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Abstract: Electric vehicles, particularly those in mass transit systems, make use of accurate power
estimations for different routes to calculate powertrain and battery requirements and plan the location
and times of charging stations. Hence, chassis dynamometers are a common tool for vehicle designers
as they allow for the emulation of vehicle performance and energy consumption by simulating
realistic road conditions. In this paper, a method is presented where inertia events and negative slopes
can be represented in the dynamometer through a single motor; allowing researchers to perform
fast and cheap tests, while also considering the effect of these variables. A dynamic simulation is
used to distribute the energy used in three ways: first, accelerating the vehicle by overcoming the
forces opposing motion; second, emulating the kinetic energy delivered by the vehicle mass when
decelerating; and third, emulating the energy delivered to the vehicle by negative slopes. Tests were
carried out on a dynamometer validating the method through an example route, estimating energy
consumption and regeneration; this method reduces the error in energy consumption by inertial
effects and negative slopes, otherwise not considered in one motor dynamometers, showing a 9.11%
difference between total test energy and real bus energy for this route.

Keywords: electric vehicles; bench dynamometer; vehicle simulation; battery power consumption

1. Introduction

Electric mass transit vehicles have become an attractive alternative in population
centers to provide mobility options with positive effects on the livability of cities; this is
because they reduce pollution by not using fossil fuels and are quieter than their internal
combustion counterparts [1-3]; however, massive implementation of electric vehicles (EV)
has technical limitations that are being solved day by day, and they are mainly: the weight
per kWh of stored energy ratio; the cost per kWh of energy [4]; the impact of battery
charging cycles [5]; and the infrastructure required for energy charging [6] and the impact
on energy distribution networks [7]. Alternative strategies to the use of batteries have been
explored such as the use of contact supply cables along the track [8], battery exchange
systems [9], wireless charging systems [10,11] or the implementation of electrified roads
(e-roads) [12]; these systems present even higher investment, assembly, and maintenance
costs than conventional electric bus systems [13—15] which limits their adoption.

Mass transit lines usually have established routes and hours, which is why it is pos-
sible to plan a battery charging system to maintain the highest possible uptime of the
service [16-18]; this is one of the reasons why public transport operators are increasingly
opting for tailor-made solutions that guarantee the highest energy efficiency per passen-
ger [19,20]. Among the tests performed, those of fuel or energy consumption have become
particularly prevalent with the existing global urgency to reduce CO, emissions [21,22].
For example, Hu et al. conducted an analysis two different energy management strategies
and battery sizes, where smaller batteries represented less energy consumption by fewer
passengers carried as system uptime decreased [23]. Kivekds et al. numerically evaluated
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six different bus models analyzing their driving cycle and passenger load sensitivity, where
aggressive driving was found as the main factor in increasing energy consumption [24]. Not
surprisingly, Perger et al. conclude topography has the greatest impact on public transport
routes, where the shortest route possible is often not the most efficient, either in passenger
distribution (amount of passengers transported) or energy required per passenger [25].
Most of these studies comment on the impossibility of reaching a general design solution
which is optimal for the different topographical, climatical and passenger requirements
within different cities and even different routes within the same city.

There are multiple other effects that require consideration to reach these efficient
designs, for example, speed differences within and between routes [26]. Many of these
studies make use of field tests with the vehicles to estimate energy consumption and
ecological aspects for different designs and operating conditions [27-30]. Other factors,
such as the use of heating systems have proven to increase energy consumption up to 64.5%
in the winter time, where tests where performed by driving four different electric vehicles
in 3 different times of the year (fall, winter and spring) [31]. Other types of tests have been
conducted by equipping buses currently used for mass transit in the city of Beijing with
pollutant emission detection systems, where rapid accelerations were found to have the
greatest impact on emissions and energy consumption [32]. Furthermore, simulation and
dynamometer tests have been validated through real vehicle driving, where once again,
the slope effect appears to have the biggest impact in energy consumption as shown by
Beckers et al. [33]. Because of the capability of properly representing these conditions,
the automotive industry uses vehicle dynamometers to evaluate the power train from
the batteries to the wheels, with the purpose of simulating specific operating conditions
by means of route variables (slope, speed, load/passengers) [34] and control variables
(environmental, road condition, traffic) [35,36].

These dynamometers may vary drastically in their components and operation based
on the particular needs of each vehicle manufacturer or research institution [37]. Amongst
the different types of dynamometers used, this research focuses on those where the entire
vehicle powertrain (often with chassis and cabin) is placed on rollers to simulate driving
conditions. Mayyas et al. published a review of these types of dynamometers classifying
them according to the adhesion/mounting of the vehicle to the dynamometer [38]; this type
of dynamometer has been widely used for decades [39-43] being subject to changes and
improvements, largely, in how vehicle inertia is represented. Traditionally, this was per-
formed by means of discrete disks used as a flywheel to store the kinetic energy; however,
many modern dynamometers use an auxiliary motor to emulate inertia or downwards
slopes [44,45]; these assemblies are generally used after the initial stages of the design
process, where it is desired to accurately evaluate a wide variety of component combina-
tions quickly [46,47]. The use of dynamometers and other technologies has allowed the
automotive industry to reduce vehicle design and production from upwards of 10 years, to
as little as a few couple years [48].

