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Abstract: As the automotive industry transitions from internal combustion engine vehicles to the era
of electric cars, extensive research is being conducted in the field of electric vehicles. While a significant
portion of this research focuses on the electrification of passenger cars, commercial vehicles have
experienced relatively modest changes towards electric propulsion. Particularly, challenges related
to power and efficiency have prompted a concentrated effort in addressing these issues. However,
improvements in the efficiency of motors and inverters are reaching their limits, necessitating the
development of multi-speed transmissions for electric commercial vehicles to enhance overall system
efficiency. In this paper, the development of a 4-speed transmission with a synchronizer designed
for electric commercial vehicles is presented as part of a project. A transmission shift map was
developed, and verification of increased power and efficiency was conducted through a comparison
with the existing product (a pneumatic 4-speed internal combustion engine transmission) installed
in the target commercial vehicle. The study utilized vehicle dynamics, component modeling, and
simulation environments to assess the improvements in performance.

Keywords: electric vehicle transmission; shift map; vehicle dynamics simulation; transmission with
synchronizer; electric commercial vehicle

1. Introduction

The automotive industry is currently undergoing a transition from the era of internal
combustion engines to the electric vehicle era [1-3]. This shift towards electrification is
not limited to passenger cars: it extends to commercial vehicles as well [4-6]. In line
with this trend, extensive research and development have been conducted on motors,
inverters, reducers, etc. resulting in significant improvements in power and efficiency [7,8].
Particularly, there is a considerable focus on efficiency studies related to motors and
inverters [9-11].

However, the unique characteristics of commercial vehicles, which require high torque
at low speeds, pose challenges when using a combination of a motor and a single-speed
reducer [12,13]. Increasing the reduction ratio for high torque results in reduced efficiency
and torque at high speeds, while increasing the size of the motor to enhance torque leads to
decreased efficiency and the disadvantages of increased weight and cost [14,15]. For these
reasons, research on multi-speed transmissions for commercial electric vehicles, including
optimization of gear ratios, modeling, validation of transmission and simulation, is also
underway [16-18].
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Additionally, beyond the simple design of multi-speed transmissions, there is con-
current research and design of transmission logic and shift maps, taking into account the
motor’s efficiency and torque-speed (T-N) curves [19]. When developing vehicles with
a sports-oriented character, shift maps are crafted based on performance objectives. In
contrast, for vehicles emphasizing efficiency, shift maps are developed with an efficiency-
centric focus. Alternatively, there is ongoing development of shift maps and transmission
logic that optimally consider both performance and efficiency [20-22]. Diverse research
initiatives are currently underway to validate transmission logic and shift maps tailored to
the specific objectives of the vehicle [23].

The pneumatic 4-speed AMT installed in the target vehicle of this paper was equipped
with an internal combustion engine transmission, so the shift map was not optimized for
the motor’s T-N curve and the gearbox only met the vehicle’s climbing torque requirements.
Additionally, it consisted of dog clutches and pneumatics, resulting in a shifting time that
was approximately 1.5 s longer.

The 4-speed transmission presented in this paper was developed to overcome the
limitations mentioned above. Specifically, the 4-speed transmission with a synchronizer
developed in the project enhances shifting time, the overall torque and power of commercial
vehicles equipped with low-torque and low-power motors, aiming to improve the efficiency
of the vehicle. Through simulation and performance comparison between the existing
pneumatic 4-speed automated manual transmission (AMT) used in commercial vehicles
with internal combustion engines and the newly developed 4-speed transmission with
synchronizer, the efficiency and performance of the 4-speed transmission with synchronizer
were validated.

In this paper, we verify the design feasibility of the newly developed 4-speed gearbox
with synchronizer applied through comparative simulations with the existing gearbox, and
assess the efficiency improvement from a vehicle perspective.

Prior to simulation, various tests were conducted to understand the performance and
logic of the existing pneumatic 4-speed AMT and new 4-speed transmission with syn-
chronizer, obtaining reduction ratios, shift maps and shifting time. Longitudinal dynamic
modeling of the vehicle, modeling of other electric vehicle components (motor, battery),
vehicle control unit (VCU), and driver inputs were emulated using Matlab/Simulink 2021a
for simulation. Figure 1a shows a pneumatic 4-speed AMT and Figure 1b a 4-speed trans-
mission with synchronizer that is newly developed. Each transmission’s specifications are
listed in Table 1.

