
 

Abstract  

By means of a parameter study using a detailed backwards facing model of the longitudinal 

vehicle dynamics, the design of the transmission ratio in battery electric vehicles (BEV) is 

analyzed for different driving cycles and it is shown that the electric consumption in urban 

operation can be significantly reduced by up-speeding the electric machine (EM) using a high 

1st transmission ratio. But this potential currently remains unused in fixed-speed BEV due to 

various additional driving requirements of extra-urban driving with higher vehicle speeds. For 

this reason, multi-speed BEV are further investigated as a solution to the conflicting design 

objectives. An additional parameter study for multi-speed BEV with two transmission ratios 

shows further potentials for the reduction of electric consumption both in urban and extra-urban 

driving scenarios. Furthermore, the more complex "Two-Drive-Transmission" (TDT) concept is 

investigated as a multi-speed BEV powertrain with two downsized EMs instead of one high-

power EM and it is compared with the other BEV variants using a comparative optimization 

approach. The TDT uses low-cost and energetically efficient shifting devices based on the 

technology of an automated manual transmission with simple dog clutches without friction 

surfaces, allowing shifting without interruption of traction force. Dynamic programming is 

applied as operational strategy for all simulations considering shifting losses to achieve a 

benchmarking of the potentials of fixed-speed and multi-speed BEV. 

 

1. Introduction and Motivation 

Battery electric vehicles are entering the market with increasing momentum to meet legislative 

requirements and the demand of society for emission-free and climate-friendly mobility. BEV 

are particularly suitable for operation in urban traffic, especially with regard to clean air and 

noise reduction in cities. Furthermore, the frequent braking and acceleration situations in urban 

areas can be performed particularly efficient by electric (and also electrified) powertrain 

concepts. Current BEV are usually driven by a central drive unit consisting of a single electric 

machine (EM) with a fixed-speed transmission, examples are the VW ID3, Renault Zoe or 

Hyundai Kona. Other available models also use a fixed transmission ratio but two EM, one EM 

for each axle. 
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The design of the transmission ratio in fixed-speed BEV must take the overall driving 

requirements into account, which are essentially composed of top speeds on the highway, the 

required maximum launch-torque and the electric consumption in various driving situations. In 

general, the dimensioning of the EM and the transmission ratio are subject to a conflict of 

objectives resulting from these various design requirements and as a result, the energy-saving 

potential in urban traffic cannot be fully exploited. As will be shown within this contribution, the 

electric consumption in urban operation can be reduced significantly by increasing the speed 

of the EM by means of a high transmission ratio. This “up-speeding” of the EM in electric 

concepts for urban traffic in order to achieve increased efficiency stands in contrast to the well-

known “down-speeding” of the internal combustion engine (ICE) in conventional powertrains. 

Unfortunately, despite the significant potential of the up-speeding of the EM, this solution is 

insufficient in fixed-speed transmissions for typical driving requirements of real passenger cars 

and is therefore currently not exploited. 

To solve this problem of conflicting development goals, two-speed BEV can be used. In 

previous research it has been shown that two-speed BEV transmissions allow for a reduction 

of electric consumption [1–8] as well as for a potential downsizing of the EM [8–10]. Various 

concepts for multi-speed BEV with one EM have been presented by academia and industry 

(overviews are given in [11] and [12]). Such concepts allow for a fully capable vehicle with high 

efficiency in urban operation enabled by a high 1st transmission ratio and the fulfilment of all 

further driving requirements. In order to enable shifting without interruption of traction force, a 

single-EM concept with two transmission ratios is equipped with an inverse-automated 

transmission (I-AMT) or a dual-clutch transmission (DCT). The friction clutch(es) and its 

periphery are cost-intensive and lead to relatively high losses compared to a simple dog-clutch 

and the use of active synchronization to engage the gears, which, on the other hand, leads to 

an interruption of traction force during gear-shifts if used in a concept with a single EM. 

To solve this problem and fully exploit the potential of multi-speed BEV concepts, the "Two-

Drive Transmission" (TDT) has been developed at IMS (Institute for Mechatronic Systems in 

Mechanical Engineering) and was first introduced in [13]. The TDT is a multi-speed BEV 

powertrain with two downsized EMs instead of one high-power EM. The TDT uses active 

synchronization of the EMs during shifting and simple, low-cost and energy-efficient dog-

clutches without friction surfaces. Seamless shifting without reduction of traction force is 

possible for most driving situations by using the second EM during the gearchange of the first 

sub-transmission. Additionally, the TDT profits from the benefit of using just one of the 

downsized EMs with high-utilization in part load driving scenarios which in general results in a 

higher efficiency compared to the use of a single high-power EM in part load. Based on the 
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generic topology of the TDT, multiple purely electric and also hybrid vehicles have been 

derived and investigated in public funded projects (Speed2E, Speed4E [14], DE-REX [10] & 

DE4LORA [15]). Besides the TDT-concept, other multi-speed BEV-concepts with two EM are 

under research (like [16]) or even already entering the market. 