The need for an even quicker means of testing is one of the reasons why numerical
simulation becomes relevant to rapidly evaluate solutions; these studies usually fulfill the
function of evaluating many components and route conditions at a much lower cost and
time than route or dynamometer tests through the use of iterative or analytic methods
performed in virtual environments [49-51]. Studies in this area are varied, for example,
Bottiglione et al. simulate and compare electrical buses with different types of transmis-
sions [52]; Xu et al. propose methodologies for simulating traffic and driving styles [53];
while Fiori et al., propose an instant speed and acceleration analysis in order to estimate
electric vehicle energy requirements [54]; however, authors of these different studies, and
many others focused on mathematical simulation, comment on the limitations of using
theoretical models for precise component interaction analysis. For vehicle components
selection simulation software may be sufficient; however, components and systems combi-
nations are usually tested on a dynamometer to guarantee the desired performance while
accurately evaluating diverse route and driving conditions [55].
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This paper presents a method to emulate the different events present on the road
through the systemic integration of a servo-dynamometer and the power train of the
vehicle to be tested. The purpose is to integrate mathematical simulation elements with a
dynamometer to emulate electric vehicle operation, allowing for energy consumption tests
of real routes with a simple assembly of a single motor and brakes. The method aims at
emulating powertrain efficiency using the test-bench while simulating inertia and negative
slopes. In Section 2, the mathematical model of the vehicle and the dynamometer to be
used for vehicle representation will be introduced. Afterwards, a strategy is proposed for
representing vehicle dynamics using a one motor dynamometer. The motor is operated
either as part of the dynamometer, providing inertia and slope torques; or the vehicle
motor, providing the torque required for bus movement. The simulation algorithm is then
presented, as is the dynamometer used for model validation. Section 3 presents the results
obtained in terms of evaluating the mathematical model by representing a small route
segment in which a vehicle covers the distance between two possible bus-stops in a hillside
city. Section 4 presents the discussion of the results obtained considering how the method
improves the existing one motor options. Finally, Section 5 concludes with a summary of
the method while also discussing its limitations.

2. Materials and Methods

The vehicle in a servo-dynamometer is not under the same conditions as one on
the road as it does not accumulate kinetic energy or gravitational energy; therefore, they
must be represented to properly evaluate route performance. In this section, vehicle and
dynamometer operation are compared, emphasizing the way to distinguish energy used
by the vehicle’s engine on the track and the total energy required to conduct the tests.
Afterwards, the mathematical models of the vehicle and the dynamometer are presented.
Finally, the proposed simulation methodology is described.

A free-body diagram of the vehicle accelerating uphill is shown in Figure 1. The forces
and torques to which the vehicle system is subject on the road are: motor driving force
(Fm), gravitational force (Fy); rolling resistance forces (F;); aerodynamic drag force (F;);
inertia forces (F;) of the vehicle; inertial torques (T;) of rotating elements; torques due to
the motor (T,) propelling the vehicle; torques due to vehicle brakes (T} ); negative torques
due to friction between transmission elements; transformations of torques traveling from
the engine to the wheels; and, conversion of rotational to linear motion at the wheels (a
full list of expressions is provided in Appendix A). Of these forces and torques, some are
always negative, such as rolling or aerodynamic drag; however, the gravitational force and
inertial torques are constantly changing according to the dynamics of the vehicle and the
characteristics of the route being emulated. Therefore, the dynamometer roller is provided
with a device that provides negative torque, a servo brake, and one that provides positive
torque, a servo motor.

Fi 4

TS
13

Figure 1. Vehicle accelerating uphill.

This paper presents a methodology to use the engine of the vehicle being tested with a
double functionality: first, to propel the vehicle to overcome the forces and torques imposed
by the road, and second, to provide the torque that emulates the forces and torques due to
gravity and inertia. Proper energy separation, between actual vehicle consumption and the
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emulation of other torques, is necessary. To achieve this objective, the energy provided by
the battery is not counted in one counter but in three:

1.  Energy used by the motor to carry out the tasks of transportation.

2. Energy used to turn the wheels of the vehicle when the vehicle is going down a slope
pushed by gravity.

3. Energy used to turn the wheels of the vehicle when the driver’s command is to cut
the motor’s energy. At this point, the mass of the vehicle and the rotating masses
have stored kinetic energy and release it; however, in this method, only linear masses
are considered.

In cases two and three, one motor dynamometers simulate these effects through the
same motor used for accelerating (case one), thus energy used to reach and maintain
target speeds is different than that of actual bus operation. Furthermore, in actual vehicle
operation kinetic and potential energy stored in the vehicle enter the powertrain directly
to the wheel; this means that the energy required to represent these effects by the vehicle
motor is greater, as it needs to be transported from the motor to the wheel with the
respective vehicle efficiency. On some occasions the types of power consumption will
overlap; therefore, the vehicle and dynamometer are operated using a variable structure for
the control algorithm; this structure is divided into three levels (negative, positive, constant
or no change) for both factors (speed change and slope). The different operating conditions
or structures that the dynamometer emulates are shown in Figure 2.

(@) (b) (c)

Fbif-i\_. FF O\'iil\;@

Figure 2. (a) Vehicle accelerating in flat terrain; (b) Vehicle decelerating in flat terrain; (c) Vehi-
cle in constant speed in flat terrain; (d) Vehicle accelerating uphill; (e) Vehicle decelerating uphill;
(f) Vehicle in constant speed uphill; (g) Vehicle accelerating downhill; (h) Vehicle decelerating down-
hill; (i) Vehicle in constant speed downbhill.

This method does not consider reversing because it is relevant in terms of maneuvering,
but not in terms of consumption, particularly in public transit routes. Although constant
speed or slope could be included within their negative counterparts, their consideration as
neutral is useful for simulation purposes reducing the complexity of operations. Table 1
shows this relationship between the different sources of work, both to propel the bus and to
stop it. There are multiple cases where it is necessary evaluate the vehicle dynamics before
determining how torque flows within the powertrain. For example, a driver on a downbhill
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segment is likely to accelerate up to the target speed and then allow the bus to roll freely or
may even have to brake slightly to maintain a constant speed. For this stretch, the work to
accelerate the mass of the vehicle is done partly by the bus motor and partly by the slope;
then, to maintain its speed the slope does most if not all the work.

Table 1. Variable structure for determining sources of work.