Pneumatic AMT 4-

speed transmission

(with Dog Clutch)
- '

-

\od
7

(a) (b)

Figure 1. Each transmission system. (a) Pneumatic 4-speed automated manual transmission for
internal combustion engines. (b) Newly developed 4-speed transmission with synchronizer.
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Table 1. Specifications of each transmission.

Specification Pneumatic 4-Speed AMT 4-Speed Transmission with

Synchronizers
Locking mechanism Dog clutch Two synchronizers
1st Gear ratio 4.01:1 5.655:1
2nd Gear ratio 2.33:1 3.7925:1
3rd Gear ratio 1.51:1 2.552:1
4th Gear ratio 1:1 1.739:1
Final drive ratio 6.14:1

The target vehicle for the developed transmission is a compact electric truck, which
has been transformed from a conventional internal combustion engine commercial vehicle
platform into an electric commercial vehicle, as shown in Figure 2. This vehicle is designed
for medium-duty applications with a payload capacity of approximately 2.5 tons. The
dimensions of the vehicle are as follows: width (b) 2080 mm, height (h) 2345 mm, and
length (L) 5370 mm. Table 2 lists the specifications of the target vehicle.

Figure 2. Compact electric truck by MPS Korea.

Table 2. Compact electric truck specifications.

Vehicle Spec. Data
CVWwW 4000 kg
G. VW 6500 kg
Payload capacity 2500 kg
Size (b) 2080 mm (h) 2345 mm (L) 5370 mm

2. Vehicle Experiment and Modeling
2.1. Experiments of Target Vehicle and Unit Tests

To facilitate a comparison between the newly developed 4-speed transmission with
synchronizer and the existing pneumatic 4-speed AMT, real-world driving data were uti-
lized to understand the shift map of the pneumatic 4-speed AMT and vehicle longitudinal
dynamic characteristics such as resistance.

For the measurement of data related to longitudinal dynamic modeling of driving
resistance, inertial driving tests were conducted. Using vehicle speed sensors and wind
direction/speed sensors, vehicle speed and wind conditions were measured. The test was
conducted on a straight road with a round trip distance of 2.46 km, including approximately
1 km of inertial driving to collect data for measuring driving resistance coefficients. The
test conditions are as shown in Table 3, and the test environment setup involved attaching
sensors, as depicted in Figure 3. Based on the test data, the calculated driving resistance
coefficients, as shown in Table 4, confirmed that the air resistance coefficient of resistance
equation, Cgero for the cross section area (3.9021 m?), is 0.1534402 and the mechanical friction
resistance coefficients A,,.cn, Buechs Cinecn are 468.271, —0.95447, and 0.0286332. Road load
is shown as Figure 4.
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Table 3. Coast down test condition.
Test Condition
Vehicle weight 4100 kg (Included person and test equipment)
Coast down velocity 75 kph to 15 kph
Test location S.M PG (proving ground)
Temperature 11.5°C
Maximum wind velocity 9.5km/h
Average wind velocity 41km/h

\~~
) S— \-\_

Anemometer

Figure 3. Configuration of sensors for coast down test.

Table 4. Coast down test results.

Data Result
Driving resistance equation Myena = A + Bv + Co?
A 468.271 N
B —0.95447 N/kph
C 0.1820732 N /kph?

Road Load (N)

3000

2.5t truck
2500

2000

Force (N)
g 8 8

o

0 10 20 30 40 50 60 70 80 20 100
Vehicle Speed (km/h)

Figure 4. Test result: road load of target vehicle.
Furthermore, to determine the shift map and shifting time of the existing 4-speed

AMT, tests were conducted by setting up the test environment as shown in Figure 5. Vehicle
data were measured using a thermometer, torque sensor, IMU sensor, and GPS. Tests for
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extracting the shift map and determining the shifting time were conducted under various
speed and driving conditions, as specified in Table 5. Used sensors list are shown in Table 6.

DAQ / Thermometer / Torque sensor
Receivor

Taco meter

Figure 5. Configuration of vehicle test environment.

Table 5. Test conditions to acquire shift map and shift delay time.

