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Electric Vehicle Charging with Multi-Port Converter
based Integration in DC Trolley-Bus Network

Aditya Shekhar, Gautham Chandra Ram Mouli, Soumya Bandyopadhyay and Pavol Bauer

Abstract—DC traction networks that supply power to trolley-
buses, tramcars and trains can be simultaneously used to in-
tegrate fast-charging stations for Electric Vehicles (EVs). This
strategy improves the traction grid utilization of urban trans-
portation systems. In addition, it offers a potential solution to
the increasing requirement of charging infrastructure due to
proliferation of plug-in EVs and the associated impact on the
existing distribution network. This paper suggests that the use
of multi-port converter based integration of EV chargers with
dc trolley-bus network can be a preferred solution in terms of
defined efficiency boundary. A sensitivity analysis to charging
power, substation distance and section length of overhead contact
system is performed in comparison to the conventional two-port
dc/de converter based EV integration.

Index Terms—Dbilateral connection, electric vehicles, dc fast
charging, subway, traction systems, tramway network, trans-
portation electrification, triple-active bridge, wayside storage.

I. INTRODUCTION

Electric Vehicles (EVs) will become the preferred mode of
transport in future. Uncontrolled plug-and-charge of the on-
board batteries of these EVs can increase the peak power
demand on the existing distribution networks. For example, [1]
suggests that 60 % EV penctration can lead to overloads in
local distribution networks in Hungary, while [2] shows that
significant transformer overloads in the range of 125-180 %
can be expected in Dutch sub-urban distribution grids with 20-
80 % EV penetration. As a consequence, the grid infrastructure
must be reinforced to supply the higher demand. In this
context, the use of dc in restructuring existing distribution
networks for capacity enhancement is relevant [3]-[5]. This
paper proposes to charge clectric vehicles from dc traction
systems, specifically but not limited to trolley grids, using
multi-port converters.

Present dc traction power systems are dedicated to dy-
namically supply power to public transport vehicles such as
trolley-buses, tram cars and trains. The capacity of these
systems are typically designed to power the peak demand of
a specified number of connected vehicles during acceleration.
The infrastructure is under-utilized because such events are
less frequent and of low duration. Furthermore, these supply
systems are typically oversized, keeping in mind the future
requirements due to load growth. A recent study [6] for trolley-
bus system in Poland recommends that cities already operating
such systems should consider utilizing the infrastructure for
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Fig. 1: Stationary EV charging by co-utilizing the trolley-bus
network [10].

In-Motion Charging (IMC) with trade-off for investment cost
and battery capacity.

In [7], it is suggested that the trolley-bus catenary grid in
Solingen, Germany can be simultancously used for station-
ary EV charging. The study suggests the use of smart EV
charging strategy to account for the fluctuations in available
power capacity due to operating trolley-buses on the sections.
Similar applications of co-utilizing traction grids for charging
purposes is offered in [8], [9]. For example, [8] suggests
that by exploiting the tramway and trolleybus infrastructure
for charging of electric buses, installation of additional lines
to the charging points from the public distribution grid can
be avoided, thus reducing costs and construction process.
Furthermore, the traction network is dc, unlike the medium
voltage ac distribution grid, which can reduce losses and costs
of conversion associated particularly with fast EV charging
application. A recent demonstration pilot site for stationary
EV charging by co-utilizing the trolley-bus network is planned
in The Netherlands, as shown in Fig. 1.

The focus of this paper is to determine the efficiency bound-
aries of the multi-port converter based EV integration using
the example of dc trolley-bus networks. The concept can also
be applied to other structurally similar traction supply systems.
Fig. 2 illustrates a trolley-bus grid in which the overhead
conductors are simultancously used to charge Electric Vehicles
(EVs). Two different types of integration strategies are shown
using two-port converter (2PC) and three-port converter (3PC).
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Fig. 2: Mlustration of MPC based integration of EV chargers
with dc trolley-bus networks.

The main difference between the two schemes is that
the 2PC draws charging power from a single trolley-grid
section while 3PC is connected to two consecutive electrically
isolated overhead sections. As a consequence the load current
associated with the latter is split according to the power drawn
by port 1 and port 2 of the 3PC. The contributions of this paper
are the following:

« Determine the critical length (L) of the overhead
trolley grid section below which 3PC is more efficient
than 2PC based integration of EV charger.

« Perform sensitivity analysis to show variation in Ly
with substation distance from the trolley sections, charg-
ing power and the converter efficiency.

II. SYSTEM DESCRIPTION
A. Equivalent Circuit

Fig. 3a and Fig. 3b shows the equivalent circuit for the
2PC (with efficiency ) and 3PC (with efficiency nspc)
based integration of EV charging with the trolley grid sections,
respectively.

