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Abstract

:

The nascent electrification of transport has heralded a new chapter in the driving force of mobility. Developing regions such as sub-Saharan Africa already lag in this transformative transport transition. A potential transitional step towards full-scale electric mobility is the retrofitting of the existing fleet of internal combustion-based vehicles. This paper proposes a novel approach to the design of a retrofit electric drivetrain for an internal combustion engine vehicle. Specifically, a minibus taxi, which dominates the region’s informal paratransit industry, is electrified. This retrofit is the first formal research presented with a focus on sub-Saharan Africa and its unique challenges. A generic methodology is presented to systematically specify and select drivetrain components and assess the suitability and characteristics of those components. Unique about the presented methodology is the application of driving-cycle data of internal combustion engine vehicles, which provides quantitative insights into the performance and characteristics of the selected components for a retrofit. Finally, a real-world use case is presented to provide a tangible example and to validate the feasibility of the presented approach.
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1. Introduction



“The vehicle capital cost is considered a key barrier to uptake [of electric vehicles in sub-Saharan Africa]. Therefore, affordable vehicles must be designed and manufactured to lower vehicle capital costs. This could be achieved through local manufacturing of SSA-specific EVs.” and “Alternatively, retrofitting vehicles to be electric could lower prices even further and be a more widely achievable option.”



—Collett et al. in Energy Strategy Reviews [1].





The global shift towards new energy vehicles as part of sustainable and carbon-neutral mobility has never been more pronounced. The EU’s ban on the sale and registration of new internal combustion engine vehicles by 2035 means that all new vehicles purchased in the European Union from that year will be carbon neutral, employing various propulsion sources distinct from fossil fuel-based systems [2,3].



South Africa supplies a substantial amount of internal combustion engine vehicles. Approximately 63% of the 555,889 vehicles manufactured in 2022 were exported. Europe was the destination for 70% of these vehicles [4,5,6], contributing 4.3% to the GDP and supporting an estimated 500,000 jobs either directly or indirectly.



Therefore, the shift to new-energy vehicles has critical implications for the country’s manufacturing and export sector [7,8]. However, progress remains slow compared to other parts of the world. In 2022, out of the 7.3 million battery electric vehicles sold worldwide, only 500 were sold in South Africa, accounting for 0.09% of total new vehicles sold in South Africa in 2022 [9,10]. While this number is increasing, it highlights that South Africa, like other developing countries in sub-Saharan Africa, lags behind in fully embracing electric mobility.



Several factors have contributed to the region’s slow transition, including South Africa’s ongoing energy crisis, which fosters scepticism about electric mobility as a viable solution for the local market. However, it is vital to recognise that the world is gravitating towards greener mobility options and failing to adapt puts the country at risk of losing significant revenue from the export industry.



Notwithstanding, the transition to electric vehicles is crucial for decarbonising transportation, developing required local skills, and addressing the slow progress of electrification in the region [11].



Unlike developed countries with well-structured public transportation systems, sub-Saharan Africa heavily depends on informal transportation systems to facilitate movement within the region. From Toyota-manufactured Hiace Ses’fikile minibuses in South Africa to electric bicycles in Kenya [12], the region relies on a variety of modes of transport. Remarkably, up to 72% of daily commuters in African cities such as Johannesburg, Dar es Salaam, Kampala, and Lagos utilise minibus taxis as their primary mode of transport.



Given its prominent role in regional mobility, this article focuses on a retrofit solution for converting a Toyota Hiace Ses’fikile, the preferred mode of transport in the informal paratransit industry of sub-Saharan Africa, into a battery electric vehicle. Figure 1 shows the converted vehicle.



1.1. Introduction to Retrofit Contextualisation


In this section, a comprehensive context is provided for the proposed retrofit solution by reviewing prior works, particularly in the context of retrofit projects and previous research conducted on retrofit applications. This establishes a foundation for the proposed methodology to ensure the transition of electric vehicles in sub-Saharan Africa and worldwide.



Previous retrofit projects have made significant contributions to the field. Tara et al. [14] addressed the sizing of battery storage in a retrofitted plug-in hybrid electric vehicle, employing driving-cycle data for their analysis. Several other studies have examined factors such as potential customer needs, business model implications, and techno-economic analysis associated with retrofitting solutions [15,16].



However, while addressing specific aspects of component selection, these prior works have not presented a comprehensive road map covering all necessary components, such as the electric propulsion unit, power electronics, and battery system. Additionally, these studies lack a use case to provide empirical evidence for their methodologies.



Santis et al. [17] utilised a methodology similar to the one proposed in this paper. However, they employed driving-cycle data from different vehicle models and routes to establish the design requirements for an electric powertrain. This approach was not implemented in a real-world use case but instead was simulated in MATLAB. Other literature has similarly used the kinetic vehicle model to simulate and size the electric drivetrain and its components [18,19]. In contrast to the work of Santis et al., the methodology proposed in this paper employs specific vehicle driving-cycle data of an internal combustion engine (ICE) vehicle to evaluate and establish the design requirements for actual industry components, thus offering a more practical and industry-oriented approach while still using theoretical simulations and driving-cycle data to set the design requirements and assist with component selection for the retrofit process.




1.2. Contribution


This paper proposes a novel approach to the design of a retrofit electric drivetrain. The method replicates the driving behaviour and mobility patterns of an internal combustion engine version of the same vehicle. To achieve this, the method uses high-frequency GPS driving-cycle data.



A comprehensive overview of the process involved in designing the electric drivetrain and selecting and integrating its components is presented.



Geographical significance and regional needs and constraints are key aspects of this methodology. It recognises the unique challenges faced in developing regions like sub-Saharan Africa, where the production of new electric vehicles is either non-existent or limited.



Although the focus is on the paratransit industry in sub-Saharan Africa and the initial phase of retrofitting the internal combustion engine of a minibus taxi, the principles and method are universal and applicable to any retrofit project.



By understanding the specific electrification needs of these taxis and exploring electric conversion possibilities, this research aims to pave the way for sustainable mobility, promote the adoption of EVs, and build essential electric vehicle skills and infrastructure while making use of the substantial existing fleet of vehicles.





2. Retrofit Considerations


2.1. Vehicle Modification Requirements and Regulations


Before embarking on a retrofit project, the local regulations and road safety requirements that govern vehicle modifications must be identified and carefully considered. These regulations may encompass specific rules and standards that a retrofitted vehicle must adhere to obtain certification for road use. Complying with these regulations will directly influence the design requirements for the retrofit project.



