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Abstract: This study investigates the potential of improving the energy efficiency and reducing the
lifecycle costs of electric city buses with multispeed gearboxes. A two-speed dual clutch gearbox
and a continuously variable transmission were studied and compared to a reference fixed gear ratio
powertrain. A novel two-level optimization model was introduced. The top level involves an
exhaustive search algorithm and quasi-static vehicle dynamic model for optimizing the two-speed
gearbox gear ratios, utilizing efficiency maps for the electric motor and the inverter. The second
level is an integer programming model, which finds an optimal gear shifting policy subject to
constraints on hysteresis and gear shifting induced losses. The model was applied with a standard
driving cycle and additionally with three measured cycles acquired from a prototype battery electric
city bus operating on a daily schedule on a suburban route in Espoo, Finland. The results showed
that a two-speed gearbox reduced energy consumption by 2-3.2%, depending on the driving cycle
characteristics. On the other hand, the continuously variable transmission was found to increase
consumption by 1.9-4.0% due to large losses of the belt mechanism. It was concluded that the two-
speed gearbox is a cost-effective investment for electric city buses characterized by operation
profiles with frequent acceleration and braking events.

Keywords: electric vehicle; city bus; gearbox; transmission; optimization; energy efficiency

1. Introduction

In recent years, electric city buses (ECB) have experienced exponentially growing production
rates and deployment to the public transportation systems of many cities around the world, as the
lifecycle cost has decreased below traditional diesel bus levels in many routes and operating
conditions [1]. In 2018, the global ECB fleet grew by 32% and reached 425,000 units worldwide [2].
The major advantage of ECBs is the higher energy conversion efficiency of the powertrain compared
to diesel buses. ECBs are also locally emission-free, whereas diesel buses emit harmful particles that
stay trapped between buildings, causing significant damage to human health in urban environments
[3].

Although battery and charging technologies have developed at a fast pace in recent years,
limited range is still a challenge with electric vehicles in general, because energy density of batteries
is 25-100 times less than in liquid hydrocarbon fuels [4]. Increasing the battery capacity extends the
range, but the size, weight, and cost set upper bound on the battery capacity. This limitation puts an
emphasis on efficiency and optimal component selection in ECBs. Improved efficiency translates to
an increasing rate at which ECBs displace diesel buses in cities’ transportation systems, leading to
reduced emissions and cleaner air.

The traction motor is the key component of an electric powertrain, and enabling the motor to
operate at its highest efficiency region improves energy efficiency. Traction motors used in ECBs need
to provide sufficient torque for acceleration and climbing inclined roads, while the maximum power
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output needs to be sufficient for high speed cruising. A motor with a wide speed range fulfills these
requirements, and there is no absolute need for a multispeed gearbox as in ICE-powered vehicles [5].
However, in a traction application, a motor uses a wide speed range and thus is not operating at
optimal efficiency [6]. ECB provides a promising application for a multispeed gearbox, because the
vehicle operation consists of frequent braking and acceleration events that use a wide torque and
speed range of the motor, which has been shown to result in reduced efficiency with a single gear
drivetrain [7]. By contrast, electric vehicles that operate mostly at constant speed, such as long
distance buses and trucks, can be equipped with a single speed reduction gear. The gear ratio is
selected to operate the motor at the high-efficiency design point at nominal vehicle speed.

1.1. Previous Work

The literature on the advantages of a multispeed gearbox in electric vehicles is extensive,
although it is primarily focused on light-duty vehicles. To the knowledge of the authors, there are no
studies that investigate multispeed gearbox options for electric city buses.

Wu et al. [8] developed a simulation model in Autonomie to study the impact of a two-speed
gearbox (AMT) on the fuel economy of an electric car. Dynamic programming was applied to the
optimization problem —A 4.2% reduction in energy consumption in city driving was observed.

Ren et al. [9] reported a simulation study using a backward modeling approach (wheels to
motor) and a comparison of different gearbox options in terms of the energy consumption of EVs.
The reference was the original single-speed transmission, which was compared to continuous
variable transmission (CVT) and multispeed gearbox with two, three, and four speeds. The authors
observed that the losses of the multispeed gearbox cancel the improvement in energy efficiency for
the NEDC cycle. For the other five cycles studied, the improvement in efficiency varied from 5.3% to
12.4%. The authors also point out that in addition to a possible improvement in energy efficiency, the
acceleration performance of the vehicle improves. Specifically, the acceleration time from zero to 100
km/h was reduced from 18.6 s to 12.4 s with a two-speed gearbox.

A similar study of powertrain efficiency comparison was completed by Bottiglione et al. [10].
The gearbox efficiency and increase in vehicle mass were taken into account. The compared gearbox
options were infinitely variable transmission (IVT) and CVT with toroidal technology. Single and
two-speed transmission were also considered. Both IVT and CVT had two different configurations.
The planetary gear in the IVT was assumed to work with 100% efficiency. The simulations were run
for the Urban driving cycle (UDC) and the Japanese 10-15 cycle (J10-15). For both cycles, the IVT and
CVT were found superior to the two-speed gearbox, with the largest consumption improvement
reaching 16.7%. The authors concluded that the energy efficiency of EVs could be significantly
improved by optimizing the torque dependent efficiency of CVT and IVT.

