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HIGHLIGHTS

e Techno-economic analysis of in-route inductive charging for automated shuttles.
o Cost models for in-route inductive charger, DC fast charger, and Level 2 charger.
e Powertrain model for automated electric shuttles using real-world collected data.
e Quasi-dynamic inductive chargers at designated stops enable continues operation.
e In-route inductive chargers are cost-competitive to stationary fast chargers.

ARTICLE INFO ABSTRACT
Keywords: In-route inductive charging technology, as applied to automated electric vehicles, can help realize a fully
Automated electric shuttles automated system of both vehicles and chargers. This study presents a planning optimization analysis for fixed-

In-route inductive charging
Optimization

System planning

Inductive power transfer (IPT)

route automated shuttles supported by in-route inductive charging technology. A techno-economic feasibility of
inductive charging was assessed in comparison with stationary charging, including Level 2 AC chargers, and DC
fast chargers (DCFCs). This analysis considered both present-day and future vehicle operations and overall
system costs. A real project with two circulator Navya Arma shared automated electric vehicles (SAEVs) at the
University of Michigan was investigated using real-world collected energy and travel data. The outcomes show
that the proper design of quasi-dynamic inductive chargers at designated stops allows SAEVs to realize unlimited
driving range and be cost-competitive to DCFC technology. Considering present-day costs and vehicles, low-
speed SAEVs can realize charge-sustaining operation at a minimum cost either by implementing a 50-kW
inductive charger at two stops with one segment per position and a 29-kWh onboard battery, or by installing
a 100-kW inductive charger at one stop with one segment per position and a 28-kWh onboard battery.
Considering future costs and vehicles, either a 40-kW charger at one stop with a 29-kWh battery or a 50-kW
charger at the north stop with a 14-kWh battery would enable charge-sustaining operation. In addition, quasi-
dynamic inductive solution can reduce the onboard battery by about 15% while providing unlimited driving
range, but stationary scenarios require about 112% additional battery capacity to support a 12-h driving range.

forms of pollution [1,2]. Recently, three revolutions in the trans-
portation sector have emerged: electrification, automation, and shared
mobility [3]. These revolutions are driven by shared automated electric
vehicles (SAEVs) technology. Large-scale deployment of SAEVs has the
potential to significantly shape the current transportation system and
make our urban mobility safer, less expensive, and more efficient,
convenient, and environmentally friendly [4,5]. However, one of the
main limitations of electric vehicles (EVs) in general, and SAEVs in
particular, is the limited driving range—associated with the limited
battery capacity and high energy consumption due to the low-speed

1. Introduction

Ground transportation plays a vital role in people’s lives. Individuals
depend on transportation not only to get to work but also to shop, so-
cialize, and access health care, among other goals. The current ground
transportation system experiences several challenges related to safety,
cost, and environmental impact: it imposes large costs, loses time in
traffic congestion, causes deaths and injuries from crashes, depends on
imported petroleum, and releases greenhouse gas emissions and other
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Nomenclature

Abbreviations

AC Alternating Current

C-rate  Charging Rate

DC Direct Current

DCFC Direct Current Fast Chargers

DIPT Dynamic Inductive Power Transfer
DOE Department Of Energy

EV Electric Vehicle

EVSE Electric Vehicle Supply Equipment
FASTSim Future Automotive Systems Technology Simulator
GA Genetic Algorithm

GPS Global Positioning System

ICE Internal Combustion Engine

IPT Inductive Power Transfer

L2 Level 2

N North

NLMI Nonlinear Mixed-Integer

OLEV On-Line Electric Vehicle

QDIPT  Quasi-Dynamic Inductive Power Transfer
S South

SAEV Shared Automated Electric Vehicle

SOC State-Of-Charge
U-M University Of Michigan
VTO Vehicles Technologies Office

ASOC Operating State-Of-Charge Window
Variables

I3 upper limit of|SOCf - SOCi|

Cva vehicle assembly cost coefficient

Cp onboard battery module cost coefficient
C: pcrc  Total cost of DCFC

Npcre number of charging ports

CpCFC DCFC unit cost coefficient

CDCFC i DCFC installation cost coefficient
Ci 12 total cost of L2 charger

N2 number of charging ports

SOCy final battery SOC

SOC; initial battery SOC

a b battery cost coefficients
SOCax  maximum battery SOC

Pg battery power due to vehcile’s dynamics
Pyrag drag power

Pace acceleration power

Py ascent power

Pax auxiliary load power

Dgir air density

Crag drag coefficient

As frontal area

v driving speed

T current time step

G gravity

g road grade

M, total vehicle mass

Mpase vehicle base mass

Dy, battery density

Q battery capacity

Nipr number and locations of inductive chargers
N; number of track segments at each position
P, charging power

Ppar total battery power

Ppr battery power due to IPT system

Cripr road components cost

Cy it vehicle components cost

N number of electrified lanes per road

Npad number of inductive pads per vehicle
Nsapy number of SAEVs supported by IPT system
Xx optimization variable k

xk lower limit of optimization variable k
SOCpin  minimum battery SOC

xY upper limit of optimization variable k

cr road construction cost coefficient

Cem road electronics and materials cost coefficient
Cg grid connectivity cost coefficient