In the case of the proposed minibus retrofit discussed in this article, South Africa’s National Regulator for Compulsory Specifications (NRCS) plays a crucial role in setting standards. For instance, the NRCS stipulates strict weight and manufacturing requirements, specifying that the modified vehicle must not exceed the original registered gross vehicle mass. This limitation directly impacts the size of the components that can be installed in the minibus, especially the heavy battery pack. Additionally, the NRCS prohibits any permanent modifications to the vehicle’s chassis, including manufacturing techniques such as drilling, cutting, and welding. Instead, all newly assembled parts must be attached using existing drilled holes or fitted brackets.



To ensure the legality of the retrofit vehicle for use on public roads in South Africa, a letter of authority must be obtained from the NRCS [20]. By adhering to local regulations and prioritising vehicle and passenger safety, the proposed method follows a golden rule for retrofitting projects: Strive to maintain the vehicle as close as possible to its original physical condition and behaviour. Keeping the vehicle close to its original physical condition and power capability also helps maintain its performance, stability, and handling characteristics, which are crucial for safe and reliable operation on public roads. It ensures the retrofit project enhances the vehicle’s sustainability without compromising its structural and functional aspects.




2.2. Weight of Vehicle before Removal


The vehicle has to be weighed before any modification to the vehicle or the removal of ICE components. The two key measurements are the tare weight and the gross vehicle mass (GVM):




	
Tare weight: The tare weight refers to the vehicle’s weight when it is empty, without any cargo or passengers, and includes the weight of all fluids such as fuel, oil, and coolant.



	
GVM: The GVM represents the maximum permissible weight of the vehicle, including the tare weight, passengers, cargo, and any additional equipment or load.








Before starting the component removal, accurate measurements of the tare weight and GVM should be taken. This weighing process should also involve measuring the exact mass on both the rear and front axles to ensure that the weight distribution remains balanced at the end of the retrofit.



To maintain safety and adhere to the original design requirements of the chassis components, it is crucial to consider that there may be differences in the weight distribution. The battery pack must be distributed to keep the horizontal gravity point more or less at the same position to ensure that the weight on the front and rear axles is the same as that of the original vehicle. Additionally, one can effectively lower the vertical central gravity point by placing the battery pack lower to the ground, thereby enhancing the traction and manoeuvrability of the electrified vehicle and promoting a safer driving experience.




2.3. Removal of Combustion-Related Components


The first manipulative step in the retrofitting process is the removal of the components from the ICE vehicle not needed for the electric drivetrain. The main components to be removed are as follows:




	
Internal Combustion Engine: The entire engine and its specific functioning components can be detached. However, the harness connections connected to the engine should only be disconnected at this point since some sensors may be reused in the new vehicle’s electronic control unit (ECU).



	
Fuel system: The fuel tank and all its related components, such as the fuel lines, fuel pump, and fuel injectors, can be removed.



	
Radiator system: The main radiator responsible for cooling the engine coolant is no longer needed. Thus, all the related piping and pumps can also be removed. Depending on the design and component selection, a different cooling system will be installed for the electric drivetrain.



	
Exhaust system: The exhaust module containing the catalytic converter and the muffler can be removed.



	
Starter motor: The combustion engine’s starter motor is not required and can be removed.



	
Alternator: As the low-voltage system will be operated on a different low-voltage circuit, the alternator is no longer necessary and can be removed. The 12 V battery will be reused for the electric drivetrain’s low-voltage (<48 V) system.








Another component not included in the list is the transmission of the ICE vehicle. Retrofitting a vehicle with its original transmission is possible. Conventional manual transmissions offer improved performance and efficiency potential but come with mechanical inefficiency and operational costs. On the other hand, automatic transmissions use a torque converter, which can introduce complexities and high inefficiency at low electric motor speeds [21]. Therefore, cautious evaluation is essential when considering the use of these components.



For the use case in this paper, the transmission is removed, and a single-speed reduction gearbox is used to take advantage of the wide speed range of an electric motor, thus efficiently providing the required power.



Figure 2 shows the empty engine compartment in the minibus after all the combustion-related components were removed.




2.4. Weight of Vehicle after Removal


After all the components are removed, the vehicle must be weighed again to establish the weight of the stripped vehicle. This weight is subtracted from the tare weight to determine the max powertrain weight that may be added to the vehicle, as expressed by Equation (1). This calculated weight will act as a weight restriction for the design and build of the electric powertrain to ensure the vehicle meets safety regulations.


   m powertrain  =  m tareweight  −  m stripped   



(1)








2.5. Different Types of Electric Drivetrain Typologies


There are four common electric drivetrain typologies for electric vehicles: full battery EV, hybrid EV plug-in hybrid EV, and fuel cell EV. The choice of typology depends on the user’s specific requirements and the original behaviour of the vehicle. It is crucial to consider both the complexity of the implementation and the suitability of each drivetrain typology for the user’s particular vehicle use case. Factors such as range, component accessibility, and infrastructure requirements are important in this decision-making process. One can determine the most suitable electric drivetrain typology by carefully assessing these aspects. Due to the lack of electric vehicle infrastructure in sub-Saharan Africa and the complexity of retrofitting a minibus taxi, the method proposed in this article consists of a battery EV drivetrain typology.



A battery EV drivetrain consists of one or multiple electric motors and possibly single- or multi-speed transmissions powered by a single large battery pack. The drivetrain does not include any ICE or onboard charging sources. The battery pack is charged using an external power source. Figure 3 shows the most common drivetrain typologies for a retrofit.



One option for retrofitting when the original ICE vehicle is a four-wheel-drive vehicle is shown in Figure 3a. Here, the electric motor and a proposed reduction gearbox can be connected to the transfer case to maintain the four-wheel-drive capability. On the other hand, Figure 3b shows a more familiar and straightforward retrofit typology. It involves a single electric motor with a reduction gearbox connected to the rear axle differential using a custom prop shaft. This method is widely used due to its simplicity and ease of implementation, as it mimics the behaviour of an ICE vehicle’s drivetrain [22,23].



An alternative drivetrain configuration is shown in Figure 3c, which features two in-wheel hub motors. These motors are highly efficient; however, their high cost, customisation requirements, and the need for additional bodywork make them complex and less desirable for retrofit scenarios [24]. However, they allow precise torque control over each wheel compared to the lack of wheel-torque control in the other typologies.



Figure 3d shows a complete axle motor, replacing the entire rear axle of the ICE vehicles and directly connecting to the two rear wheels of the vehicle with two shafts. A similar motor can be used for front-wheel-drive vehicles. These motors commonly include an internal reduction gearbox, simplifying the implementation process. However, they require more modifications, additional bodywork, and the replacement of the entire rear axle, which increases the homologation complexity of retrofits.