Gao et al. [11] focused on the potential of a two-speed gearbox for EVs. The study included
simulation and optimization of gear ratios and shift control. The gearbox efficiency was considered
equal to the single-gear alternative, and the overall efficiency of the powertrain was assumed to be
96%. The reported results were in agreement with those discussed previously. One notable difference
was that the largest energy savings were achieved in the NEDC cycle, which in [9] was found to
produce the least savings potential. The authors also mentioned the improved performance of the EV
with a two-speed gearbox, i.e., better acceleration and top speed. Their modeling efforts highlight the
friction losses due to the clutch in the gear change and the effect of a gear change smoothness to the
friction losses. Calm gear shift which is comfortable for the passengers with no torque interrupt
generates substantial losses in comparison to more rough and rapid change.

In addition to simulation studies, Spanoudakis et al. [12] discussed a prototype for an
experimental test of the potential of a two-speed gearbox for improving the efficiency of an ultralight
vehicle for urban environment transportation. The power source in the test vehicle was a hydrogen
fuel cell. The gear selection was manual, and the test drive was conducted on a simple oval test track.
The results showed that energy savings of 3.4% were reached in comparison to the single-speed
gearbox and most of the energy savings were achieved during the acceleration phases of the test run.
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The energy savings potential is higher in city driving conditions with frequent accelerations and
decelerations compared to highway driving.

In the realm of heavy-duty vehicles, Tan et al. [13] reported a study on an iron mine electric
dump truck gear ratio optimization using particle swarm optimization algorithm. For a typical
working cycle in a mine, energy consumption was found to be reduced by 6.1% with the gearbox and
optimized ratios compared to the reference powertrain, which had only a single-speed reduction
gear. The study is limited with respect to the conclusions that can be established for ECBs because
the operation cycle of the electric dumb truck has significantly less variation than that of a city bus.

1.2. Goals and Scope

Even though the feasibility of multispeed gearboxes has been previously studied for EVs and
fuel cell vehicles, the feasibility of this concept for ECBs has not been investigated before. A separate
feasibility study is required, since the driving cycles, vehicle structure and powertrain design of an
ECB are different by definition from that of an EV. This study seeks to contribute to the literature by
providing answers to the following research questions:

e  How does the driving cycle impact the benefit of a multispeed gearbox?

e  What is the optimal gear shifting policy of a two-speed dual clutch gearbox?

e Does an energy consumption advantage achieved with a multispeed gearbox translate to a
lifecycle cost advantage as well?

A simulation model is constructed to study these three aspects of feasibility. The simulation
model considers longitudinal dynamics and hence speed, voltage and current signals from real-world
operation were measured from a prototype ECB operating in the city of Espoo, Finland. The signals
were collected with 1 Hz sampling rate on all driving cycles. The collected dataset presents an
opportunity to evaluate the feasibility of a multispeed gearboxes in real-world conditions. The
availability of representative driving cycles is considered a valuable contribution in this work, since
in previous research standard driving cycles have been used extensively, as described in the previous
section. The standard driving cycles are appropriate estimates of driving behavior but cannot capture
the complexities and variation of real-world driving. A detailed explanation of the data is provided
in Sections 2.4 and 2.5.

Considering new vehicle design, it would be worthwhile to take into account the interaction
between the installed two-speed gearbox and the electric motor configuration. The simulation and
optimization models developed in this work are in a general form, supporting motors of different
sizes, so they can be applied to the motor sizing problem as well although this is not directly
addressed in this work.

2. Vehicle Powertrain Model

2.1. Multispeed Gearbox Options for Heavy Duty Vehicles

Multispeed gearbox configurations for EVs constitute automatically shifted multispeed
gearboxes, including two-speed gearboxes, and continuously variable transmissions [14]. Hydraulic
automatic transmission is considered infeasible for the ECB application due to very low efficiency
[15]. Additionally, gearbox designs that are still in the development stage, such as a planetary gear
two-speed gearbox presented in [16], are considered out of scope.

CVT permits the electric motor to operate at the ideal point continuously. Power is transmitted
by friction via a chain that runs between two axially adjustable taper discs. The diameter of the discs
can be varied. Another CVT configuration is a toroidal variator. In this design the variable gear ratio
is achieved by swiveling the friction gears.

The major drawback of CVT is the poor efficiency, compared to gear transmission. The
traditional CVT that is used with internal combustion engine vehicles has efficiency of less than 85%
but with EVs a simpler construction without a torque converter is feasible. Thus, efficiency of over
93% can be achieved [17].
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Superior efficiency is achievable with gearboxes that have a discrete number of gear ratios. A
greater than 95% efficiency and less than 150 millisecond gearshifts are reported for a two-speed dual
clutch gearbox in [18] with 450 Nm maximum input torque and 13,000 rpm maximum speed. A single
speed gearbox with the same performance specifications is reported to have two percentage points
higher efficiency.

An automatic multispeed gearbox requires actuation for gear shifts. This is commonly
implemented with an electrohydraulic actuator. A gear shift loss model for automatic manual
transmission is presented in [19]. In this single clutch model, the losses consist of partially lost traction
during clutch disengagement and engagement due to slipping, and the total loss of traction during
the shifting phase. The clutch slipping is unavoidable, because engagement and disengagement must
occur smoothly.

The primary power loss sources are clutch drag, gear churning, gear meshing and bearing seals
[14]. Additional losses incur from energy consumption of a pumping cooling and lubricating fluid to
the gearbox housing in the case of a wet clutch design. A dry clutch does not have a need for oil
pumping, but can sustain lower torques.

