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1. Introduction 

 

The buses used in public transportation have had a 

big share in creating environmental pollution in metropoli-

tan cities. Because of this fact, electric transportation is get-

ting more and more popular nowadays in terms of environ-

mental concerns. Battery powered electric buses are the 

most efficient and promising clean transportation choice for 

the cities as they can significantly help in cutting fuel con-

sumption and emissions in city driving conditions. 

The transmission system plays a critical role in 

electric vehicles for driving comfort, drivability, energy 

consumption and dynamic performance. Today, the studies 

[1-3] revealed that most of the battery electric vehicles 

(BEV) use single speed transmission (fixed ratio gearbox) 

which is very light, smooth and easy to adopt. However, 

these applications may require special electric motors with 

high torque capacity in a wide speed range in order to meet 

the high torque demand during acceleration and climbing 

events. 

Recently, automated manual transmission (AMT) 

has gained widespread attention due to its high efficiency 

and reliability [4]. Multi-speed AMTs can provide high 

torque at low speeds and meet the maximum speed require-

ment with a moderate electric motor. There have been some 

examples of applying multi-speed AMT to electric buses 

[5]. In [6], a three-gear AMT was developed for an electric 

bus but the results (i.e. 1.86 s mean shift time and ± 35 m/s³ 

shift jerk) were not satisfactory because of the time lag due 

to the stroke of the clutch. A similar study was also carried 

out on an electric bus in [7] to improve the shifting quality. 

In [8], the performances of multi-speed AMT and fixed ratio 

gearbox in an electric vehicle were compared and the results 

revealed that the overall energy consumption has been de-

creased by 5-12% with a multi-speed AMT depending on 

the driving cycle used. In [9], the necessity of using a multi-

speed AMT for pure electric vehicles has been discussed. 

The results showed that a three speed transmission with op-

timized gear ratios reduced the energy consumption by 9.3% 

compared with an electric vehicle with single-speed trans-

mission. 

On the other hand, shifting jerk and power inter-

ruption problems are still the challenges of AMT that should 

be handled carefully [10-11]. In order to overcome these 

problems, an electric driven AMT was proposed in [12] for 

a parallel plug-in hybrid electric vehicle (PHEV) such that 

the engine and traction electric motor were positioned on the 

same shaft with an automatic clutch and an electric motor 

was integrated to the AMT for shifting purpose. Gear shift-

ing was realized by adjusting the speed of the electric motor 

without using a synchronizer. Dual clutch AMT [13-14] has 

been also used to improve the shifting quality. The shift 

shock can be reduced by controlling the speed of the clutch 

[15] or the clutch itself can be eliminated by coordinately 

controlling the speed and torque of the engine and electric 

motor in hybrid electric vehicles [16-17]. In [18], a shaft 

torque observer has been used to determine the optimal gear 

upshift points where the torque interruption time is short and 

the shift jerk is small. In the literature, there has been also 

some optimization based gear shifting strategies in order to 

improve the shifting quality and vehicle performance. In 

[19], the gearshift sequences have been determined by dy-

namic programming approach with a priori knowledge of 

the road trajectory. Genetic algorithm has been also used in 

gear shifting strategy in order to reduce the fuel consump-

tion and emissions [20]. 

In this paper, to overcome the above mentioned 

problems, a new six-speed robotized gearbox with a gear 

shift control strategy has been proposed for an electric city 

bus. Gear shifting mechanism has been created by using 

pneumatic actuators and control valves. Electric motor is 

coupled to the gearbox without clutch and synchronizer. A 

smooth gear engagement has been achieved by synchroniz-

ing the speed of the electric motor with the speed of the gear-

box internals and precise torque control of the electric motor 

during shifting process. Experimental results on a prototype 

electric bus showed that the shifting quality is quite satisfac-

tory and electric motor is operated within rated torque limits 

in the majority of time during driving cycle that results in 

more efficient operation of the electric motor than in case of 

using a fixed ratio gearbox. 

 

2. The structure of the proposed robotized gearbox 

 

Fig. 1 shows the general layout of the developed 

powertrain system in the electric bus. 
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Fig. 1 Powertrain layout of the battery electric bus 

As can be seen from Fig. 1, vehicle control unit 

(VCU) communicates with battery management system 
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(BMS) and transmission control unit (TCU) via controller 

area network (CAN). VCU takes driver demand from accel-

erator/brake pedals, output shaft speed from speed sensor 

and actual gear information from TCU over CAN. VCU fol-

lows a speed based gear shifting strategy in which the aim 

is to keep the transmission’s output shaft speed within a cer-

tain range. Upshift and downshift events are determined 

based on a two dimensional shifting map which is created 

from the actual gear value and driver demanded torque as 

illustrated in Fig. 2.  