Decelerating Constant Speed Accelerating
Work (EV Sim)
Braking (EV Sim) Work (Motor)
Flat Regeneration (EV Sim) Work (Motor) Inertia (Motor)
Inertia (EV Sim)
Work (EV Sim)
. Braklng (EV Slm? Work (EV Sim) Work (Motor)
Uphill Regeneration (EV Sim) Slope (Motor) Inertia (Motor)
Slope (Motor) P Slope (Motor)
Inertia (Motor)
. . Work (EV Sim)
Braking (EV Sim) . . . .
Downhill Regeneration (EV Sim) Braking (EV Sim) Braking (EV Sim)

Regeneration (EV Sim)  Regeneration (EV Sim)

Inertia (EV Sim) Inertia (EV Sim)

2.1. Vehicle Mathematical Model

In this section we present the mathematical model of an electric vehicle which will be
used all throughout our algorithm to calculate the forces and torques to be represented. For
calculation purposes all torques and forces are analyzed at the wheel, where the resultant
force or F;, as shown in Equation (1), is equivalent to the bus’s force as experimented by
the chassis and cabin:

E+ﬁ+§+M’ =Y F=F, (1)

The rolling forces and aerodynamic drag are determined by vehicle components
and chassis and the gravitational and inertial forces by its operating conditions; their
respective models will be presented in the following section. The relationship between
the linear moving elements (bus mass), to the torque of the rotating elements (e.g., motor
and powertrain), are shown in Equations (2) and (3); these expressions are used to obtain
forces and speeds at the wheel from their torque and angular velocity counterparts. With
rw as the wheel radius and éw as the angular speed of the wheels. The torque sum on
the wheel in terms of motor torque is show in Equation (4). Where 7; is the transmission
efficiency; R, as the torque relation between motor and wheel (given by 6;,1 / 9;0) s Im v Iy as
the inertia moments of elements on the motor side of the transmission and wheel side of
the transmission; and 0 as their respective angular speeds.

Tw = Fy X1y (2)
. (%
%:é 3)
do,, d'
Tow X 1t X Re o In=— = X X R+ p— = + Ty = Y T=T, 4)

dt
2.1.1. Speed Control

The motor torque, Equation (5), is obtained from the throttle actuation percentage,
%Yy, shown in Figure 3 as the proportion of available power employed. The maximum
torque line is available only for brief periods of time before damaging the motor, thus %y
represents an operation point somewhere between 0 (no throttle) and the continuous torque
line (100% throttle). Motor angular speed, RPMy,, is used to determine the horizontal
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coordinate within the efficiency map; while the respective efficiency, 7, is determined by
RPM,, and %y.

T = f (%, RPMy, 1m) (5)
o, —
/0’)/ - f(vvr/ Xi/ ti/ ﬁl/ ﬁZI ﬁ3/ ﬁ4, T) (6)
1000 Maximum torque
_ Continuous line for short periods
it
|i(:jue Maximum
800 — power
| point
E
£ 600 —
2]
3 —
T Output
'Q 400 —
200 «—
0
0 1000 2000 3000 4000 5000 6000 7000

Input  Speed (RPM)
Figure 3. Efficiency Map for an electric motor.

The throttle percentage, %, is a complex function shown in Equation (6) that the
driver adjusts according to its parameters which are described in order of appearance:
(1) vyr: The ratio between vehicle speed and the reference speed for current segment of the
route; if the route is in good conditions, straight and with no traffic, v,, increases and vice
versa. (2) X;: is the current distance traveled. (3) ¢;: time elapsed since the start of the route.
If the time is short in relation to the expected value for this position (X;) in the route %y
decreses and viceversa; this speed set-point and difference to the expected location are
constructed using a multi-variable PID that generates both positive and negative throttle
values. Parameters 4 to 7 (8 parameters) are route characteristics which modify the PID
output as speed reductions: B indicates whether the vehicle is approaching a regular stop
or a traffic light. B, indicates the presence and distance of vehicles in front. 33 indicates a
passenger’s request to stop. B4 indicates varying road conditions: humidity, sand on the
road, visibility, etc. Parameter 8, T, indicates the driver’s personality: calm, fast, aggressive,
and may be used for PID configuration, in the form of acceleration and braking ramps or
actuation delay. Further s may be added as required by designers to represent different
road conditions which are of interest, such as the weather (rainy, dry, snow), or temperature.

2.1.2. Braking

The driver operates the brakes of the vehicle by generating a torque T as shown
in Equation (7), whenever the target speed is lower than the current speed, while also
depending on the different events, 3s, described above as shown in Equation (8).

Ty = f (%) 7)

%o = f(B1, B2, B3, Pa, T) 8

The brake converts the kinetic energy from the mass in motion into electrical energy
(regenerative braking), thermal energy (traditional braking), among others; it is assumed
that in electric vehicles a certain percentage of braking is performed by the motor and
results in regenerative braking (T},); therefore, this torque is obtained as a function of the
motor RPM (and the available negative torque for this RPM) and the %set adjustment of
braking torque made to the motor control as shown in Equation (9). For example, 0-30% of
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the brake pedal travel may be assigned exclusively to regeneration and thereafter braking
is made as a combination of both types of braking, up to 100% of available braking torque.

Tyrg = f(RPM, %y, Yoset) 9)

When regeneration is being evaluated, regenerative torque Ty, is subtracted from
the torque T}, and the regenerated energy is calculated. The amount of energy regenerated
depends on the efficiency of the vehicle’s powertrain, motor, inverter, and the ability to store
the energy in the batteries. In this method a mirrored efficiency map, as show in Figure 4,
is used to calculate motor regeneration for negative torques. In our implementation
efficiencies are calculated instantaneously from dynamometer sensors; however, a custom
efficiency map obtained, which may prove more accurate than assuming that positive
torque efficiencies are equivalent to those of negative torques used for regeneration.

300

Maximum .
Torque

200 [

E 1% 0.87

Z i T -

g 0 - ===== e e L =t ]
24 1=

P -100 | | p

Regeneracion
o frenado

1
(]
o
o

T

6000 8000
Speed (rpm)

10,000 12,000

-300

0 2000 4000 14,000

Figure 4. Mirrored efficiency map for regenerative torque.

2.2. Dynamometer Mathematical Model

The torque to which the vehicle is subjected on the dynamometer is given by expression
Equation (10). With a, as the linear acceleration of the vehicle, v, vehicle speed as measured

by dynamometer sensors, a as the angle of inclination of the route, 8,, as motor angular

speed, 6, wheel angular speed, and M as the rolling coefficient of the road in relation to
that of the dynamometer.

Tdyna = f(av, Vo, ém, Qw, o, M) (10)

The forces and torques that the dynamometer must emulate correspond to our repre-
sentation of the vehicle on the track and they are T, as the aerodynamic drag torque; T, as
the rolling torque; and T, as the gravitational or slope torque; their values are calculated
before actuation, through either motor or brakes, using Equations (11)—(13), using 7, to
transform the respective vehicle forces into torques.

