
 

Abstract— In this paper we explore the performance 

capabilities of a new variable transmission system installed on a 

low fuel consumption, zero emission, prototype urban vehicle. 

Our focus is on measuring the efficiency of the continuous 

variable transmission system, namely, the Electronic Shift 

Variable Transmission (ESVT), which is presented here in a 

lightweight conceptually simple design as part of the 

powertrain of a hydrogen fuel cell powered urban vehicle, 

developed at the Technical University of Crete. To evaluate 

ESVT’s operational ability, a laboratory testbed was 

developed, mainly to imitate full scale driving conditions in 

terms of power needs for various external loads. Testbed’s 

configuration and experimental measurements are presented, 

providing insight on technical characteristics and limitations of 

the proposed prototype transmission. 
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I. INTRODUCTION 

The Continuously Variable Transmission (CVT) system 

was firstly conceptualized by Leonardo Da Vinci in 1490 

and installed on a vehicle for the first time in 1910, by 

Zenith motorcycle manufacturer [1]. Although CVTs have 

been used in automobiles for decades, limited torque 

capabilities and questionable reliability have inhibited their 

growth [18]. Nowadays, CVTs are aggressively competing 

with automatic transmissions and several vehicle 

manufacturers, are already keen on exploiting the various 

advantages of a CVT in a production vehicle [1, 2].  

Theoretically, a Continuous Variable Transmission 

(CVT) has an infinite number of transmission ratios, which 

can be achieved without the driver‟s intervention, as in 

automatic transmissions. The technological advantage is that 

CVTs change gear ratios at every time instant so as to 

achieve optimal engine efficiency. This improves the 

mileage compared to traditional (manual or automatic) gear 

boxes by allowing better matching of the engine operating 

conditions to the variable driving scenarios. 

Several different types of CVTs have been developed 

through the years, each having their own characteristics. The 

most referenced types found are: Spherical CVT [4], 

Hydrostatic CVT [5, 6], E-CVT [7, 8], Toroidal CVT [9–
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11], Power-split CVT [12–14], Belt CVT [17], Chain CVT 

[17], Ball-type toroidal CVT [15], and Milner CVT [16]. 

However, belt and chain types are the most commonly used 

CVTs, among all, in automotive applications. 

In general, transmission efficiency is crucial for the 

energy consumption of a vehicle. Manual and automatic 

transmissions are the most commonly used on cars until 

now, presenting high efficiencies. Specifically, the 

efficiency of Manual Transmissions (MTs) ranges from 

96.2% and may be improved up to 96.7% the most. 

Concerning the overall efficiency of Automatic 

Transmissions (ATs), it is found to be around 85.3%, 

whereas the efficiency of the best current AT could be 

improved up to 86.3% [3, 18]. At the same time, the overall 

efficiency of belt type CVTs is estimated at 84.6%, and may 

be improved towards 88.4% by reducing hydraulic pump 

losses These losses practically determine the efficiency of 

CVTs and of ATs, and they are relatively high at low 

transmission loads. The improvement of pump and hydraulic 

circuit design can substantially increase the efficiency of 

CVT and AT and it is a subject of ongoing research [3, 18]. 

Alternatively, the actuation of the clutches and of the CVT 

may be (partly) electrical, so as the hydraulic losses to be 

replaced by potentially lower electrical losses. In the overall 

efficiency of toroidal or traction drive CVTs is estimated at 

around 91%, which may become higher by 1.8% by 

employing more advanced traction fluids [18, 19]. 
In this paper the efficiency of a new prototype CVT is 

researched. The proposed Electronic Shift Variable 
Transmission (ESVT), was designed and implemented at the 
Technical University of Crete, in order to be installed on the 
ER12 prototype hydrogen (H2) fuel cell powered urban 
vehicle [25]. The main reason to use a CVT was to achieve 
lower energy consumption by operating the vehicle‟s 
electric motor at its optimal efficiency region. At the same 
time, low weight and simple construction were targeted for 
the specific application. In order to explore ESVT 
efficiency, a testbed was developed and experimental 
measurements were conducted and are presented hereafter. 
ESVT power transfer capability is also considered and 
therefore different experiments are conducted to examine 
flat belt type suitability for the specific application. The use 
of a flat belt, instead of the common V-belts used mostly on 
existing CVT‟s, is the main reason for these additional tests, 
providing more insight on this proposed technology. To the 
best of our knowledge, no similar system has been 
developed and evaluated on electric vehicles so far. 
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II. THE PROTOTYPE ELECTRONIC SHIFT VARIABLE 