The purpose of this contribution is to further investigate the energy-saving potentials of BEV-

concepts with a focus on urban driving. As will be shown, the possible up-speeding of the EM 

using a high 1st transmission ratio enables significant reduction of electric consumption in urban 

driving scenarios, but the potential remains unused due to the various additional driving 

requirements. Multi-speed BEV on the other hand allow for a fully capable vehicle with highest 

efficiency in urban operation and fulfilment of extra-urban driving requirements. 

 

2. Vehicle model and operating strategy 

To enable the extensive parameter studies in the design of BEV-powertrains that are 

necessary for this study, the DrOPs environment (“Driving-Optimal Powertrains”) is used, 

which has been developed at IMS and been used for various publications [9, 17–19]. Details 

concerning the models used in this work are given in the following. 

After an introduction of three BEV-concepts considered in this work, the implementation of the 

vehicle model, the characterization of the powertrain components and corresponding 

powerloss-models as well as the applied operating strategy are presented. Finally, exemplary 

simulation results are discussed to show the behavior of the overall model. 

Investigated BEV-concepts 

Within this contribution, three different BEV-powertrains are investigated that are illustrated in 

Fig. 1. The BEV-1 represents the typical architecture with a single EM and a fixed transmission 

ratio. Advantages of this architecture are the simplicity and available traction force under all 

operating conditions. The BEV-2 is used to analyze the potentials of two-speed BEV concepts. 

For this purpose, the BEV-2 is considered with active synchronization via the EM and a simple 

dog-clutch to engage the gears (AMT-concept). Note that this architecture leads to 

interruptions of traction force during shifting. Normally, a two-speed BEV with a single EM 

requires a transmission system including a friction clutch (like I-AMT or DCT) to prevent 

interruptions of traction force during shifting for reasons of comfort. But such transmissions 

systems generally result in higher costs and a reduced overall efficiency in comparison to a 

simple dog-clutch (AMT). The reasons for this are the friction losses in the multidisc clutch, the 

possible drag torque of a wet dual-clutch in open position and the ongoing delivery of the 

necessary clutch pressure for torque-transfer, that is required in a normally-open clutch. For 

the purpose of the investigation of the potential energy savings, the simple BEV-2 (AMT) 
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architecture from Fig. 1 is chosen since it enables a high efficiency, even if comfort 

requirements are not fulfilled.

Fig. 1: Architectures of the three investigated BEV-concepts.

Furthermore, a specific realization of the “Two-Drive-Transmission” is investigated, which is

referred to as TDT22 within this work. The TDT22 uses two downsized EMs which are 

connected to the differential via two two-speed sub-transmissions. The TDT22 has the already 

discussed benefits of active synchronization and a simple dog-clutch. At the same time, it 

enables shifting between the gears without reduction of traction force for most driving situations 

by using the second EM. Only for shifting during very high-power demands, that exceed the 

power of a single EM, the resulting traction force is partly reduced.

Implementation of the vehicle model

A backwards facing implementation of the longitudinal dynamics of the vehicle is used, which 

is based on the driving resistances Equation, see (2.1), while lateral and vertical dynamics are 

neglected due to a minor influence on the electric consumption. This model type has been

shown to be best suited for larger parameter studies and comparisons on system level since 

it enables to strictly follow a given driving cycle for each vehicle-parametrization, avoids the 

use of an potentially sub-optimal driver model and offers significant benefits concerning the 

computational effort compared to forward-facing models, which in contrast are better suited for 

detailed studies of certain components [17].

������ � ���� ����� �� � ������  ��
 	 � �� �����
� �����  
�� 	� (2.1)
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The parameters used for the driving resistances equation within this work are listed in Tab. 1 

and correspond to a typical compact-class vehicle. 

Tab. 1: Vehicle parameters used for the driving resistances equation. 

Parameter symbol value unit 

Vehicle speed � time-dependent m/s 

Road slope � 0 rad 

Vehicle mass ���� variable kg 

Rotational inertia of the EM ��� variable kgm² 

Dyn. wheel radius ���� 0.3 m 

Air density � 1.2 kg/m³  

Projected surface � 2.2 m² 

Air resistance coefficient �� 0.3 - 

Roll resistance coefficient � 0.008 - 

Gravity constant � 9.81 m/s² 

 

The resulting torque of the EM ��� is calculated dependent on the direction of transmitted 

power under consideration of the transmission-efficiency 
	����, the transmission ratio �, the 

rotational inertia of the EM ��� and the rotational acceleration of the EM as seen in Equation 

(2.2) for the example of a concept with a single EM. Note that for the term containing the 

rotational inertia of the EM, no power is transmitted through the gearbox, hence the efficiency 

of the transmission must not be considered for this term. 

 

��� �
��
� ����������������
	���� � �������  ����������������� � �
������������
	������������� � �������  ����������������� � �

 
(2.2) 

In addition to the traction requirements of the driving cycles, there are other design 

requirements that are relevant for the actual use of a vehicle. The design requirements take 

special situations into account, such as driving onto a curb and desired top-speeds. In this 

work, a gradeability of 60 % is demanded resulting in a required launch-torque dependent on 

the specific vehicle mass. The demanded top-speeds will be explicitly noted for the presented 

results. Each powertrain parameterization of a concept is checked within the simulation model 

for the fulfillment of these design requirements. If a requirement is not met, the 

parameterization is invalid. 
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Battery and secondary consumers 

A constant efficiency of the battery of 97.5 % is assumed that applies for output and 

recuperation of power during driving. Furthermore, an external charging efficiency of 85 % is 

considered in the presented electric consumption values. Battery degradation is not 

considered, the battery mass is calculated with a specific energy density on system level of 

160°Wh/kg and the useable portion of the battery capacity (net capacity) is set to 95 %. 