2.6. Battery Electric Vehicle Component List


As mentioned, the chosen drivetrain typology for the presented use case utilises a single electric motor with a reduction gearbox connected to the rear differential gearbox, as illustrated in Figure 3b. Several compelling reasons support this drivetrain selection. In addition to being a cost-effective solution compared to other drivetrain typologies, two additional considerations support this choice. First, it offers ease of implementation, as it involves a straightforward connection between the electric propulsion unit and the existing differential gearbox. A propeller shaft is required because it is impossible to connect the electric motor and reduction gearbox to the differential by just bolting it on. The motor should also not move with the rear axle; therefore, a propeller shaft is used to adapt to the rear-axle vibrations. Second, this typology eliminates the need for body modifications, as the existing mounting brackets and holes underneath the vehicle can be utilised. Given these advantages, the single motor with a reduction gearbox configuration is the most suitable option for establishing a battery EV drivetrain for the specific use case presented in this study.



To design and select components for the proposed battery EV drivetrain, the following components need to be investigated:




	
Electric motor: The electric motor replaces the ICE of the original vehicle.



	
Reduction gearbox: For safety reasons, it is crucial that the new electric propulsion unit replicates the original rpm (revolutions per minute) and torque ranges produced by the transmission and ICE due to the components from the differential gearbox to the wheels being unchanged. The reduction gearbox ensures that the high rpm speeds generated by the electric motor do not exceed dangerous limits that the original vehicle’s components are not designed to handle. Additionally, the reduction gearbox substantially increases the torque that can be produced by the electric motor, enabling the vehicle to maintain adequate performance and provability similar to the original ICE configuration.



	
Inverter: The inverter acts as the motor controller by converting the DC input power from the battery pack to the desired AC or DC output power, depending on the motor specification and desired operation.



	
Battery pack: The battery pack of the electric vehicle is a combination of battery cells, often lithium ion, combined in specific configurations (series and parallel) to achieve a predetermined energy capacity in kWh and the desired voltage for the chosen inverter. Battery packs include battery management systems (BMS) to ensure that each cell is monitored and balanced to maximise usability and lifespan.



	
Charging system: The charging system consists of an onboard charging port and charger. The system allows the battery pack to be charged from an external power source.



	
Cooling systems: Two central cooling systems can be implemented in a retrofit vehicle. There is one cooling system for the battery pack to keep the battery cells operating at the most efficient temperature. Similarly, there is a cooling system for the electric motor.



	
DC-DC Converter: The converter must supply (12 V to 48 V) to the low-voltage system in the vehicle from the high-voltage battery pack. The low-voltage system will power all the 12 V systems in the vehicle, such as the headlights, windscreen wipers, indicators, and various vehicle electronics.



	
Vehicle control unit (VCU): The VCU acts as the central communication hub for the various components and electronic control units (ECUs).



	
Electric throttle control: If the original ICE vehicle uses a manual throttle cable, it will need to be replaced with an electronic control throttle that connects to the VCU for acceleration control.



	
Electric servo pumps: If the original ICE vehicle contained an engine-powered assisted hydraulic pump for the power steering and brakes, one or two electric servo pumps need to be implemented in the retrofit to assist with power steering and the hydraulic pressure for the brakes.



	
High-voltage safety components: Specific high-voltage (60 V to 800 V) safety components are required for the battery EV high-voltage system, such as high-voltage wiring, fuses, and safety disconnects.










3. Methodology


This section describes the retrofit design process, which includes the sizing and selection of the main components described in Section 2.6 for a specific ICE vehicle. These components include the electric motor, reduction gearbox, battery pack, inverter, and VCU. The design and selection process follows the golden rule of maintaining the original specifications of the ICE vehicle, including the weight restriction calculated in Section 2.4.



3.1. Vehicle Driving-Cycle Power Requirements


To understand and establish the original vehicle requirements and specifications, driving-cycle measurements can be used. These driving-cycle measurements are typically obtained using GPS data from the ICE vehicle. However, while tracking data usually consist of low-frequency (one-minute) or origin-and-destination data, the drive-cycle data need to include measurements of location, speed, and acceleration. Moreover, they must be captured at a high-enough frequency to adequately represent the energy transitions apparent in mobility [25]. A micro-mobility simulator can be used to interpolate low-frequency or origin-and-destination data, but care is required to ensure a representative simulation setup [12].



The high-frequency driving-cycle data (1 sample per second) consist of GPS data collected from six tracking devices to analyse the micro-mobility behaviour of Toyota Hiace Ses’fikile minibus taxis, recording information such as the velocity and elevation, with the elevation data sourced externally. The devices also calculated the displacement and slope angle. Data were collected on three route types (urban, hilly, inter-city) and at three times of the day (morning, afternoon, and evening) for 62 trips over the three different routes located in Stellenbosch, South Africa.



The high-frequency driving-cycle data can be used to determine the torque and speed requirements for the specific use case based on the ICE vehicle’s mobility. Separately, after the design, this drive-cycle data are eventually used to simulate the electric drivetrain using a vehicle kinetic model [19].



In the absence of driving-cycle data, a crude approximation can be made in which a constant vehicle cruising velocity and an acceleration rate to reach that velocity within 25 s, as well as an average incline road slope of 10 degrees, are assumed. Table 1 presents the constant values that can be used for a vehicle cruising velocity of   16.6  m / s  .



To determine the maximum power required for the vehicle’s drivetrain to propel the vehicle forward, a kinetic model of the vehicle is employed to calculate the total tractive power [25,26]. Figure 4 shows an external kinetic force diagram. This analysis was performed using a specific drivetrain efficiecny methodology designed for this purpose. This approach enables an accurate assessment of the power demands of the vehicle’s drivetrain and ensures that the electric propulsion unit provides sufficient power to meet the vehicle’s performance requirements.



The total tractive force,   F tr  , for every data point shown, n, acting on the vehicle, as shown in Figure 5, is determined using Equation (2).


   F tr   [ n ]  =  F ac   [ n ]  +  F rr   [ n ]  +  F ar   [ n ]  +  F gr   [ n ]  +  F innr   [ n ]   



(2)




where   F ac   is the acceleration force,   F rr   is the rolling resistance,   F ar   is the aerodynamic resistance,   F gr   is the gradient resistance, and   F innr   is the inertia resistance of the axle and propeller shaft. These values are calculated using Equations (3)–(7):


   F ac   [ n ]  =  m total  a  [ n ]   



(3)






   F rr   [ n ]  =  C r   m total  g cos  ( α  [ n ]  )   



(4)






   F ar   [ n ]  =  1 2   ρ air  A  C d    ( v  [ n ]  )  2   



(5)






   F gr   [ n ]  =  m total  g sin  ( α  [ n ]  )   



(6)






   F innr   [ n ]  =  1  r w    2  J axle    ω ˙  w   [ n ]  + 4  J w    ω ˙  w   [ n ]    



(7)







The vehicle with a weight of   m total  , uses dynamic variables such as the vehicle acceleration,  a ; vehicle velocity, v; angular acceleration of the wheel,   ω ˙  ; and rode slope,  α , which are specific to the driving cycle of the vehicle.