In this system wg is the dc output voltage of the rectifier
based substation that supplies power to several electrically
isolated overhead conductors of the trolley-bus network. Two
consecutive sections of lengths lse and kgeclsec are considered,
where kg is the ratio of the lengths of these sections. The
substation feeders are at a distance of I, and kgl;, with kg
being the ratio of the substation distance from the two sections.
Typically, the substation distance from the overhead sections
is upto Skm for centrally located rectifiers and 1-3km for
decentralized systems [20]. The choice of spatial structure of
the traction grid has significant impact on the transmission
losses of the system. rg is the resistance in €2/km for the
underground cable circuit that connects the dc substation to the
overhead sections. In the equivalent circuit, connection points
x and x’ indicate the location at which the underground cable
system is connected to the overhead line conductors of the
corresponding sections. rs is the resistance in 2/km for the
overhead section circuit. P,y is the EV charging power drawn
from the trolley grid network.

— Section 1

— Section 2

Vs

/
.

DC 2PC
Substation N p

— Section 1
— Section 2

al . > <
Substation j—"MT

(b)

Fig. 3: Equivalent circuit for EV charger integrated with dc
trolley grid section using (a) 2-port dc/dc converter (b) 3-port
dc/dc converter.

Fig. 3a shows that the 2PC based EV charger is connected
I’ distance away from x. While {* can be freely chosen, I’=0
gives minimum network conduction losses for 2PC based EV
integration. vy is the terminal voltage at the point of coupling
between the port 1 of the 2PC and the overhead section. The
corresponding EV charging current drawn is given by (1).

. Pf\,\‘
ley — (1)
U,

t

In case of 3PC (Fig. 3b), the two input ports (1 and 2)
draw half the charging power F., each, through terminal
voltages v and v, respectively. For a generic case, the the
total power can be shared in any proportion between the two
sections. The location of 3PC is fixed at the end points of
the two consecutive overhead sections and cannot be freely
chosen. As a consequence, the input ports 1 and 2 of the 3PC
are lge. and kgeclsec away from points x and x’ respectively.
As the distance between points x and X (lec(1 + ksec))
increases, the operating losses with 3PC based EV charging
increase. However, because the drawn charging current is
split between two parallel paths in the network, the system
efficiency can be higher than 2PC based integration depending
on the system parameters. In this paper the efficiency boundary
(lseo (14 kse)) < lmax Will be defined for which 3PC is a more
efficient solution as compared to 2PC for EV integration with
the trolley network. Sensitivity analysis will be performed to
determine the variation in [, for varying system parameters
like rated EV charging power Py, substation distance /s, ratio
ks and difference in converter efficiencies An = n3pe — Mope.
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Fig. 4: Isolated dc—dc converter topologies for dc fast chargers, :

and (d) CLLC converter.
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(d)
(a) PSFB converter, (b) DAB converter, (¢) LLC converter,

TABLE I. Comparison of isolated DC-DC converter topologies for EV charging

Converter topology  Bi-directional Advantages Disadvantages Literature

Simple control High switching losses

PSEB No Wide output range Low ZVS range (1], (121
Simple control Trade-off between reactive

DAB Yes Wide output range power and ZVS range [13}-[15]
Low reactive current o -

LLC Yes ZVS in primary Limited controllability [16]. [17]

. Low ZVS range

7ZCS in secondary

CLLC Yes Low reactive current 504 controllability [18], [19]

Wide ZVS range

B. Converter Topologies

A dc-dc converter is used to provide an interface between
the DC trolley grid and the EV battery. Isolated converter
topologies are considered for EV charging application in this
paper to ensure galvanic isolation between the grid and the
battery. Fig. 4 shows four popular isolated dc-dc converter
topologies reported in literature. Phase-Shifted Full Bridge
(PSFB) and Dual Active Bridge (DAB) topology is considered.
The operational advantages and disadvantages as well as
associated references are listed in Table 1.

Multi-port converters (MPC) have become a widely-
researched candidate for the integration of multiple renewable
sources, storage and loads [21]. The topology of MPC is
shown in Fig. 5. Connecting multiple ports reduces power
conversion stress, improves efficiency, reduces material billing
and increases power density. Therefore, multi-port converters
have many potential applications: (1) more electric aircraft or
all-electric ship [22]-[24], (2) electric vehicle (EV) charging
applications [25]-[27], (3) energy router for smart homes [28],
(4) solid-state transformer (SST) cross-link between medium
voltage (MV) and low voltage grid (LV). The main advantage
of the MPC is it’s capability to integrate multiple ports
with varied voltage and current ratings into a single power
stage allowing bi-directional power flow between each port.