1
Ty =roFy = erpCdA(vU)2 (11)

Ty = royFy = 15 m g sin(a) (12)

With p as air density; C; as the drag coefficient and A as the front area of the vehicle.
For vehicle tests on flat highways, the relative wind-vehicle speed, and the angle between
the two are analyzed as the variable drag coefficient according to the Reynolds number. In
addition to the aerodynamic force, the brake also simulates T, (Equation (13)), as a function
of its difference from that of the dynamometer; and T, with m as the mass of the vehicle.
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This method evaluates bus rolling T; as a function of vehicle mass m, tire pressure Py,
and rolling coefficient R as shown in Equation (14). Dynamometer friction, T, is a function

of angular velocity f (Gm) , and is composed of static and dynamic friction components

which depend solely on the RPM and must be determined by operating the dynamometer
without any braking for all ranges of available RPMs. The torque measured by the sensors
at constant speed for every RPM corresponds to dynamometer friction torque. The method
compares Tr and T,; applying only the difference between expected vehicle rolling and
actual dynamometer rolling.

T, = f(m, Py, R) (13)

After determining the dynamometer’s rolling its inertia is also calculated by cold-start
to max-RPM accelerations. In Equation (14), dynamometer speed change over time and
motor torque, T, are measured and T,; is known from the previous characterization,

allowing for the calculation of I;,,. For this calculation édym represents the angular speed
of the elements on the side of the main transmission. Otherwise, it might be assumed
that T,; = T, and that vehicle rotational element’s inertia and dynamometer’s inertia
are similar, thus requiring no calculations as the effects are properly represented in the
dynamometer. Such simplification is possible as powertrains should be similar if not equal
for both dynamometer and evaluated vehicles, while rolling between the wheel and road
or contact surface may be calibrated through means of contact-surface tensioning, tire
pressure or other equipment.

dédymz

—a (14)

T = Tj, (em) + Ligna

2.2.1. Energy Counting

The torque used by the motor to simulate negative slopes with speed change is given
by Equation (15). While the torque used by the motor to simulate inertia is given by
Equation (16). Subindex i and g in the torque denote it’s the portion of motor torque
corresponding to inertia and slopes respectively.

, 1 ds, de,
m gsin(a) = — leg X Ry X 7t + Ry ImTT + Ly dztv ] (15)
w
Av, 1. A0, 6,
m A —M[Tml X Ry Xt + Ry Imdt+lwdt] (16)

The motor energy counter evaluates discretely for every At (given by iteration time),

using the values measured by machine sensors (6,, Ty) as inputs for Equation (17). Energy
consumption or regeneration is later added for all segments, as shown in Equation (18),
from which energy required for any route or specific route segment may be calculated.

AE = (ng + Ty + Tagna + T ) X O % At (17)

i=iy

E= )" AE (18)
i=0

Figure 5 shows powertrain components, dynamometer components and their inter-
actions. The energy flows (solid lines) are torques and forces applied to the vehicle on
the dynamometer, while information flows (dotted lines) are simulated within the control
and their effects are represented through dynamometer motor or brakes. Thus, physical
representation and simulation components are integrated. Energy is accumulated in the
form of height and speed, in relation to vehicle mass, as seen from the light green boxes.
While light red boxes represent non conservative forces and are applied through the brake.
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Velocity and torque calculations are made at the wheel; hence velocity and distance lines
start from it and feed control components in blue after being processed.

Electric Vehicle Drag -
T P = |
) 1 1
Route+ |~~~ Heignt (h)- - - - - g - L
| briver(pc) [~~~ ¥ Rolling ="' '}
1 1
! Target Speed Potential L1 * :
: I slope Force— 4 Energy Force | Dynamometer | |
| Bateries ¥ v sl Controller 1
1 Vehicle T |
Acumulated Ener I
1 Controller = ¥ :
1
\ ' _Ineria_ | Kinetic L —Fc;\;ce Brake 1
| | Motor+Variator |- Set Point | Force Energy 1
[
1 1 5
! l (e i________ _ _ _Velacity (X)
1
! i
1
1
: Normal Forci :
_______________ ; S e L S T
L pistance (X) Dinamometer

Figure 5. Energy and information flows in the dynamometer.

2.2.2. Virtual Route Recreation

The inputs required for this methodology are the topography of the route (particularly
the slope and the condition of the road), vehicle target speed and the number of passengers
according to the distance traveled. The stops along the route and other route characteristics,
such as speed reductions, bus stops, among others are included as the fs mentioned in
Section 2.1.1; these are entered as an array where the route is split into different segments
which represent the changing road characteristics mentioned before. Segment length may
vary in order to adequately represent the changing characteristics of the route being studied.
Route information may be collected in-situ, reconstructed from GPS, satellite, drone survey
or even constructed through manual or simulated inputs. Information for a particular bus
route in these hillside city environments in shown in Figure 6.

. 50
Legend axis 1 7
— Slope (degrees) &
Target Speed (km/h) 40 1

d axi 2
o
Legend axis 2 3 » 2
= Passengers a 4 E
— Stop -] @
] ] F3 @
g 2 2
o ]
n @
5 rZ m
o (-9
% 101 ~
-1 g

0 Lo

F-1
_10 -

0 2000 4000 6000 8000
Distance (m)

Figure 6. Route plot for an entire bus route on a hillside city.
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2.3. Emulation on the Dynamometer

From the route information, the driver uses Equations (6) and (8) to actuate the
vehicle’s motor and brakes. Then, the dynamics of the vehicle on the wheel are evaluated
using vehicle Equations (1)—(9) and the dynamometer Equations (10)—(16). The difference
between the torques to which the dynamometer and the vehicle are subjected is obtained;
this resultant force, Fj,,, (or dynamometer force), when opposing the movement of the
vehicle is applied by means of the dynamometer, as vehicle force is correctly represented
by Y Fy = Fyyns- When a negative torque is to be simulated the brakes are left unoperated
and thus Fg,,, is equal to zero.