Secondary consumers (like HVAC) are neglected since they do not differ between the three 

considered concepts and are not relevant for the scope of this work which mainly studies the 

design of the transmission ratios. 

Modelling the EM and the shifting losses 

The combined efficiency of the used permanent-magnetic EM and the associated power 

electronics (PE) is modelled with a measured stationary efficiency map, taken from [20]. A 

torque scaling approach (as done in [21, p. 103]) is applied to generate EMs with different 

power-ratings from the given efficiency map. The basis for this scaling method is the 

assumption of a constant diameter and variable length of the EM, whereby the speed range is 

not affected and a constant efficiency characteristic is assumed [22]. The resulting combined 

efficiency maps of the EM and PE and are shown for 60 kW in Fig. 2 and 140 kW in Fig. 5. 

For the multi-speed BEV concepts, shifting losses are considered. These consist of the energy 

demand of the shifting actuator, that engages or disengages the dog-clutch and the energy 

demand for active synchronization which is required to adapt the speed of the EM to the gear 

to be engaged. Further shifting losses associated with friction clutches are not relevant in this 

work since only concepts based on AMT-technology are considered. To enable shifting without 

interruption of traction force in the TDT22-concept, a short handover of traction force to the 

second EM is required during certain shifting events which would lead to an additional energy 

demand. These losses are neglected within this work, since they are only relevant for certain 

shifting events, but should be incorporated for refined future research.  

The demand of the shifting actuators is modelled independently of the current driving situation 

with a simplified constant energy demand of 30 J per shifting process (magnitude estimated 

based on [1, 23, 24]). The energy demand for active synchronization of the EM is modelled 

according to Equation (2.4) by calculating the difference in kinetic energy using the rotational 

speed and a simplified constant efficiency of ����������� �85% for accelerating and decelerating 

(under partly recuperation of energy) of the EM based on own estimations and [25]. In case of 

the TDT22 the energy demand for active synchronization is calculated in the same way 

considering both EM. In analogy to the assumptions of the torque scaling approach described 
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earlier in this section, the rotational inertia of the EM is estimated with Equation (2.5), 

exemplarily leading to a rotational inertia of 0.105 kgm² for an EM with 140 kW. 

 ��������������� � ���� (2.3) 

 ���������� � 
	������� �������

 ����������� ���� �� � ��������������������� �� � ��� (2.4) 

 ��� � � � �
��� � ���� � ��� � 
��� (2.5) 

In case of the TDT22, the whole driving demand can often be fulfilled by using a single EM 

only. The unused second EM is either towed or put to neutral position if possible and beneficial. 

If an EM is towed, speed dependent towing losses are taken into account, since permanent-

magnetic EMs are considered. The towing losses are modeled with a quadratic function of 

machine speed according to Equation (2.6) based on measurement data of different PSMs, 

exemplarily leading to tow-losses of 1643 W for an EM with 140 kW at 10000 rpm. 

 ��������� � ���	� � �
��� � ��� ��� ���� � 
��

 � ���� ���
	� ����� (2.6) 

Efficiency of the gearbox 

Since two gear-stages are considered for each concept, a constant efficiency of 98 % is used 

for all three concepts. Additionally, constant transmission losses are considered, that are 

higher for the multi-speed concepts, due to the increased number of shafts, bearings and loose 

gearwheels. The assumed values are summarized in Tab. 2. The magnitude of the values is 

estimated based on the results of [21]. 

Tab. 2: Assumed loss-characteristics of the transmission of the three BEV concepts. Shifting losses are considered 
separately and not part of these values. 

 BEV-1 BEV-2 TDT22 

Efficiency gearbox ����� 98 % 98 % 98 % 

Const. losses gearbox 20 W 30 W 40 W 

Operating Strategy 

In order to identify the maximum potential of each powertrain parametrization, a global optimal 

operation strategy is best suited. For this purpose, dynamic programming is applied to identify 

the global optimal operational behavior for a minimal electric consumption of the vehicles for 

each driving cycle. Starting at the end of the cycle, the optimal gear choice and torque 

distribution between the EMs (if two are available) are calculated and saved for each gear. By 
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subsequently solving the decision in the current time-step under knowledge of the optimal 

operation of the remaining cycle the operation behavior for the whole driving cycle is 

determined. The algorithm automatically determines whether the additional energy demand of 

a shifting process is over-compensated by an increased efficiency or not. Another example 

would be the question if an unused EM (in a two-EM concept) should be turned to neutral 

position or towed in an engaged gear position despite the corresponding losses for a short 

time. 