CiIpT transmitter installation cost coefficient

Cra L2 charger unit cost coefficient

Cr2i installation cost coefficient

CoBC onboard charger cost coefficient

Crlim upper limit of Charging rate

A lower Limit of minimum battery SOC

B upper Limit of maximum battery SOC

operation and the additional accessories for automation (e.g., sensors,
cameras, lasers, and lidar) [4,6]. In addition, these accessories, along
with the large onboard battery, increase the vehicle price compared to
the conventional internal combustion engine (ICE) vehicle. Thus, it is
crucial to find a solution that both overcomes the range issue, allowing
SAEVs to run continuously for over 12 h, as well as brings down the
vehicle costs (capital and operating) to be affordable for individuals and
commercial fleet companies. One way is to mount a large battery on the
vehicle and a stationary overnight charging capability [7]. However,
this path leads to an expensive vehicle, due to the large onboard battery,
with high operating costs due to the extra size and mass. Furthermore,
installing a large onboard battery does not eliminate the range anxiety
problem since the vehicles still must stop for recharging. The other
pathway is to install in-route charging capability such that SAEVs can be
charged during transient stops (quasi-dynamic charging) or while
moving (dynamic charging) [8]. This path has the potential to dramat-
ically extend vehicle’s driving range (essentially indefinitely), and
theoretically eliminate recharge downtime through realizing continuous
operation. In addition, it enables the use of a smaller onboard battery,
which helps to reduce the vehicle’s capital and operating costs [9]. A

good candidate for in-route charging is inductive power transfer (IPT)
technology, which allows an EV to charge its energy storage system
without physical connection. This technology, applied to SAEVs, could
be an ideal fit for realizing a fully automated vehicle and charger.
Furthermore, inductive chargers are safer in harsh environments, reli-
able during extreme weather conditions, flexible (can be installed at
designated stops and/or on the road), and interoperable so that the
installed system can be used by different vehicles [10-12]. The key
challenge of in-route inductive charging technology is the high initial
investment for road construction, constituent materials (ferrites, wires,
shields, etc.), power converters, grid connectivity, and installation work.
However, this high cost can be significantly reduced by realizing the
proper system design for the charging infrastructure (number and lo-
cations of inductive chargers, power level, and transmitter length). In
addition, it can be at least partially balanced by the reduced vehicle cost
due to enabling a smaller onboard battery, smaller fleet size (as each
vehicle can run for a longer time), and the reduced operating costs [4].
Existing literature includes abundant studies on inductive charging
systems, which cover components’ design, modeling, control, optimi-
zation, prototyping, and testing [8,13-20]. In addition, there are several
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ongoing projects to demonstrate the feasibility and reliability of in-route
inductive charging technology for different transportation modes, such
as public buses [21], fixed-route shuttles [20,22], taxis [23,24], personal
vehicles, and trucks on highways [25]. Most of these projects focus on
system development, hardware implementation, operation, and safety,
but lack for system planning analysis that enables a cost-competitive
technology. Planning of this technology is crucial to reduce the overall
system cost, which is highly dependent on the system length, placement,
and rated power, in addition to the coupled relationship between these
parameters and vehicle’s cost due to the possibility to install a smaller
onboard battery [26]. Few studies have explored in-route inductive
charger from the system level design and planning prospective. In [27],
the system characteristics of the On-Line Electric Vehicle (OLEV) were
investigated for shared shuttle service. That work showed promising
results for the specific OLEV bus-case, but it is not fully applicable for
SAEV scenarios because it assumed a regulated speed profile and fixed
charging power, neglected the vehicle’s dynamics, and considered a
fixed power block model for the inductive charger and discarded
important features, such as charger design, dimensions, and misalign-
ment. In [28], a cost-of-ownership-based optimization analysis for light-
duty vehicles with dynamic inductive charging was presented. A system-
level optimization model for the power level and road coverage of dy-
namic chargers on highways considering fixed speed and battery ca-
pacity was presented in [29]. In [4,9,30], a design optimization problem
for an inductive charging system serving shared automated vehicles in
an automated mobility district was presented. The authors considered
simulated road networks and assumed linear relationships among opti-
mization variables and objectives. None of the above-mentioned work
considered actual representation for SAEV or real-world travel data. In
addition, they focus on inductive charging technology without
comparing it with other equivalent technologies.

Different from these studies, this paper explores the different options
for extending the driving range of SAEVs, considering in-route inductive
and stationary conductive charging. The key contributions are:

— Develops and validates a powertrain model for SAEVs using real-
world collected energy data,

— Develops an inductive charger power model, considering locations,
power level, and misalignments, and links it with the vehicle pow-
ertrain model and an automatic search algorithm to form a system
planning optimization tool,

— Develops cost models for the SAEV system, considering EV supply
equipment (EVSE) (in-route inductive chargers, DC fast chargers
(DCFCQ), and Level 2 (L2) AC chargers) and vehicle components,

— Formulates and solves system design optimization problems for in-
route inductive charging for two Navya Arma SAEVs running at
the University of Michigan (U-M), Ann Arbor considering present-
day and future operation, and

— Presents a comparative study among the different equivalent
charging technologies in terms of cost and performance.

The rest of the paper is organized as follows: Section 2 describes the
project under consideration and data used; Section 3.1 presents
analytical modeling for the SAEV with inductive charging; Section 3
introduces system planning optimization problem formulation; Section
5 presents the outcomes from the study and compares between different
charging solutions; and finally Section 6 concludes the study and sum-
marizes the findings.