Afterwards, based on the driver’s personality (e.g., how fast the driver wants to
reach his target speed) and route information a new target speed for the bus is obtained.
Equation (19) is obtained from Equation (1) by incorporating the bus and dynamometer
relations and is used to evaluate inertia for the vehicle and adjust controller velocity
considering the represented conditions.

dx Xi— i

de,
ar m _Prd+1dynaW+denu+Fm (19)

Slope and inertia energy are calculated through Equations (15) and (16) and their
value is subtracted from the total energy used as measured from the dynamometer sen-
sors. Energy used can be measured either as voltage and current between batteries and
variator (electrical power) or torques and angular speeds at the motor (mechanical power),
depending on the instrumentation available. Figure 7 shows the operation algorithm
used to control the dynamometer and for energy consumption calculation; red squares
represent torques that oppose movement, green squares those that propel the vehicle for-
ward, yellow squares energy calculations and blue and cyan squares represent control and
communication operations.

R 4-[ Initial Torgque Sum = Tq |

[
- -.- | Update Slope and Speed targets

|

|
{‘ Target Speed
Check Slope

*—Uphill [mwnhil!-il i'-vi 2 Vi1V <V 1}

Torque Sum = Torque Sum = Torque Sum = Torque Sum =
Torque + Ty Torque - Ty Torgue + T; Torque - T;
L. .
‘—‘I'orque Sum =0 Torque Sum < l:|ﬁ
I Torque brakes = Torque Sum I [ Torque brakes = 0 l
I |
v v
[ Calculate Slope Energy } I Calculate Inertia Energy I

[ J
¥

Bus Energy = Motor Energy - (Slope Energy + Inertia Energy)

'

PLC - PC Comms (update sensed values) l

L -Distance (X))-
v - - -Speed (Vj) - 1

Figure 7. General Operation Algorithm.
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Model Evaluation with Dynamometer Tests

A dynamometer with the characteristics described in previous sections (rollers, belt,
and a single motor), and shown in Figure 8, was used to simulate the different operating
conditions. A windows computer with Labview (version 2020, National Instruments (NI),
Austin, TX, USA) was used to read route files from excel spreadsheets which contained
segment information. LabVIEW was also used to simulate the driver and conduct energy
and braking calculations; iteration values for acceleration and braking were sent to the PLCs
via Modbus. Two PLCs were used, one for the vehicle and one for the dynamometer, which
conducted motor and brake operation, sensor readings and controlled other subsystems
such as refrigeration and emergency brake release or battery disconnection. The computer
saved instantaneous energy and other sensor readings for each iteration in an excel file
which was later processed in Python (version 3.9.3, Python Software Foundation, Beaverton,
OR, USA) for total energy calculations.

Figure 8. Dynamometer used for model evaluation.

Powertrain and dynamometer components are listed as follows: (a) Motor—HPEVS
AC-20-03.27.8. Maximum torque: 173 Nm. RPM range: 0-8000 RPM. (b) Driver: HPEVS
Curtis 1238e-7621 Controller. Connected to a 96 V DC battery pack. Maximum current 650
Amp; (c) Continuously variable transmission (CVT), Drive Pulley—Polaris® (Medina, MN,
USA) Primary Drive Clutch for Sportsman 500. Driven Pulley—Team® (Audubon, MN,
USA) Tied Clutch Arctic Cat Pro Chassis reference 421896. Belt—Gates® (Denver, CO, USA)
4430V560 Multispeed; (d) Torquemeter—Galoce® (Xi’an, China) GTS100 Dynamic Torque
Sensor. Torque range 0-150 Nm. (e) Torquemeter—Forsentek® (Shenzhen, China) Rotary
Torque Sensor fyd. Torque range 0-1000 Nm, not shown in this image. (f) Gearbox: 40-
97001-3, Flowfit, relation: 3.8:1; (g) Wheels and contact surface; (h) Brakes and Compressor:
Minimum brake pressure (each): 0.2 atm/Minimum brake torque: 0.9 Nm; Maximum
brake pressure: 8 atm/Maximum brake torque: 1400 Nm.

A test route corresponding to a 200 m stretch from one stop to another (e.g., no
passenger change) was used to analyze the method’s results, as shown in Figure 9; this
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type of route corresponds to hillside cities where urban or suburban buses travel short
lengths within stops (100-300 m) with varying slope and road conditions; this test route
was chosen as it displays a downhill segment starting from rest, where the bus brakes to
stay close to the target velocity of the segment as the driver has a speed reduction event
(3 in the form of a speed bump. The slope increases slowly until reaching positive values
which coincide with the greatest positive inclination. Afterwards, the driver coasts for the
rest of the route until decelerating near the end, close to the next stop.

—— Slope (degrees)
Motor:-Wheel Relation

—— Target Speed (km/h)

—— Segment Number

20

10

-10

0 50 100 150 200
Distance (m)

Figure 9. Test route data.

3. Results

We present the test route to be analyzed from which three different types of interactions
between torques are shown. In the following figures, the x axis shows the number of
iterations (i) corresponding to the update of the sensors and actuators values, where the
time (dt) between iterations is 0.5 s; this test lasted for a total of 2:04 min where 206 m
are covered. There is only one stop at the end of this segment, as the route describes a
segment of continuous bus operation; therefore, there is no passenger hop-on or off the
dynamometer simulates a mass of 1200 kg during the whole test.

3.1. General Route Information and Data Overview

Figure 10 shows the RPMs and torques measured by both torque meters, the one
before and one after the main transmission, as shown in Figure 10. Measurements obtained
from the first torquemeter are henceforth called ‘“Torque_motor’ and ‘RPM_motor’; whereas
those obtained from the second torquemeter are called ‘RPM torquemeter 2" and “Torque
Torquemeter 2’. In addition, there is an encoder located on the dynamometer rollers,
from which actual road speeds and distance were calculated; this test shows a vehicle
accelerating up to a speed of 17.21 km/h and decelerating to 1 km/h. The segment
begins with a negative slope starting at —9 degrees, becoming flat in iteration 90, and
increasing until iteration 165, with a maximum value of 14 degrees uphill. The point of
maximum speed coincides with the point of maximum gradient located at iteration 145.
The dynamometer brakes start to apply torque when the sum of torques (“Torque Sum At
Wheel’), as obtained from Equation (4), represented by the cyan line in Figure 10b surpasses
zero; however, torques lower than 100 Nm in the wheel were not correctly applied. Inertia
torque reaches a maximum value of 198 Nm in iteration 162; while the slope torque has a
maximum value of 970 Nm in this same iteration.
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Figure 10. (a) Measured torque and RPM; (b) applied torques.