The use case presented in this paper uses driving-cycle data recorded for a Hiace Ses’fikile taxi in Stellenbosch, South Africa [25]. Table 2 lists the parameters of the Toyota Hiace Ses’fikile minibus used as the use case in this paper.



The driving cycle is employed due to the inherent trade-off between the vehicle velocity, acceleration, and slope. Using solely the maximum values of each variable to calculate the maximum power would lead to an overestimation and oversizing of the electric motor.



Figure 6 displays the percentages associated with each force component of the total force over the entire driving cycle acting on the minibus, calculated using Equation (2). The graph illustrates that due to the minibus operating at a lower speed, the primary force that must be overcome during the driving cycle is rolling resistance.



Figure 5 shows the velocity, acceleration, and slope recorded in the tracked driving-cycle data.



To establish the power required to maintain the dynamics of the vehicle, we use Equation (8) to calculate the required power,    P req   [ n ]   , of the vehicle for every tracking data point shown in Figure 5.


   P req   [ n ]  =    F tr   [ n ]  × v  [ n ]   1000   



(8)







The power for every second and the moving average power curve for every minute are shown in Figure 7.



Once the vehicle’s power requirements are determined, we proceed to compute the necessary torque and speed requirements,    T prop   [ n ]    and    n prop   [ n ]   , respectively, that the electric propulsion unit (comprising the electric motor and reduction gearbox) must deliver using Equations (9) and (10).


   T prop   [ n ]  =    r w   (  F tr   [ n ]  )    (  i dt  ×  μ dt  )    



(9)






   n prop   [ n ]  =   60 × v  [ n ]  ×  i dt  ×  μ dt    2 π (  r w  )    



(10)







The gear ratio of the drivetrain, denoted as   i dt  , encompasses the gear ratio of the differential gearbox, along with any other potential gear ratios within the original drivetrain. The efficiency of the drivetrain,   μ dt  , must also be considered in the equations. These equations are used to plot Figure 8 for every driving-cycle data point, using the values shown in Table 3. The gear ratio of the drivetrain is the gear ratio of the original differential gearbox of the ICE vehicle.



By analysing the information presented above and considering that the recorded high-fidelity tracking data reflect behaviour similar to that of an internal combustion engine and not that of an electric vehicle, a detailed examination of the moving averages of the power consumption, as shown in Figure 7, and the torque, as shown in Figure 8a, can be used to establish the propulsion unit design requirements. The GPS data, recorded at one-hertz intervals, can exhibit irregularities owing to the unique driving characteristics inherent to internal combustion engine (ICE) and gearbox-driven vehicles. In these cases, sudden and pronounced changes in acceleration, commonly found in ICE vehicles, result in high levels of jerk in the 1 Hz data. To address this, we apply a low-pass filter, which effectively smooths these abrupt changes in driving behaviour while preserving the overall energy profile. This ensures that the power requirements are based on a more representative and smoother driving pattern, which is comparable to what would be expected in an electric vehicle (EV). Taking this into account and evaluating the aforementioned figures, we establish the design requirements for the propulsion unit, which are outlined in Table 4.



Table 4 shows that the maximum values required for the electric motor are lower than certain maximum values found in the tracking data, as depicted in Figure 8. This discrepancy can be attributed to the ability to confidently eliminate outliers in the data, given its high tracking rate of 1 s per data point. This resulted in scenarios of instantaneous high power and torque demands, which fall significantly below the maximum outliers when averaged out. As a result, the selection of maximum design values is a balanced approach, incorporating an assessment of the moving average to ensure that the electric motor can consistently provide power and torque demands over extended time frames.




3.2. Propulsion Unit Selection and Sizing Model


The propulsion unit for the proposed electric drivetrain can consist of either a single electric motor or a combination of an electric motor and a single-speed reduction gearbox.



When comparing electric motor types for electric vehicle applications, various technical concerns, as discussed in [30], contribute to the superiority of permanent magnet synchronous motors in specific criteria compared to direct current motors, induction motors, and switched reluctance motors [31,32]. A comprehensive comparison of each motor, considering the technical attributes outlined in [33,34] is provided in Table 5. The motors are assessed in relation to one another using a ranking system from 1 to 4, where 1 signifies the most favourable performance and 4 indicates the least favourable. The motor with the lowest cumulative ranking is considered superior in this context.



Regarding the information in Table 5, the permanent magnet synchronous motor emerges as the most suitable choice for the retrofit case, primarily due to its power density and efficiency characteristics. These attributes are critical in a retrofit case to meet the golden rule requirements.



3.2.1. Propulsion Unit Torque-Speed Analysis


The selection of a propulsion unit, whether a singular electric motor or a combination of a reduction gearbox and electric motor, necessitates a comparison of the torque-speed characteristic curves of potential electric motors to the data tracked on the internal combustion engine vehicle, as shown in Figure 9. This analysis is crucial for a direct comparison against the design requirements specified in Table 4 and presented in Figure 9a using vertical and horizontal lines.



In Figure 9a, we can pinpoint potential permanent magnet synchronous motors aligning with torque and speed requirements. Within this article, we introduce three viable options for the minibus. The objective of these choices is to demonstrate the utilisation of a sole electric motor for propulsion and how appending a reduction gearbox can result in a smaller motor while fulfilling speed and torque needs. The chosen three motors’ distinctive design characteristics are outlined in Table 6.



As evident in Table 6, these permanent magnet synchronous motors largely satisfy the design requirements in terms of power and motor speed. Nevertheless, a brief evaluation of the parameters listed in Table 6 against the established requirements allows for an initial motor screening. A more thorough analysis of the torque-speed characteristic curve for each motor is essential. Consequently, the speed-torque characteristic curve for each motor should be compared against the designated design criteria in Figure 9a.



When considering the torque and speed, it is evident that the Cascadia motor’s torque-speed characteristic curve, as shown in Figure 9d, is the only curve that aligns with the designated torque-speed criteria. Nevertheless, an assessment of the torque-speed curve highlights the motor’s specific design for high-torque applications at low speeds, featuring a substantial initial torque that sharply diminishes with increasing vehicle rpm. Given the stipulated nominal speed of 1000 rpm, extended operation beyond this base speed, within the field-weakening region, should be avoided. Operating in this region necessitates elevated phase currents to reduce the torque while maintaining constant power, leading to thermal efficiency and physical implications [38]. The motor’s cost is nearly four times that of the other motors, necessitating careful consideration, despite its streamlined implementation, which eliminates the need for additional components to fulfil the propulsion unit requirements.