Test Condition APS Road Gradient
From 10 kph, full accel. From 10 kph—100% 0%
From 30 kph, full accel. From 30 kph—100% 0%
From 50 kph, full accel. From 50 kph—100% 0%
Ramp 100% 6%
Ramp 100% 12%
Real road driving Variation Variation

Table 6. List of sensors and signals for test to shift map and shifting time.

Sensor Type Location Signal
Torque sensor Shaft axle Torque of axle (Nm)
IMU sensor Mass center of vehicle XYZ Accel. (g), XYZ angular rate (rad/s)
Strain gauge Shaft axle Strain (V)
Tachometer Shaft axle Rotation speed (RPM)
GPS Top of vehicle cap Vehicle speed (m/s), vehicle position (m)

According to the analysis of the test data, the existing pneumatic 4-speed AMT ex-
hibited a shift pattern confirmation based on the motor speed reaching a specific RPM,
irrespective of the input accelerator pedal sensor (APS). Low-speed shifts were observed at
a damping zone of 10 kph during high-speed shifts, as shown in Figure 6.
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Figure 6. Measurement results of drive axle torque.

Additionally, the pneumatic 4-speed AMT with a dog clutch mechanism indicated a
shifting time of approximately 1.5 s, as shown in Figure 7. The relatively longer shifting
time was observed to result in a decrease in vehicle speed during the shifting interval. In
Figure 7, the vehicle speed was examined with APS input at 100%, revealing a reduction of
approximately 2 kph at the moment of shifting. This observation underscores the impact of
the shifting process on the vehicle’s dynamic behavior, showcasing how the longer shifting
time can lead to a temporary decrease in speed during the gear transition.

Gear Status < Vehicle Speed

Shift time Shift time
60 1 1 1 1 4.5
:‘—’: :‘—’: Vehicle_Speed(kph) Gear_Status
1 1 1 .
50 1 1 r.-,\Up—Shlft!
[ AT = 4
1 (4] 1
g P '
= 04 —~
s [ N4 35 &
= [ 1 SR
8 -} [ 9
a 30 a [ 2
v / 11 P
2 1 [N 3 =
s ok P &
20
- 1~ [
Al i
1
10 1 o 25
11 1 1
[ I | 1 1
1|1 1 1
0 Ll 1 1 2
0 5 10 15 20 25 30 35 40 45
Time (s)

Figure 7. Measurement results of vehicle speed and gear status.

Moreover, in order to determine the shifting time of the 4-speed gearbox with syn-
chronizers, prototype testing was conducted, as shown in Figure 8. The prototype was
connected to a test bench to simulate input and load conditions, and experiments were



Energies 2024, 17, 1038

7 of 21

carried out. Shifting occurred through the synchronizer-connected shift fork, and the
determination of shift completion was based on the control of the shift fork’s displacement.
Figure 9 presents the data on shift fork displacement, input RPM, and output RPM at
a motor input of 500 RPM. It can be confirmed that the shifting process began around
62.8 s and completed at 63.08 s when the synchronizer was engaged. Through this test-
ing environment, it was observed that the shifting time took a maximum of 0.3 s at each
input speed.

Shift fork force Sensor
(Strain)

Shift fork displacement Sensor
(Laser)

—3
i1V \ Rotary Encoder
-8 ¢ 7N

Ifertia : 0.85kgm?

!

i é e - t_‘u A
- o

Torque & Speed —— ' el
Sensor

Figure 8. Configuration of 4-speed transmission with synchronizer test environment.
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25
650
P 20
550
i —
E A A A
£
T 350
é 10
E 250 /
2 s
8 —Input Speed [rpm]
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T % <\ Inpéit Shaft Torque 100
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e 2 50
O [ —— 0
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% " 0.12sec i 0.%3sec 50
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Clutch Meet 2nd Meet Engaged
Spd. Sync.

Figure 9. Unit characteristics test data of 4-speed transmission with synchronizer.

Based on these findings, a comparative validation simulation environment was established.
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2.2. Modeling of Longitudinal Vehicle Dynamics

For the purpose of simulation, a longitudinal vehicle model was created, with the slip
in the longitudinal direction being disregarded during the modeling process, as shown in

Figure 10.

Figure 10. Free-body diagram of vehicle longitudinal dynamics.