750V DC EV charging integrated with solar generation is
explored in [29], [30]. With the advent of such applications for
EV chargers, PV systems, and storage, MPC converters can
also have a huge potential in single-hub integration of these
systems.

E BE

8
o | & s J}
R

_lr& JH

-
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Fig. 5: Isolated triple-active bridge (TAB) converter topology
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III. EFFICIENCY BOUNDARY FOR INTEGRATION WITH
MULTI-PORT CONVERTER

A. Losses with 2PC based integration
The input terminal voltage of the EV charger (vy) is given
by (2).
Ut — Vs — Z.ev(lsrs + l}rsec) 2
Equations (1) and (2) can be iteratively solved with the
initial value of v; corresponding to the output dc voltage of
the rectifier substation (vs). Herein, [’ is the distance of the
point of EV integration from the substation connection point

x at the trolley section and can be freely chosen with the
system losses (Plogs2pe) given by (3).

lDloss,ch - lDev(1 - 772pc) + Z';‘V(lsrs + l'rsec) (3)

It can be inferred that the minimum losses with 2PC based
integration (P ope min = Min(Plogsopc)) occurring at I = 0.

B. Losses with 3PC based integration
Each input port of the 3PC supplics a part of the EV
charging power as described by (4).
Pev — dev] + PeV,Z (4)

The corresponding currents drawn from each section can be
estimated using (1).

’ Pevl

Tev3pc,l — T (5
t,1

v PeVZ

levi3pc2 — y - (6)
t,2

The terminal voltages v ; and v, are given by (7) and (8)
respectively.

Uy — Vg — Ziev,3pc,1 (lsrs + lsecrsec) (7)
Uiy = Vg — Z.ev,3pc,2(ksls7"s + kseclsecrsec) (8)

The system loss with 3PC based EV integration (Plogs m=3pc)
is given by (9).

1D10ss,3pc - lDev(1 = 773pc) + Zlvévygpcyl (lsecrsec + lsrs)
+ Z-gv,apc,z(]fseclsecrsec + kslsrs) ©)]

C. Sensitivity Analysis with EV Charging Power Level

Length /4 is defined in (10) as the distance between the two
substation connections x and x” of the consecutive sections.

/xx' lsec(l + ksec) S lxx',max (10)

Let lxx' max be the boundary such that for all Iy < lix maxs
3PC based EV integration is more efficient than that with
2PC. The value of Il max can be determined by equating
Plossope = Hoss,3pe from (3) and (9). Fig. 14 shows the variation
in lxyxy max for varying EV charging powers and converter
efficiency difference An = napc — nope for two different
substation distances.
The results are plotted with the following assumptions:

« The substation distances from x and x’ are equal (ks = 1).

An=0
An=025%
i An=05%
X An=-025%
. An=-05%
--------- Simplified Solution

(km)

xx',max

1
>

2PC

v Vgi)(‘ |
AWBC e

Y 3PC v 3

10 20 30 40 50 60 70 80 90 100
EV Charging Power (kW)

(2)

2 2PC

(km)

y 3PC

xx',max

10 20 30 40 50 60 70 80 90 100

EV Charging Power (kW)

(b)

Fig. 6: Maximum section length with varying EV charging
power for different Ay with (a) [;=1km (b) [;=2km.

« The ratio of the two consecutive sections is equal (kgee =
1).

« The power drawn by the two input ports of the 3PC are
equal and half of the total EV charging power (Pey; =
P, ev,2 — F, ev)-

o The 2PC is connected at [/ = 0, giving minimum
possible Poss2pe for the considered operating conditions
(lDl,ch,min)-

It can be observed that as the distance of the substation g
increases from 1km in Fig. 6a to 2km in Fig. 6b, lix max
increases implying larger boundary within which 3PC based
EV integration solution is more efficient. This boundary is
independent of P, if the considered converters have the same
efficiency (An = 0). For the given Py, lxx' max increases with
increasing An as a consequence of reduction in converter
losses with 3PC as compared to 2PC. If MPC is less efficient
than the two-port converter (An < 0), the Iy max increases
with P,y and vice versa if An > 0.
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D. Simplified Solution for lyy max

While the plotted results are determined by iteratively solv-
ing the loss equations based on the given operating conditions,
the dotted lines in Fig. 6 show the solution for [,/ e, uSing
a derived expression based on the simplifying assumption
that the terminal voltage at the input side of the converter
is equal to the substation voltage (vi = v = vip = vg).
This can be a reasonable assumption because the system
conductors are sized for sufficient power capability and small
voltage drops at these power levels. It will be shown that the
losses and corresponding efficiency boundaries do not deviate
significantly with this assumption. Therefore, the EV charging
current drawn from the trolley grid is given by (11).

