devices and requirements for maintaining power supply during passage through

catenary insulators [21].

Functionality Required by

Auxiliary Devices Power [kW] Standards/Additional Functionality Power [kW]
power steering 22 required 22
power supply to 24 V wiring 2.8 additional
compressed air system 5 additional 17.8
power supply to air conditioning 10 additional
compressor
total 20
power supply to heating system 40 not required 40

Particular focus is placed on those equipment operation requirements that are neces-
sary to meet the applicable standards. Attention is also paid to an additional functionality
associated with the continuous operation of systems during runs through catenary insula-
tors, which is not required by legal acts, but is crucial, since the devices are structured in
such a way that a lack of power interruptions extends their service life and increases the
comfort of passengers and the driver. When certain devices do not need to be powered
while the trolleybus is driving through insulators, their functionality is marked as “not
required”. In accordance with [22], during service braking, deceleration must be lower
than 2 m/s?, and deceleration jerk must not exceed 1.5 m/s>. Pursuant to [23], the supply
voltage of a trolleybus must be within the range of 400-800 V, while the nominal voltage U
of the overhead contact line should be 600 V.

3.2. Electric Shock Protection Requirements

The supply voltage of the DC control wiring should not exceed 60 V, and the cable
nominal voltage of the three-phase auxiliary wiring should not be higher than 400 V. The
converter charging 24 V batteries should provide double-galvanic isolation from power
supply circuits. The first stage of the isolation must have an insulating strength of 2.5 U +
1500 V. For the nominal voltage of the traction network of 600 VDC, the insulating strength
is 3000 V for 1 min. The second stage of the isolation must withstand an alternating test
voltage of 2300 V for 1 min.

The withstand voltage of the trolleybus’s three-phase wiring against supply voltage
must meet the requirements of the test for the first stage of isolation, while the withstand
voltage, with respect to the mechanical mass of the trolleybus, must meet the requirements
of the second stage of isolation test. The insulation resistance of the two isolation stages
must not be less than 1.5 MQ) and 6 M(), respectively, before the trolleybus is first put
into service. For low-power motors, for which the insulation strength standard is 1800 V
for 1 min, the second stage of isolation cannot be provided only by insulating the motor
windings. One of the solutions used is to place the motor on insulators. In such a case, it is
necessary to ensure that the motor is separated from the device it drives or that the entire
set of motors along with their devices are isolated from the vehicle’s mechanical mass. In
practice, such solutions do not work well due to operational problems with maintaining
the required resistance at the level of 1.5 MQ). Therefore, an additional separating converter,
with double isolation, is used (an intermediate circuit of the static converter, which already
provides double isolation for the output converters that feed the auxiliary systems and for
the 24 V on-board battery charger).

The autonomous driving system can be turned on after the trolleybus is disconnected
from the current collectors using the main contactors. An installation with an autonomous
energy source can have a single-stage isolation with the parameters of the second stage of
isolation, provided that, when the motor is fed with power from the overhead contact line,
it is separated by a charger providing the first stage of isolation. Because it is difficult to
maintain the insulation parameters of the traction battery, and the procedure for testing the
strength of battery insulation is very complicated, chargers are used that provide double
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galvanic isolation of the battery from the power supply circuits. In such cases, the battery is
tested for insulation resistance against the mechanical mass of the trolleybus, which must
be atleast 100 )/ V.

4. Analysis of the Possibility of Providing Power to On-Board Auxiliary Devices
through Recuperation of the Kinetic Energy of the Trolleybus

The motion resistances that the trolleybus traction motor must overcome are shown
schematically in Figure 5. They are reflected back to the traction motor shaft. The mathe-
matical model of the traction motor was used to develop a formula for the electromagnetic
moment that overcomes these resistances.

Figure 5. Forces acting on a trolleybus in motion.

The vehicle’s linear motion is given by:

av

FT_FRR_FG: (m+d)E

)
where: Fr—traction force, Frr—rolling resistance and air resistance, Fgc—gradient resis-
tance, m—vehicle mass, —mass moment of inertia caused by the masses of rotating parts,
V—vehicle speed.