The vehicle’s acceleration used in Equation (1) is calculated as the sum of forces from
tire forces, aerodynamic resistance, gradient resistance, and rolling resistance. Additionally,
the tire forces are calculated considering longitudinal deceleration, tire effective rolling
radius, drive torque, regenerative braking torque, and friction braking torque, used in
Equation (2). Equations (3)—(5) are used to calculate aerodynamic resistance, rolling re-
sistance and gradient resistance with vehicle parameters and driving conditions such as
gradient degree, frontier projection area, coefficient of aerodynamic drag and air density.
The vehicle constants involved in the vehicle dynamics equations are as shown in Table 7.

4= Ftire — Faero — Fron — Pslope

Mveh

Gfinal

F tire —
Rtire

1
Paemzixcdxprva
Fron :froll X Myep X g X cos 0

Pslope = Mveh X g X sin 6

Table 7. Vehicle dynamic constants.

X (Tprop - Tregen - Tfric)

Constants Description Data
. C.V.W: 4000 kg
Meh Vehicle mass G.V.W: 6500 kg
Gfinal Final drive ratio 6.14
Riire Effective rolling radius 0.368 m
Cy Drag of coefficient 0.3
0 Air density 1.16 kg/ m?
Af Front projection area 3.902 m?
Coefficient of rolling
Froti resistance 0.02

2.3. Modeling of Battery, Motor, VCU, and Driver Input
2.3.1. Battery

In this study, we conducted simulations through simple battery modeling, with a focus
on the longitudinal behavior and efficiency of the vehicle. Constants related to the battery
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were modeled using data applied in real vehicles as shown in Table 8. Equations (6) and (7)
present the simple modeling of the battery to calculate voltage and SOC.

Table 8. High-voltage battery specification.

Battery Spec. Data
Battery cell Li-ion 21700
Battery configuration 965 72P

Nominal voltage 350V

Battery capacity 360 Ah
Voe Number of cells x Li-ion cell voltage
Rypat 050
Qpat 100 kWh

The charging and discharging currents of the battery were calculated by multiplying
the power required by the motor by the efficiency of the motor. It is worth noting that the
efficiency of the inverter was assumed to be 100% throughout the calculations.

Vi represents the current battery output voltage. It is obtained by multiplying the total
internal resistance of the battery by the current required by the motor and subtracting it
from the battery’s internal voltage based on the current SOC. Additionally, the SOC of the
battery is calculated by integrating the power used from the initially set SOC and dividing
it by the total battery capacity, Qp;.

Vi = Voe(t) = IRpat 6)

[ I(E) Ve ()dt

SOC(t) = SOCjuit — Ot
a

)

2.3.2. Motor

The motor applied to the target vehicle in this paper is a 100 kW motor with a max-
imum torque of 320 Nm. To model the motor, the T-N map and efficiency map of the
motor in Figure 11 were utilized. The dynamic modeling of the motor was replaced with a
first-order time-delay system in Equation (8) that receives torque commands and outputs
torque based on the motor’s characteristics. Specifications of the drive motor are in Table 9.

G(s) = = ®)

Figure 11. T-N curve and efficiency map of drive motor.
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Table 9. Specifications of drive motor.

Motor Spec. Data
Maximum torque 320 Nm @300 RPM
Nominal torque 157 Nm @300 RPM
Maximum power 100.4 kW @3600 RPM
Nominal power 60 kW @12,000 RPM

2.3.3. VCU

By driver inputs, we determined the target motor torque and calculated the power
consumed by the motor using the efficiency map. The current motor’s available output
torque was feedback-controlled based on the motor RPM to determine the regenerative
braking torque of the motor. The shortfall in braking torque compared to braking input was
converted into mechanical friction torque. Through this approach, we implemented the
combination of regenerative braking and mechanical friction torque, as shown in Figure 12.

Motor T-N curve

Motor RPM
]

¥ & 8 8 5 5 3

. 5 8 % ¥ B ¥ B

. regeneration Brake Torque
Min >
BPS(%) | Demanded Brake + ~
- i " >
Torque Calculation | Demanded Brake torque Friction Brake Torque

Figure 12. Control strategy diagram for brake torque decision.

Furthermore, to generate the required motor torque output according to the driver’s
input, we utilized an APS-motor map, depicted in Figure 13, which outputs the maximum
torque proportionally based on the motor speed from the motor’s T-N curve map.