Exemplary Simulation results 

In Fig. 2 the exemplary simulation results of a TDT22 parametrization in the WLTC are 

displayed. EM1 and EM2 are color-coded identically between the three subplots (EM1 = purple 

& EM2 = yellow). The time-dependent results, displayed in subfigure a) show that EM2 is 

typically used for vehicle launch from stand still using the 1st gear with a high transmission ratio 

(examples are at 140 s or 600 s in the WLTC) and for accelerations towards higher speeds 

using the 2nd gear of EM2 (examples are at ~1150 s or ~1500 s in the WLTC). EM1 on the 

other hand is typically used for cruising at high speeds with the long second gear of EM1. A 

boosting with both EM is possible but not beneficial in this example and therefore not used. 

Furthermore, the torques of both EM, the gear choices in the sub-transmissions and the state 

of charge (SOC) are displayed over time. The last subplot shows the energy demand during 

shifting processes and for towing of the EMs. 

In total, 31 gear-shifts are performed in this simulation as a result of the global optimal 

operation which has been determined via dynamic programming. The number of gear-shifts is 

greatly reduced compared to the simple choice of the most efficient gear in each time-step.  

The maximum power demand of the WLTC can be delivered by each of the EMs during the 

whole cycle. Therefore, no interruption or reduction of traction force would arise during the 

shifting processes. 

Due to the significant towing losses, the non-driving EM is always put to neutral position by the 

operating strategy instead of being towed, therefore no towing losses occur. With smaller 

towing losses or different driving cycles it can occur that an EM is towed instead of being put 

to neutral position if its use is only shortly interrupted and two shifting processes would lead to 

higher overall losses. 

The resulting operating points in the combined efficiency maps of EM1 & EM2 (including PE) 

are displayed in subfigures b) & c). In this example, the simulation results were given for an 

arbitrary parametrization of the TDT22-concept. Within Section four of this contribution, the 

results for various powertrain parametrizations will be presented. The detailed results can’t be 
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shown for each simulation, but the modelling approach remains the same as described within 

this section. 

a) Time-dependant operating behavior of an examplary TDT22-parametrization 

b) Operating points within the combined 

efficiency map of EM1 & PE. 

Transmission ratios ����� 10.5 & 4.3 

c) Operating points within the combined 

efficiency map of EM2 & PE. 

Transmission ratios ����� 14.6 & 6.1 

Fig. 2: Exemplary simulation results for a TDT22-parametrization on the WLTC. The max power of EM1 and EM2 
are ca. 60 kW and the vehicle mass is 1766 kg in this example. 
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3. Driving cycles for evaluation 

For this study the Artemis driving cycles (Urban, Rural and Highway) [26] and the WLTC [27], 

shown in Fig. 3, are used. These cycles permit a good comprehensibility, since they are widely 

used and well-known in driving cycle simulations. The Artemis Urban cycle is of main interest 

in this study as it is used to represent typical urban driving conditions. 

Artemis Urban Artemis Rural 

Artemis Highway WLTC 

Fig. 3: Driving cycles (Artemis driving cycles and the WLTC) used for the evaluation of powertrain parametrizations 
in this work. 
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4. Results: Potentials for reduced energy demand in urban driving 

In order to analyze the potentials for a reduction of the electric consumption of BEV in urban 

traffic following steps are taken: First, the design conflict of the transmission ratio in fixed-

speed BEV is shown in Section 4.1. Second, the two-speed BEV (BEV-2) is analyzed in 

Section 4.2, solving the design conflict and allowing for high efficiency in urban and extra-urban 

driving conditions. 

For these first two parameter-studies, fixed parameters concerning EM-power (140 kW) and 

battery capacity (80 kWh gross) are used that correspond to a vehicle with higher range, while 

the transmission ratios are varied. Note that the comparison between the different BEV-

concepts based on such fixed parametrizations underestimates the energy saving potential 

and is questionable, since the reduction of the energy demand for multi-speed-concepts could 

be used to reduce the battery capacity and further, the multi-speed transmission could possibly 

enable a downsizing of the EM. But still, these fixed parameters allow for the best 

comprehensibility of the main results. 

Finally, in the third step of the evaluation, the Two-Drive-Transmission concept (TDT22) is 

included and a proper comparison based on a dedicated optimization of each concept is 

performed within Section 4.3. For a given vehicle usage profile, the optimal parametrization for 

each of the three BEV-concepts is identified to achieve a minimal electric consumption, which 

creates a uniform evaluation basis and enables a fair comparison between the concepts. 

 

4.1. Design conflict in fixed-speed BEV 

In this section the fixed-speed BEV-concept (BEV-1) is considered. Fig. 4 a) shows the electric 

consumption on the different driving cycles in dependency of the chosen transmission ratio, 

while all other parameters are kept constant. The required launch torque leads to a minimum 

transmission ratio of 6, given the maximum torque of the EM, which therefore is the lower valid 

limit. Nevertheless, the results for lower transmission ratios are displayed as well. The 

maximum speed within the cycles determines (given the max speed of the EM and the wheel 

radius) the upper limit of possible values for the transmission ratio, for example 7.5 for 

150 km/h within the Artemis Highway cycle. As the graph shows the range of possible values 

for the transmission ratio is further limited when higher top-speeds are required. If a top speed 

of 180 km/h is desired the possible range of values for the transmission ratio is located 

between 6 and 6.3, drastically limiting the design range. 