The kinetic energy of the vehicle is described by the following equation:

2 2 2
Ex = %WLIS%‘F”Uk% @
where: wiy—angular velocity of vehicle wheels, w,—angular velocity of traction motor
shaft, Jr—moment of inertia of the wheel, [,—moment of inertia of the traction motor rotor,
ng—number of vehicle wheels, including twin wheels.
Vehicle speed V is related to the angular velocity of the wheels wy by the follow-
ing equation:
_Vv 3)
Wj = " (
where: r—wheel radius.
In turn, the angular speed of the traction motor shaft w, is associated with vehicle

speed V as follows:
14
Wn = ZWk = W =2 (4)

where: z—gear transmission ratio.
Thus, the equation that describes the vehicle’s kinetic energy has the following form:

mv?  Z2V? 1%
EK:T+IS?+nk]kﬁ ®)
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hence: 5 5
mV Vv
Ep = —— 7< 2 ) 6
K 5 15 sz i (6)
after transformation, the following equation is obtained:

VZ 2

Ex = - {m + rlz (]s22 + ”k]k)] = %(m +d) ()

where d is the increase in vehicle mass due to rotating masses and equals
1 2
d = = (2 + i) ®)

Vehicle speed V is related to the angular velocity of the traction motor’s rotor wy by
the following equation:

’
and so .
Substituting into Equation (1), we get:
Fr — Frg — Fg — (m+ )99 (11)
T—IRR — G = > i
Traction torque Tt is related to traction force Fr by the following equation:
TT = FTT (12)

At the same time, the traction torque is related to the driving torque of motor shaft:
TT = Z(TE - Tz) (13)

where: Tg—driving torque of motor shaft, Ty—resistance torque of the transmission
reflected back to the shaft side of the drive motor.
Hence: .
Fr = ;(TE - T) (14)

Rolling resistance and air resistance torque Tp is related to the resistance force Frg
by the following equation:
TRR = FRRT’ (15)

At the same time, torque Trg reflected back to the shaft of the drive motor is given
by equation:

T
Trr =~ (16)

From this, the following equation is derived:
z
Frr = ;TzleR (17)
Similarly, we obtain:
Fo=-T4 (18)

where Tg—gradient torque reflected back to the side of the drive motor shafts.
By substituting the equations Fr, Frr and F¢ to formula (12), we get:

2T —To) = 2Tl — 270 — rdwn
r(TE TZ) rTRR TTG — (m +d)z dt

(19)
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Multiplying both sides of the equation by £, we obtain:
2
T, Tl —TL = rdwn _ jdwy
Te—T. —Tgg = Tg = (m+d)22 = (20)

where: (m +d );—i is a constant parameter representing the inertia of the vehicle | reflected
back to the drive motor shaft. When formula (8) is taken into account, the following

is obtained:

mr? 1
] = - +Js + ?nk}k (21)

. 2 N .
Coefficient 77~ represents the moment of inertia of the vehicle reflected back to the

shaft side of the drive motor.

Ultimately:
Tp — T, — Thg — Tk = ]d;‘;” 22)
where: X

mr 1
] = oy +Js+ Zj”k]k (23)
TG = TFg (24)

, r

TRR = ;FRR/ (25)

Formula (22) describes the relationship between the electromagnetic moment of the
traction motor and motion resistances.
The final value of motor load torque T is given by the following equation:

To =T+ Thg + Th + ]d;‘;" (26)
On approximating, one obtains:
Tz =Tz0+Tzz (27)
Tz0 = B(1 = nzn) Ten (28)
Tzz =(1—-B)(1—nzn)TE (29)

where: f—coefficient of constant (no-load) losses, Tzp—No-load loss torque of the trans-
mission system, Tzz—variable-loss torque related to the transmission of torque Tr by the
torque transmission system, Tgy—nominal motor torque.

It was assumed, to simplify the calculations, that torque T, was linearly dependent
on transmitted torque TF.