The traction loss that occurs in shifting results in the vehicle velocity tracking loss compared to
a vehicle equipped with a single speed reduction gear [19]. This loss needs to be compensated by an
increased power output after the shifting event.

Based on a preliminary analysis, this work focuses on two gearbox alternatives that are
estimated to have the most potential in an electric city bus. The first is a two-speed dual clutch
gearbox (Figure 1) and the second is a traditional belt CVT without a torque converter. The model for
the two-speed alternative includes both design (gear ratios) and operation (shifting policy)
optimization levels. By contrast the CVT model simply selects, at each time step, the gear ratio that
represents the highest efficiency operating point of the motor and the inverter.

(1) Electric machine
(2) Gearbox

(3) Clutch assembly (1)
(4) Second gear
(5) First gear
(6) Differential
(7) Final drive
(8) Wheel

Figure 1. Two-speed dual clutch gearbox layout.

2.2. Quasi-Static Modeling of Vehicle Dynamics

EV and ECB powertrain models have been presented in detail in previous work [20-22]. A
comprehensive physics-based dynamic ECB model is presented and validated with measurement
data in [22]. The model was found accurate but computationally intensive, which limited the
usefulness of the model for powertrain design.

Quasi-static, or backward progressing, modeling provides a computationally light alternative to
dynamic models that make use of differential equations to describe the system. A quasi-static
approach is feasible in research and design applications where fast transients are not the central focus.
The backward modeling approach means that the input to the model is a specific driving cycle, which
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is a presentation of the vehicle speed as a function of time. The powertrain load computation flows
from the wheels towards the power source, such as a traction motor.

Discrete time is used instead of continuous time for the numerical computation. In each step, the
system is interpreted as a static system. This approach is suitable for slow phenomena, such as energy
consumption on a driving cycle. Because this approach is computationally light, a large number of
topology and component size options can be explored in a short time. This is fitting to the multispeed
gearbox selection problem, which requires a search for optimal gear ratios.

The following assumptions are included in the modeling:

e  Energy consumption is computed from the inverter input terminals

e  Constant efficiency is applied for the powertrain components other than the motor and the
inverter

e  The motor is used for regenerative braking within its torque limits while the rest of the braking
demand is provided with the mechanical disc brakes if needed

¢ Regenerative braking is never limited by a fully charged battery

e  The motor control electronics provide sufficient response to gear change induced step changes
in motor reference speed

e  Theroad profile has zero altitude variation

e  Only forward motion and longitudinal forces influence the energy consumption

e Auxiliary power for heat and air conditioning is discarded

The modeled ECB dynamics, gear changing policy, and gear ratio optimization models are
introduced in Sections 2.2-2.4. A specific configuration of the model, in which parameter values from
the case study are applied, is discussed in Section 3.

2.3. Vehicle Dynamics

The computation starts from the driving cycle va(k), which gives the target speed for each time
step k. The computation flows from the driving cycle to the inverter (Figure 2).

Drivetrain
Viph | @ a
8 . % i =2 =
Llay, "l @ | W
528 (5[ 15 [mys3e=53 |F
o 5 =Rt k=
S | vy | | A gﬁ_ﬁ 'Eig. o E " ©
¥ a 2 8 Cm,out = \':'_E. Tmin | © \'E' 5
vh o= [ Twh 3 3
inv,in

Figure 2. Signal flow in the vehicle model.

Vehicle speed and acceleration are computed by

vdc_(k) k=1
MOE 2 (1)
Vac(k) + vgc(k — 1)
> , k>1
Vac(k) k=1
an@) =1 o " @)
ac(k) —vgc(k —1)
A , k>1

where vun(k) is the vehicle speed, awn(k) is acceleration, and £ is the time step duration, which is constant
for the cycle. Wheel axle angular speed and acceleration at the wheel are given by dividing
corresponding vehicle speed and acceleration with the tire radius according to
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k

ol = 225 ©
k

aun() = 25 @

where wen(k) is axle angular speed, awn(k) is the axle angular acceleration, and 7w is the tire radius. The
torque on the axle Twi(k), required for thrusting the vehicle forward at a given speed and acceleration,
is determined by the tractive force Fx(k), which is the sum of the forces acting on the vehicle body.

Rolling resistance, aerodynamic drag and inertia forces as well as the resulting axle torque are
given by

2
F.(k) = Mgc, + w + May, (k) ®)
Twh(k) = FE.(k)ryn (6)

where M is the vehicle mass, g is gravitational acceleration, cris the rolling resistance coefficient, cv is
the aerodynamic drag coefficient, p is air density, and A is the frontal area of the vehicle. In the next
step of the calculation flow, the torque and speed of the rear wheels are conveyed to the motor. The
gearbox gear ratio determines the conversion, and in the case of the motor torque, the rotational
inertia must also be taken into account. The motor speed wn(k) and the torque Tu(k) are given by

wm(k) = wwh(k)i (7)
wh (k )
Tm(k) = ;[77 hf’ 3} + awh(k)llm (8)
trllg

where i is the total gear ratio, 1+ is the transmission efficiency, 1 is the gearbox efficiency and In is
the motor moment of inertia. Finally, the motor input power requirement Pw,inis computed by

W (k)T (k)
NMm ((‘)m (k)’ Tm (k))ninv ((‘)m (k): Tm (k))
where nm(wn(k), Tm(k)) is the motor efficiency function, and where the arguments are the motor speed

and torque. Likewise, niw(wn(k), Tn(k)) is the inverter efficiency function. In the case of regenerative
braking, the efficiencies in Equations (8) and (9) become multipliers instead of dividers.