2. Description of case study
2.1. A. Navya Arma circulator shuttle service
In June 2018, Mcity, a public-private partnership at U-M, launched

the first automated shuttle project in the United States. Two Navya Arma
automated electric shuttles were deployed to transport students, faculty,
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Table 1

3-days of real-world collected GPS travel and energy data.
Vehcile Navya Armal Navya Arma2
Day of July 16 17 19 16 17 19
Avg. speed (mph) 2.938 2.67 3.041 1.737 3.028 3.133
Distance (miles) 17.14 16.54 19.9 10.43 19.47 19.55
AC energy (kWh) 37.50 29.36 30.76 38.03 30.75 38.11
AC kWh/mile 219 1.78 1.55 3.65 1.58 1.95

and staff at the U-M north campus [31]. The shuttles circulate in a fixed
route (~1 mile) with two designated stops—south (S) and north (N)—
for loading and unloading passengers, as indicated in Fig. 1. Arma
shuttles are supported with 33-kWh onboard batteries and L2 onboard
plugin chargers at the garage area.

2.2. Collected real-world data

One of the goals of the Navya shuttles project is to collect data from
the vehicles, chargers, and users to understand vehicle performance,
roadway interactions, and passenger attitudes. Among the collected
information is global positioning system (GPS) vehicle drive data (e.g.,
speed, latitude, longitude, and road grade) and charging energy data
(AC kWh). Three days of data on July 16, 17, and 19, 2018 were
leveraged from the project to be considered for charging infrastructure
planning and optimization, as indicated in Table 1 and Fig. 2.
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July 17, and (f) Arma2 on July 19.

3. Analytical models of system components

A powertrain model for the vehicle and a power model for the

charger are developed and integrated to predict the total battery power,
energy, and state-of-charge (SOC) profiles, considering vehicle dy-
namics (driving and regenerative braking) and charging events.

3.1. Navya Arma powertrain model

A powertrain and energy estimation model for Arma SAEV is
developed based on the open-source Future Automotive Systems

Table 2

Parameters of Navya Arma automated electric vehicle.
Parameter Value
Current battery capacity 33 kWh
Vehicle base mass (Mpgse) 3120 kg
Battery density (Dp) 0.125
Drag coefficient (Cyreg) 0.6
Frontal area (Ay) 5.5915 m*
Wheel radius 0.34544 m
Wheelbase 2.8m

Technology Simulator (FASTSim) [32]. The model receives time series
of driving speed (with 1-Hz resolution) and calculates the battery elec-
tric power (Pg [kW]) due to driving and regenerative braking. The power
calculation is performed at each time step, considering: (1) drag power
(Pgrag [kW1), which is required to overcome drag force as described in
Eq. (1); (2) acceleration power (Pg [kW]), which defines the power
needed to accelerate the vehicle from a current speed to a target speed,
as in Eq. (2); (3) ascent power (Pg [kW]), which denotes the excess
power for a vehicle to overcome the gravity to drive on roads with in-
clines, as in Egs. (3); and (4) auxiliary load power (Pgy, [kW]), which is
needed to keep the vehicle operating and supply sensors, cameras, and
computer processors, which is discussed in the next section.

Pirag(7) = 6.25 X 107D 45, CragAs[v(z — 1) + v(2) | 1
Puc(t) =5%x 107 (’%) [v(e) —v(r —1)*] )
Puse(t) =5 x 107*GM,sin(tan ' [g(7) ] ) [u(z — 1) + v(7) ] 3
Pr(T) = Purgg(T) 4 Pace(T) + Pase (7) + P (7) (@)

where D, is the air density (1.225 kg/m3), Cirag is the drag coefficient,



A.A.S. Mohamed et al.

Applied Energy 282 (2021) 116132

[—O—Simulated (OFF at parking) =6 Simulated (ON at parking) =0= Simulated average = = Measured average

T

3 : .
(@)

N
2]

N

-
o

-

Energy consumption (DC kwh/mile)

o
o

P_ (kW)

aux

T

35 : . :
(b)

-

SHMAPIPIN TEPRITE. VAR S "SI, | VIV "

Fig. 3. Energy consumption vs. auxiliary loads. (a) Armal. (b) Arma2.

Ay is the frontal area (m?), u(7) is the driving speed at the current time
step () (m/s), v(r — 1) is the speed at the prior time step (r — 1), G is
gravity (9.8 m/sec?), and g is the road grade (%). M, is the total vehicle
mass (kg), which is modeled as a function of the base mass for the
vehicle without the battery (Mpqs.) and the battery density Dy (kWh/kg),
as presented in Eq. (5). The Arma shuttle parameters considered for the
model are indicated in Table 2 [33].

M, = Mpye + Dy X Qp %)

3.2. Auxilary loads estimation

The power due to auxiliary loads of Arma shuttles is analyzed
considering the measured data in Fig. 2 and Table 1. Speed profiles are
fed to the powertrain model, and the energy consumption (DC kWh/
mile) is estimated considering different values of Pg,,. The estimated DC
kWh/mile are compared with the average measured value for the three-
day data assuming a 90% plugin charger efficiency. Two assumptions
are analyzed: (a) vehicle was on during parking (provides a minimum
estimation of Pg,), and (b) vehicle was off during parking (provides a
maximum estimation of Pgy). The outcomes from this analysis are
presented in Fig. 3. For Armal (Fig. 3[a]), Pqyy ranges from 3.5 kW to
4.8 kW with an average of 4 kW. Arma2 (Fig. 3[b]) shows a higher range
of 4.1-6 kW with an average of 4.38 kW.

The impact of charger efficiency on Pgy, estimation is explored in
Table 3. Assuming higher charger efficiency leads to higher estimation
for Pgy,. While present-day automated systems show relatively high-
power demands for the accessory loads (3.5-6 kW), it is expected to
see lower values in future scenarios with computing advancements and
efficiency improvements. The average values at 90% charger efficiency
(4 kW for Armal and 4.84 kW for Arma2) are considered for modeling

Table 3
Auxiliary loads estimation assuming different charger efficiencies.

the present-day vehicle operation, while expected future operation
values of 1.4 and 1.7 KW are considered for Armal and Arma2,
respectively [34].

