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Abstract 

In general, electric vehicles have significantly different structures compared to vehicles 

running on internal combustion engines owing to their use of electric motors as the 

source of power and batteries as energy-storage devices. Electric vehicles also 

demonstrate different driving performance and dynamic characteristics, as they are 

capable of recovering some of the energy wasted in the form frictional heat at the brake 

through use of regenerative braking during deceleration. The proposed study discusses a 

mathematical model constructed by identifying characteristics of certain key components 

and the hybrid control unit (HCU) of an electric vehicle. Corresponding correlations 

among these components were analyzed. In addition, a dynamic model of the electric 

vehicle was designed using the model-based design approach in accordance with the 

standard V-Model development process ISO 26262—an international standard for 

automotive safety. All models discussed herein were developed using the 

MATLAB/SIMULINK package, and dynamic characteristics of the vehicle were analyzed 

through simulations. 
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1. Introduction 

Concerns over air-pollution levels and global warming have been on the rise in recent 

years owing to the overwhelming use of vehicles installed with internal combustion 

engines, which extract energy from the combustion of fossil fuels. As such, many 

countries in the world are making various efforts to reduce greenhouse gas (carbon 

dioxide, Freon, methane, etc.,) emissions [1]. In countries like South Korea, the United 

States, and Europe, various policies supporting insurance premiums, taxes, and subsidies 

are in effect to encourage consumers to opt for use of eco-friendly vehicles, instead of 

vehicles powered by internal combustion engines, when they buy a new car. Sale of 

vehicles running on internal combustion engines is expected be prohibited from the year 

2025 onwards in Norway, 2030 onwards in the Netherlands, and 2040 onwards in UK and 

France. Unlike conventional vehicles powered by internal combustion engines, electric 

vehicles record almost zero carbon emissions while being driven owing to their use of 

electric motors and batteries as main power sources. Along with excellent energy 

efficiency, electric vehicles exhibit superior characteristics in terms of fuel economy and 

carbon dioxide reduction [2]. Further, many of the previous problems concerning lack of 

charging stations, long charging times, and short driving distance on a single charge have 

been addressed with recent advances in technology [3]. 

With electronic technology being applied to vehicles, the complexity of automotive 

electronic control systems is also increasing. In other words, the number of electronic 

components—microcontroller units (MCUs), sensors, and actuator—and their functions 

as well as the complexity of functions involved in such systems have undergone an 
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exponential increase. Increasing complexity leads to higher system error possibilities, and 

such possibilities lead to vehicular defects, thereby resulting in accidents. Accidents 

caused by sudden unintended acceleration of Toyota’s electric vehicle in 2009 may be 

considered as a representative case that illustrates the need for adoption safety measures 

against malfunctioning of and defects in automotive electronic control systems. This, in 

turn, causes problems, such as delay in development schedules and increase in cost of 

production owing to development of low-reliability products. To address such problems, 

ISO enacted ISO26262—an international standard for automotive safety—to exercise 

legal control. ISO26262 comprises 10 parts and prescribes 43 requirements and 

recommendations. Both, hardware and software modules are developed in accordance 

with the development process of the V-Model that employs a model-based design (MBD) 

approach, thereby ensuring accurate design of a complicated system [4]. 

Since electric vehicles derive power from batteries, which are essentially energy-

storage devices and not fuels, the dynamic characteristics of power systems and vehicles 

employing conventional internal combustion engines must be analyzed based on electric 

vehicles, which requires accurate modeling and mathematical analysis of the entire 

system. Permanent magnet synchronous motors (PMSMs) are frequently used in electric 

vehicles on account of their higher efficiency and torque density compared to other 

motors [5]. In addition, electric vehicles demonstrate higher energy efficiencies compared 

to vehicles powered by internal combustion engines owing to the fact that they can 

recover and use some of the energy wasted as frictional heat at the brake through use of 

regenerative braking and batteries during deceleration [6]. 

In the proposed study, the motor, battery, and power transmission device were modeled 

mathematically. In addition, a hybrid control unit (HCU), which generates the necessary 

power—when the driver steps on the accelerator pedal—and applies adequate 

regenerative braking and frictional heat at the brake—when the driver steps on the brake 

pedal—was designed, and entire systems of electric vehicles were integrated. 

Furthermore, dynamic characteristics of electric vehicles were analyzed using the 

MATLAB/SIMULINK package. 