TRANSMISSION 

The proposed Electronic Shift Variable Transmission 

(ESVT) consists of a) mechanical components which 

transmit the power from an electric motor to the wheel and 

b) electronics, which are responsible for gear ratio change 

and control. A description of these components regarding 

ESVT operation and control follows. 

A. Mechanical Structure 

An assembly of the main mechanical parts for the 

proposed ESVT, is shown in Fig. 1. As shown, the power is 

transfered by two cone pulleys that are connected through a 

flat belt. Power input is provided by a motor (electric motor 

in the case presented here) to the lower cone pulley and it is 

transmitted to the upper cone pulley using the flat belt. 

Power output is provided to the wheel for vehicle 

movement. The movement of the belt along the pulleys 

provides the shifting of gears (i.e. change of gear ratio), 

which results to theoretically infinite variable ratio 

transmission. A linear actuator, driven by a controller, 

handles belt movement along the pulleys. A schematic 

diagram of the ESVT main components when it is installed 

on a vehicle is shown in Fig. 2. 

The transmission system described here was designed 

and built in order to provide certain capabilities to a specific 

prototype vehicle, whose objective is the lowest possible 

fuel consumption. 

 

Figure 1.  The ESVT main mechanical parts assembly. 

 

Figure 2.  Schematic diagram of the ESVT components. 

The desired capabilities correspond to higher traction 
force thus lower consumption at vehicle launch and 
electronically shifted gear ratio at higher speeds, targeting 
electric motor best efficiency region. These targets are 
reached using variable gear ratios ranging from 1.5 to 1 (by 
the ESVT), which in addition to a fixed secondary gear 
results to a final drive of 1:15 to 1:10. The secontary gearing 
is used to raise the torque at the levels needed to move the 
specific vehicle. In particular, the proposed ESVT 
transmission transfers up to 2Nm of torque output 
(according to motor maximum power), while using the 
secondary gearing this is raised to 20Nm to the wheel. 
Nevertheless, experimental results indicate that power 
transfer capability can be much higher. 

B. Electronics 

ESVT electronics are responsible for the control of the 
variable gear ratio change, which from now on will be 
referred as electronic shift. The control system consists of:  

1. Controller. A programmable Arduino 
microcontroller is used, where throttle, vehicle‟s 
velocity and gear ratio at every time instant are the 
inputs while the new gear ratio is extracted as 
output. According to input info, the new gear ratio 
(which corresponds to new linear actuator position) 
is calculated in order to change ESVT gear ratio. 
Electronic shift is acquired targeting best motor 
efficiency Rpm, and it will not discussed in detail 
in this paper.  

2. Linear Actuator. A Firgelli L16 linear actuator is 
used to move the belt to a new position, according 
to controller output, which results to change of 
ESVT gear ratio. 

III. MEASURING EFFICIENCY AND POWER LOSS 

Efficiency (nt) of the transmission of a vehicle is defined 
as the power output (Pout) provided to the wheels divided by 
the power input of the electric motor (Pinput) [3, 20]. In the 
following equation (1), efficiency is given as a percentage: 

       (1) 

At the same time, the power loss Ploss in a transmission is 
the difference between the input and the output power 

 Ploss = Pinput - Pout > 0   (2) 

In (2) the input and output power is  

  Pinput = Tinωin    (3a) 

  Pout = Toutωout,    (3b) 

where Tin, Tout, are torque input and output, and ωin, ωout, are 
velocity input and output respectively. 