3.3. In-Route inductive charger power model

In inductive charging system, the electric power transfers from a
stationary transmitter coil in the road to a mobile receiver coil in the
vehicle by electromagnetic coupling. The power model of an in-route
inductive charger presented in [4] is considered for this work. The
coil consists of 5-meter segments that are stacked together to form a
transmitter coil with a specific length. The power profile of each
segment shows a trapezoidal shape in the travel direction and a para-
bolic shape in the lane direction, as indicated in Fig. 4 [29,35]. This
profile is implemented as a look up table with the ability to adjust the
maximum power and number of segments.

The potential locations of inductive chargers are predefined to cover
most of the travel route. A total of 12 positions are identified, as marked
in Fig. 1. The first two positions (red) match with the north and south
stops, and are defined as quasi-dynamic, since the charging will happen
during transient stops and slow travel. The remaining positions (purple)
are located on the road and are defined as dynamic, since the charging
will occur while the vehicle is moving. The structure and operation of
the inductive transmitters at all positions are identical. A charging event
starts and continues as long as the vehicle pad is fully or partially aligned
with a transmitter segment. The charging time depends on the vehicle
speed (fully stop, moving slowly, or moving at high speed). The proper
number and locations of inductive chargers (Njpr), the number of track
segments at each position (N), and the charging power level (P.) are
optimized to realize the balance between the overall system cost and
performance.

Plugin charger efficiency Load of Armal (kW)

Load of Arma2 (kW)

Minimum Maximum Average Minimum Maximum Average
85% 3.24 4.46 3.75 3.8 5.58 4.52
90% 3.5 4.8 4 4.1 6 4.84
95% 3.72 5.12 4.31 4.33 6.33 5.16
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considering vehicle’s position in both travel and lane directions.

3.4. Planning tool of inductively charged SAEV system

The vehicle’s powertrain model in Sections 2.1 and 2.2 is integrated
with the inductive charger power model in Section 2.3 to form an energy
estimation layer in the planning tool. This layer receives real-world GPS
travel data of Navya shuttles (driving speed and route) and estimates the
battery power (Ppq), energy, and SOC profiles for a given vehicle and
charger characteristics, as indicated in Fig. 5. Py, is estimated based on
the location of the vehicle with respect to inductive chargers and
whether it is running over an IPT segment or not, as presented in Eq. (6).

Pg(7) vehicle runs over a nonelectrified segmen
Pg(t) — Pipr(7) vehicle runs over an IPT segment
P, vehicle is parked and turned on
0 vehicle is parked and turned off

Pu(7) = (6)

Another optimization layer is linked to the energy estimation layer,
which includes an automatic search algorithm and cost models for the
charging infrastructure and battery. The search algorithm receives en-
ergy and SOC profiles, evaluates predefined objectives and constraints,
and updates the input parameters (for charger and vehicle) to minimize
the overall system cost, while satisfying the given constraints.

4. System planning problem formulation

SAEV service supported by in-route inductive chargers experiences a
trade-off between the vehicle’s driving range and overall system cost.
Deploying redundant infrastructure can provide a significant extension
to the driving range (specifically to infinity), however it may result in a
very expensive system. Therefore, there is a need to optimize the system
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characteristics to realize a target driving performance at minimum cost.
A nonlinear mixed-integer (NLMI) optimization problem is formulated
and solved to find the best combination of the system key design pa-
rameters that achieves an optimum balance between cost and
performance.

4.1. Optimization variables

The cost and performance of an inductively charged SAEV system are
extensively impacted by four main variables: (1) number and locations
of inductive chargers (x; = Npp7), (2) charger maximum power (xz = P,),
(3) number of inductive segments at each position (xs = Nj), and (4)
onboard battery capacity (x4 = Qp). Nipr, P, and N; directly imp act the
IPT system cost, while Qp and P, influence the vehicle cost. The coupling
among these variables is considered within the optimization objective,
represented by the overall system cost, and constraints that are evalu-
ated using the vehicle powertrain and inductive charger power models.
Optimizing these variables will help balancing the cost increase due to
the IPT system infrastructure with the decrease in vehicle cost due to
battery reduction.

4.2. Cost models

Cost models for the SAEV system, considering different charging
technologies (in-route inductive chargers, DCFCs, and L2 chargers) are
developed for optimization purposes.

4.2.1. Cost model of SAEV with in-route inductive chargers

A cost model for inductively charged SAEV system is developed to
include the unit and installation costs for both the road and vehicle
components. The road components cost (C, jpr) includes road retrofit-
ting, power converters, control, materials, grid connectivity, and
installation costs. This cost is a function of number, locations, length,
and nominal power of inductive charger, as presented in Eq. (7).

Cr_ipr(x) = NpLex1x3 (C,- + CemX2 + ngz) =+ Ci_tprX1 @)

where x denotes an optimization variable (x;_ x4); Ls is the inductive
segment length (miles); Ny, is the number of electrified lanes per road; c,
is the road construction cost coefficient ($/[mile.lane]); c., is the road
electronics and materials cost coefficient ($/[mile.kW.lane]); ¢, is the
grid connectivity cost coefficient ($/[mile.kW.lane]); and c; jpr is the
transmitter installation cost coefficient ($/position).