 

2. Modeling of the Key Components of Electric Vehicles 

Figure 1 depicts the typical structure of an electric vehicle illustrating the key 

components of the drive system. The electric system of the concerned vehicle comprises a 

battery—an energy storage device, PMSM—a power device, and an HCU. The HCU 

calculates and controls the torque required by the PMSM and brake system at the instant 

when the driver steps on the accelerator or brake pedal. The mechanical system comprises 

transmission, differential, and brake systems, which deliver the power supplied by PMSM 

to the wheels.  

 

 

 

 

 

 

 

 

Figure 1. Overall Structure of an Electric Vehicle 
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2.1. Battery Modeling 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Battery Equivalent Circuit Model 

Energy-storage devices (batteries) used in electric vehicles possess high energy 

densities and long service lives. The batteries of electric vehicles are used as packs, 

wherein several cells are combined. Batteries commonly used in the past utilized a 

simplified electrochemical model [7], [8]. It, however, could not reflect battery 

characteristics with strong nonlinearity [9-11]. Other battery models were, therefore, 

proposed using an equivalent circuit model, wherein resistances, capacitors, and voltage 

source from the circuit network were employed. In this study, battery cells based on the 

equivalent circuit model were modeled mathematically. A typical battery cell model is 

depicted in Figure 2 [12-14]. 

The cell voltage of a battery used in an electric vehicle is influenced by the double 

layer behavior, diffusion behavior, SoC of the battery, changes in internal resistance 

caused by temperature variations, and internal inductance of the battery. Such influences 

could be expressed in terms of the voltage lost (𝑉𝐿𝑜𝑠𝑠) within the battery. Thus, a terminal 

voltage model could be obtained by subtracting the 𝑉𝐿𝑜𝑠𝑠, which represents a lost portion 

of the electromotive force (𝑉𝑒𝑚𝑓) of the battery. 

 

𝑉𝐵𝑎𝑡 = 𝑉𝑒𝑚𝑓 − 𝑉𝐿𝑜𝑠𝑠 (1) 

 

Where, 

𝑉𝐵𝑎𝑡 : The battery terminal voltage. 

𝑉𝑒𝑚𝑓 : The electromotive force voltage. 

𝑉𝐿𝑜𝑠𝑠 : The loss voltage. 

 

The electromotive force of the battery could be obtained using the initial voltage of 

cells and the number of SoCs and cells constituting the battery pack. 

 

𝑉𝑒𝑚𝑓 = 𝑛𝑐𝑒𝑙𝑙𝑉𝑐𝑒𝑙𝑙(𝑆𝑜𝐶) (2) 

 

Where, 

𝑛𝑐𝑒𝑙𝑙 : The number of battery cells. 

𝑉𝑐𝑒𝑙𝑙 : The cell voltage. 

𝑆𝑜𝐶 : The state of charge. 

 

The voltage loss (𝑉𝐿𝑜𝑠𝑠) of the battery owing to double layer behavior, diffusion 

behavior, and temperature variations could be obtained as follows. 
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𝑉𝐿𝑜𝑠𝑠 =
1

𝐶𝐷𝐿
∫ (𝐼𝐵𝑎𝑡 −

𝑉𝐶𝐷𝐿

𝑅𝐷𝐿
) 𝑑𝑡 +

1

𝐶𝐷𝑖𝑓𝑓
∫ (𝐼𝐵𝑎𝑡 −

𝑉𝐶𝐷𝑖𝑓𝑓

𝑅𝐷𝑖𝑓𝑓
) 𝑑𝑡 

+𝐼𝐵𝑎𝑡𝑅𝐵𝑎𝑡(𝑆𝑜𝐶, 𝐼𝐵𝑎𝑡 , 𝑇𝐵𝑎𝑡) +
𝑑𝐼𝐵𝑎𝑡

𝑑𝑡
𝐿𝐵𝑎𝑡 

(3) 

 

Where, 

𝐼𝐵𝑎𝑡 : The battery current. 

𝑉𝐷𝐿 : The loss voltage double layer capacitance. 

𝐶𝐷𝐿 : The double layer capacity. 

𝑅𝐷𝐿 : The double layer resistance. 

𝑉𝐷𝑖𝑓𝑓 : The loss voltage diffusion capacitance. 

𝐶𝐷𝑖𝑓𝑓 : The diffusion capacitance. 

𝑅𝐷𝑖𝑓𝑓 : The diffusion resistance. 