The efficiency of the transmission system was defined as:

Tg — Tzo — T
E
Tg — Ten) + Ten — Te) + T
ny = B(Te — Ten) 7121;[5( eN — Tg) + Te] 1)
E
The formula is valid for torques:
1—
Tg > ‘B( WZN) TeN (32)

~ B(1—nzn) +1zN

For a two-stage gear transmission system, it can be assumed that 7y = 0.95 and
B =0.25.
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A mechanical equation of the electric motor is:

dwy, 1
= (T =Ty 33
7 = (Te—-T1) ] (33)
where: Tp—electromagnetic torque, T;—load torque, w,—angular velocity, [—moment
of inertia. .
A model of the two-level inverter is shown in Figure 6. Voltage vector V; is generated
from the following equation:

Vs = \/;Vdc {Sa + Sbe]% + Sce]% (34)

where: S;, Sp, Sc are the inverter’s three-phase switching functions, which can take the
value of 1 or 0; V—inverter DC link voltage.

Figure 6. Circuit diagram of a three-phase star-connected induction motor powered from a two-level
voltage source inverter [26].

Based on the model of an induction motor in a stationary reference frame, the stator
flux equation, after Clarke transformation, can be expressed as follows:

(PS"‘ = f(vSa - Rsisa)dt
{ dop = [ (05 — Reigp)dt (35)

where: ¢sq, psp—a and B axis components of flux, vs,, vsp—a and B axis components of
voltage, isy, 1 p—u and p axis components of current, Rs—stator winding resistance.
Voltage components in axis & and B vs, vsg are given by the following equation:

Vs = \/ngc |:Sa - %(Sh + Sc)}

(36)
Usp = \/%Wic(sb —S¢)

Current components in axis « and f§ igy, is p are given by formula:
lsg = \/j sy
. L v (37)
Igp = \ﬁ(lsb — isc)
The rotor and stator flux vectors are related by equation:

M 1

S Litjown?” (38)

¢r

where: ¢;, ps—stator and rotor flux vectors, M—stator-to-rotor mutual inductance, c—
Blondel coefficient, Ls—stator inductance, w—angular velocity of the rotor, T,—rotor torque.
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The angle between these two vectors is given by:
6 = tan ' (owT,) (39)

The general expression for electromagnetic torque is as follows:

Tp = p o1 dsdrsin) (40)

where: p—number of pole pairs.
The stator flux amplitude is calculated on the basis of two components ¢s, and ¢sg.

Ps = \/P% + 03 (41)

The following formulas summarize the above analysis:

Formula (26) describes the final value of motor load torque T
Formula (40) describes the value of the traction motor’s electromagnetic torque Tr
under DTC.

e  Formula (22) describes the relationship between motor load torque Ty and electromag-
netic torque Tg

5. Simulation Study

In order to verify whether the auxiliary devices of the trolleybus could be powered us-
ing energy recuperated from regenerative braking with the traction motor [27], a trolleybus
passage through a 4 m long catenary insulator was simulated numerically at speeds of 5, 10,
15 and 20 km/h, while maintaining passenger comfort conditions. The simulations were
carried out in Matlab and Simulink, based on the circuit diagram of a trolleybus shown in

Figure 7.
Traction network
Switching table \.k f‘;{;«f-,—,}..;-r;,;
Torque (1 N | ——
hysteresis H, | Hp S(1)| S| SB)| S(4)| S(5)| S(6)
e T ) 1 V2 V3 \V/1 Vs Vs V1 Ut B':ake
s 11 0 Vo Vs Vo | W Vo | Vs resistor
-1 Vs V, \> V3 \V/A Vs [T Inverter
o T R 1 Vs Vi | Vs | V6 | V1| V2 IS
- Al o v v vl vl Vil v [[d T Cd
Flux > -1 \4 Vs V1 \ V3 Vy [
hysteresis Vs ~ e UdeH
Sector f ¢ﬂ\ 4 —J.(v —Rsi )d\t——"
6, = arctan—— 2 = | (V, , sson| DC/DC
‘ A inverter
_ [ 2 P = (Vﬂ - Rslp)dt q
i ! ¢S - ¢a + ¢ﬂ) '[ )
g? Torque and flu = *(¢ - ¢+ - Ail'l'
estimator -C =p 1, — I ) uxitiary
: @/ £ ) devices

-
.0, @ o: {@ Inductio
a)*% - &5 motor
r o
Speedometer Transmission
Wheels

Accelerator

Figure 7. Circuit diagram of the trolleybus used in the simulation.
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A trolleybus with its traction system, electric drive and systems of converters and
actuating systems and devices corresponding to the trolleybus equipment were modelled
in accordance with Figure 4. For the main drive system, a circuit diagram of an induction
motor fed from a two-level traction converter with DTC was adopted [26]. The simulation
algorithm is shown in Figure 8.