Figure 9 shows the torque-speed characteristics without a reduction gearbox. When assessing the Emrax motor (Figure 9b), it is evident that it meets the speed requirement but not the torque requirement. The Emrax motor maintains steady torque across rpm, an advantage over other motors that require field weakening. The Bosch motor has a wider rpm range but it falls short in terms of torque. A reduction gearbox with an optimal ratio is introduced for both motors to solve this issue. The results are presented in Figure 10.



Figure 10a indicates that the Emrax motor meets the torque requirement with a reduction gearbox but the rpm range decreases significantly, rendering the combination inadequate for the propulsion unit. In contrast, the Bosch motor, in conjunction with the reduction gearbox, satisfies the torque-speed requirements. Hence, considering torque-speed characteristics, the Bosch propulsion unit best suits the Hiace Ses’fikile drivetrain proposal.




3.2.2. Propulsion Unit Power Analysis


Another pivotal aspect to consider in sizing an appropriate propulsion unit is the power characteristics of the motors. Power is the rate at which the energy/work is transferred from the propulsion unit to the wheels. To facilitate this analysis, consider that the power generated by the propulsion unit equals the product of its torque and angular velocity produced, as expressed by Equation (8). Notably, the gear ratios in the drivetrain do not impact power, as changes in the gear ratios lead to proportional torque and rpm adjustments, maintaining consistent power output. Therefore, to assess whether the proposed three propulsion units satisfy the calculated vehicle power requirements, we evaluate each motor in tandem with its respective reduction gearbox and without the reduction gearbox in the case of the Cascadia motor. Consequently, the power versus speed requirements of the vehicle, calculated using Equation (8), are graphed and imposed onto the power curves of each motor in Figure 11. The horizontal lines indicate the design power requirements for the propulsion unit in Table 4.



Figure 11a illustrates that even with the utilisation of the gear ratio in conjunction with the motor, the Emrax motor fails to meet the rpm requirements and cannot generate the necessary power. Conversely, the Bosch assembly depicted in Figure 11b adequately meets the power demands and is capable of delivering both the maximum and nominal power required by the vehicle over the range of rpms.



On the other hand, as illustrated in Figure 11c, the Cascadia motor exhibits an oversize for the intended application, displaying nominal power and significantly surpassing the maximum power requirement. Exceeding the motor’s power output beyond the required levels can accelerate battery drain due to the higher current drawn to generate adequate power at lower rpms.




3.2.3. Propulsion Unit Selection


Considering the preceding analysis, the Bosch SMG180 motor coupled with the electric single-speed reduction transmission, Bosch EDT180 [39], emerges as the optimal choice for the intended use case. The single-speed transmission has a weight of 17 kg, resulting in a total propulsion unit weight of 47 kg. This is much lighter than that of the original propulsion unit of the minibus, which had a combined weight of 235 kg for the petrol engine and five-speed manual transmission.



In combination with motor selection, the appropriate inverter must be chosen. This component governs the power exchange between the battery pack and the motor. The inverter transforms the direct current generated by the high-voltage battery pack into an alternating current, facilitating motor operation. Moreover, it regulates the current frequency, enabling torque and speed control of the electric motor. Communication between the inverter and the VCU is established through a vehicle communication protocol called a controller area network (CAN) connection. Most commercial off-the-shelf electric motors are sold as a set, with an inverter designed for the specific unit. For the Bosch SMG180 motor, the Bosch Generation 4 inverter [40] is the recommended choice. However, when a motor-specific inverter is absent, the parameters listed in Table 7 should be assessed to match an inverter with the motor to ensure compatible voltages, currents, and power.



Since the power input to the motor is the product of the voltage and the current, the power input to the motor can be adjusted by manipulating the voltage and current supplied to the motor by the inverter. Consequently, increasing one of these parameters can lead to higher power output within certain limits, as discussed in Section 3.3. One approach involves expanding the battery pack size to increase the voltage. This strategy has the added benefit of reduced current draw from the battery pack. Avoiding higher current draw minimises issues like increased heat generation,    I 2  R  - power losses, and the necessity for higher-rated wiring.





3.3. Battery Size and Range Determination


The vehicle’s battery pack design is dependent on several critical parameters. These encompass the battery pack output voltage and the anticipated capacity. The voltage specification is contingent upon the input voltage range dictated by the chosen propulsion unit inverter. The battery pack’s capacity and voltage are determined by a combination of multiple battery cells in series and parallel.



3.3.1. Battery Technology and Cell Selection


The initial phase involves the selection of appropriate battery cells for composing the battery packs. The chosen battery cell’s chemistry assumes significance, given the energy density (Wh/kg) and lifecycle attributes. The lifecycle indicates the number of complete charging cycles at a specific discharge depth that a battery can undergo before its depletion (80% depth of discharge). The main battery chemistries evaluated in the literature include nickel metal hydrate (NiMh), lead acid (Pb-PbO2), sodium nickel chloride (NaNiCl), nickel cadmium (NiCd), zinc bromide (ZnBr2), various lithium-ion chemistries, sodium sulphur (NaS), and solid state [41,42].



The current literature highlights the energy density and lifecycle characteristics behind the use of lithium-ion batteries in the majority of electric vehicles. In terms of retrofitting, lithium batteries offer notable advantages, such as a reduced battery pack weight due to their superior energy density and an extended battery life. Incorporating these factors alongside cost considerations explains why lithium-ion batteries are the prevailing choice in electric vehicles [43]. Solid-state batteries, a relatively recent technology, present challenges in terms of high manufacturing complexity and cost. Consequently, the deployment of electric vehicles equipped with such batteries is anticipated to begin only after 2025 [44].



Presently, there are five primary types of lithium-ion battery configurations: lithium nickel cobalt aluminium (NCA), lithium nickel manganese cobalt (NMC), lithium manganese oxide (LMO), lithium titanate oxide (LTO), and lithium iron phosphate (LFP) [45]. NCA and NMC compositions are favoured primarily due to their elevated energy density and extended life cycle. NCA offers higher energy densities, which lead to longer-range options for vehicles but are more susceptible to thermal runaway compared to NMC. Meanwhile, LFP boasts superior overall safety compared to NCA and NMC, with a marginal performance reduction [45]. For the proposed use case, an LFP cell by Contemporary Amperex Technology Co. Limited (CATL) is adopted, featuring the characteristics outlined in Table 8 [46].