The other cost component is related to the vehicle (C, jpr), which
comprises the onboard battery and inductive vehicle assembly costs, as

| Optimization Layer |
: ‘_( Planning Optimization Algorithm H_I |
- Charge sustaining |
| | Generate variables | - SO‘E%‘?‘E&* B ool ﬁn}ess |
- C-rate limit and constraints
I - System cost model |
e e e ol e e e — — — — — — — — — — — — — —
I Vehicle’s i l
_’ powertrain
| | Travel data Battery capacity™ | model =) Pr |
| IH[M( MM]H Speed, grade Pra|  Energy and |
I i Inductive charger SOC estimation
|| e W Route model 0 - n |
I - Track positions PWPT |
- Track seg — . .
| Recdower Energy Estimation Layer |

Fig. 5. System planning and optimization tool.



A.A.S. Mohamed et al.

Applied Energy 282 (2021) 116132

O Data —Fitting

250 T T T 250
9 7
ASOC=60%
ASOC=20%
200 - 200 P /6 ]
E ASOC=80% ASOC=40%
E ASOC=80% f
¢ / ]
= 150 | 150 ASOC=60% ASOC=20%
o
(&)
©
(&)
100 1 100
(a) (b)
50 - . . 50 s |
0 5 10 15 0 5 10 15
C-rate C-rate
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Table 4
Battery cost coefficients for present-day and future scenarios.

ASOC Future Present

20%
40%
60%
80%

a=63.152,b = 0.0764
a = 66.66, b = 0.095

a=71.001,b=0.1168
a=70.555,b = 0.1798

a = 84.05, b = 0.0644

a = 87.982, b = 0.0801
a=92.751, b = 0.0986
a=92.284,b = 0.1517

formulated in Eq. (8). The overall system cost is the summation of these
two cost components.

Cy_ipr(x) = Nsagv (Chx4 + CVAIVpadJCZ) (8)

where N,y is the number of inductive pads per vehicle; Nsagy is the
number of SAEVs to be supported by IPT system; cy, is the vehicle as-
sembly cost coefficient ($/kW); and c; is the onboard battery module
cost coefficient ($/kWh).

4.2.2. Cost model of SAEV with DCFCs

For DCFCs, the vehicle does not carry any electronic components
onboard. Therefore, a cost model for SAEV system supported with
DCFCs is formulated to include the unit and installation costs of EVSE
and onboard battery cost, as indicated in Eq. (9):

Table 5

Settings of two operating scenarios: present-day and future.
Coefficient Future Present
Driving range for over-night 12h 12h
Auxiliary loads (kW) 1.4&1.7 4 & 4.38
¢, (M$/[mile.lane]) 1 1.2
c. (M$/[mile.kW.lane]) 0.0273 0.033
¢g (M$/[mile.kW.lane]) 0.015 0.018
cippr (M$/position) 0.005 0.005
cva (8/kW) 29 66.67
¢y ($/kWh) @ 1C and 80% ASOC 80 103
Cpcre unit cost ($/kW) 300 600
cperc i ($/[kW.port]) 400 400
cr2 unit cost ($/kW) 125 250
12 ($/port) 2500 2500
cosc ($/kW) 50 100

Ci_pcrc = NpcrcPelepcre + cpcre_i] + Neves Qs (C)]

where Npcrc is the number of charging ports, cpcrc is the DCFC unit cost
coefficient ($/kW), and cpcrc ; is the installation cost coefficient ($/[kW.
port]).

4.2.3. M. Cost model of SAEV with L2 AC chargers

Vehicles support L2 AC charger will carry onboard electronics that
convert the input AC power to DC to supply its battery. A cost model for
SAEV system supported by L2 chargers incorporates the unit and
installation costs of EVSE, onboard battery, and onboard charger, as
described in Equation (10):

Ci_1o = Nip[c1oP + cra_i] + Nev[cy Op + copcP] (10)
where N, is the number of charging ports, ;2 is the L2 charger unit cost
coefficient ($/kW), cz2; is the installation cost coefficient ($/port), and
conc is the onboard charger cost coefficient ($/kW).

4.2.4. N. Battery cell cost estimation

The battery cost coefficient (cp) varies with the battery cell charging
rate (C-rate) capability and the actual operating SOC window (ASOC), as
reported in [36]. For the same operating window, c; increases as
increasing the C-rate capability because higher C-rate capability in-
volves thinner cell electrodes. For the same C-rate capability, c; de-
creases as decreasing the operating window. Considering the NMC622-
Graphite, 85-kWh, 900 DCV battery pack, the variation of c, with respect
to C-rate and ASOC is described in Fig. 6(a) [36]. In this case, a cost of
$103/kWh for 1C and 80% ASOC is considered, which reflects present-
day battery costs. However, for future assumptions, the U.S. Department
of Energy (DOE) Vehicles Technologies Office (VTO) 2015 target for a
battery cell cost, $80/kWh, is considered for 1C and 80% ASOC, as
indicated in Fig. 6(b) [36]. The data points provided in [36] and shown
inred circles are curve fitted to produce the generic mathematical model
described in Eq. (11). This model represents the nonlinear relationship
between c, and C-rate at a certain ASOC. The coefficients of this model
(a and b) vary for different ASOC, as presented in Table 4 for both
present-day and future scenarios.

b.Crate

1)

cp, = a.e
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Fig. 7. Current driving performance of Armal on July 19, 2018. (a) Real-world
speed profile. (b) Simulated battery power and SOC profile.
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Fig. 8. Current driving performance (SOC profiles) of Armal and Arma2 in
July 16, 17, and 19, 2018.