From the torque and RPM values measured, power usage as show in Figure 11 is
obtained. In it, solid lines (red, yellow, and gray colors) represent the electrical consumption
measured by the current and voltage sensors, for the electrical power; and torque and RPM
for torquemeters 1 (motor power) and 2 (mechanical power, which takes into account pow-
ertrain efficiencies). The dotted lines show the corrected torque considering the simulated
dynamics; where the light blue line shows the real power used by the bus motor and the
dark blue line the real power of the bus at the rim, after subtracting mechanical losses.
In the downbhill sections (beginning of this route) the power of the bus is lower than that
measured by the sensors thanks to the descending slope contributing most of the torque
required for vehicle acceleration.

—— ELECTRIC_POWER (kW)
MOTOR_POWER (kW)
MECHANICAL_POWER (kW)

--- BUS_POWER (kW) 204

BUS_ELECTRIC_POWER (kW)

25

i

Power (kW)
1=

0 50 100 150 200 20 300
Iteration Number

Figure 11. Calculated and corrected powers integer route.

In Figure 12 the different energy counters are shown, determined by the dynamics
of the bus and the sources of work. On solid lines, dyna energy accounts for total energy
consumption in the test, while bus energy accounts for actual bus consumption. The
dashed lines show the amount of energy spent by the dynamometer to represent inertia
or slopes. Inertia energy and slope energy account for total slope and inertia energy,
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regardless of the source of the work. Dyna inertia energy and dyna slope energy, in pink
and cyan respectively, show the amount of energy used by the motor in order represent
both phenomena: this is the total amount of energy subtracted from motor energy in order
calculate real bus consumption. The negative energy values in the bus energy counter
correspond to energy regenerated by the motor, while the positive values correspond to the
energy used by the bus. There is a difference of 9.11% between the total energy used by the
dynamometer and the real energy of the represented vehicle; this difference will be further
elaborated in Section 4.

Legend axis 1

—— DYNA_ENERGY (kWh)
BUS_ENERGY (kWh)

Legend axis 2

=== INERTIA_ENERGY (kWh)

=== SLOPE_ENERGY (kWh)
DYNA_INERTIA_ENERGY (kWh)
DYNA_SLOPE_ENERGY (kWh)

Ax 1. Accumulated Energy (kWh)

- 0.10
0.30 4

025 r 0.08

20
020 - 0.06

0.15
F0.04

Accumulated Energy (kWh)

F002 .

Ax 2

r0.00

Iteration Number

Figure 12. Calculated and measured energies entire route.

In the following figures are shown several sections of the route where the particularities
of the proposed methodology are evidenced.

3.2. Analysis of Specific Torque Interactions

The initial half of this route is presented divided in three different sections: (1) a
downbhill section with a constant slope, (2) a section where the slope changes from downhill
to uphill and (3) an uphill section. The three sections presented represent multiple cases of
interactions, from those presented in Figure 2, where the vehicle is accelerating: (a) Vehicle
accelerating in flat terrain; (d) Vehicle accelerating uphill; (g) Vehicle accelerating downbhill.
The impact of inertia in deceleration is discussed in Section 4, where the ripple seen from
iteration 150 to 170 is commented.

3.2.1. Accelerating Downbhill Stretch with Constant Slope

Figure 13 shows a section that starts from rest and in which the bus is on a —9 degree
slope. The bus slides slowly downhill while the bus driver brakes and the bus regenerates
energy. The slope accelerates the bus overcoming rolling, inertia, and aerodynamic drag.
The dotted cyan line in Figure 13c, corresponding to the regenerated electrical power,
is lower than the real power in the tire as a function of the losses in the transmission
system. Total regeneration for this segment is of 0.0011 kWh; compared to a consumption
of 0.0039 kWh by the dynamometer.

3.2.2. Downhill Section with Changing Slope

Figure 14 shows a section in which the bus accelerates with a slope that changes from
—9 degrees to 0 degrees; represented by the torque in Figure 14b. In iteration 78, the slope
corresponds exactly to the rolling, negating both effects. Before this iteration the motor
does not work to accelerate but to brake, and after this section the motor exerts torque
incrementally; this is the reason why in Figure 14c Bus Electric Power is shown to increase
as the speed increase continues in the section; with a slope that goes from —9 degrees
to 3 degrees. In Figure 14d it can be noticed that at iteration 90 for this route the energy
consumed by the bus is 0 kWh, then it increases up to 0.0138 kWh at iteration 110.
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Figure 13. Accelerating downbhill stretch with constant slope. (a) Torques and RPMs measured by
dynamometer sensors. (b) Torques values per origin force. (¢) Dynamometer power and equivalent
bus power. (d) Accumulated energy for the whole route.

L 1 laa 400
egend a) 1500
=== TORQUE_MOTOR (Nm) | 22
~-- TORQUE TORQUEMETER 2 (N 200
(Nm) 3000
—— RPM MOTOR r20
RPM TORQUEMETER 2
2500 L1 E o
2
Legend b) z .
& 2000 s 2
=== INERTIA_TORQUE (Nm}) E' -200
~ == AERO_TORQUE (Nm) M
=== ROLLING_APPLIED {(Nm) 1500
~~- SLOPE_TORQUE (Nm) ;
—— TORQUE T2 WHEEL (Nm) 1000 R N R
TORQUE SUM AT WHEEL (Nm)
Lo P
500 -600 1—
50 &0 0 6 % 10 110 % & 0 & @ 100 110
Iteration Number Iteration Number
Legend c) 0035
_— ELECI'RIC_PDWER (kW) 6
MOTOR_POWER (kW) g 0030
MECHANICAL_POWER (kW) H
--- BUS_POWER (kW) < 005
--- BUS_ELECTRIC_POWER (kW) B P
z g 0020
™ w
Legend d) g § 0015
—— DYNA_ENERGY (K\Wh) 2 3
~— BUS_ENERGY (kWh) E o010
=== DYNA_INERTIA_ENERGY {kWh) E
—=- DYNA_SLOPE_ENERGY (kWh) 0.005
INERTIA_ENERGY (kWh) 0 <
=== SLOPE_ENERGY (kWh) 0000 {—===paans
50 &0 7 & w0 10 110 0 €0 70 0 %0 100 10