The results show that a higher transmission ratio and a corresponding up-speeding of the EM 

lead to significant advantages for urban driving, while at the same time, the consumption on 

extra-urban and highway driving is getting worse. This is especially clear in the percentage-
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changes (given in subfigure b), normalized to the corresponding consumption of the 

parametrization with the lowest considered transmission ratio. The best consumption for the 

urban cycle is achieved for � = 9.67 in this analysis leading to a consumption reduction of ~9 % 

compared to the transmission ratio of � = 4. Despite the significant potential of up-speeding the 

EM, this solution is insufficient for typical requirements of real passenger cars, since the 

maximum speed would be limited to only ~117 km/h. 

a) b)

Fig. 4: Electric consumption of the BEV-1 depending on the transmission ratio in different driving cycles. Subfigure 
a) shows the absolute values while subfigure b) shows the percentual changes. For each driving cycle, there is a 
maximum possible transmission ratio due to the top-speed in this cycle. For the assumptions in this work, the 
transmission ratio must be greater than 6 to satisfy the launch-torque requirement. The evaluation is based on a 
parametrization with a 140 kW EM and 80 kWh battery leading to a total mass of 1746 kg.

The reason for the reduction of energy demand lies in the operating points within the combined 

efficiency map of the EM and PE, which are shown for two transmission ratios in Fig. 5. 

Especially the efficiency of the inverter increases with higher machine speeds and equal power

due to the reduced ohmic losses. Of course, the identified potentials for a reduction of electric 

consumption strongly depend on the specific efficiency map of the EM and PE that are 

considered. Therefore, this study should be repeated with various different characteristics of 

EM and PE in the future. While the detailed results may vary it is assumed that the overall 

trend remains the same.

Launch 
torque 

insufficient

Minimum 

@ � = 9.67
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a) BEV with 140 kW and �=5 b) BEV with 140 kW and��=10 

Fig. 5: Operating points of a BEV-1 within the efficiency map of the EM (140 kW) in the Artemis Urban cycle for two 
different transmission ratios. 

Furthermore, it is important to note that the reduced consumption, which results from a higher 

transmission ratio, would enable a reduction of installed battery capacity while keeping the 

total range. The reduced vehicle mass would even further reduce the electric consumption and 

also enable a downsizing of the EM. These potentials were not considered in this simple 

parameter study leading to a conservative estimation of potential savings. 

As mentioned before, the efficiency potentials are not leveraged due to the typical 

requirements of real passenger cars. In order to meet all the requirements of a fully capable 

vehicle with highest efficiency in urban operation and fulfillment of extra-urban driving with 

higher vehicle speeds, multi-speed BEV are further investigated. 

 

4.2. Potentials of two-speed BEV 

The BEV-2 concept, as presented in Section 2 is analyzed to investigate the potentials of two-

speed BEV with a single EM. As before the electric consumption is evaluated in dependency 

of the chosen transmission ratios. Since two ratios can be determined, a two-dimensional 

space is evaluated in contrast to the BEV-1. The results are shown in Fig. 6. Each dot 

represents a parametrization of a BEV-2 that was evaluated while the contour lines were 

interpolated to better visualize the determined trends. The best parametrization for each cycle 

is marked with a larger dot in magenta color. 
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a) Artemis Urban b) Artemis Highway

Fig. 6: Electric consumption of the BEV-2 depending on the transmission ratios in the Artemis Urban and Highway 
cycle. The vehicle is parametrized with a 140 kW EM and 80 kWh battery.

There are several boundaries for the possible design space. Again, the 1st transmission ratio 

must be higher than 6 to achieve the demanded launch torque with the given EM. The upper 

limit for the the 1st transmission ratio (15 in this study) was chosen to limit the transmission 

ratio of each gear stage to reasonable values. The second transmission ratio must be smaller 

than 7.5 in order to achieve the required maximum speed in the Artemis Highway cycle while 

the lower end value is arbitrarily set to 3. The results show that lower transmission ratios are 

not beneficial. The design space boundary labelled as “a” in Fig. 6 represents the constraint 

that the 1st transmission ratio shall be higher than the 2nd while the boundary “b” results from 

the maximum spread between the gears to avoid a gap of deliverable traction power.

Fig. 6 a) shows the consumption on the Artemis Urban cycle. The consumption is mainly 

influenced by the 1st tranmission ratio while the 2nd gear has little impact. If the 2nd transmission 

ratio is relatively high, it offers benefits for the urban driving style but the benefit compared to 

a low 2nd transmission ratio is small. The results for the Artemis Highway cycle on the other 

hand show the contrary. The first transmission ratio has almost no impact on the results. They

are mainly determined by the 2nd gear, which is primarily used in this cycle. For the Artemis

Highway cycle a long (overdrive) gear leads to the best consumption values. These results 

support the prior findings from the analysis of the BEV-1. But as stated before, the two-speed 

BEV allows to meet all the requirements of a fully capable vehicle with high top speed and

superb efficiency in urban and extra-urban operation by choosing a well-suited design of both 

transmission ratios. 

a

b

a

b
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A potential design could be derived by choosing a transmission ratio that offers highest 

efficiency for both urban and highway driving like�� = [10/3.5]. The electric consumption of this 

parametrization is just 0.2 % higher in the Artemis Urban cycle and just 0.1 % higher in the 

Artemis Highway cycle than the corresponding two optimal parametrizations. At the same time, 

a high top-speed and launch-torque are realized. 