4.3. Optimization constraints

Planning optimization problem of an inductively supported SAEV
system entails constraints related to the vehicle driving performance,
battery performance, and boundaries of optimization variables, as stated
in (12). Cj is an inequality constraint that guarantees charge-sustaining
operation by limiting the difference between the final (SOCy) and initial
SOC (SOC)) to be less than a predefined small value (¢). C2-Cy is a set of
inequality constraints that limit the battery charging and discharging
process to avoid overcharging, deep discharging, and high C-rate. Csis a
set of bound constraints that defines the lower and upper limits of
optimization variables. Cg is a set of integer variable constraints that
forces optimization variables to be integer. These constraints are
considered for limiting the search space for the optimum solution.

C, : charge — sustaining operation : ‘SOC/ — SOC[| < &%
SOCin > A%

SOCpux < B%

Crate S Cr.lim

C, : acceptable minimum SOC limit :
C; : acceptable maximum SOC limit :
C, : acceptable maximum battery C — rate : a2
xﬁ < xi Sxf Vk=1,2,3,4

x> 0,5 €Z° Vk=1,2,3,4

Cs : boundaries :

C : integer variables :
5. Results and discussion

The planning optimization platform was implemented and solved in
a MATLAB environment. A single-objective system design optimization
problem is analyzed using a NLMI solver based on genetic algorithm
(GA). The optimum system design is evaluated for all SAEVs at the
Navya shuttle project. Two operating scenarios are investigated:
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Table 6
Ranges of search variables for each optimization run.
Variable QDIPT1 QDIPT2 DIPT
x1 = Nppr 1,23} 1,2,3} [1-4095 (2'%-1)]
X2 = P, (kW) {10, 20, ..., 100} {10, 20, ..., 100} {10, 20, ..., 100}
X3 = Ng 1 1 {1, 2,...,10}
x4 = Qp (kWh) {1, 2, ..., 100} 33 {1, 2, ..., 100}
Start GA
|Generate initial population within bounds |
e L -
A
Pass population to fitness function |
Evaluate ¢

fitness
| Load travel data for Arma shuttles |

v

| Update input with the new population |

= |
| ; |

Run energy estimation layer |
| Get output and evaluate constraints |

Constraints
satisfied?

A 4 v

: | Evaluate fitness functions| Apply penal
[ — [ _____ I:L:yl ___ p——

Selection

new
Mutation generation

|
|
|
|
| Generate
|
|
|
|

Fig. 9. Flow-chart for solving planning optimization problem using GA.

present-day and future. For both scenarios, the low-speed driving data
are considered because of the need for this operation in the university
campus, whether currently or in the future. The differences between the
two scenarios are the vehicle’s auxiliary loads and system cost co-
efficients. The settings for both scenarios are listed in Table 5.

The cost factors are defined based on: (1) the U.S. DOE VTO 2015
cost target for power electronic, which declares $12/kW [37]; (2) the
current and expected future market prices for materials (ferrite, litz
wires, shield, etc.) and capacitors, considering cost scaling factors for
bulk purchases and gross manufacturing; (3) available data in the
literature; and (4) transportation entities for construction costs.
Considering both operating scenarios (present and future), four different
charging and vehicle options are explored: (a) a small onboard battery
with in-route quasi-dynamic inductive chargers at stops, (b) a small
onboard battery with in-route dynamic and quasi-dynamic inductive
chargers, (c) a large onboard battery with stationary DCFCs, and (d) a
large onboard battery with stationary L2 chargers.
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Table 7

GA solver settings and optimization parameters.
Parameter Value Parameter Value
Populations 20 Npad 1
Mutation Uniform 0.02 L 5m
Crossover 0.7 A 40%
Generations 50 B 99%
Runs 2 € 10%
Penalty 200 SOC; 90%
Nsagy 2 Chlim 4C

5.1. Current performance of Arma SAEVs

The current driving performance of Navya SAEVs is evaluated using
the developed platform and driving data from Section 2.2. In this case,
each shuttle is supported with a 33-kWh onboard battery and runs
without in-route charging capability. The driving performance of Armal
on July 19, 2018 is simulated and presented in Fig. 7. As the figure
demonstrates, a full battery charge allows the shuttle to run for about
6.5 h with long intermittent stops (about 5 h continuous operation). The
SOC profiles of the two vehicles considering the three days of driving
data are shown in Fig. 8, which shows a range of 5-6.5 h of total
operating hours. Therefore, to extend the vehicles range to 12 h without
stopping for plug-in and interrupting the service, in-route automatic
inductive charging capability is needed—either dynamic or quasi-
dynamic.

5.2. In-route inductive charging system

Several NLMI single-objective planning optimization problems for
SAEV supported by in-route inductive charging are formulated and
analyzed, considering different potential charging positions (at stops
and/or on the road) and operating scenarios (present and future):

5.2.1. S. Quasi-dynamic IPT (QDIPT) charging with optimum onboard
battery (QDIPT1)

In this case, inductive chargers are allocated at designated stops only
(red segments in Fig. 1) for quasi-dynamic charging. Therefore, only
three options for the allocation are considered: at north stop only, at
south stop only, or at both. A fixed, single segment of primary coil is
assumed at each position. In this case, three search variables are opti-
mized: Njpr, P, and Qp, as indicated in Table 6. Njpr defines the locations
of chargers and ranges from 1 to 2!2-1 (4095) due to the availability of
12 locations. Njpr = 1 (100000000000) means that there is a charger at
the first position only. Njpr = 3 (110000000000), means that there are
chargers at the first and second positions.

5.2.2. T. QDIPT charging with the current SAEV (QDIPT2)
In this case, the current installed battery is kept fixed (33 kWh) and
only two variables are optimized: Njpr and P,.