 

Fig. 2 Gear shifting map 

The outputs of the map are threshold values for 

transmission’s output shaft speed such that if the threshold 

value is higher than the actual shaft speed, a lower gear is 

requested and if the threshold value is lower than the actual 

shaft speed, a higher gear is requested. There is hysteresis 

range between each upshift and downshift sequence in order 

to avoid frequent switching between gears. 

VCU transmits calculated shift commands to TCU 

and the required torque/speed reference values to motor 

driver over CAN. Electric motor is connected to the gearbox 

without clutch and synchronizer as shown in Fig. 3. Shifting 

is performed inside the transmission by using sliding 

sleeves. 
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Fig. 3 Powertrain structure 

 

Fig. 4 shows the schematic of the proposed gear-

box control system. The system consists of a six speed ro-

botized manual transmission, a gear engagement cylinder 

with two reed-type position sensors, a gear selection cylin-

der, an air compressor for pressurized air (i.e. 10 bar) being 

stored in the air tank, a regulator to lower the pressure to 4.5 

bar and four double solenoid air control valves (i.e. valves 

1-4). In the proposed gearbox structure, pneumatic system 

has been considered instead of hydraulic one due to its high 

compressibility and maintainability as well as low weight 

and cost. 
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Fig. 4 Schematic of gearbox control system 

As shown in Fig. 4, each valve has two solenoids 

and each cylinder has four air ports. Thus, TCU controls 

eight solenoid valves according to the shift command. Posi-

tion sensors located on the gear engagement cylinder indi-

cate if the requested gear is engaged successfully or not (i.e. 

“1” if successful, “0” otherwise). Fig. 5 and Fig. 6 show the 

realization of the gearbox control system and the installation 

of the position sensors on the gear engagement cylinder in 

the vehicle, respectively. 

 

Fig. 5 Gearbox control system installed in the vehicle 

TCU controls the air control valves and manages 

the air that flows into the pneumatic cylinders. The output 

of the air control valves is regulated by air regulator to re-

duce the air pressure from 10 bars to 4.5 bars to keep the air 

pressure in an adequate level for cylinders.  

Position sensors are located on each side of the 

gear engagement cylinder as shown in Fig. 6. The correct 

positioning of the sensors is determined during installation 

by trial and error until the correct signal is achieved for each 

gear change. 
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Fig. 6 Position sensors on gear engagement cylinder 

3. Gearshift control strategy 

 

The flow chart of the gear shifting process is shown 

in Fig. 7. 
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Fig. 7 Gear shifting control process 

As shown in Fig. 7, the gear engagement process is 

completed in six steps as described below. 

Shift request phase. In this step, VCU sends the 

upshift or downshift command to TCU over CAN. 

Motor torque cut-off phase. TCU requests elec-

tric motor to cut-off the torque in order to avoid damaging 

the gear teeth and to reduce the shift jerk before engage-

ment. 

Shift to neutral. Gear is shifted to neutral position 

to allow the pneumatic actuators to select the target gear. 

Synchronization phase. VCU sends target speed 

value to motor driver over CAN such that the speed of the 

electric motor is synchronized with output shaft speed. 

When the speed difference is in acceptable range, engage-

ment process is executed. 

Engagement phase. TCU operates air control 

valves to engage the requested gear. 

Torque recovery phase. After engagement phase, 

electric motor torque is restored to the driver’s demanded 

torque. 

In this study, the following main shifting quality 

parameters are evaluated [21].  

The gear shifting time. The time between the start 

and end of shifting process. It includes the time t1 of decreas-

ing the torque of electric motor to zero, the time t2 of disen-

gaging the gear to neutral, the time t3 of regulating the speed 

of electric motor, the time t4 of shifting to the requested gear 

and the time t5 of torque recovery. The total shift time can 

be expressed as: 

         1 2 3 4 5shift
t t t t t t t t t t t     .  (1) 

The gear shifting jerk. Jerk is the derivative of 

longitudinal acceleration which reflects the oscillation of 

driving torque as: 

 

 

2

2

0

w m

g

da t r d w
j

d t i i dt
  ,  (2) 

where a is longitudinal acceleration, i0 is differential ratio, 

ig is actual gear ratio, rw is wheel radius and wm is electric 

motor speed in rad/s.  

Table 1 shows the control logic of solenoid valves 

for each gear transition. In shifting process, the gear is 

shifted to neutral first and then engaged to target gear. 

 

Table 1 

Control logic of solenoid valves 

Gear V1 V2 V3 V4 V5 V6 V7 V8 

N 0 1 0 0 0 0 1 0 

1 0 1 1 0 1 0 0 1 

2 0 1 1 0 0 1 1 0 

3 0 1 0 1 1 0 0 1 

4 0 1 0 1 0 1 1 0 

5 1 0 0 1 1 0 0 1 

6 1 0 0 1 0 1 1 0 

R 1 0 0 0 0 0 1 0 

 

4. Experimental study 

 

In this section, 2 case studies have been conducted. 