Pm,in (k) =

©)

2.4. Optimal Shifting Policy

The shifting policy for the two-speed gearbox is optimized with an integer programming model.
The objective is to minimize energy consumption for the driving cycle by assigning the gear that
translates to the most efficient motor operating point, taking into account the efficiency loss of shifting
events and hysteresis. The optimization model is formulated as

T
minin,lizeZ(Ct —Cye +Ceye +Sy') (10)
yey't =
Ve~ YVer1— Y, SOVELE{L..,T—1} (11)
Vet Ve —Y , <OVtE{L.., T -1} (12)
M
Zy’Hm—lSO,VtE{l,..,T—M} (13)
m=0

veY's € {0,1} (14)
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The objective function in Equation (10) to be minimized is the vehicle energy consumption for
the cycle, composed of the sum of the consumptions of each time step ¢ in the set {1,.,T}. The
consumption for each step has three components: the vehicle propulsion, the actuator energy for the
shifting procedure, and the friction loss. The first component, motor propulsion energy demand, is
represented by the parameters C:(C"), for the low (high) gear. The gearbox has in this case only two
gear ratio options to select from, and either one is active at each step, which allows for modeling the
gear selection with a single binary variable y:. The formulation in Equation (10) includes this binary
variable to switch on and off the consumption parameter that corresponds to the active gear selection
at each step. Both the actuator energy and the friction loss are included in the parameter S:, which
contributes to the objective function at step t. The shifting event at that step is indicated by the binary
variable y’: receiving a value of one.

Equations (11)—(13) define the downshift, upshift, and hysteresis constraints, respectively. The
downshift constraint in Equation (11) forces the binary variable y", which indicates a shifting event,
to equal one when the gear indicator binary variable y: changes from one to zero in consecutive time
steps. The logic in the constraint Equation (12) is the same as in Equation (11), but the functionality
applies to upshifting instead of downshifting.

The hysteresis constraint Equation (13) sets a limit to the shifting frequency. A gear shift is
allowed after M time steps have passed since the previous shifting event. The constraint formulation
utilizes the binary variable y’;, which receives a value of one when an upshift or downshift occurs in
step t and zero otherwise.

The resulting objective function value is returned to the gear ratio optimizer function, which
compares the consumption to the previous lowest value and replaces it in the case that the current
run returns the lowest value.

2.5. Gear Ratio Optimization

The two-speed gearbox gear ratios function as an input to the vehicle dynamic model and the
shifting policy optimization model. The gear ratios are iterated through such that each combination
is covered from a range for both gears. Before the gear ratio optimization is initiated, the search scope
is determined by setting the starting and ending gear ratios and the increment. For example, a search
between ratios 3.0 and 8.0 with a 0.1 increment is represented by the set {3.0, 3.1, ..., 7.9, 8.0}. In the
following representation, the gear ratio choice set, which contains a sequence of gear ratios, is
denoted with list 1 for the first gear and list 2 for the second gear.

Figure 3 shows the exhaustive search process for the gear ratios that produce the lowest
consumption for a specific driving cycle. The process consists of an inner loop for the low gear ratio
range and an outer loop for the high gear ratio range of the two-speed gearbox. The cycle energy
consumption block in the chart constitutes the vehicle dynamics model, described by Equations (1)
(9) and the gear shifting optimization model in Equations (10)-(13). The energy consumption is
therefore computed for each combination of gear ratios from the ranges that are selected at the
beginning of the process. Finally, the lowest consumption, represented by the stored value, and the
corresponding gear ratios are returned.
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Load gear ratio
ranges

Set stored
consumgption to
Inf

Is the gear
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selection
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il gear ratio in list
2

Is the gear
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than the stored
value?

Return stored
consumption

Replace stored
value

Figure 3. Flow chart of the gear ratio optimization process.

3. Numerical Case Study

The case vehicle examined in this work is a fully electric city bus operating on a predetermined
suburban route with a fast-charging station at one end of the route. The vehicle was first deployed
for continuous operation at the beginning of 2016. The electric motor is a 180 kW permanent magnet
synchronous machine (PMSM) and the energy storage system consists of a lithium-titanate (LTO)
battery with 690 V nominal voltage and 55 kWh capacity. The bevel type differential has a ratio of
7.0. The curb weight is 10,500 kg and the maximum allowed payload is 5500 kg, which limits the
passenger capacity to 78, assuming that the mean passenger mass is 70 kg. A constant 1500 kg load
from 18 passengers and the driver was assumed in the case study. Increased mass from the
multispeed gearbox options was considered negligible.

3.1. Parameter Values

The parameter values for the case study are presented in Table 1. All the values for the reference
single speed transmission are from the work of Vepsildinen et al. [23], who developed a dynamic
simulation model for the case study vehicle. The model has been validated previously based on
measurements from multiple electric city buses operating in Finland. In the present work auxiliary
power was discarded since it would make no difference for powertrain comparisons.

Table 1. Parameter values for the numerical case study.