5.2.3. U. Dynamic IPT charging (DIPT)

In this case, both quasi-dynamic and dynamic positions (red and
purple segments in Fig. 1 for inductive chargers are considered and four
variables are optimized: Npp, N;, P., and Qp. The ranges for the search
variables considered at each optimization are indicated in Table 6.

To minimize the computational time involved with the optimization,
one day of data for each SAEV was considered. These days are chosen to
represent the worst operation for each vehicle that show the least
driving range and the largest energy consumption. July 19 was chosen
for Armal and July 17 represented Arma2 (see Fig. 8). The above-
mentioned optimization problems are solved using GA, which is a sto-
chastic search approach that emulates biological evolutionary theory to
solve nonlinear optimization problems [38]. GA is linked to the planning
tool to solve the NLMI optimization problem based on the follow-chart
in Fig. 9. The settings of GA solver are presented in Table 7. Each
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Table 8
Optimization results for in-route inductive charging, considering different
operating scenarios.

Present Future
Technology QDIPT1 QDIPT2 DIPT QDIPT1 DIPT
Solution s1 S2 S1 S1 S1 S2 s1
# chargers 2 1 1 1 1 1 1
Location S&N N N N N N N
P, (kW) 50 100 100 100 40 50 40
N; 1 1 1 1 1 1 1
Qp (kWh) 29 28 33 28 29 14 29
C-rate 1.55 3.2 2.73 3.2 1.24 3.2 1.24

kWh/mile 1.647 1.647 1.649 1.647 0.792 0.785 0.792

optimization runs twice, and each run involves testing of 1000 chro-
mosomes (20 populations times 50 generations). Because of the integer
nature of optimization variables, a uniform mutation is chosen with a
rate of 2%, which means that a consistent 2% of genes is selected to be
mutated and set to random values between the user-specified upper and
lower bounds for that gene. A crossover rate of 70% is chosen, which
defines the probability that two chromosomes may swap their bits.
These values are decided by trial and error to show a good optimization
performance by realizing the least fitness function as quick as possible.
The optimization parameters are indicated in Table 7 based on as-
sumptions below:

— Each SAEV carries a single inductive pad (Npgq = 1).

— Each segment of inductive charger is 5-m long (Ls = 5 m).

— The initial, minimum, and maximum allowed SOC are 90%, 40%,
and 99%, respectively.

— The maximum operating SOC window for charge-sustaining opera-
tion (&) is 10%.

— The maximum limit for C-rate (Cyn) is 4C [39].

The DIPT and QDIPT optimization results considering present and
future scenarios are presented in Table 8. The optimization results show
that high-power chargers present the most cost-effective overall system
due to the associated smaller number of chargers and coil length and
road construction work, which is the dominant cost component of an in-
route inductive charger. The outcomes show that for present-day sce-
narios, charge-sustaining operation is realized by installing 50-kW
quasi-dynamic inductive chargers at the designated stops N and S with
one five-meter segment per position and a 29-kWh onboard battery
(QDIPT1, S1). Another optimal solution (QDIPT1, S2) shows that a
single 100-kW quasi-dynamic inductive charger at the north stop with
one segment per position and a 28-kWh onboard battery allows the
vehicles to realize charge-sustaining operation and presents the least
overall system cost. This solution is valid even if the current vehicles
with 33-kWh batteries are considered, as proved in QDIPT2, S1. Solving
for DIPT while considering all the road segments (red and purple in
Fig. 1) outputs the same solutions as the quasi-dynamic scenario, which
makes perfect sense for realizing the global optimum solution that shows
a minimum overall system cost. Solutions for future scenarios require
less charging power and smaller batteries because of the higher vehicle
efficiency. In these scenarios, charge-sustaining operation was realized
using either one 40-kW charger at the north stop with a 29-kWh battery
or one 50-kW charger at the north stop with a 14-kWh battery.

As an example, the driving performance of Armal on July 19
considering QDIPT1, S2 optimal solution is indicated in Fig. 10. The
figure shows SOC and battery power profiles over time. As noted, each
time the vehicle passes through the inductive charger at the north stop,
it receives about 100 kW inductive power. This allows the vehicle to
realize charge-sustaining operation showing a near-flat SOC profile,
compared to the decaying profile in Fig. 7. This performance has the
potential to allow the vehicle to run continuously without the need to
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Fig. 10. SOC and battery power profile of Armal on July 19, considering QDIPT1, S2 for present-day scenario.

Table 9
Results for overnight charging, considering different operating scenarios.
Present Future
Technology DCFC L2 charger DCFC L2 charger
# chargers 1 2 1 2
Location Garage Garage Garage Garage
P, (kW) 252 7.9 109 3.4
Qp (kWh) 70.1 70.1 30.2 30.2
T. 15 min 8h 15 min 8h
C-rate 3.24 0.1 3.24 0.1
kWh/mile 1.98 1.98 0.79 0.79
100

40

= Arma1 with QDIPT1, S2 on 07/17 & 07/19
= Arma2 with QDIPT1, S2 on 07/16 & 07/17
= = Arma1 with stationary on 07/17 & 07/19
= Arma2 with stationary on 07/16 & 07/17

20

0 2 4 6 8 14

Time (h)

Fig. 11. SAEV performance, considering different charging technologies for
present-day operation.

stop for recharging. With around 100-kW charger power spikes,
vehicle battery realizes C-rates of less than 4C, which is defined by
constraint C4 in equation (12) and Table 7. This limit was chosen based
on [39], which shows up to 6C continuous charging for 800 cycles with
just 10% capacity loss [39]. For a pulse charging profile within a
narrow SOC window, shown in Fig. 10, these cells can presumably
tolerate even more cycles. Therefore, 4C presents a reasonable C-rate
limit a such application.
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Fig. 12. SAEV performance, considering different charging technologies for
future operation.