3.3.2. Battery Pack Design


Based on the chosen cells, we can proceed with designing and assembling the battery pack for the retrofit vehicle. The initial step involves defining three vital design prerequisites for the battery pack.



Firstly, we establish the estimated weight of the battery pack, including the frame, wiring, and all associated components. This can be estimated using the equation and process outlined in Equation (1). Notably, the estimated weight of the components extracted from the minibus amounts to approximately 450 kg. The weight of all components within the designed retrofit powertrain, excluding the battery pack, is approximately 80 kg. As a result, there is a remaining weight allowance of approximately 370 kg to conform to weight constraints.



Moreover, the minibus is required to attain a minimum range of 100 km on a single full charge. This range design requirement is dictated by cost considerations and the fact that this is a proposed prototype minibus. However, in future iterations, larger ranges can be designed. Drawing from data on present light electric vehicles on the road, their efficiencies span from 0.1 kWh/km to 0.9 kWh/km [47,48].



The efficiency of retrofit vehicles tends to be lower than newly constructed vehicles. The reason for this is twofold: retrofit vehicles tend to be older and not designed to reduce drag, and they tend to have unnecessary legacy components—predominantly mechanical—that contribute to inefficiencies.



For the minibus taxi scenario, we assume an efficiency of 0.51 kWh/km [25]. Utilising Equation (11), this yields an estimated battery pack capacity of 51 kWh.


  Capacity = range ×  energy efficiency   



(11)







Lastly, the battery pack’s voltage is designed to align with the input voltage range stipulated in Table 7. This design choice aims to maximise the voltage to limit the current, thereby mitigating the risk of thermal runaway. For the specific use case, the voltage is set between 200 and 400 V.



Multiple cells connected in series form a single module, which can then be connected in parallel with other modules to create a battery pack that meets the above-mentioned requirements.


  Capacity =  nominal voltage  ×  electric charge  ×  number of cells   



(12)







Applying Equation (12) at an operating temperature of 30 degrees Celsius, with a battery pack capacity of 51 kWh, a nominal voltage of 3.2 V, and an electric charge of 105 Ah, we find that 152 cells would be required. In this specific use case, 160 cells are utilised. However, connecting all 160 cells in series would result in a voltage of 512 V, which exceeds the motor’s specification. To mitigate this, the 160 battery cells are divided into 80 pairs. Each pair is connected in parallel to form a 3.2 V, 210 Ah pair cell. Connecting all 80 pairs in series yields a combined nominal voltage of 256 V. The merging of these two modules in parallel yields the battery pack parameters shown in Table 9.



Notably, during the design of battery boxes, it is important to consider that the box can be segmented into various combinations of series and parallel connections. This flexibility is crucial for fitting the box into different locations within the vehicle based on its specific layout requirements.



To ensure safety and compliance with additional component requirements, the battery pack must be enclosed within a protective box. The design of this enclosure is shown in Figure 12.



Of particular significance is the inclusion of phenolic paper laminated sheets, which are strategically positioned over all the battery cells to provide insulation and an additional layer of safety against potential short circuits. These sheets are also inserted between each battery cell, adding an extra level of protection to the arrangement.




3.3.3. Battery Pack Additional Components


To complete the assembly of a fully functioning battery pack, the following list of components should be included to ensure safe and efficient operation:




	
Battery cells: As explained in Section 3.3.1, the battery cell selection is critical for the performance and safety of the battery pack.



	
Battery Management System (BMS): The battery management system encompasses several crucial functions such as monitoring, protection, charging and discharging management, communication, diagnostics, and data management. The BMS plays a pivotal role in maintaining the balance of the battery pack and controlling voltage levels [49]. This system is divided into two key sub-components: the BMS master and the BMS slaves. The BMS master handles back-end operations and is situated within the vehicle’s electronic control unit. Conversely, the BMS slaves are microcircuits linked to the front-end connections of the battery cells [50]. Each BMS slave can be linked to multiple battery cells and carries out essential tasks such as signal acquisition, filtering, and more.



	
Cooling management system: The majority of battery packs require a cooling management system to maintain batteries within an optimal temperature operating range. In this use case, a battery pack cooling system was not implemented. This may lead to operational temperatures that exceed optimal cell temperatures, which can result in inefficient battery operation. To ensure safe temperature ranges, the charging and discharging rates were limited operationally in accordance with manufacturer specifications.



	
CAN communication system: For effective communication between the VCU and the battery pack, it is crucial for the battery pack to feature CAN outputs. These outputs enable seamless communication between the VCU and the BMS slaves.



	
High-voltage wiring: The battery pack is connected to the inverter via HV wiring, which should be able to withstand the expected maximum current. This is determined by the motor’s power and the battery pack’s voltage. In the proposed battery pack, the wire should be able to withstand currents of up to 300 A.



	
Busbars and connectors: Busbars are reliable metallic strips used to connect the different cells, and various other standard electric connectors can be used to connect to the input and output plugs.



	
Fuses: Fuses are added in between the battery packs to prevent current-overload and short-circuit scenarios. The fuses added to the battery pack are rated at 300 Amp and 400 V DC.



	
Isolation contactors: An isolation contactor functions as an electrical switch connecting the battery pack to the remainder of the vehicle. This mechanism enhances safety during maintenance activities and safeguards against potential emergencies. The VCU of the vehicle controls the contactor.



	
Manual disconnect: The manual disconnect is a manual switch that disconnects the main power connection from the battery box. This is used to isolate power in the case of emergencies or maintenance operations.










3.4. Vehicle Electric and Electronic Systems


The process of retrofitting a vehicle involves the integration and interconnection of various electronic components, including the VCU, BMS, charger controller, and original vehicle harness. These are then combined with electric powertrain components like the electric motor, inverter, charger units, and battery pack. For the provided use case, a connection schematic of the retrofitted minibus is illustrated in Figure 13.



3.4.1. Vehicle Control Unit


The VCU’s main role is to facilitate communication between all the components within the electric powertrain through controller area network (CAN) bus connections. The CAN bus system was developed to ensure fast and dependable communication between the various components in a vehicle’s powertrain. This system has stood as the industry standard in automotive technology. The VCU communicates with the powertrain components using the CAN bus. In the specified use case, the VCU uses a DSEM640 programmable controller [51].



The controller has Ethernet, USB, CAN, and configurable I/O connections. In the context of the original harness, the appropriate connections should be routed to the correct inputs of the ECU. Additionally, all new components should also be properly linked to the controller.



The controller consists of flexible user programming via the CODESYS 3.5 software development environment.