Parameter Description Value Unit
M Vehicle total mass 12,000 kg
Twh Tire dynamic radius 043 m
g Gravitational acceleration  9.81 m/s?
cr Rolling resistance coefficient 0.01 -
cw  Aerodynamic drag coefficient 0.6 -

A Frontal area 6.2 m?

p Density of air 1.27 kg/m3

i Differential gear ratio 7.0

M Differential efficiency 095 -

ng2s  Two-speed gearbox efficiency 0.99 -

1gbCvT CVT efficiency 09 -

In Motor moment of inertia ~ 0.63 kg m?

S Shifting energy loss 0 J

M Shifting time delay 1-30

h Simulation step size 1 s




Energies 2020, 13, 2117 9 of 20

The motor efficiency map model was based on the work of Mahmoudi et al. [24] for PMSM
motors. The map that was modeled based on their work was modified by changing the loss
coefficients to match the specifications of the case vehicle, which has 180 kW maximum rating motor
with 2000 Nm and 314 rad/s limits for torque and speed. Figure 4a shows the motor efficiency map
and Figure 4b shows the inverter map. Appendix A presents the equations and parameters values
for drawing the maps.

Electric motor Inverter
2000 2000
0.952
1750 1750
0.920
1500 1500
0.888
_ 1250 _ 1250
é g 0.856
@ 1000 @ 1000
g g 0.824
e e
750 750
0.792
500 500 0.760
250 250 0.728
0.696
50 100 150 200 250 300 50 100 150 200 250 300
Speed [rad/s] Speed [rad/s]
(a) (b)

Figure 4. (a) Motor efficiency map; (b) Inverter efficiency map.

The potential of a multispeed gearbox to increase energy efficiency originates from the option to
convert between torque and speed, which moves the motor operating point along a power level
contour. The instantaneous motor torque and speed are determined by power demand, gear ratios,
and gear selection. The advantage that comes from shifting the point along the curve depends on the
efficiency characteristics of the motor and the inverter as well as the power level. Figure 5 shows
efficiencies on four power levels for the case vehicle motor and inverter combination.

T T T T
090b AT T
=)
(=)
2 . . . : : :
> : : :
c _ — 180 kW
ool ([ i j— 120kw| . |
- — 80 kW
075 — 60 kW
NI S SRS B i
: 20 kw
070 I | 1 1 I I
0 50 100 150 200 250 300

Speed [rad/s]
Figure 5. Combined efficiency of the motor and the inverter at different power contours.
The transmission and the gearbox efficiencies were assumed to be constant throughout the

study. Efficiency of the reference transmission that was comprised of a differential and a final drive
only was 0.95. Efficiencies of 0.99 and 0.95 were used for the two-speed and CVT gearboxes,
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respectively. The total efficiency of the transmission for the multispeed gearbox configurations was
computed by multiplying the gearbox and the differential efficiencies. Due to the lack of experimental
data that authors are aware of, the value of the shifting loss parameter S was set to zero.

3.2. Driving Cycle Data Acquisition

The studied vehicle, shown in Figure 6a, was equipped with an online data acquisition system.
Speed and GPS coordinate measurements, and the corresponding timestamps, were acquired from
this system. The speed signal was obtained from the anti-lock brake system (ABS) sensors with 1 Hz
sampling rate.

The suburban bus route examined is line 11 in Espoo, Finland, shown in Figure 6b. This 10.4 km
line is a typical suburban bus line consisting of commutes between local business and residential
centers, featuring short urban sections and periods with higher speed limits. The route includes a
multilevel stack interchange, which causes the route profile and total distance to vary according to
the direction of driving. All the cycles in line 11 considered in this work start from Friisild terminus
and end at Tapiola, excluding the drive from the terminus to the fast-charging station nearby. As all
the cycles have the same direction, the distances are the same as well.

LINKRER

(b)

Figure 6. (a) The case study ECB operating in Espoo, Finland; (b) The bus route 11 in Espoo. Map data
is by OpenStreetMaps.
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Suburban bus routes are characterized by a large variation in speed profiles between cycles due
to daily and hourly passenger and traffic level variation. To account for this, the speed profile of the
bus was measured in three distinctly different traffic intensity levels from the line 11. These cycles in
line 11 in Espoo are denoted by the abbreviation E11 and extensions LT, MT, and HT are applied,
respectively, for the low, medium, and high traffic instances. Two additional cycles are included for
comparison. First, the standard Braunschweig bus cycle is commonly used in academic research and
in emission testing. Second, a combined cycle E11-C, which has the three E11 cycles in consecutive
order, was constructed. Table 2 shows the cycle features and Figure 7 shows the speed profiles.

Table 2. Braunschweig (BR) and three Espoo 11 (E11) cycle characteristics.

Feature E11-LT E11-MT E11-HT BR
Distance (km) 9.96 9.96 9.96 10.9
Duration (s) 1349 1487 1957 1741
Stops per km 0.70 2.01 291 2.57
Max. speed (km/h) 444 58.4 53.8 58.26
Avg. driving speed (km/h)  28.4 28.5 28.5  30.48
Max. acceleration (m/s?) 1.37 1.41 1.41 241
Max. deceleration (m/s?) 1.79 2.00 1.36 3.59
Avg. acceleration (m/s?) 0.31 0.53 0.43 0.55
Avg. acceleration (m/s?) 0.30 0.50 0.37 0.72
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Figure 7. Three measured driving cycles from Espoo line 11 and the Braunschweig standard reference
cycle.