Set torque on traction motor shaft
until = 4 5, then shift to coasting until

f=45s
; [ Increase torque ]
Mo
'Pl: Speed attime t=4sis 1% j, 3

* Yes

\[ Poweroff at {=4495 s ]
L ' oy
Set torque on traction motor shaft, <
electrodynamic braking 1
* [ Increase torque ]
daldt=15m/s No 'Y
Change setspeed dVidt <2 mis*
‘L . A
* Yes
Set power drawn by auxiliary
devices from traction inverter DC |« \

links [

¥

Traction inverter DC links voltage 1

Uz<400 Viromi=45stot=t. | NO

(power-back-on time dependenton
speed)

‘ Yes

’L Powerback on at time f = fon

¥

Eelationship between the power supplied to auxiliary devices during passage
through a network insulator and the initial speed of regenerative braking

Increase power drawn by
auxiliary devices

b, A

Figure 8. Simulation algorithm.

In compliance with the standards in force, it was assumed that the converters sup-
plying power to auxiliary devices would switch off when the voltage on the DC links of
the traction inverter Uy, dropped below 400 V [28]. The simulations were performed for
nominal line voltage. Torque was applied to the traction motor to accelerate the trolleybus
to a speed at which the possibility of maintaining the operation of auxiliary devices was
tested. At higher speeds, the travel time through a section insulator was correspondingly
shorter, as shown in Table 1. Then, braking torque was applied to the traction motor, so
as to ensure that passenger comfort was not affected. Any excess power was lost via the
braking resistor, stabilizing the voltage on the DC links of the traction inverter to 780 V.
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The simulations were carried out by increasing the load on the traction inverter
DC links by increasing the power consumed by the auxiliary devices. The result of the
simulation was positive for the load power of the DC links at which the converters did not
switch off when the voltage dropped below 400 V as the trolleybus was passing through a
section insulator. The parameters used in the simulation are given in Table 3.

Table 3. Trolleybus parameters and environmental variables used in the simulation study.

Parameter Value Unit

Trolleybus Parameters

mass 17,600 kg
air density 1.2 kg/ m3
front surface area 7 m?2
drag coefficient 0.4 -
rolling coefficient 0.01 -
dynamic wheel radius 0.464 m
traction inverter dc link capacitance 10 mF
drive axle efficiency 0.95
drive axle ratio 6.2
Environmental Parameters
roadway gradient 0 %
wind speed 0 m/s
Traction Motor Parameters
nominal power 240 kW
nominal voltage 400 \%
nominal frequency 60 Hz
moment of inertia of the rotor 4.2 kgm2
number of pole pairs 3
Overhead contact line parameters
nominal voltage 600 \%
maximum voltage 800 \%
minimum voltage 400 \%

6. Results of Simulation Experiments

Maintenance of the operation of auxiliary devices was simulated during the passage
of a trolleybus through catenary insulators at different driving speeds: 5 km/h, 10 km/h,
15 km/h and 20 km/h, and different power levels supplied to the auxiliary devices. The
calculation results for the speeds of 5 km/h and 15 km /h are shown in Figures 9 and 10,
respectively. It was assumed that the trolleybus moved on a flat asphalt road (rolling
coefficient 1 = 0.01) in windless weather (i = 0.4).

At the initial speed of 5 km/h, the power required to keep the auxiliary devices
operative (high PS ON) while the trolleybus was running through catenary insulators
(high PS ON signal) was 0.7 kW (Figure 9a). The supply voltage of the static converter
did not drop below 400 V, and the traction conditions ensuring passenger comfort were
not affected. When the DC link of the traction inverter was loaded with the power of
1 kW, voltage dropped below 400 V, and the converters supplying the auxiliary devices
switched off, as shown in Figure 9b. As can be seen in Figure 9¢, increasing the capacitance
of the inverter DC links to 50 mF increased power consumption to 2.2 kW. At the speed
of 5 [km/h], there was no loss of energy in the braking resistor. It follows that, at low
speeds, to use this method of supporting the operation of the auxiliary equipment of the
trolleybus, it is necessary to switch off by software the equipment that cannot be supported
due to the power consumed by it. Using this method and increasing the DC bus capacity
of the traction inverter at 5 km/h, it is possible to provide the functionality required by the
legal regulations.
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Figure 9. Simulation results for the initial speed of 5 km/h and loads of (a) 0.7 kW C4 = 10 mF, (b) 1 kW C4 = 10 m, and (c)

2.2 kW Cq =50 mF.