In belt drive transmissions, the power loss Ploss, can be 
divided into speed loss and torque loss. Nevertheless, torque 
loss becomes the most important factor of power loss and is 
mostly accounted in modeling and simulation experiments. 
Table I presents several loss mechanisms of belt drives that 
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are associated to torque and speed loss, according to the 
relevant bibliography [20, 22]. 

As already mentioned, the proposed ESVT transmission 
uses a flat belt. In general, flat belts are more efficient than 
V-belts, reaching over 98% maximum efficiency and 
provide better performance on light loads. This is due to 
lower power losses during operation that correspond to [21, 
22]: 

1. Lower hysteresis losses at the same load, since they 
are thinner. 

2. Less friction losses because they do not have 
wedging into and out of the grooves as V-belts. 

3. Do not stretch with age and keep constant tension for 
much longer time, thus avoid slippage losses and 
don‟t need regular maintenance. 

In the literature [22-24], the most popular way to present 
and evaluate efficiency measurements of a transmission, are 
the graphical representations of efficiency (%) to torque and 
efficiency to motor rpm. This is what we adopt in the next 
section, where thru these graphically represented results we 
provide the efficiency range of the transmission system. 

IV. THE TESTBED 

A. Testbed Main Components 

In order to evaluate ESVT‟s operation, a testbed was 

developed to provide efficiency measurements in various 

motor RPM and external loads (torque needs). The testbed 

was fully designed and constructed at the Machine Tools 

Laboratory of the Technical University of Crete and its main 

components shown at Fig. 3, are: a) a rotary torque 

transducer (DATUM M420) used to measure motor‟s speed 

(rpm), Torque (Nm) and Power (Kw), b) a hydraulic disc 

brake from which external loads are applied, c) a brake 

handle, which serves as a torque regulator, d) a brushless 

electric motor providing the input torque, e) an electric 

motor throttle adjustment for motor speed calibration and f) 

a laptop for data recording. 

B. Experimental Setup 

Numerous experiments are conducted at different motor 
rotation velocities (rpm) and external loads (output torque). 
Input and output torque at ESVT input and output 
respectively, are recorded at every test case, whereas 
efficiency is calculated according to (1).  

For every efficiency calculation the following procedure 
is used through the tests. The rotary torque transducer is 
firstly placed between the electric motor and ESVT input, 
measuring the input torque and rpm. Then, electric motor 
throttle is increased to the required rpm and input torque 
measurement is recorded at the PC. According to electric 
motor specifications, max motor speed is 3500rpm, while 
maximum torque is 2.0Nm. At the same time, best motor 
efficiency, which is targeted for ESVT use, is reached at 
2500rpm. Thus, motor speed measurements are recorded for 
500, 1000, 2000 and 2500rpm and torque measurements are 
obtained for 0.5, 1.0 and 2.0Nm. The maximum values, were 
chosen with respect to motor efficiency rpm and maximum 
torque, respectively. 

When all input torque experiments are finalized, then the 
torque transducer is removed and re-installed at ESVT 
output, between the ESVT and the hydraulic disc brake. 
Experiments are repeated at exactly the same way. Thus, 
ESVT output torque and rpm are measured at the same 
conditions and according to previous input measurements, 
the efficiency is finally calculated for every test case. 

TABLE I.  LOSS MECHANISMS OF BELT DRIVES [22] 

Power loss of belt drives Loss Mechanisms 

Torque Loss Belt hysteresis 

Friction from radial 

motion 

Wedge in/out 

Compression of belt 

Speed Loss Creep 

Rubber compliance 

Shear deflection 

Seating / unseating 

 

 