Motor Map

350
1 | APS100
300 APS80
APS60

250
‘ APS40
200 N APS20

Motor Torque (Nm)
@
o

-
o
o

/
/

w
o
J

300 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 11,000 12,000

Motor RPM

Figure 13. Motor torque output curve based on APS.

2.3.4. Driver Input

A driving simulation was conducted using the speed profile of the worldwide har-
monized vehicle cycle (WHVC) for fuel efficiency testing of a compact commercial vehicle.
In Figure 14, the driving mode of the WHVC encompasses a total of 30 min, consisting of
5.3 km in urban areas, 5.8 km in suburban areas, and 8.9 km on the highway. The speed
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profile, along with the error between the current vehicle speed and the profile, was used as
feedback to control APS and BPS through a PID controller, as shown in Figure 15.

90 T T T T T T T
——
Urban : 5.3km Rural : 5.8km r

Highway
: 8.9km

80

~
o
T

h)
[=2]
o

T

o
o
T

RNy

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Vehicle Speed (

w H

o o

T T
TT—al

Figure 14. Speed profile of WHVC.

Modeling
APS(% ”
Speed Profile + d o~ S
(WHVO) PID & B
Controller e

i BPS(%) '|%

Vehicle Speed(kph)

Figure 15. Control strategy diagram for APS and BPS distribution.

2.4. Development of Shift Map for 4-Speed Transmission with Synchronizer

In this project, the motor utilized has lower torque and power characteristics. There-
fore, the development focus for the shift map was aligned with optimizing for maximum
torque operation. Taking inputs from the driver’s APS and the vehicle’s speed, the trans-
mission determines and executes the gear ratio.

The torque output from the motor, based on motor RPM and APS, is proportionally
determined relative to the maximum torque. For upshifting, the shift criteria were estab-
lished based on the drive torque multiplied by the gear ratio to maintain maximum torque
when transitioning from a lower gear to a higher gear.

The torque applied by the motor in the vehicle decreases gradually beyond a certain
RPM. As the speed increases, the motor’s RPM also increases, and at this point, the
maximum torque that can be delivered in (n)th gear gradually decreases. Similarly, at
the same speed, the motor speed in (n + 1)th gear is lower than in gear n due to the gear
ratio. When the vehicle is at the same speed, it employs a strategy where it compares
the output torque available in (n)th gear and (n + 1)th gear, and shifts gears at the point
where the output torque in (n) gear becomes lower than in (n + 1) gear. The shifting point
from the (n)th gear to the (n + 1)th gear is lower than the maximum torque in the nth gear,
and it occurs when the maximum torque of the (n + 1)th gear can be achieved as shown
in Figure 16. With this shifting map strategy, a shift map was developed, as shown in
Figure 17.
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Figure 16. Strategy for developing shift map for 4-speed transmission with synchronizer.
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Figure 17. Shift map for 4-speed transmission with synchronizer.

For downshifting, a damping zone of approximately 5 kph was introduced in the shift
map of high-speed shifts.

2.5. Development of Simulation Configuration

The simulation environment undergoes a comprehensive process, traversing through
driving mode input, VCU logic modeling, motor modeling, battery modeling, shift map
integration, and longitudinal vehicle dynamics modeling, ultimately yielding the final
vehicle speed and acceleration, as shown in Figure 18. Notably, each modeling phase
involves receiving feedback for the required variables.
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Figure 18. Configuration of simulation with MATLAB/Simulink.

2.5.1. Pneumatic 4-Speed AMT Shift Logic Modeling

The modeling process incorporated pneumatic 4-speed AMT logic, where shifts occur
when the motor speed reaches a certain constant RPM. Additionally, considering the
typical shift duration of around 1.5 s, the modeling accounted for this time delay by
controlling the system to neutral during the 1.5 s of the shifting process, as shown in
Figure 19. This approach ensures a realistic representation of the shifting behavior, taking
into consideration the inherent characteristics of pneumatic 4-speed AMT, where shifts
occur at specific motor speeds and involve a finite transition time.