Pev

Ug

ey (1)
As a result, the simplified loss powers P opecmin and Pape are
given by (12) and (13), respectively.
P2
lDl,ch,min (1 - 772pc)Pev + ( i ) lgrs

Us

(12)
lDl,Spc (1 = 773pc)Pev

Pev ¢ seclsec 1 ksec SlS 1 kS
+(_) ((sectsec (1 + ksec) + 7ls(1 4 )) 3
Vg \ 4

Equating (12) and (13) and rearranging, the boundary lsec max
can be determined with (14).

3- k\\4

Ixx’ max — ( P. 773pc 772pc +l 7"s (14)

It can be observed from the dotted lines in Fig. 6 that the
simplified solution is close to the exact solution. The advantage
of (14) is that the tendencies in variation of the efficiency
boundary of 3PC based integration with variation in different
operating parameters can be estimated with reasonable accu-
racy.

E. Substation distance from Trolley Grid Sections

Fig. 7 shows the variation in lxy max With substation distance
ls for different kg considering An = 0.

It can be observed that for the given ls, Iy max decreases
with increasing ks until a maximum of ks = 3. This indicates
that 3PC can be more efficient for a given system even when
the connection point x” of the subsequent trolley section is
location 3 times further away from the feeding substation as
compared to the location of x.

IV. OTHER TRADE-OFFS AND CONSIDERATIONS
A. Flexibility of Location

In the discussion thus far, {’ = 0 is assumed to determine the
efficiency boundary Iy max corresponding to P, ope min. It can
be inferred that /iy max Will linearly increase with increasing
I > 0 as a consequence of increase in losses for the 2PC
based integration given by (15).

lxx',max — lxx',max(l} - O) + 4l (15)

(km)

XX',max

05 1 1.5 2 25 3
Substation Dlstancel (km)

Fig. 7: lxwmax as a function of substation distance [ for
different k.

Therefore, the location of 2PC at I’ > 0 increases the
efficiency boundary for which the 3PC based EV integration
method is preferred. However, the flexibility of choosing the
location of EV charger on the trolley grid section can be an
important advantage from practical system design standpoint,
even if it comes at the cost of lower operating efficiency.

B. Capacity Footprint

The focus of this paper is to simultaneously use the trolley
grid infrastructure for stationary EV charging application. The
concept is based on the understanding that the trolley-bus
supply system is currently underutilized, depending on the
schedule and traffic conditions over the day. For example, the
maximum power demand on a particular grid section depends
on the accelerating trolley-buses connected to it. The system is
designed to handle such events though these are of relatively
low duration and frequency and thus the grid capacity is under-
utilized because the supply is presently dedicated only to
power trolley-buses.

When using the same infrastructure for stationary EV charg-
ing, its capacity footprint on the trolley grid in terms of both
operating current and voltage dip is important. For the given
charging power, the operating current gets split to two sections
in case of 3PC based integration. Consequently, its capacity
footprint in terms of magnitude is lower as compared to the
2PC based integration. However, as a trade-off, the impacted
region of the trolley grid is higher for 3PC. Specifically, the
current-carrying capacity of the segmented overhead section
between x-x” in Fig. 3b is lower than the underground cables
between the substations and these locations. Since 3PC-based
EV integration inevitably loads a greater part of this region of
the grid as compared to 2PC, the associated loading factor as
a percentage of capacity can be higher, albeit at lower current
magnitude for the same charging power. In other words, if I’
=0 is chosen for 2PC, the loading of the overhead section,
which is usually the limiting region of the system, is avoided
and can be a preferred solution in terms of capacity footprint
even though the current flowing in the grid is higher than the
3PC based charging.
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As highlighted, the accelerating trolley-buses can be consid-
ered as a short-duration transient loads on the grid sections.
Therefore, smart EV charging solutions that prioritize these
events can improve the utilization,

V. CONCLUSIONS

It is important to consider that dc traction supply systems
of urban transportation networks are typically under-utilized.
This paper suggested that the infrastructure can simultaneously
used for stationary charging of EVs.

The main conclusion is that system efficiency can be higher
with multi-port converter based integration of EV chargers
as compared to two-port converter. The sensitivity analysis
on the described efficiency boundary shows that preference
of MPC increases with substation distance and EV charging
power. Furthermore, it is discussed that the capacity footprint
of MPC based integration can be lower but some drawbacks
related to flexibility of location and impacted grid region are
highlighted.
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