The altitude profile of the route E11 included a variation of 14 m between the extreme points,
and a road grade change of at most one degree per meter. However, in this work the altitude changes
were discarded.
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3.3. Lifecycle Costs

Lifecycle costs of electric city buses consist of capital, operation and technology replacement
costs [1]. Capital costs consist of only the bus purchase cost, as the salvage value at the end of service
life is assumed to be zero and the charging device costs are not included. Operation costs include
charged electrical energy and maintenance cost. Technology replacement cost is the cost of replacing
the battery system after it has reached the end of its useful life. Table 3 describes the lifecycle costs
applied in this work.

Table 3. Lifecycle cost parameters.

Description Value
Bus purchase cost without a battery and transmission (€) 340,000
Single speed (final drive) transmission (€) 10,000
Two-speed dual clutch transmission (€) 12,000
Battery cost (high power LTO) (€/kWh) 800
Battery useful life (cycles) 10,000
Battery maximum calendar life (years) 10
Maintenance cost (€/km) 0.2
Electricity cost (€/kWh) 0.155
Service life (years) 16
Annual operation (h) 4000

The electricity price is the average price from 28 EU member states for non-household consumers
in the first six months of 2019 and includes all taxes and levies [25]. The other cost parameter values,
other than the two-speed gearbox, are from the work of Lajunen [1] and Fries et al. [26]. The service
life of the bus is 16 years, while the LTO battery maximum calendar life is only ten years. This
indicates that the battery must be replaced at least once.

Transmission complexity and cost are related to the maximum input torque, gear ratio and
number of gears. Regarding the additional cost to the transmission due to a two-speed gearbox in all
electric vehicles, Ruan et al. [17] present an estimate of 20% based on a statistical model built from a
comprehensive transmission cost dataset. This translates to a 2000 € cost margin for the electric bus
in the case study in the present work.

3.4. Building and Solving the Model

For the model with a two-speed gearbox, the gear ratios were determined. The optimization
objective was to minimize the energy consumption of the vehicle. This process was executed for
different cycles separately because the optimal gear ratios and shifting policy vary between cycles.

The gear ratio search range of the two-speed gearbox was split at the single speed differential
gear ratio of the reference model in order to retain the vehicle acceleration and top speed
performance. The reference single speed ratio was 7.0 and, therefore, the first gear ratio in the two-
speed gearbox was set to be larger than 7.1 and the second gear smaller than 7.0. In the gear ratio
optimization process, ratios from 2.0 to 7.0 and from 7.1 to 20.0 were covered, for the low and high
gear, respectively. Increment for the iteration was set to 0.1.

The simulations were carried out for five driving cycles: The standardized city bus cycle
Braunschweig, and three measured cycles from Espoo bus line 11. In addition to the measured cycles
E11-LT, E11-MT, and E11-HT, the combined cycle E11-C was used.

The vehicle dynamics, powertrain and gear ratio optimization models were formulated with the
Python programming language. The integer programming model was formulated algebraically using
Gurobi Python interface functions, and solved with Gurobi 8.1 solver with the default settings. The
used solver is based on the branch-and-bound algorithm and comes with additional acceleration
techniques, such as cutting planes and preprocessing.
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4. Results and Discussion

The results of the simulations are first presented graphically for the reference and the two-speed
gearbox case to illustrate optimal gear shift scheduling and efficiency improvement by motor and
inverter operation point shifting. Then, differences in energy consumption between the reference and
the two-speed gearbox and CVT alternatives are presented numerically to address the first research
question. In the final section, a comparison of lifecycle costs of the powertrain alternatives shows that
the two-speed gearbox is the cost optimal solution on the standard Braunschweig driving cycle.

Figure 8 shows the two-speed gearbox induced efficiency improvement in terms of motor
operating points on the E11-MT cycle, which had the highest energy consumption on the Espoo 11
route. The most notable effect of the two-speed gearbox is that the operating points were shifted
towards lower motor speeds and higher torques in the positive torque region. In the negative torque
region during regenerative braking the full speed range of the motor was utilized. More generally,
the operating point pattern variation between propulsion and braking is larger for the two-speed
gearbox compared to the reference.

2000
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Figure 8. Comparison of operating points of the motor (E11-MT).

The Espoo 11 reference cycle is characterized by a high number of stops and subsequently a high
number of acceleration and braking events. With the two-speed gearbox, regenerative braking is
frequently executed with the first gear (high gear ratio) resulting in lower torque and higher speed
of the motor compared to the second gear. This is evident from the negative torque region in Figure
8. Additionally, Figure 9 shows clearly that high gear ratios are favored for decelerations with both
multispeed gearbox options.
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Figure 9. Illustration of optimal gear ratio selection policy for the CVT (a) and the two-speed gearbox
with five second minimum gap between changes (b). The speed profile is a 200 second section from
the E11-LT driving cycle.

Tables 4 and 5 show numerical values of energy consumption for each of the five studied routes,
comparing the reference two-speed gearbox and CVT alternatives. The gear shift time limit parameter
was set to one second in all the simulations that are reported in the tables.

Table 4. Energy consumption advantage achieved with the two-speed gearbox in five driving cycles.
All energy consumption related numerical values are reported in units of Wh/km.