Iteration Number Iteration Number

Figure 14. Downhill section with changing slope. (a) Torques and RPMs measured by dynamometer
sensors. (b) Torques values per origin force. (¢) Dynamometer power and equivalent bus power.
(d) Accumulated energy for the whole route.
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3.2.3. Accelerating Uphill Changing Section

Figure 15 shows a section with torque, power, and consumption values similar to
those without using the corrections proposed by this methodology due to the fact that there
is a positive slope and an inertia that opposes the movement. Therefore, all torques are
opposed to the bus’s movement. For this reason, in Figure 15c, the electrical power and
mechanical power lines of the bus correspond directly to those measured by the sensors.
From iteration 110 the algorithm tries to apply the difference between the sum of torques
and the measured torque, however, there is a lag between the calculated torque to be
applied and the measured one; it is also relevant to mention that at iteration 142 that the
amount of energy applied by the slope reaches 0; as a function of the energy delivered by
the slope in the previous descent and the energy stored by the slope in the last ascent. In
this section we can compare the two solid lines of Figure 15b to show that the calculated
inertia torque presents a ripple compared to that applied by the brakes of the dynamometer;
however, its magnitude never surpasses 30 Nm in this segment, representing less than 3%
of the total energy consumption.
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Figure 15. Accelerating uphill changing section. (a) Torques and RPMs measured by dynamometer
sensors. (b) Torques values per origin force. (¢) Dynamometer power and equivalent bus power.
(d) Accumulated energy for the whole route.

4. Discussion
4.1. Inertia Torque Ripple and Iteration Time

Although the method can consider the most relevant driving phenomena through
numerical simulation, the time interval between iterations of 0.5 s is a disadvantage in
terms of emulation accuracy; however, was necessary in order to ensure proper Modbus
communication between the PC and PLCs; as over 100 registers were updated with every
read and write command. As mentioned in the results section, the consumption ripple due
to changes in speed cannot be emulated (only simulated) with this time-period between
iterations due to the brake application time and change in the engine set-point; iteration
time proved to be difficult to optimize as brakes and motor have actuation times that
differ in multiple orders of magnitude (according to our tests around 100 ms for the motor
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compared to close to two seconds for the brakes). Because inertia torque is applied after
speed changes, braking torque would increase and slow the bus, reducing inertia torque
thus allowing for further speed increases resulting in an unstable system, which requires a
multi-PID integration within the bus dynamometer transfer function; however, this effect
ends up being represented by a smoothed line (as seen in the dotted red line on Figure 15b)
that corresponds to the envelope of the torque to be applied; this is largely due to the
mechanical damping of the system for sudden accelerations of the motor (depending on
the dynamometer’s own inertia and rolling).

Figure 16 shows how despite the ripple caused by inertia simulation, with its limita-
tions mentioned before, actual emulation values properly represent a system with a larger
mass, where motor impulse has a lesser effect.
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Figure 16. Deceleration section with changing slope.

4.2. Energy Calculation Comparison

On the proposed methodology relevant corrections are made in terms of consumption,
where for the proposed route a total consumption of 0.302 kWh is obtained, while 0.277 kWh
corresponds to the corrected value (9.11% less). The ability to simulate route conditions
iteratively, from ground conditions (considered in rolling); to passenger pick-up and drop-
off locations or air temperature make this methodology a useful tool for rapid prototyping
of powertrains for custom designed vehicles. The regeneration energy of the present
method is accurate in terms of the normal operation of the vehicle since it reflects the
mechanical and electrical efficiency to carry this energy from the mass of the bus, where it
is stored in the form of kinetic and gravitational energy, to the electrical energy entering
the battery system.

In a circular route where the bus starts and stops at the same height there is a difference
(in our case from 0.0041 kWh to 0.0083 kWh for the inertia) between the energy that the
motor delivers to both counters and the energy it can regenerate; this difference is due to
non-conservative forces such as bus rolling and efficiency, which in turn depend on the
speed of the bus in each segment; however, there are other types of interactions that the
method considers; for example, if a vehicle picks up people at the bottom of a slope and
drops them at the top, it is possible to emulate the loss of energy corresponding to the work
done to raise the passengers. If, on the other hand, the vehicle picks up people at the top
and slides down the slope, it could regenerate more energy than it consumed when going
uphill. Table 2 lists the most relevant results in terms of visualizing the bus operation in
this section.
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Table 2. Final energy meters test route.

Dyna Energy Bus Energy Dyna Inertia Dyna Slope Inertia Energy Slope Energy

(kWh)

(kWh) Energy (kWh) Energy (kWh) (kWh) (kWh)

Mean
Std
Min
25%
50%
75%
Max

0.1344
0.1190
0.0000
0.0127
0.1104
0.2636
0.3021

0.1153 0.0014 0.0122 0.0039 0.0459
0.1132 0.0016 0.0054 0.0031 0.0380
—0.0023 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0105 0.0006 0.0105
0.0872 0.0000 0.0155 0.0038 0.0348
0.2392 0.0030 0.0155 0.0071 0.0876
0.2769 0.0041 0.0155 0.0083 0.0966

1250

1000

750

50

-250

-500

Among other remarkable results is the low impact of aerodynamic force on the dynam-
ics of the bus, due to the low speeds of these vehicles on hillside routes. In this route the
average value (presented in Table 2) is of 10.78 Nm, corresponding to 2.88% of the torque
value used by the bus’s motor to move. On the other hand, the effect of inertia and slope,
despite being centered almost at 0 Nm, both in average and in distribution, corresponds
to 23.6% and 82.6% of the torque in some sections; it is important to remember that the
mass of the selected bus body was 1200 kg, which is between 1/3 and 1/5 part of the real
mass of the buses that travel the routes studied in hillside cities. For this reason, the rolling
torque, with 39% to 81% of the total torque applied in some sections, has a lower effect
proportional to the difference in mass between the simulated vehicle and the real vehicle in
operation. Although weight increments affect the rolling its effect is close to one tenth.