A remaining problem of the BEV-2 concept are the interruptions of traction force that were 

discussed in Section 2, that deteriorate the driving comfort. A DCT or I-AMT concept could 

solve this problem but would negatively impact the efficiency compared to the AMT concept 

limiting the potential reduction of electric consumption. A more promising approach is the 

realization of a Two-Drive-Transmission, which is discussed in the following section. 

 

4.3. Potential of the Two-Drive-Transmission 

So far, it has been shown that significant potentials for the reduction of electric consumption in 

urban driving can be achieved by up-speeding the EM through the use of a higher transmission 

ratio. In order to still achieve a fully-useable vehicle, the two-speed BEV has shown to satisfy 

all requirements. But still, more sophisticated solutions can enable even higher efficiency and 

comfort as will be shown in this section. 

The previous results were determined by using fixed parameters for EM-power and battery 

capacity, which does not allow a fair comparison between the different concepts. In order to 

achieve a scientifically proper comparison between the three concepts, an environment for the 

comparative optimization, based on [17], is used. By means of genetic optimization, the optimal 

parametrizations to achieve a minimal electric consumption are identified. Within the 

optimization process the battery capacity, the EM-power and the transmission ratios are 

optimized. Equivalent requirements for top-speed, total range and gradeability are defined for 

each of the three concepts, described in the following. Since identical requirements are placed 

and the optimal parametrization is identified for each BEV-concept, the resulting 

parametrizations are comparable in a strict sense. 

 

Vehicle usage profile 

A vehicle usage profile is defined for the optimization. Studies like [28] show that most of the 

mileage is typically driven on relatively short trips, while longer trips occur less frequent. For 

this reason, the three Artemis cycles will be evaluated and a weighted consumption������� is 

calculated according to the following equation with a high weighting of urban driving efficiency. 

 ������ � ��� � ����������  ��� � ������
���  ��	 � ������������� (4.1) 
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Furthermore, a total range of 400 km is required on the Artemis Highway cycle, leading to a 

relatively high battery capacity. Additionally, a top-speed of 180km/h and multiple acceleration 

times (9.71 s from 0-100 km/h and 4.76 s from 0 to 60 km/h) as well as a gradeability of 60% 

are defined as driving requirements. Of course, the results of the concept comparison differ for 

different assumptions concerning the vehicle usage profile and within this study, just one 

(relevant) usage profile is exemplarily investigated. 

 

Comparison of the three BEV concepts 

The resulting optimal powertrain parametrizations for each of the three investigated BEV-

concepts for this vehicle usage profile are given in Tab. 3: As can be seen, the required battery 

capacity for the multi-speed concepts is reduced compared to the BEV-1 because of the 

enhanced powertrain efficiency that is also shown in Fig. 7 a). Furthermore, the EM-power and 

transmission ratios, identified by the optimization process, are listed.  

Tab. 3: Parametrizations of the three BEV-concepts resulting from the optimization of electric consumption towards 
the defined usage profile. The percentage changes in electric consumption of the BEV-2 and TDT22 concept are 
given compared to the BEV-1 concept. 

Parameter Unit BEV-1 BEV-2 TDT22 

Power of EM kW 141.9 116.6 2x60.7 

Battery capacity (gross) kWh 81.4 77.6 76.8 

Transmission ratios - 5.9 9.5/3.9 14.6/10.5/6.1/4.3 

Vehicle mass kg 1754 1727 1766 

El. consump. (Art. Urban) 

kWh/100km 

12.52 11.87 (-5.2%) 11.47 (-8.3%) 

El. consump. (Art. Rural) 13.23 13.01 (-1.7%) 12.78 (-3.4%) 

El. consump. (Art. Highway) 22.73 21.69 (-4.6%) 21.47 (-5.6%) 

Weighted consumption 13.75 13.19 (-4.1%) 12.86 (-6.5%) 

 

The TDT22 achieves the best electric consumption, despite the fact of being slightly heavier 

than the other two concepts (detailed information concerning the total mass is given in Fig. 7 

b). The TDT22 achieves a significant reduction of electric consumption of 8.3% in the Urban 

cycle, 3.4% in the Rural cycle and 5. 6% in the Highway cycle compared to the BEV-1 and 

outperforms the BEV-2 concept in each of the cycles as well. 

The main reasons for the good performance of the TDT22 are the various transmission ratios 

that allow the choice of a suiting operation point for different driving demands and the benefit 

of using just one of the downsized EMs with high-utilization in part load driving which in general 

results in a higher efficiency compared to the use of a single high-power EM in part load. Since 

part-load driving is the dominant operation condition in the driving cycles, this leads to a 
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significant potential to reduce the electric consumption. Additionally, the TDT22 benefits from 

a high 1st and also relatively high 2nd transmission ratio in urban driving conditions. 

a) b) 

Fig. 7: Subfigure a) shows the weighted consumption of the three BEV concepts. Subfigure b) shows the total 
vehicle mass and the portions of the different components. Shown are of the glider, EM1 & EM2, the EM periphery 
containing the power electronics, the gearbox and the traction battery. 