𝑇𝐵𝑎𝑡 : The battery temperature. 

𝑅𝐵𝑎𝑡 : The battery resistance. 

𝐿𝐵𝑎𝑡 : The battery inductance. 

 

Here, the SoC of the battery employed the Coulomb counting method [15]. The 

Coulomb counting method, represented by equation (4), helps in determining the current 

battery state by integrating the charging and discharging currents of the battery. 

 

𝑆𝑜𝐶 = 𝑆𝑜𝐶𝑡=0

1

𝐶𝑁
∫(𝐼𝑇𝑒𝑟𝑚𝑖𝑛𝑎𝑙 − 𝐼𝐿𝑜𝑠𝑠)𝑑𝑡 

{
𝐼𝐵𝑎𝑡 − 𝐼𝐿𝑜𝑠𝑠 > 0 ∶ charges the battery      
𝐼𝐵𝑎𝑡 − 𝐼𝐿𝑜𝑠𝑠 ≤ 0 ∶ discharges the battery 

 

(4) 

 

Where, 

𝑆𝑜𝐶 : The state of charge. 

𝑆𝑜𝐶𝑡=0 : The initial state of charge. 

𝐶𝑁 : The nominal capacity of battery. 

𝐼𝑇𝑒𝑟𝑚𝑖𝑛𝑎𝑙 : The terminal current. 

𝐼𝐿𝑜𝑠𝑠 : The loss current. 

 

2.2. Modeling of PMSM and Torque Controller 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Modeling of PMSM and Torque Controller 
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PMSMs are employed as power devices in various areas owing to their small size, high 

efficiency, and excellent control performance in terms of output power [16, 17]. PMSMs 

with high nonlinearity have been previously modeled mathematically, and various studies 

concerning PI controllers [18], robust controllers [19], sliding-mode control (SMC) [20, 

21], and adaptive control [22] have been performed. In the proposed study, PMSM was 

modeled as a first-order system through use of a simple electromechanical equivalent 

circuit (equation 5). The machine-speed-depended back EMF voltage 𝑉𝑒𝑚𝑓 is calculated 

with the machine voltage constant 𝐶𝑉. As depicted in Figure 3, the drive torque of PMSM 

was controlled by means of a PI current controller. 

 

𝐺(𝑠) =
1

𝐿𝑠 + 𝑅
 (5) 

 

Where, 

𝑅 : The motor resistance. 

𝐿 : The motor inductance. 

𝐶𝑇 : The torque constant electric motor. 

𝐶𝑉 : The voltage constant electric motor. 

𝜂 : The efficiency power electronics. 

 

2.3. Drive-train Modeling 

Conventional vehicles powered by internal combustion engines require devices, such 

as flywheels and clutches, from the structural perspective. This is because their output is 

nonlinear and governed by the engine rpm. Electric vehicles, however, possess simple 

structures as they are capable of generating an approximately linear output over their 

entire operating range. As such, the transmission gear of the drive train employed in 

electric vehicle generally comprises only one or two stages. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Transmission Gear Modeling 

Gears are torque conversion devices. Gears in electric vehicles serve to deliver the 

torque generated by PMSM to each shaft and adjust the torque produced based on the gear 

ratio. Figure 4 depicts a simple schematic of the transmission gear model used in this 

study. The reduction gear ratio (λ) can be defined as described in equation (6), and the 

rotational speed of the shaft could be defined as given in equation (7). 𝐽𝑠ℎ𝑎𝑓𝑡, 𝑇𝑖𝑛, 𝐷, 

and 𝑇𝑜𝑢𝑡, respectively represent the moment of inertia of the shaft, input torque, damping 

constant of the shaft, and output torque. 
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𝜆 =
𝑟𝑖𝑛

𝑟𝑜𝑢𝑡
=

𝑇𝑜𝑢𝑡

𝑇𝑖𝑛
 (6) 

𝐽𝑠ℎ𝑎𝑓𝑡 ∙ 𝑤𝑠ℎ𝑎𝑓𝑡̇ = (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) − 𝐷 ∙ 𝑤 (7) 

 

2.4. HCU Design 

Unlike conventional vehicles with internal combustion engines, electric vehicles 

employ the principle of regenerative braking described in previous sections [23-25]. 