The power required to maintain the operation of auxiliary devices of the trolleybus
passing through catenary insulators at the initial speed of 15 km/h was 17 kW (Figure 10a).
The flattening of the DC link voltage curve is a consequence of energy dissipation via the
braking resistor at voltages above 780 V. When the DC links were loaded with the power
of 18 kW (Figure 10b), to ensure passenger comfort and attenuate the increase in braking
torque, the voltage of the DC links fell below 400 V and the converters switched off. In
the later phase of driving through the insulator, energy was lost in the braking resistor,
and the converters supplying the auxiliary devices switched on. When the capacitance
of the traction inverter DC links was increased to 50 mF (Figure 10c), the power required
to keep the auxiliary devices operative increased to 28 kW. It follows that, at a speed of
15 km/h, the DC bus capacitance of the traction inverter must also be increased in order to
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ensure the continuity of operation of the auxiliary devices whose functionality is defined
as required and additional. With a capacitance of 10 mF, it is necessary to disconnect some
of the auxiliary devices by software in order to ensure continuity of power supply to the
remaining devices.
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Figure 10. Simulation results for an initial speed of 15 km/h and loads of (a) 17 kW C4 = 10 mF, (b) 18 kW C4 = 10 mF,
(c) 28 kW C4 =50 mF.

7. Conclusions

The paper presents an analysis of the possibility of powering on-board auxiliary
devices of a trolleybus with energy from regenerative braking. It was determined, based
on real-life and model data, how much power could be recuperated depending on the
traction conditions and the capacitance of the traction inverter DC links. The simulation
tests show that:
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e  The power of the devices fed from the traction inverter DC links increases as the initial
speed of the trolleybus grows

e  The critical parameter that determines the maximum power of the devices fed from
the DC links of the inverter is jerk, da/dt <1.5m/ g3

e At the vehicle speed of v = 5 km/h, power steering is operative only when the
capacitance of the traction inverter DC links is considerably increased

e At the vehicle speed of v = 15 km/h, it was impossible to maintain the operation of
all the devices powered by the static converter; to keep the devices operative, the
capacitance of the traction inverter DC links had to be increased five-fold.

In summary;, it should be stated that as the demand for power supplied to auxiliary
devices in trolleybuses constantly increases, the method of powering auxiliary devices
considered in this paper is effective only for a limited range of vehicle speeds and powers
of these devices. This means that new power supply solutions for an extended range of
operating conditions should be looked for.

A summary of the simulation results is presented in Figure 11 as a curve of the power
that was sufficient to maintain the operation of the auxiliary devices of a trolleybus running
through a 4 [m] section insulator versus initial trolleybus speed. The curve was plotted for
a traction inverter DC link capacitance of 10 mF and a line voltage of 600 V. The slope of the
curve is a consequence of the adopted reaction time of the system to the detection of line
voltage loss (5 ms), as well as the constraints on the driving dynamics parameters related
to passenger comfort requirements, especially with regard to negative accelerations.

Due to the large influence of the DC bus volume of the traction inverter on the
possibility of maintaining the continuity of power supply to the auxiliary equipment
of the trolleybus, further research will concern the possibility of using supercapacitors
in the intermediate circuit of the static converter and the search for topologies of the
trolleybus drive systems, so that it is possible to use autonomous energy sources installed
in the trolleybus.

P[kW]

24

23

22 »
21
20

19

18 )

17 &

16 g

15

14

13

12

11

10 s

5 y

~ o

O =N Wk O

01 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20
V[km/h]

Figure 11. Power of auxiliary devices supplied from DC links as a function of speed at a traction
inverter DC link capacitance of 10 mF.
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