Vehicle Speed > Vehicle Speed >

Shifting UP_Threshold Shifting UP_Threshold Shifting
(Twait 1.5sec) (Twait 1.5sec) (Twait 1.5sec) ‘
up up upy
2nd Gear 3rd Gear 4th Gear
T dow

i

Vehicle Speed <

down
Shifting
(Twait 1.5sec)

Shifting
(Twait 1.5sec)

Shifting
(Twait 1.5sec)

Vehicle Speed < Vehicle Speed <

Down_Threshold Down_Threshold Down_Threshold

Figure 19. Shift logic modeling diagram of pneumatic 4-speed AMT.

2.5.2. 4-Speed Transmission with Synchronizer Shift Logic Modeling

The modeling process included the development of logic to determine the appropriate
gear ratio based on vehicle speed and APS input. This logic facilitates the shifting between
high and low gears, as shown in Figure 20. The shift map utilized in this modeling process

was the one described in Section 2.4.
. Vehicle
Driver Input Status

! APS(%) Speed(kph)
Init. Gear Shift ‘ A
up Gear Threhold Calculation
- - " Change Shift Map
1st Gear - 3:.‘:; " 2nd Gear Commgnd
down o - - »
Com. own =
shift :
v upy ten
up . Com. s
4th Gear o 3rd Gear Gear
o down Status o

Figure 20. Shift logic modeling diagram of 4-speed transmission with synchronizer.
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3. Results
3.1. Shifting Delay Results in Simulation

The simulation results with the application of the conventional pneumatic 4-speed
AMT and its shifting delay are depicted in Figures 21a and 22a. Under APS 60% input
conditions and during the acceleration phase of the WHVC, the simulation confirmed a
decrease in speed in the high-speed shifting zone due to the extended shifting time, as
mentioned in Section 2.1. As the shift mode entered neutral, the driving torque became
zero, resulting in a reduction in speed due to rolling resistance, aerodynamic resistance,
and gradient resistance, as illustrated in Figures 21a and 22a.

In contrast, as mentioned in Section 2.1, the newly developed 4-speed transmission
with synchronizer exhibited minimal shifting time in 0.3 s, as it incorporates two syn-
chronizers. Applying this to the simulation revealed that under conditions similar to
the pneumatic 4-speed AMT, there was a decrease in speed but negligible, as shown in

'S
(<)

Figures 21b and 22b.
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Figure 21. Simulation results with APS 60% input. (a) Vehicle speed and gear status of simulation
results with pneumatic 4-speed AMT; (b) Vehicle speed and gear status of simulation results with
4-speed transmission with synchronizer.
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Figure 22. Simulation results with speed profile input of WHVC. (a) Vehicle speed and gear status
of simulation results with pneumatic 4-speed AMT; (b) vehicle speed and gear status of simulation
results with 4-speed transmission with synchronizer.

3.2. Comparison Verification of Efficiency and Performance

For efficiency and performance comparison, the speed profile of the WHVC’s driving
mode, as mentioned in Section 2.3, was input as the driver’s input for the simulation.
Figure 23(a-1,a-2,b-1,b-2) presents the speed and gear status of a vehicle with the application
of the pneumatic 4-speed AMT in WHVC'’s driving mode. As mentioned in Section 2.1,
the simulation was conducted using the logic with a shifting time of 1.5 s. Consistent with
the test results, it shows a reduction in speed during upshift situations. Additionally, a
decrease in state of charge from 90% to 75.46% is observed, as shown in Figure 23(a-3), with
a 2500 kg payload. Additionally, as shown in Figure 23(b-3), the SOC decreased from 90%
to 80.65% when the vehicle had no payload. The average fuel efficiency over the 1800 s of
driving were 1.378 km/kWh with 2500 kg payload and 2.143 km/kWh without payload,
and the root mean square of the speed error relative to the target speed was 0.09841 with
2500 kg payload and 0.06918 without payload.
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Figure 23. Simulation results—pneumatic 4-speed AMT with 1.5 s shift delay. (a-x) With 2500 kg pay-
load; (b-x) without payload; (x-1) vehicle speed vs. ref. speed; (x-2) current gear status; (x-3) battery
SOC; (x-4) shaft driving torque.