Furthermore, as stated before the TDT22 achieves smooth shifting without reduction of traction 

force (for most driving situations) which the considered BEV-2 concept does not. A BEV-2 with 

a DCT or I-AMT configuration on the other hand would lead to higher consumption values than 

the BEV-2 (AMT) considered here. 

 

5. Conclusion 

Within this contribution the potential energy-savings of BEV-concepts in urban driving have 

been analyzed by using a backwards facing implementation of the longitudinal vehicle 

dynamics and performing parameter studies for the transmission design and a comparative 

optimization of three different BEV concepts. Dynamic programming was applied as 

operational strategy for all simulations considering shifting losses to achieve a benchmarking 

of the potentials of fixed-speed and multi-speed BEV. 

As shown, a potential up-speeding of the EM using a high 1st transmission ratio enables a 

significant reduction of the electric consumption in urban driving scenarios. But these potentials 

are not leveraged in fixed-speed BEV due to various additional driving requirements. Multi-

speed BEV on the other hand allow for a fully capable vehicle with highest efficiency in urban 

operation and the fulfilment of top-speed requirements. 

Additionally, a configuration of the "Two-Drive-Transmission" (TDT) concept was introduced 

and compared to a fixed-speed and two-speed BEV using comparative optimization. The TDT 
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possesses two downsized EMs instead of one high-power EM and uses low-cost and 

energetically efficient shifting devices based on the technology of an automated manual 

transmission with simple dog clutches without friction surfaces enabling shifting without 

interruption of traction force in most driving situations. The TDT achieved a reduction of the 

electric consumption in urban driving conditions of 8.3 % compared to the fixed speed BEV 

and outperformed the two-speed BEV in all driving cycles as well. 

In future studies, further characteristics of the electric machine and power electronics should 

be analyzed and the shifting losses should be modelled more accurately to further validate the 

findings of this study. 

 

Gratification 

We want to thank Daniel Schöneberger, Aaron Kappes and Tobias Peichl for their helpful 

feedback and advice in the design of this study. 

 

References 

[1] C. Danzer, “Systematische Synthese, Variation, Simulation und Bewertung von 

Mehrgang- und Mehrantrieb-Systemen rein elektrischer und hybrider 

Fahrzeugantriebsstränge,” Dissertation, Technische Universität Chemnitz, 2017. 

[2] K. Kwon, J. Jo, and S. Min, “Multi-objective gear ratio and shifting pattern optimization of 

multi-speed transmissions for electric vehicles considering variable transmission 

efficiency,” Energy, vol. 236, p. 121419, 2021, doi: 10.1016/j.energy.2021.121419. 

[3] G. Wu, X. Zhang, and Z. Dong, “Impacts of Two-Speed Gearbox on Electric Vehicle's 

Fuel Economy and Performance,” SAE Technical Papers, vol. 2, 2013, doi: 

10.4271/2013-01-0349. 

[4] J. Ruan, P. Walker, and N. Zhang, “A comparative study energy consumption and costs 

of battery electric vehicle transmissions,” Applied Energy, vol. 165, pp. 119–134, 2016, 

doi: 10.1016/j.apenergy.2015.12.081. 

[5] B. Gao, Q. Liang, Y. Xiang, L. Guo, and H. Chen, “Gear ratio optimization and shift 

control of 2-speed I-AMT in electric vehicle,” Mechanical Systems and Signal 

Processing, 50-51, pp. 615–631, 2015, doi: 10.1016/j.ymssp.2014.05.045. 

[6] T. Hofman and C. H. Dai, “Energy efficiency analysis and comparison of transmission 

technologies for an electric vehicle,” in 2010 IEEE Vehicle Power and Propulsion 

Conference, 2010. 

VDI-Berichte Nr. 2401, 2022150



[7] K. Han, Y. Wang, D. Filev, E. Dai, I. Kolmanovsky, and A. Girard, “Optimized Design of 

Multi-Speed Transmissions for Battery Electric Vehicles,” in 2019 American Control 

Conference (ACC), 2019. 

[8] P. Leise et al., “Sustainable system design of electric powertrains—comparison of 

optimization methods,” Engineering Optimization, pp. 1–16, 2021, doi: 

10.1080/0305215X.2021.1928660. 

[9] A. Esser, T. Eichenlaub, J.-E. Schleiffer, P. Jardin, and S. Rinderknecht, “Comparative 

evaluation of powertrain concepts through an eco-impact optimization framework with 

real driving data,” Optim Eng, 2020, doi: 10.1007/s11081-020-09539-2. 

[10] A. Viehmann, J.-E. Schleiffer, and S. Rinderknecht, “Evaluation of the Dedicated Range-

Extender Transmission Powertrain Concept DE-REX regarding Efficiency, Costs and 

Clomplexity,” VDI-Berichte Nr. 2354, S.21-48, 2019. 