Although this method allows for accurate consumption estimation and rapid pa-
rameter variation, its main advantage lies in its ability to segment the route into sections
according to their energy and power consumption. In this route, 90 of the 250 iterations
presented regeneration values, which results in only 0.02 kWh regenerated (due to the low
speed of the bus in these sections and its comparatively high rolling); this regeneration
corresponds to the actual torque realized by the bus motor to slow down the bus, along
with the accompanying efficiencies. A design team for electric bus stops could conclude
that the section representing iterations [0, 90] is not a good place to locate charging stations,
since the bus would lose the speed accumulated while sliding downhill for a section in
which it also has no energy consumption. On the other hand, as can be seen in Table 2, even
though for this route there is little regenerated energy, more than 25% (25% percentile of
"bus energy’) of it has no energy consumption; more useful information when spacing the
recharging stations. Figure 17 shows the distributions of the total torque and power values.
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Figure 17. (a) Torque boxplot; (b) Power boxplot.
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5. Conclusions

In this paper, a method for accurately representing vehicle dynamics in one motor
roller-dynamometers was presented. Through the use of this method, it is possible to
accurately and quickly evaluate different routes or vehicles through components or param-
eters variation. Due to the complex dynamics and the multiplicity of factors, we propose
that it is necessary to perform test-runs with the dynamometer in vehicle design; since
entirely mathematical models would ignore possible interactions between the vehicle speed
changes for the different conditions. Compared to alternatives when using single-motor
dynamometers for power consumption tests: (1) simulating only positive slopes does
not allow for the correct evaluation of routes in terms of real energy consumption; while
(2) measuring consumption only when the motor torque is positive does not consider the
possible energy regeneration of the bus, which can be relevant in terms of route planning.

This method is specifically tailored for evaluating bus powertrain configurations
in hillside cities which presents route segments with varied topography, where slope
and inertia effects are determinant and difficult to evaluate due to the changing vehicle
dynamics. Busses on these types of routes are typically rear-wheel drive busses, as forward-
wheel drives, despite their high efficiencies are not usually capable of developing enough
power in cases where passenger load is located towards the back of the bus, particularly
in the steep slopes presented in these cities. Other authors have recently used one motor
dynamometers to test Four Wheel Drive vehicles [56] using a similar test route, without
taking into account negative inertia and slope values; where the use of this method may
help improve their test results. Furthermore, other methods do not include the different
B parameters mentioned in this article, and thus, conclude that dynamometer tests will
always yield similar results for different test runs [57]; this is not the case for this method,
however, as the § parameters and passengers’ hop-on and off may be modeled through
probability distributions, yielding different results for successive runs.

Differences of upwards of 9% in terms of segment energy consumption are observed
between the model and traditional one motor dynamometer operation, which become
relevant in terms of vehicle or bus route design; these differences are similar to those
obtained by Jaworski et al. [58], who evaluated three different types of vehicle load set-
tings (New European Driving Cycle (NEDC), Worldwide Harmonized Light Vehicle Test
Procedure (WLIP) and their own calculations) to measure energy consumption on the
same vehicle and dynamometer; presenting differences of up to 26%, depending on the
load strategy used. Other authors, such as Ligterink et al., have proposed corrections to
the WLTP load strategy, obtaining results of up to 10.3% with the original WLTP method.
Further research may be of use to compare the proposed method results with those of the
established procedures hereby mentioned, as well as other authors” methods for vehicle
representation using chassis dynamometers.

We propose that the accuracy of the model varies as a function of the quality of route
information collected, where both road and operating conditions (probability distributions
on passenger hop-on and drop-off) are of specific relevance. Although much study has been
conducted on simulating vehicle driving in virtual environments, Tsanakas et al.’s approach
provide a very thorough test route and kinematic simulation [59], they comment that their
model is limited by representing traffic conditions and other parameters aforementioned.
Hence, simulations using the numerical methods could use this same mathematical model
but would require complementing it with real information on the vehicle operating condi-
tions such as the respective efficiencies of the components for all possible combinations of
operation; this research encourages future works to validate the results of this methodology
with consumption tests in vehicles, both electric and combustion, on public transportation
routes in these types of cities and routes.
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Appendix A

This appendix contains a list of the expressions used throughout the article in order
of appearance:

Ey motor driving force

Fy gravitational force

F, rolling resistance force

F; aerodynamic drag force

F; inertia force, equivalent to M% in expression (1) and m AAU;’ in expression (16)
T; inertia torque

T motor torque, equivalent to ‘torque motor” on the results section

Tw torque sum at wheel, equivalent to "torque sum at wheel’ in the results section
Ty braking torque

F, resultant force summatory at the wheel

Tw wheel radius

O angular speed of the motor

0 angular speed of the wheels

1t powertrain transmission efficiency from the motor to the wheels

R, torque relation between the motor and the wheel

Iy inertia moment of elements on the motor side of the transmission

Iy inertia moment of elements on the wheel side of the transmission

%y throttle percentage

RPM,, motor angular speed in terms of revolutions per minute

Nm motor efficiency

Vor ratio between vehicle speed and the reference speed for current segment of the route
X; current distance traveled

ti time elapsed since the start of the route

B parameters used for the input of route characteristics as stops or speed reductions
B1 indicates whether the vehicle is approaching a regular stop or a traffic light
B2 indicates the presence and distance of vehicles in front

B3 indicates a passenger’s request to stop

Ba indicates varying road conditions: humidity, sand on the road, visibility, etc.
T driver’s personality: calm, fast, aggressive

Tyrg regenerative braking torque

Yoset percentage of braking performed by the regenerative braking

ap linear acceleration of the vehicle

Uy current vehicle speed on the dynamometer
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o angle of inclination of the route

M rolling coefficient of the road in relation to that of the dynamometer
Tayna torque applied by the dynamometer brakes

T, drag torque at the wheel

T, rolling torque at the wheel

0 air density

m vehicle mass, including that of the passengers

Cy drag coefficient of the vehicle front

A front area of the vehicle

Py tire pressure for the wheels

R bus rolling coefficient

T4 dynamometer rolling torque or friction

Liyna dynamometer inertia moment

0 dyna dynamometer angular speed as measured after the main transmission element
Ting proportion of the motor torque that corresponds to slope simulation
Toi proportion of the motor torque that corresponds to inertia simulation
At time period between iterations

E; iteration energy as obtained by iteration power and At

E total energy for a route or segment

h bus height on the route

F, theoretical bus force obtained from expression

de,, A total force equivalent as applied on dynamometer brakes
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