Therefore, the HCU of an electric vehicle is required to not only control the torque 

necessary for vehicle acceleration but to also appropriately distribute the braking force at 

the brake and regenerative braking of PMSM during vehicle deceleration. The vehicle 

torque and brake controllers were designed in accordance with the pedal input provided 

by the driver. 

 

2.4.1. Vehicle Torque Controller: Electric vehicles must be capable of performing 

accelerations and decelerations in accordance with the driver’s accelerator- or brake-pedal 

input. The vehicle torque controller must, therefore, be able to calculate the torque 

required when the driver steps on the accelerator pedal. Likewise, it must be able to 

control PMSM by means of the regenerative braking torque calculated by the brake 

controller at the instant when the driver provide brake input. Torque required for vehicle 

acceleration uses map data measured in advance. PMSM torque, on the other hand, is 

calculated using the accelerator pedal value (%) and rotational speed (rpm) of PMSM 

(Figure 5). 

 

2.4.2. Brake Controller Design: The brake controller calculates the energy to be 

recovered from PMSM during regenerative braking and that to be consumed as frictional 

heat at the brake when the driver supplies brake input as depicted in Figure 6. It calculates 

the necessary braking force (Fbrake, max) in accordance with the amount of brake input 

provided by the driver. It also calculates the reverse torque (TEM) with due consideration 

of the gear ratio. The calculated reverse torque is transmitted to PMSM to perform 

regenerative braking. In addition, because regenerative braking alone cannot provide the 

required braking force, the brake controller was designed to supplement regenerative 

braking with the frictional force of the brake. Therefore, all the braking force applied is 

not lost in the form of frictional heat generated at the brake, and some of it is recovered by 

PMSM, thereby increasing the driving distance of electric vehicles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Accelerator Pedal – Motor Rotation Speed – Motor Torque Map 
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Figure 6. Configuration Drawing of Brake Controller 

3. Simulation Results and Discussion 

To verify the proposed mathematical model of the electric vehicle, parametric values 

for key components were set as depicted in Table 1. A 100-kW-class PMSM motor and 

an 11.1-kWh battery were used, and the initial SoC was set at 80%. dSAPCE’s ASM 

Vehicle Dynamic was employed for the vehicle dynamics and drive models. 

Table 1. Parameters of Key Components 

Parameter Value Unit 

Efficiency, η 1 - 

Inductance, L 0.0018 H 

Resistance, R 0.862 Ohm 

Voltage constant, CV 0.0288 V/rpm 

Torque constant, CT 0.951 Nm/A 

Gear ratio, λ 3.2 - 

Battery capacity 11.1 Kwh 

Vehicle Weight 1880 kg 

 

Simulation results demonstrate that the proposed electric vehicle could be driven for up 

to 3 km on a road at a maximum speed of 88 km/h. The accelerator and brake pedals were 

adjusted as depicted in Figures 7 and 8. When the electric vehicle first started, torque 

measuring approximately 285 Nm was produced by PMSM. The maximum voltage 

applied to PMSM measured approximately 340 V, and the corresponding current was of 

the order of 300 A, thereby generating an output power of approximately 102 kW 

(Figures 11 and 12). During deceleration of the electric vehicle (i.e., when the driver 

stepped on the brake pedal), it was confirmed that reverse torque was applied and the 

battery was charged (Figure 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Pressed Amount of the Accelerator Pedal [%] 
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Figure 8. Pressed Amount of the Brake Pedal [%] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Driving Speed of the Vehicle [km/h] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Battery SoC [%] 
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Figure 11. PMSM Voltage [V] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. PMSM Current [A] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. PMSM Torque [Nm] 
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Figure 14. PMSM Shaft Speed [rpm] 

4. Conclusion 

The proposed study describes modeling and analysis of the characteristics of each key 

component of modern electric vehicles. The model of the electric vehicle, designed using 

the MBD approach, was verified via simulation, and the performance of the model was 

examined through analysis of data obtained from simulation results. In addition, it was 

confirmed that when a driver stepped on the brake pedal during vehicle deceleration, the 

regenerative braking system was set into operation and recovered some of the energy, 

which otherwise would have been consumed in the form of frictional heat at the brake. 

The status of the regenerative braking system operation could be confirmed by observing 

the increase in SOC level of the battery during deceleration. Although the entire system 

was constructed using a simplified model, the dynamic characteristics of electric vehicles 

could be investigated through torque and rpm ratings of the motor, current produced by 

the battery, and SOC changes in accordance with acceleration and/or brake inputs 

provided by a driver. 
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