[11] B. Gao et al., “Topology optimization and the evolution trends of two-speed transmission 

of EVs,” Renewable and Sustainable Energy Reviews, vol. 161, p. 112390, 2022, doi: 

10.1016/j.rser.2022.112390. 

[12] F. Machado, P. Kollmeyer, D. Barroso, and A. Emadi, “Multi-Speed Gearboxes for 

Battery Electric Vehicles: Current Status and Future Trends,” IEEE Open J. Veh. 

Technol., vol. 2, pp. 419–435, 2021, doi: 10.1109/ojvt.2021.3124411. 

[13] S. Rinderknecht, T. Meier, and R. Fietzek, “Electric Two-Drive-Transmission for E-

Vehicles,” In: VDI-Berichte 2130: Getriebe in Fahrzeugen, Friedrichshafen, 2011. 

[14] M. Mileti, P. Strobl, H. Pflaum, and K. Stahl, “Design of a Hyper-High-Speed Powertrain 

for EV to Achieve Maximum Ranges,” in 17. Internationales CTI Symposium: 2018, 

Berlin, Germany, 2019. 

[15] Press release, Technical University of Darmstadt, Effizient und langstreckentauglich: 

Forschungsprojekt DE4LoRa entwickelt universelles hochintegriertes 800 V-

Hybridfahrzeug, 2021. [Online]. Available: https://www.tu-darmstadt.de/universitaet/

aktuelles_meldungen/einzelansicht_333888.de.jsp 

[16] K. Hirano and T. Hara, “Development of dual motor multi-mode e-axle,” CTI Symposium, 

2021. 

[17] Arved Eßer, Realfahrtbasierte Bewertung des ökologischen Potentials von 

Fahrzeugantriebskonzepten. Dissertation. Düren: Shaker Verlag, 2021. 

[18] A. Esser, J.-E. Schleiffer, T. Eichenlaub, and S. Rinderknecht, “Development of an 

Optimization Framework for the Comparative Evaluation of the Ecoimpact of Powertrain 

Concepts,” In: 19. Internationaler VDI-Kongress "Dritev - Getriebe in Fahrzeugen", 

Bonn, 10.-11. Juli 2019, In: VDI-Berichte, 2354, ISBN 978-3-18-092354-3, 2019. 

VDI-Berichte Nr. 2401, 2022 151



[19] A. Esser, T. Eichenlaub, and S. Rinderknecht, “Real-Driving-Based Comparison of the 

Eco-Impact of Powertrain Concepts using a Data-Driven Optimization Environment,” In: 

VDI-Berichte 2373, Onlinekonferenz, 20. Internationaler VDI-Kongress "Dritev - Getriebe 

in Fahrzeugen", 24-25 Juni, S. 309-342, ISSN 0083-5560, ISBN 978-3-18-092373-4 

DOI: 10.25534/tuprints-00011933, 2020. 

[20] O. Tim Burress, “Benchmarking State-of-the-Art Technologies: DOE Hydrogen and Fuel 

Cells Program and Vehicle Technologies Program Annual Merit Review and Peer 

Evaluation Meeting,” 2013. 

[21] A. Lange, “Optimierung modularer Elektro- und Hybridantriebe,” Dissertation, 

Technische Universität Braunschweig; Shaker Verlag GmbH, 2018. 

[22] A. Balazs, Optimierte Auslegung von Hybridantriebsträngen unter realen 

Fahrbedingungen. Fakultät für Maschinenwesen, RWTH Aachen, Dissertation, 2015. 

[23] J. Hu, H. Ran, T. Pang, and Y. Zhang, “Parameter design and performance analysis of 

shift actuator for a two-speed automatic mechanical transmission for pure electric 

vehicles,” Advances in Mechanical Engineering, vol. 8, no. 8, 168781401666425, 2016, 

doi: 10.1177/1687814016664257. 

[24] Yonggang et al., “Design, Control and Validation of Two-Speed Clutch-less Automatic 

Transmission for Electric Vehicle: Article in IEEE/ASME Transactions on Mechatronics. 

DOI: 10.1109/TMECH.2021.3086678,” 2021. 

[25] A. Adib and R. Dhaouadi, “Performance Analysis of Regenerative Braking in Permanent 

Magnet Synchronous Motor Drives,” Adv. sci. technol. eng. syst. j., vol. 3, no. 1, pp. 

460–466, 2018, doi: 10.25046/aj030156. 

[26] M. André, “The ARTEMIS European driving cycles for measuring car pollutant 

emissions,” The Science of the total environment, 334-335, pp. 73–84, 2004. 

[27] M. Tutuianu et al., “Development of the World-wide harmonized Light duty Test Cycle 

(WLTC) and a possible pathway for its introduction in the European legislation,” 

Transportation Research Part D: Transport and Environment, vol. 40, pp. 61–75, 2015. 

[Online]. Available: https://www.energy.gov/sites/prod/files/2014/03/f13/ape006_

burress_2013_o.pdf 

[28] infas, DLR, IVT und infas 360, “Mobilität in Deutschland - MiD: Ergebnisbericht,” Im 

Auftrag des BMVi, 2017. 

 

VDI-Berichte Nr. 2401, 2022152