Cycle Erer EcB AE AE(%) i1 12
E11-LT 523.1 512.3 -10.8 2.1 5.0 17.2
E11-MT 596.5 584.6 -11.9 -2.0 6.8 19.9
E11-HT 551.6 534.2 -17.4 -3.2 6.4 19.9

E11-C 557.0 545.0 -12.0 -2.2 6.3 19.9

BW 627.4 611.7 -15.7 2.5 6.8 19.2

Table 5. Energy consumption comparison between the CVT and the reference powertrains. Positive
AE value represents consumption disadvantage with CVT.

Cycle Erer EcB AE AE(%)
E11-LT 523.1 533.6 10.2 1.9
E11-MT 596.5 620.4 23.9 4.0
E11-HT 551.6 561.9 10.3 1.9

E11-C 557.0 571.8 14.8 2.7

BW 627.4 644.9 17.5 2.8

With the two-speed gearbox the results show increased combined efficiency of the motor,
inverter and the gearbox in all the E11 cycles, resulting in lower energy consumption. On the contrary,
the CVT results in increased consumption in all the cases. Although the CVT reaches higher efficiency
operating points of the motor and the inverter due to continuous gear ratio adjustment, this
advantage is undone by the losses in the belt system.

Overall, the two-speed gearbox could improve energy efficiency by 2.0 to 3.2%, depending on
the driving cycle and the powertrain characteristics. Energy consumption decreased most on the E11-
HT cycle with the two-speed gearbox and inversely increased least with the CVT. This cycle has
higher speed variation than the other E11 cycles. The Braunschweig cycle is also characterized by
high speed variation and shows a significant 2.5% consumption decrease. On all the cycles the CVT
performed worse than the two-speed option.

The difference in optimal gear ratios across all the cycles is small, with the optimal ratios found
on the higher ends of the ranges for both the low and high gears on all the E11 cycles. Due to the
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optimal ratios located at the end of their ranges, the gap between the ratios is wide. Subsequently,
the motor control needs to respond to large changes in the reference speed.

The relationship between the two-speed gearbox shifting time delay (gap) parameter M and the
energy consumption is presented in Figure 10 for the E11-LT, E11-HT and Braunschweig cycles. The
pattern is similar in E11-LT and E11-HT, showing consumption increasing roughly linearly with the
shift gap values between 1 and 20 s. For the E11-LT cycle, all of the consumption advantage of the
two-speed gearbox is lost when the shift gap value reaches 20 s. On the other hand, increasing the
shift gap from one to ten seconds has only a marginal influence on the consumption with the
Braunschweig cycle.

E11-LT E11-HT BR
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§ 5250 e
S 5225 550 1 625 1
c
% 520.0 545
£ 517.51 620
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c i
g 210 615 -
& 5125 535
L]
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Figure 10. Energy consumption as a function of the minimum shift gap parameter value. The dashed

horizontal lines represent the reference consumptions.

Table 6 shows the tradeoff between capital, operation and technology replacement costs. Only
comparison between the reference single-speed and the two-speed option are shown, as the CVT
didn’t show any efficiency improvement. Importantly, the savings in charging cost and battery
investment and replacement costs achieved with two-speed gearbox option exceed the increased
investment cost of the transmission. The savings are distributed rather evenly between battery cost
and charging cost.

Table 6. Comparison of lifecycle costs between the reference and two-speed gearbox vehicles for the
Braunschweig cycle. Energy consumption advantage of the two-speed gearbox is translated
proportionally to battery capacity and cost.

Cost Item (€) Reference Two-Speed A
Purchase cost without battery and transmission 340,000 340,000 0
Transmission 10,000 12,000 2000
Maintenance 192,000 192,000 0
Battery 44,000 42,900 -1100
Battery replacement 44,000 42,900 -1100
Lifetime electricity 90,288 88,031 -2257
Total -2457

5. Conclusions

The results of this work point towards a marginal potential of a two-speed gearbox utilization
to improve ECB energy efficiency. The developed gearbox gear ratio and shifting policy two-level
optimization model was found to be a practical and useful tool for vehicle powertrain design. The
computational of the two-level optimization time was only a few seconds with a standard desktop
computer for a typical 30 min driving cycle with one second time step duration.

The motor and inverter losses were found to depend on the driving cycle characteristics, and the
simulation results suggest that powertrain efficiency was increased at higher power, which correlates
with higher speeds and frequency of acceleration and deceleration events. On the other hand,
utilization of motor and inverter operation point shifting along a power contour brings larger benefits
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on above average vehicle speeds when power demand is low instead of high. This is most evident in
Figure 5, where the slope of the 20 kW power line is the steepest. The energy efficiency of an ECB can
be improved with a two-speed gearbox, but the best utilization requires the consideration of the
optimal motor-inverter-gearbox combination.

The PMSM motor in the case study vehicle was originally selected because it has high efficiency
on a wide speed and torque range, which is useful when the power is transmitted through a single
speed gearbox. However, a multispeed gearbox can favor other motor types, such as an induction
motor, that have narrow high efficiency region, but lower capital cost than PMSM. Although the
focus of the present work was energy efficiency, a two-speed gearbox also improves acceleration and
top speed performance. A smaller motor could then be installed to the bus while retaining
acceleration and top speed performance with the help of the two-speed gearbox. Further work is
needed on the question of how the motor and gearbox interact in terms of selecting the motor design
and power rating.