5.3. Overnight stationary conductive charging

Performance and feasibility of stationary conductive charging tech-
nologies (DCFCs and L2 chargers) are explored for the Navya shuttles. In
this case, the vehicle is supported by a large onboard battery to fulfill a
target driving range of 12 h and a stationary conductive charger is
installed at the garage area for overnight charging to fully charge the
battery within a target charging time, T, = 15 min, according to the DOE
VTO target [36]. However, the L2 chargers are set to a target of 8 h to
represent the overnight period. Parameters in Table 5 are considered for
deciding the battery capacity, charger nominal power, and overall sys-
tem cost.

The results of overnight conductive charging analysis are presented
in Table 9. As noted, continuous driving for 12 h in present-day tech-
nology requires about 70.1-kWh onboard battery, while a future sce-
nario needs 30.2-kWh battery size. This is because of the inefficient
operation of present-day SAEVs. In addition, a 252-kW (for present-day)
or 109-kW (for future) DCFC is needed to fully charge the batteries of
both shuttles within 30 min (15 min for each SAEV). On the other hand,
two 7.9-kW (for present-day) or two 3.4-kW (for future) L2 chargers are
required to fully recharge the batteries of two shuttles within 8 h.
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Table 10

Techno-economic comparison among QDIPT, DCFCs and L2 charger.
Characteristic QDIPT DCFC L2 charger
Driving range Unlimited Limited (12 Limited (12

h) h)
Recharge time Zero 30 min 8h
Vehicle components Medium+ High Medium
cost
Road components cost Medium High Low
Overall system cost Medium+ Very high Medium
Service interruption Low Medium High
Land requirement Low High
Energy consumption Low High
Automatic Yes No
User discomfort Low High (plug-in)
Hazards Electromagnetic Mechanical connection, arcing,
fields exposed conductor, etc.

Visual pollution Low High

5.4. Techno-economic comparative analysis

The optimum solution (QDIPT1, S2) for in-route inductive charging,
along with the results of stationary charging, are inserted to the vehicle
and charger models to evaluate their impact on the vehicle driving
performance. The SAEV performance considering present and future
operations are indicated in Figs. 11 and 12, respectively. The figures
show that using in-route inductive charging (one segment of 100-kW
QDIPT system for present-day or 50-kW for future at the north stop
with a 28-kWh battery for present-day or 14-kWh for future) allows the
vehicles to realize charge-sustaining operation (unlimited driving range
and zero recharge downtime) showing near-flat SOC profiles. Addi-
tionally, all SAEVs operates with in a narrow SOC operating window,
which helps to improve battery performance and life. On the other hand,
installing large onboard batteries on the vehicles (70.1-kWh for present-
day and 30.2-kWh for future) along with stationary overnight charging
(DCFCs and L2) show a limited driving range of ~12 h, after which the
vehicles must stop for recharging. Compared to the current installed
battery, in-route inductive charging can reduce the required battery
capacity by about 15%, while enabling unlimited range, but stationary
scenarios require about 112% additional battery capacity to support a
12 h driving range.

By comparing the costs of in-route inductive charging and overnight
charging, the outcomes show that DCFC solution shows the highest
overall system cost because of: (1) the high vehicle component cost
associated with large onboard battery and high C-rate, and (2) high
rating and cost of EVSEs. QDIPT solutions are much more cost-effective
compared to DCFC due to the lower vehicle components and EVSE cost.
L2 chargers with an 8-h charging time is the most cost-effective solution,
however, they are not appropriate for automated vehicles because they
are not automatic, there is a high risk to interrupt service, they provide a
limited range, and the vehicle has high energy consumption and oper-
ating costs, as described in Table 10. Beside that, in-route chargers are
easier to use, safer, and do not need designated land because they will be
installed on the road at stops.

6. Conclusion

This study presents system design and feasibility analyses of in-route
inductive charging for fixed-route circulator SAEVs compared to sta-
tionary conductive charging technologies. The key findings are sum-
marized as follows:

— Implementing in-route inductive charging technology for SAEVs is
an appropriate solution for realizing a fully automated mobility
system (both vehicle and charger)

— For low-speed (10-15 mph) SAEV operation (e.g., university cam-
puses, airports, research facilities), considering present-day costs and

11
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vehicles, the charge-sustaining operation is realized by implement-
ing 50-kW quasi-dynamic inductive chargers at the designated stops
with one 5-m segment per position and a 29-kWh onboard battery

— Another optimal solution shows that only one 100-kW quasi-
dynamic inductive charger at the north stop with one segment per
position and a 28-kWh onboard battery allows the vehicles to realize
charge-sustaining operation and shows the minimum-cost solution
when considering the cost parameters defined in Table 5.

— Considering future costs and vehicles, the charge-sustaining opera-
tion was realized using either one 40-kW charger at the north stop
with a 29-kWh battery or one 50-kW charger at the north stop with a
14-kWh battery.

— DCFCs solution shows the highest vehicle components cost, EVSEs
cost, and overall system cost.

— Quasi-dynamic inductive solutions are much more cost-competitive
compared to stationary fast charging, and more convenient for
automated vehicles than L2 chargers.

— Quasi-dynamic inductive solution can reduce the onboard battery by
about 15% while providing unlimited driving range, but stationary
scenarios require about 112% additional battery capacity to support
a 12-h driving range.
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