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Problem statement

Private car usage generate negative externalities [1]:
* Parking-space shortage

* Traffic congestion

Fig. 1. Parking-space shortage example. Fig. 2. Traffic congestion example.



Problem statement

Fig. 3. Bus rapid transit (BRT) example.

Using massive transportation
modes like buses, BRT instead of
cars and motorcycles 5




Problem statement

However the public
transportation in many cities
relies on fossil fuels which cause:
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An increasing of
pollution problem

It is proposed
) to use electric
- \ vehicles

Public health

problems [2]
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State of the art

Control techniques for optimal integration of electric
vehicles (EVs) with the power grid [3].

Two types of interaction
between EVs and power grid

Bidirectional power
interaction: vehicles can

Unidirectional power
interaction: the vehicles

cannot provide active power
to the grid, hence they are
always seen as loads

provide power to the grid in
order to help actively with
the generation-load balance.




State of the art

In both approaches deterministic and heuristic
optimization methods are used.

-

Iterative optimization
methods

\

/\

Linear
Programming

[4], [5]

~

/

.

Convex
Optimization [6].

J

Heuristic
methods

v

Genetic
Algorithms [7].




Proposed issue

A novel scheduling strategy for charging and dispatching electric
heterogeneous Bus Rapid Transit (BRT) fleets equipped with batteries

4 B
Using the Simulation of Urban MObility (SUMO) package, we
determine the required BRTs departures to supply a transport
demand
e We consider two vehicle classes with different dimensions and

capacities.

. J
4 N
This information is sent to the optimization algorithm to find the

optimal departure schedule and charging power of each BRT.
e Our optimization reduces the energy cost, and search that the
BRTs fill the daily transportation requirements.
e We used the Branch and Cut optimization algorithm.
. J




Proposed issue

Fig. 5. Charging
station.

Charging station

Power exchanged with
the grid, and vehicles
that will covers a defined

route

Fig. 4. Electric BRT with different capacities.
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Proposed issue

* Decision variables

|PCRHASR‘
Where:

N € R:is the number of simulation time steps
N¢y k. € R:is the number of type k BRTs
Ny, € R:is the number of departures of type k BRTs

€, € RWXNevi). s 5 binary matrix of slack variables for charging/discharging
constraints of type k BRTs

P, € RWXNev k). s the charging power of the type k BRTs. j is the number of type k
BRTs

Ag € R™wik*Nevk). is a selection matrix containing 1’s in the position of the vehicle
that departs to perform a travel, and O otherwise
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Proposed issue

Ask

~ Vehicle 1

Departure of
Vehicle 2

Vehicle 2

Charging station

Fig. 6. Example of a vehicle depart.

Ask = [(1)]

12



Proposed issue

e Cost function'

Nevk Nev,k
z z Pei (1, )) + Z Weg z €x (i, /)
k 1,2 j= j=1

| Daily average electricity price |

e Constraints:

Battery model:
Epi(t + 1) = Epi (£)(1 — opg) + Peie(t) — Py ()
Energy and power limits:

Em < F < EM Where:
k — “bk _M k Ep € RWWXNevk)is the energy in batteries of type i BRTs
0 S PCk S Pk op € R is the self-discharging factor of a battery of type i BRTs

P,y € RWWXNevk) js the discharging power of the type i BRTs
E}t is the minimum energy capacity of a battery of type i BRTs

Nev i E,ﬂ”is the maximum energy capacity of a battery of type i BRTs
Pck (l,]) < Plim P,ﬁ”is'the maximum power capacity of a battery of type i BRTs
Pyim is the maximum power capacity of the feeder

i=1,2 j=1



Proposed issue

Energy consumption in travels:

Assigns the electric

Pdk p— CtkASk consumption of a travel to

the vehicle indicated in A

N ev,k

.o\ A travel is performed just
E ASk (l']) =1 by one vehicle
J=1

A vehicle just can

(AgkARk)T <1 perform one travel

at time

Where:
Cere € RWNXMwi): js a matrix that contains the energy consumption of the vehicle per step time (Data

from SUMO)
Apk € RMwkXN). is 3 matrix that contains 1’s in position where a travel is being executed



Proposed issue

Binary matrix, which have
(AT A )T , 1’s at step times positions
sk“'Rk when a vehicle is

performing a route

l‘.
l"'
0 =
W ST \
) ” Ly
i
|

Departure of &
Vehicle 2 ‘ ‘
I N N T
ke b sl of J =k <l o s

illll
1 2 838 4 5 & 7 8 & 10 11 12 13

Fig. 7. Example of operating schedule of a vehicle.

AT 4 _IOOOOOOOOOOOOOIVehicIel
skRE— 1o 000 0 1 1 1 1 1 1 1 1 11 vehicle2



Case of study

Fig. 8. Simulation scenario in SUMO.

The flow of passengers in a BRT
station is proportional to the number
of stations that are ahead

6

20 BRT stations.

| The Length of the edges comprising
§4 the BRT route is 500 m.
“.
5%
< _ |
. | | | | |
cga‘-’(‘b @_r_go ,{Lé} ,;5‘-”6 ,35"-55 ,\«"-50 ,gb‘-gb Fig. 9. Passengers flow in BRT stations. 16



Case of study
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Case of study

Table I. Batteries parameters.

Parameters

Electric BRTs

Electric BRTs of

of type 1 type 2
Rated energy EM=324 kWh | E}¥=547 kWh
capacity
Maximum PM=60 kW P}M=108 kw
charging/dischar
ging power
Number of BRTs | N,,1=5 N,,»=10

Dispatch of type 1 or type 2 BRTs:

If the maximum occupancy of BRTs is lower
than 80 %, BRTs of type 2 are departed,
otherwise, a type 1 BRT is departed.

1

ERTs departures
= o ot
=N o [

o
ho

A Ry, | ng L ng ARy, ng L @ ARy,
LA . o L% I . o0 58
A e B ,:‘b' @ h‘:i.; h:::» ,33 W B ,,D.«

Time

= Type 1 BRTs
— Type 2 BRTs

Fig. 10. Programmed BRTs departures from the charging station.

Simulation horizon: One day, with time steps of 10 minutes.
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Results and analysis

Electricity price variation

21t

P
]

—
w
T

—
-
1

Electricity [COP/KWHh]
&> =

—
n
T

o SO O O O o O O
FIFFFIFTFIPTFIFIFTI IS
& &V F F O DD P qY

‘9.5_'.

Time

Fig. 11. Daily average national energy spot price for Colombia in 2017 [8].
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Results and analysis

21 trips
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Fig. 12. Charging power of type 1 BRTs. Fig. 13. Energy in batteries of type 1 BRTs.

I Lowest energy price hours I
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Results and analysis
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Fig. 14. Charging power of type 2 BRTs. Fig. 15. Energy in batteries of type 2 BRTs.

We reach savings of 27.5% per day, compared to an equal charging
strategy.
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Conclusions

Contributions
of this work:

Linearization of the product
between charging and discharging
power that must be zero in all time
steps: inclusion of slack variables

The proposed strategy was able to
reduce the operation cost compared
with a conventional equal charging
strategy

It allows a sensitivity of the charging
power of the BRTs to the price of energy

BRTs only charge the energy that they
need to complete the programmed trips

Future
works:

Improving the estimation the daily
demand

Include the active participation of
BRTs with the power grid

22
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