The objective of the first case study is to compare the shift-

ing quality of the proposed gearbox system with an alterna-

tive one already applied to the electric bus in [22]. In the 

second case study, the efficiency of the proposed gearbox 

system has been investigated by making several compari-

sons with the fixed ratio gearbox under city driving cycle 

conditions. For example, operating torque and efficiency of 

the electric motor and energy consumption of the battery 

system has been studied for each gearbox solution.  

The robotized gearbox was applied to a 9 meter 

prototype electric bus as shown in Fig. 8 to see the perfor-

mance of gear shifting strategy on real road conditions. Ta-

ble 2 shows the real vehicle and drivetrain parameters. 

 

 

Fig. 8 The prototype test vehicle 
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Table 2 

Vehicle test parameters 
 

 Parameters Value 

 GVW  13 500 kg 

Vehicle  

Dynamics 

Wheel rolling radius 0.46 

Aerodynamic drag coeffi-

cient 

0.61 

Frontal area 6.8 m2 

Differential ratio 5.83 

Transmission ratio  

(6 speed) 

[6.58 3.6 2.13 

1.39 1 0.78] 

Electric 

Motor 

Peak power 118 kW 

Maximum torque 550 Nm 

Battery 
Capacity 276 Ah 

Rated voltage 615 V 
 

Case Study-1 

In this case study, the full-loaded vehicle was ac-

celerated from standstill to the maximum speed on a flat 

road as shown in Fig. 9.  
 

 
Fig. 9 Vehicle speed during shifting process 

The vehicle starts from 2-nd gear and shifts to  

6-th gear until the speed hits 90 km/h. Test data were rec-

orded using a data logger and CANalyzer tool and then an-

alyzed in MATLAB program.  

Fig. 10 shows the test results of the speed and 

torque responses of the electric motor and the shift jerk dur-

ing gear changing from 2-nd gear to 3-rd gear. 
 

 
Fig. 10 Test results of shifting sequences 

Gear changing process starts with shift request 

transmitted from VCU to the TCU. The time interval of each 

step in Fig. 7 was marked with a number on Fig. 10 in order 

to evaluate the performance of the gear shifting control strat-

egy. Fig. 11 shows the speed variations of the electric motor 

and the output shaft during shifting process. 
 

 

Fig. 11 Speed variations of the electric motor and output 

shaft 

The shifting quality of the robotized gearbox has 

been compared with that of an existing pure electric bus 

equipped with a clutchless AMT [22]. Table 3 shows the 

comparative test results in terms of shift speed. 
 

Table 3 

Comparative test results 
 

No. Step 

Robotized 

Gearbox  

Time (ms) 

AMT [22] 

Time (ms) 

2 Torque cut-off 120 60 

3 Shift to neutral 140 180 

4 Speed synch. 170 420 

5 Engagement 150 160 

6 Torque recovery 140 130 

 

As can be seen from Table 3, the total shifting time 

of the robotized gearbox is 0.72 s which is shorter than that 

of AMT [23] which is 0.95 s. This difference is mainly due 

to the time needed for adjusting the speed of the electric mo-

tor in synchronization phase. It shows that the speed control 

of the electric motor has great impact on shifting quality. 

The time of engagement and disengagement also affects the 

shifting speed and it is mainly dependent on the speed of the 

actuators. Torque recovery time is dependent on the driver 

torque demand. As the speed fluctuation is small and the 

speed and torque of the electric motor is well controlled, the 

gear change is smooth and the shift jerk is around ±4m/s³ 

which is quite satisfactory. 

Case Study-2 

In this case study, the vehicle has been equipped 

first with the proposed gearbox system and then with a fixed 

ratio gearbox for comparison purpose. The vehicle has been 

tested on a chassis dynamometer to compare the test results. 

The dyno environment has been built as shown in Fig. 12 

and the tests have been performed as recommended in SAE 

J-2711 [23]. 
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Fig. 12 Test vehicle on chassis dynamometer 

The vehicle speed has been controlled automati-

cally to follow the EPA UDDS (Urban Dynamometer Driv-

ing Schedule) driving cycle that has been widely used for 

heavy-duty vehicles as shown in Fig. 13.  

 

Fig. 13 UDDS driving cycle 

The basic parameters of the UDDS cycle are as fol-

lows; the duration is 1060 sec., the average speed is 

30.4 km/h, the maximum speed is 93.3 km/h and the dis-

tance is 8.9 km. In this case study, two successive cycles 

were used to simulate an average city bus trip length of 

18 km. 

Under this driving cycle conditions, the operating 

points (i.e. torque and speed) of the electric motor have been 

plotted for both gearbox solutions.  