Furthermore, to understand the impact of the shifting time, the simulation was con-
ducted with a reduced shifting time of 0.3 s, as applied in the 4-speed transmission with
synchronizers. As depicted in Figure 24(a-3,b-3), the decrease in shifting time resulted
in improved average fuel efficiency and reduced SOC consumption. The relatively small
decrease in driving speed during the shifting period also contributed to a better RMS
speed error.
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Figure 24. Simulation results—pneumatic 4-speed AMT with 0.3 s shift delay. (a-x) With 2500 kg pay-
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For the 4-speed transmission with synchronizers, the SOC showed a decrease from
90% to 78.15% with 2500 kg payload and 90% to 82.57% without payload, indicating a
less significant decrease compared to the conventional pneumatic 4-speed AMT, as shown
in Figure 25(a-3,b-3). Moreover, over the 1800 s of driving, the average fuel efficiency
was 1.69 km/kWh with 2500 kg payload and 2.697 km/kWh without payload, presenting
improvements of approximately 22.6% and 25.8% in overall efficiency compared to the
conventional pneumatic 4-speed AMT. Also, the RMS of the speed error relative to the
target speed also decreased to 0.03716 with 2500 kg payload and 0.02644 without payload,
indicating about 62% and 61% improvements compared to the pneumatic 4-speed AMT.
Through simulation, it was confirmed that the newly developed 4-speed transmission
with synchronizers improved in terms of efficiency regardless of vehicle load conditions
(Table 10).
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Figure 25. Simulation results—4-speed transmission with synchronizers with 0.3 s shift delay.
(a-x) With 2500 kg payload; (b-x) without payload; (x-1) vehicle speed vs. ref. speed; (x-2) current
gear status; (x-3) battery SOC; (x-4) shaft driving torque.

Table 10. Simulation results comparison of pneumatic ATM and transmission with synchronizers.

Simulation Pneumatic 4-Speed AMT Pneumatic 4-Speed AMT 4-Speed Transmission with
Results (with 1.5 s Shift Delay) (with 0.3 s Shift Delay) Synchronizers
With 2500 kg payload
Average fuel efficiency
(km/kWh) 1.378 1.533 1.69
Battery SOC (%) 90% > 75.46% 90% > 76.93% 90% > 78.15%
Speed error, RMS 0.09841 0.04824 0.03716
Without payload
Average fuel efficiency
(km/KWh) 2.143 2.533 2.697
Battery SOC,(%) 90% > 80.65% 90% > 82.09% 90% > 82.57%
Speed error, RMS 0.06918 0.03203 0.02644

4. Discussion and Conclusions

The combination of the motor and transmission has the most significant impact on
efficiency from the perspective of the vehicle system. Particularly in commercial vehicles,
where high torque and efficiency are crucial, research on multi-speed transmissions is ac-
tively pursued. In this paper, we conducted a comparative verification through simulation
between the existing pneumatic 4-speed AMT designed for internal combustion engines
and a newly developed 4-speed transmission with synchronizers, both installed in the
target vehicle. To achieve this, experiments were conducted on vehicles equipped with
existing components, as well as on prototype components, allowing for the acquisition of
comparative data and design information.

The 4-speed transmission with synchronizers demonstrated significantly shorter shift-
ing times compared to the conventional pneumatic AMT designed for internal combustion
engines. The designed gear ratio tailored to the electric motor’s operating range con-
tributed to an overall improvement in efficiency from a system perspective, as validated
through simulations. Notably, it was observed that the gear ratio, designed in accordance
with the motor’s operating range, influences overall system efficiency, irrespective of the
shifting time.

The simulations discussed in this paper did not cover the efficiency of the inverter
or transmission. However, it is anticipated that conducting efficiency tests on the inverter
and transmission in the future would lead to more accurate simulations. Furthermore,
when the efficiency of these components is considered, although the overall efficiency of
the vehicle may decrease slightly compared to the current results, it is expected that the
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overall efficiency of the vehicle with the new transmission will be better than the existing
transmission due to shorter shifting times and optimized gear ratios.

Through such a simulation verification environment, we can gain insights into the
suitability of gear ratios and design goals for newly developed transmissions from a
system perspective. Future research can delve into the dynamic behavior and control logic
modeling of transmission components (synchronizers, gear teeth, shafts, etc.) to obtain
more detailed data.

Additionally, the newly developed 4-speed transmission with synchronizers will be
installed in the target vehicle to validate the performance of the transmission map. In
this case, the performance of the transmission will be verified through real vehicle testing
in terms of efficiency and performance aspects, using completed transmission, TCU and
synchronizer engagement control logic, and motor rev-matching control, which were not
applied in the simulation.
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