3.4.2. High-Voltage Source


The high-voltage (HV) source stems from the 256 V battery pack, functioning as the vehicle’s power supply. The voltage lines are designed to manage up to 300 A of current flow. To ensure the safety of the components, 300 A/400 V fuses are integrated between the battery pack and other HV lines, limiting the current beyond the designated limits. This HV supply energises the electric motor/generator through the powertrain’s inverter.



The Bosch Generation 4 inverter comprises two primary converters. The DC-to-AC converter transforms the input DC voltage from the battery pack into AC voltage to drive the electric motor. Conversely, this inverter converts AC back to DC when the motor operates in generation mode during recuperation. Furthermore, the inverter is equipped with an integrated DC-to-DC converter, which is responsible for transforming the HV supplied by the battery into power for the 12 V low-voltage systems.



The charger controller interfaces with a 230 VAC input charging port, capable of accommodating a charging power of up to 22 kW. The received AC voltage from the charging port is also converted to DC voltage via the powertrain’s charging controller.



To address safety concerns, an HV rack is implemented to aggregate and centralise all electric and communication connections for the various HV components. Each connection within this HV rack is safeguarded by a 12 V contactor, which is linked to the VCU and powered by the low-voltage system. These contractors switch and disconnect the HV line and are controlled via CAN signals from the VCU. In the minibus case, the BMS-master is also connected to the HV rack due to space convenience but can also be connected to the LV rack if space permits it.




3.4.3. Low-Voltage Rack


The low-voltage (LV) rack serves as a central hub for connecting all low-voltage power lines and their corresponding communication lines. Keeping in mind the golden rule for retrofitting, most of the original vehicle’s LV connections are reused, excluding those directly linked to the engine. This strategy guarantees that all vehicle functionalities, including the vacuum pump, water pump, indicators, headlights, sensors, and other low-voltage subsystems, remain operational as they originally were. Additionally, the LV rack facilitates the addition of new low-voltage lines required for new LV components added to the electric powertrain.



The LV rack is powered by a lead–acid battery. This design ensures that the LV components continue to function, even if the primary battery power source is cut off, as with a combustion engine power source. Power is supplied from the inverter, connected via the LV rack, to charge the 12 V battery.



The LV rack works in conjunction with the VCU, providing the necessary 12 V power supply to all the LV components within the vehicle. Ensuring the use of appropriate fuses throughout the LV rack is pivotal for ensuring the safety of the components. For instance, a 1 Amp fuse can be employed for the ignition, whereas a 3 Amp fuse can be utilised for the power line leading to the vehicle’s VCU.



The LV rack comprises four distinct relays, enabling power control between the VCU and the LV components. These four relays control the reverse operation, servo pump, vacuum pump, and water pump. This enables the VCU to activate and deactivate these components as required based on driver inputs. The servo pump is a unique addition to the electric powertrain and is introduced to assist with power steering. The vacuum pump is for the brakes discussed in Section 4. The water pump is used to deliver coolant to the electric motor and forms part of the thermal system.



The 12 V system powers the following components: ECU power, reverse relay, water pump, servo pump, vacuum pump, dashboard screen, speed sensor, inclination sensor, gear switch unit, and coolant level sensor.






4. Braking System and Regenerative Braking


The retrofitted minibus employs a vacuum-based brake system for braking in conjunction with regenerative braking [52]. A key feature of this system is the utilisation of an electric vacuum pump, which generates a vacuum within the brake booster to enhance braking efficiency. As mentioned earlier, the vacuum pump is integrated into the LV system of the vehicle. The lead–acid battery serves the purpose of storing power for the LV system, ensuring that the brakes remain operational, even if the HV battery is depleted. In the unlikely scenario where the vacuum pump is non-operational, the brakes can still function normally without assistance, although they might need more force from the driver to generate adequate braking force.



In parallel with the vacuum-based brake system, the vehicle also incorporates regenerative braking, also known as recuperation. Regenerative braking operates by leveraging the momentum of the vehicle when the motor is not propelling it, causing the electric motor to transition into an electric generator [53]. The reverse torque exerted by the motor slows down the vehicle. Meanwhile, the inverter harnesses this generated power to recharge the battery. The degree of regeneration can be fine-tuned using the VCU of the vehicle, which is directly correlated to the vehicle deceleration and is even capable of bringing the vehicle to a complete stop at a specific torque rate.



The mechanical hand brake continues to function as it did originally in the minibus. A critical safety aspect involves the VCU of the vehicle monitoring both the vacuum pump and the regenerative braking system. This vigilance ensures that essential safety indicators and functions are duly activated in case of vacuum or regeneration system failures. However, as previously mentioned, the brakes remain functional even without the vacuum pump, and the hand brake retains its normal operation.




5. Conclusions


This paper outlines a scientific roadmap for the transformation of internal combustion engine vehicles into electric vehicles (EVs). The delineated process encompasses intricate steps, including the systematic disassembly of internal combustion engine vehicles, meticulous adherence to homologation requirements and regulatory standards, and the methodical selection and design of crucial components. These components encompass the entire spectrum, ranging from the propulsion unit and battery pack to the intricate electrical and electronic systems, culminating in a vital braking system.



One of the pivotal results achieved in this study is the establishment of precise power, torque, and speed requirements derived from high-fidelity driving-cycle data. These specifications serve as the cornerstone for the retrofitting process, ensuring that the converted EV aligns closely with the performance characteristics of its internal combustion engine predecessor.



Furthermore, a clear and systematic component selection process was meticulously presented. Every selected component underwent rigorous validation through the development of a real-life prototype. This tangible validation not only underscores the viability of the proposed methodology but also highlights its applicability in practical scenarios.



A tangible and illustrative use case is presented using a Toyota-manufactured Hiace Ses’fikile taxi, a cornerstone of the southern African paratransit industry. This case not only serves as validation of the proposed approach but also highlights the practicality and importance of converting internal combustion engine vehicles into EVs. This endeavour plays a pivotal role in equipping southern Africa with the skills and knowledge needed to embrace the transition towards electric mobility.