Figure 3.  The testbed developed for ESVT‟s efficiency measurements. 
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As only one torque transducer is used and re-installation 
is required in order to measure ESVT input and output 
(torque and rpm), it is crucial to achieve the same conditions 
for every measurement. Key factors towards that target are: 
a) the external load adjustment, b) the throttle increase and c) 
the belt tension. Specifically, to provide different but 
standard external loads, the regulator on the brake handle 
(Fig. 5) is adjusted according to torque transducer readings 
when the torque transducer is placed at the ESVT input. 
When the required torque is reached, the ESVT input torque 
is recorded for all the needed motor rpm input. For that 
specific external load, the torque transducer is then re-
installed at ESVT output and measurements are recorded, 
corresponding to ESVT output torque. Even though this 
procedure is time consuming, it ensures that the external load 
is exactly the same at both input and output measurements. 
For the second factor, the electric motor controller interface 
is set to increase the motor speed at a constant rate up to a 
specific rpm. In this way, throttle increase and motor rpm 
input, are accurate and constant for every ESVT input or 
output measurement, since they are adjusted directly from 
the motor and not according to transducer readings, that 
change due to ESVT transmission ratio. Finally, ESVT belt 
tension is pre-adjusted by two regulators which remain 
unchanged, avoiding any tension variations that would lead 
to wrong results. The belt tension regulators along with other 
ESVT main components, as installed on the prototype ER12 
vehicle, is shown in Fig. 4. 

It should also be mentioned, that temperature effects are 
not taken into account throughout the tests. This was 
decided, as after every input torque measurement, the torque 
transducer was re-installed and during that time room 
temperature was again restored at the belt and at the disc 
brake. 

 

Figure 4.  Main components of prototype ESVT installed on the ER12. 

Finally, just one type of flat belt is used for all 
experiments. That belt was chosen as the most suitable for 
the specific application, according to its technical 
characteristics, but also according to experiments conducted 
compared to other flat belt types. These experimental results 
are also described in the following section. 

V. RESULTS 

Following the experimental setup procedure, ESVT 

efficiency is calculated and presented for different motor 

RPM and external loads. In order to proceed to these tests, a 

first comparison among the possible applicable flat belts is 

conducted and the most suitable one is chosen.   
The main purpose of ESVT efficiency results is to 

evaluate the proposed transmission development. That 
means, to explore if the efficiency calculated, is close to 
most existing variable transmissions efficiency levels (85%), 
as reported in the literature and mentioned at the 
introduction. This first step, will then allow ESVT 
application to a prototype electric vehicle as the ER12, 
providing additional ability towards lower hydrogen 
consumption. 

A. Flat Belt Type Comparison 

On every system using a belt to transmit power, a major 

influence on final operational ability and efficiency is 

provided by the type of belt used. Thus, one important step 

before experimental measurements was to choose a flat belt 

capable to transmit the needed power that will be applied 

during vehicle operation. According to belt manufacturers 

recommendations and technical characteristics [26], four flat 

belts of different materials and widths where tested. The 

main target was to measure which one transmits the highest 

possible torque, hence is the most suitable for the specific 

ESVT application. Table II presents the technical 

characteristics for each type of flat belt used. All belts are 

from the same manufacturer (Forbo Movement Systems) and 

specifically Extremultus P line range. Every belt is 

composed by three layers corresponding to different 

materials, where: 1) Top coating (layer 1) is chrome-leather, 

highly wear-resistant elastomer or polyamide fabric, 2) 

Tension member (layer 2) is highly-orientated polyamide 

sheet and 3) Friction coating (layer 3) is chrome-leather or 

highly wear-resistant elastomer. The first two belt types, 

coded GG, have an elastomer friction layer on both sides, for 

power transmission on both sides, while the other two, coded 

GT, have an elastomer friction coating on one side, for 

power transmission on one side and top coating is made of 

polyamide fabric. Also, different belt widths are used for 

every type, as a key factor of belt power transfer.  

The tests were conducted statically, using a torque 

wrench (BETA 606/6) ranging from 8-60Nm. The torque 

wrench was placed at the input of the ESVT while the output 

was kept firmly on a clamping device. For the same belt 

tension, the torque wrench adjustment was increased until 

the belt started to slip on the ESVT cone pulleys. This 

measurement was recorder as the maximum torque 
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transferred by the specific belt type. Fig. 5, shows the 

maximum torque reached corresponding to each of the belt 

types presented at Table II. 