Fig. 14 shows the torque and speed values of the 

electric motor obtained for the proposed gearbox system. In 

Fig. 14, negative torque values corresponding to the regen-

erative braking events during deceleration indicate that the 

electric motor has been operated in generator mode. It is 

seen that operating points are within the maximum torque 

range of the electric motor (i.e. 550 Nm). As a result, the 

electric motor is operated in the most efficient region of its 

efficiency map. 

In a similar way, the performance of the fixed ratio 

gearbox has been investigated for comparison purpose un-

der same conditions. The bus has been equipped with a fixed 

ratio gearbox with a ratio of 1.22. This ratio has been chosen 

to meet the acceleration and maximum speed (i.e. 90 km/h) 

requirement of the driving cycle. In this case, the torque and 

speed values of the electric motor obtained for UDDS driv-

ing cycle for the fixed ratio gearbox has been plotted in 

Fig. 15. 

 

 

Fig. 14 Operating points of electric motor for the proposed 

gearbox system 

 

Fig. 15 Operating points of electric motor for the fixed ratio 

gearbox 

As can be seen from Fig. 15, the operating torque 

values are above the maximum torque curve at some points 

where high drive torque is needed at the wheels. The maxi-

mum motor torque (i.e. 820 Nm) realized is 50% higher than 

what is obtained in the proposed gearbox system (i.e. 

550 Nm). This causes the electric motor to draw a higher 

current from the batteries that results in over heating prob-

lem.  

Furthermore, this situation increases the energy 

consumption of the batteries during over torque operation. 

The battery energy consumption during driving cycle has 

been calculated for the proposed gearbox system and the 

fixed ratio gearbox, respectively. Table 4 shows the com-

parative test results for UDDS driving cycle. 

 

Table 4 

Energy consumption test results 

UDDS 

Cycle 

Proposed 

gearbox 

Fixed ratio 

gearbox 

Energy  

Consumption, kWh 
3.7 3.92 

 

From Table 4, it is seen that the energy consumed 

from the battery has been reduced by %6 with the proposed 

gearbox unit for UDDS driving cycle. This energy saving 
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can be significant when considering that the city buses run 

whole day. 

 

4. Conclusions 

 

This paper addressed the issue of poor shifting 

quality of the conventional AMTs and investigated the ef-

fect of using AMT on the energy consumption and electric 

motor performance. For this purpose, a robotized gearbox 

system without clutch and synchronizer is successfully ap-

plied to the battery electric bus as a new design. The com-

parative experimental results of two case studies showed 

that: 

1. The proposed system with proper gearshift con-

trol strategy provides improvements in shift speed and shift 

comfort such that the shift time is 0.72 s and the shift jerk is 

only ± 4 m/s³.  

2. The energy drawn from the battery is 3.7 kWh 

for the proposed system whilst it is 3.92 kWh for the fixed 

ratio gearbox system for a typical heavy-duty driving cycle. 

Thus, with the proposed system, 6% energy saving has been 

achieved. 

3. The maximum operating torque of the electric 

motor has been realized as 550 Nm with the proposed sys-

tem which is 50% less than those obtained with fixed ratio 

gearbox system (i.e. 820 Nm). Thus, the electric motor has 

been operated much more efficiently with the proposed sys-

tem. 

Overall, the proposed 6 speeds gearbox system 

benefits from energy saving advantage of AMT systems 

without compromising the driving comfort during shifting 

process in electric vehicles. 
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K. Gokce 

PERFORMANCE EVALUATION OF A NEWLY 

DESIGNED ROBOTIZED GEARBOX FOR ELECTRIC 

CITY BUSES 

S u m m a r y 

Automated manual transmissions (AMT) play an 

important role in reducing energy consumption in electric 

vehicles. However, a major concern that limits the usage of 

AMTs is their poor gear shifting quality that reduces the 

driving comfort. In this study, a new pneumatically driven 

robotized gearbox without clutch and synchronizer is intro-

duced and a gear shifting control scheme is developed for 

an electric city bus. A six speed manual transmission has 

been robotized (automated) by using two pneumatic double 

acting cylinders, four three position double solenoid air con-

trol valves and a transmission control unit. The speeds of the 

electric motor and the output shaft of the gear mechanism 

are well synchronized during shifting process. Experimental 

study carried out on a prototype electric bus revealed that 

the new design improves the gear shifting quality such that 

the shift speed is quite fast and the shift jerk is within the 

acceptable. The performance of the proposed gearbox has 

been also compared with that of fixed ratio gearbox and the 

comparative test results showed that, thanks to the proposed 

gearbox system, the electric motor is operated efficiently 

within rated torque limits and the energy consumption is re-

duced to a large extent. 

 

Keywords: electric bus, automated manual transmission, 

design, gearbox, control. 
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