Looking ahead, future research endeavours will further refine and optimise the conversion process. This may involve enhancing the methodologies for component selection and exploring cutting-edge technologies to bolster efficiency and performance, with special attention given to areas such as the cooling system in retrofit vehicles. These developments are pivotal in advancing the field of EV retrofitting and aligning sub-Saharan Africa with the evolving landscape of sustainable transportation.
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	AC
	Alternating Current



	BMS
	Battery Management System
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	Control Area Network



	CATL
	Contemporary Amperex Technology Co. Limited



	DC
	Direct Current



	ECU
	Electronic Control Unit



	EV
	Electric Vehicle
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	Gross Vehicle Mass
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	LTO
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	NMC
	Nickel Manganese Cobalt



	NRCS
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Figure 1. The electric retrofitted Toyota Quantum taxi (original model from 2009) [13]. (a) Completed retrofitted taxi. (b) Retrofitted electric vehicle’s electronic dashboard and controls (D, N, R). 
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Figure 2. Vehicle with combustion-related components removed. (a) Front view of the stripped vehicle. (b) Empty engine compartment. (c) Bottom view of stripped vehicle before electric motor and prop-shaft installation. (d) Electric motor with prop shaft (protective cover not shown). (e) Radiator for the electric motor coolant. 
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Figure 3. Different typologies of a proposed battery electric vehicle drivetrain: (a) Four-wheel-drive transfer case connection typology; (b) Two-wheel-drive differential connection typology; (c) In-wheel motor-drive typology; (d) Rear-axle motor-drive typology. 
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Figure 4. Kinetic force diagram for all external forces, including the acceleration force,   F ac  , depending on whether it is positive or negative; the rolling resistance,   F rr  ; the aerodynamic resistance,   F ar  ; and the gradient resistance,   F gr   at the slope angle,  α . 
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Figure 5. (a) Velocity, (b) Acceleration, and (c) Slope: plotted for every data point in the tracking data [25]. 
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Figure 6. (a) Net force components averaged per sample over all the trips; (b) Acceleration and gradient forces disaggregated into their positive and negative constituent components. 
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Figure 7. Power in kW calculated for every data point, indicating the moving average for every minute of tracking data. 
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Figure 8. The required propulsion unit speed and torque for every data point (n) for the ICE vehicle driving cycle. 
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Figure 9. Torque-speed characteristic curve for each permanent magnet synchronous motor overlaid with the design requirements for the propulsion unit. 
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Figure 10. Torque-speed characteristics of Emrax and Bosch motors combined with a single-speed reduction gearbox with an optimal gear ratio. (a) Emrax and gear ratio of 4.9; (b) Bosch and gear ratio of 3.0. 
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Figure 11. Power characteristic curves for each motor overlaid with the design power requirements for each motor. 
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Figure 12. (a) CAD 3D design; (b) The assembled battery box showing the battery cell slots, battery management system rack, steel box, and insulator filament. 
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Figure 13. Connection diagram of electric powertrain’s components. 
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Table 1. Vehicle’s dynamic variable inputs if tracking data are not available.
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	Parameter
	Symbol
	Value
	Unit





	Vehicle acceleration
	   a  a p p r o x    
	0.664
	    m /  s 2    



	Vehicle velocity
	   v  a p p r o x    
	16.6
	    m / s   



	Road slope
	   α  a p p r o x    
	0.175
	    rad   










 





Table 2. Parameters for a kinetic model of the minibus.
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	Parameter
	Symbol
	Value
	Ref.





	Gravitational acceleration
	g
	   9.81  m /  s 2    
	[25]



	Density of air at   25   ∘  C  
	   ρ  a i r    
	   1.184  kg /  m 3    
	[25]



	Minibus weight (GVM)
	   m total   
	   3150  kg   
	[25]



	Drag coefficient
	   C d   
	0.36
	[25]



	Rolling resistance coefficient
	   C r   
	0.02
	[25]



	Vehicle’s front surface area
	A
	   4   m 2    
	 [27]



	Moment of inertia of wheel
	   J w   
	   0.388  kg /  m 2    
	 [28]



	Moment of inertia of axle shaft
	   J axle   
	   0.0144  kg /  m 2    
	 [28]



	Wheel rolling radius
	   r w   
	   0.28  m   
	Measured










 





Table 3. Torque model input parameters.
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	Description
	Symbol
	Value
	Ref





	Gear ratio of drivetrain
	   i dt   
	3.727
	 [27]



	Drivetrain efficiency
	   μ dt   
	0.96
	 [29]










 





Table 4. Design requirements for retrofit vehicle propulsion unit.
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	Requirement
	Minimum Value
	Maximum Value
	Unit





	Power (  P req  )
	35
	100
	kW



	Torque (  T prop  )
	200
	600
	Nm



	Speed (  n prop  )
	1000
	3000
	rpm










 





Table 5. Comparison of electric motor types for electric vehicle applications.
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	Criteria
	DC
	Induction
	Switched Reluctance
	Permanent

Magnet

Synchronous





	Power Density (kW/kg)
	4
	3
	2
	1



	Energy Efficiency (%)
	4
	3
	2
	1



	Reliability (%)
	4
	3
	1
	2



	Cost
	1
	2
	4
	3



	Total
	13
	11
	9
	7










 





Table 6. Three viable industry-selected motors and their specific design characteristics.
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	Parameters/Motors
	Emrax

228 [35]
	Bosch

SMG180 [36]
	Cascadia

HV410-150 [37]





	Voltage (V)
	520
	400
	700



	Maximum/Nominal power (kW)
	124/75
	90/60
	135/120



	Maximum/Nominal Torque (Nm)
	230/135
	200/95
	2000/550



	Maximum Speed (rpm)
	6500
	12,800
	4500



	Base Speed (rpm)
	5100
	4800
	800



	Energy Efficiency (%)
	92–98
	94–96
	90–95



	Weight (kg)
	12.9–13.5
	30
	140



	Cost (USD)
	4500
	3000
	17,000










 





Table 7. Inverter parameters of the Bosch Generation 4 inverter [40].
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	Parameter
	Minimum Value
	Maximum Value
	Unit





	DC input voltage range
	210
	470
	V



	AC output voltage range
	0
	460
	   V  r m s    



	Current range
	320
	900
	   A  r m s    



	Maximum output power range
	70
	250
	kW



	Nominal output power range
	42
	150
	kW










 





Table 8. CATL LFP battery cell characteristics.






Table 8. CATL LFP battery cell characteristics.





	Description
	Value
	Unit





	Capacity
	169.7
	Wh/kg



	Electric charge
	105
	Ah



	Nominal voltage
	3.2
	V



	Discharge cut-off voltage
	2.5 (T > 0 °C)
	V



	Standard charging and discharging current
	52.5
	A



	Charging temperature
	0–65
	°C



	Discharging temperature
	  − 35  –65
	°C



	Cycle life
	>4000
	discharge cycles



	Weight
	1.98 ± 0.06
	kg



	Dimensions
	130.3 × 36.35 × 200.5
	mm










 





Table 9. Combined battery pack parameters.






Table 9. Combined battery pack parameters.





	Description
	Value
	Unit





	Capacity
	53.760
	kWh



	Electric charge
	210
	Ah



	Nominal voltage
	256
	V



	Weight
	304 ± 16
	kg



	Dimensions
	685 × 298 × 1248
	mm
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