TABLE II.  TECHNICAL CHARACTERISTICS OF TESTED FLAT BELTS  

Belt No. Type Width (mm) Total Thickness (mm) 

1 GG4P 40 2.0 

2 GG4P 20 2.0 

3 GT6P 25 1.3 
4 GT6P 50 1.3 

 

 

Figure 5.  Maximum transferred torque for different flat belt types. 

As shown, differences on coating materials of the belts 

provide the main torque variations. Specifically, even though 

belts No. 3 and 4 have larger widths which correspond to 

higher nominal effective pull force, they present lower 

torque transfer capabilities. Experimental results present 

maximum torque capabilities ranging from 13 to 28 Nm 

which all exceed maximum motor torque (2.0 Nm). 

According to these results, the No.1 flat belt is chosen as the 

most suitable for ESVT application. It is also evident from 

these experiments, that the proposed ESVT can be used for 

larger external load transfer and thus more applications. 

These experiments were conducted in order to easily 

identify the best belt choice for the proposed transmission. If 

the exact belt operational characteristics in various motor 

rotation velocities were examined, measurements should be 

conducted at the efficiency testbed for every belt type. 

Nevertheless, this is beyond the scope of this paper. 

B. Efficiency Measurements 

As already mentioned at the experimental setup section, 

measurements are taken according to electric motor 

maximum torque and best efficiency speed (2500rpm). This 

is chosen, since ESVT is developed targeting a specific 

electric vehicle application (ER12), which in order to 

achieve minimum fuel consumption, it must operate closely 

to electric motor efficiency point and transfer more than the 

maximum torque.  

The results obtained from the efficiency testbed, are 

gathered in two main figures. At Fig. 6, efficiency versus 

external load is presented, for different motor rpm, while at 

Fig. 7, efficiency versus motor rpm is shown, for different 

external loads. 

 

 

Figure 6.  ESVT experimental efficiency at different external loads. 

 

Figure 7.  ESVT experimental efficiency at different motor speeds (rpm). 

Experimental results show that ESVT efficiency ranges 

from a minimum of 70% to a maximum of 93%. As 

expected, best efficiency is found at higher motor speeds 

(2500rpm), while according to torque measurements, 

medium external loads provide better efficiency through all 

rpm range. Reversely, low efficiency results are found for 

high and low external loads. At low speeds, efficiency is 70-

75%, while for higher speeds it raises up to 80-90%. It 

should be noticed, that for torques between 1.0-2.0Nm and 

high motor speeds (>2000 rpm), ESVT can transfer power at 

very good efficiencies corresponding to 87-93%. This best 

efficiency region, corresponds to vehicle speeds of 15-

25Km/h where is mostly operated during a race. Thus, it can 

prove to be of major importance towards low energy 

consumption improvement. 

It is clear that ESVT use at low motor speeds shows 

power losses that must be compensated by high gear ratios in 

order to achieve low energy consumption on a vehicle. At 

the same time, closely to motor best efficiency rpm, ESVT 

provides high efficiency levels for a wide torque range, 

which can for sure extend vehicle autonomy. These results 

also prove, that compared to most existing CVT types, the 

proposed ESVT provides good operational characteristics 

and high efficiency performance.  

VI. CONCLUSION 

A new Electronic Shift Variable Transmission (ESVT) 

was designed, developed and constructed, in order to explore 
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the performance of variable transmission use on zero 

emission urban vehicles. At first, the influence of the type of 

belt used was tested, comparing four flat belts of different 

materials and widths. The main target was to choose the 

most suitable for the specific ESVT application. These 

experiments showed that the proposed ESVT can transfer 

higher external loads than expected and thus extend its use to 

more applications. Also, to evaluate ESVT operational 

ability, a testbed was developed in order to measure its 

efficiency under different electric motor rpm and external 

loads. Testbed configuration and experimental measurements 

are presented, proving that compared to most existing CVT 

types, the proposed ESVT provides good operational 

characteristics and high efficiency performance. Moreover, 

at motor best efficiency rpm, ESVT provides high efficiency 

levels for a wide torque range, which can for sure extend 

vehicle autonomy. At low motor speeds power losses are 

higher, and must be compensated by high gear ratios in order 

to achieve low energy consumption.  
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