Innovations in gearbox technology, with respect to lower losses, would increase the
attractiveness of the multispeed gearbox options for battery electric busses. This is evident from the
large increase in motor and inverter efficiency with the CVT, which is then more than canceled out
by the losses of the gearbox components. On the other hand, technology improvements in electric
machines may lead to a more even efficiency throughout the motor operating region and thus reduce
the potential to improve powertrain efficiency by operating point shifting. For instance, a prototype
direct liquid cooled PMSM shows variation in efficiency that is at most only five percentage points
between the extremes [27].

In translating the reported energy consumption advantages to real vehicles, the limitations of
the modeling approach need to be considered. Lower efficiency of the multispeed gearbox options,
both during continuous operation and shifting, compared to the single speed reference, influence the
attractiveness of the gearbox alternative. Experimental tests, considerations on the increased
complexity, and extending the scope of the analysis to reliability, serviceability, and compatibility are
advised before final design decisions are made. In the end, the design decision comes down to the
relative economic value of the alternatives. The increased efficiency with the multispeed gearbox
options translate to lower electricity charging cost and battery investment cost but these advantages
may be partially canceled by higher investment and maintenance costs.

Compared to light duty electric vehicles, ECBs have more consistent driving cycles, and the
powertrains are dimensioned according to the nominal operation with only a small margin for excess
performance. This results in higher overall powertrain efficiency because operating points are close
to the motor and inverter maximum power rating, which provides the highest efficiency. Assuming
similar main component selection, such as PMSM motor, it can be assumed that the results of the
present work can be generalized to ECBs that operate in different, but similar urban routes.

Previous work on light-duty EV multispeed gearbox feasibility has found that the typical power
demand in these vehicles is only around 10% of the maximum rating [28]. Optimal gear ratio selection
and shifting of operation points in these low-power contours are different from the higher power
region, which explains the results in the present work differ from similar work for light-duty vehicles,
such as Nissan Leaf. This suggests that a separate analysis for different vehicle types and operating
environments is required.
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Nomenclature
Greek Symbols
Qrwh Angular acceleration
n Efficiency
p Density of air
T Torque
w Angular speed
Symbols
a Acceleration
A Vehicle frontal area
cr Rolling resistance coefficient
Cw Aerodynamic drag coefficient
C Energy consumption with first gear
C Energy consumption with second gear
Fx Tractive force
g Gravitational acceleration
h Step size
i Gear ratio
I Motor output shaft total moment of inertia
k Index of time step in vehicle dynamic model
M Vehicle total mass
N Number of consecutive time steps before gear shift is allowed
P Power demand
r Tire dynamic radius
S Gear shift energy consumption penalty
t Index of time step in gear change model
T Number of time steps
Ve Driving cycle speed
Vol Vehicle speed
Yy Binary variable to indicate which gear is active
y Binary variable to indicate if gear change was executed
Subscripts
dc Driving cycle
gr Gearbox
inv Inverter
m Electric motor
tr Transmission
wh Wheel axle
Abbreviations
BW Braunschweig driving cycle
CVT Continuously variable transmission
El1 Espoo, Finland bus route 11
ECB Electric city bus
EV Electric vehicle
HT High traffic
VT Infinitely variable transmission
LT Low traffic
LTO Lithium-titanium oxide
MT Medium traffic
NEDC New European driving cycle
PMSM Permanent magnet synchronous machine
UDC  Urban driving cycle
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Appendix A

This section presents the motor/generator and the inverter efficiency functions that were applied
to compute the maps featured in Figure 4. Modelling of the motor/generator efficiency is based on
the work in [24], but with substantially different parameter values due to the different motor
characteristics.

Motor/generator efficiency is defined by:

I m n
1T, i w i
Pm,loss(Tmt W) = Z a; ( = = (Pbase_loss —by) (A1)
e Tm,max Wm,max
W Tm
, = ma i) A2
N (Wmy Trm) X{nm,mm O T + Pm,loss(Tm' wm)} (A2)

where ai, bi, mi, ni, and Puase_ioss are parameters in the motor power loss function Pumioss(cwm, Tm). The max
function in (A2) gives a lower limit 7mmin of the motor/generator efficiency. In the numerical case
study, the parameter wmmaxis 314, Tmmaxis 2000, Poase_tossis 11000 and 1mminis 0.5. The other parameters
that are indexed over i =1...10 are given in Table Al.

Table Al. Numerical case study parameter values for the motor power loss function.

i ai bi mi ni
1 -0.003 0 0 0
2 0.520 0 0 1
3 0.020 0 1 0
4 -1.022 -4000 1 1
5 1.300 0 2 1
6 0.103 0 2 0
7 -0.334 0 0 2
8 0.450 0 3 0
9 0.500 0 1 2
10 0.120 4000 0 3

The inverter efficiency is computed similarly as the engine/generator, but with only three terms
in the weighted sum. The formulation is:

ZI Tml \™ [ om \"
Pm.loss(rm: W) = a; ( = ) ( =~ ) (Pbase_loss —by) (A3)
= Tm,max Wm,max
WnTm
] = in’ A4
M (@, T) = X {nm,mm OmTm + Prioss(Tm wm)} (A2)

where c1, ¢z and c3 are parameters of the power loss function (A3) and receive values 5 x 10, 0.5 and
2.0, respectively, in the numerical case study. Additionally, the lower threshold of the inverter
efficiency ninominis set to 0.8.
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