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 This research is based on the development of a 480-kW traction motor for 

high-speed train (HST) applications. The performance of the traction motor 

system will be reviewed theoretically with the focus of the research on 

operational modes, namely acceleration mode and cruise mode. Motor 

performance will be reviewed more in-depth related to the development of 

mathematical models for torque function of time, power function of time and 

efficiency function of speed. The data used in this study are real data of  

480 kW traction motor specifications and synthetic data of HST operations. 

The results of the traction motor performance analysis show that in the 

operational conditions of acceleration mode, the traction motor requires 

power and torque at the beginning reaching 4,838.13 Nm to overcome 

inertia, friction, aerodynamic force and increase speed. In cruise mode, the 

speed tends to be stable, so the power and torque decrease to 1,133.24 Nm. 

The results of the traction motor performance theoretically show that the 

traction motor can work well for variations in speed and track profile. 
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1. INTRODUCTION 

High-speed rail (HST) systems are designed to provide fast, reliable and comfortable transportation, 

and can significantly reduce travel time between major cities [1], [2]. HST is known to be more efficient in 

energy use than other air and land transportation over the same distance [3]. In HST, the traction transmission 

system converts electrical energy supplied from the electricity grid into mechanical energy for train 

movement by transferring torque, thus providing a stable power source for the train [4]. The power 

requirements of HST mainly include energy for the traction system and some for auxiliary facilities. The 

auxiliary energy is generally constant, while the traction energy will vary over time, because it is determined 

by the operating conditions of the train such as acceleration, when traveling at a constant speed, and when 

braking when approaching a station. In addition, the railway track profile such as the rate of ascent and 

descent, radius of curvature, and rolling resistance, as well as the weight of the train also affect the power 

requirements of the HST traction motor system [5]. Aerodynamics plays an important role in the energy 

efficiency, stability, and comfort of HST, especially when traveling at very high speeds. At high speeds, 

aerodynamic forces such as drag (air resistance) and lift (lifting force) become critical factors that affect the 

energy efficiency and stability of the train [6]. 

Currently, HST generally uses electrical multiple units (EMU) to meet energy consumption to be 

more efficient while providing optimal traction and braking performance. Figure 1 shows the layout of the 

https://creativecommons.org/licenses/by-sa/4.0/
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HST used as a model in this study. The traction drive system in HST with EMU involves complex 

interactions between electrical components such as traction motors, inverters, and control systems with 

mechanical components such as gearboxes and wheels [7]. Several studies have been developed to reduce 

energy consumption in trains through energy evaluation of the train traction drive system [8], management of 

the traction power supply system [9], electromechanical clutch models [4], combining mechanical-electrical-

hydraulic dynamic clutch drive systems (MEH-DCDS) [10], and through traction transmission system 

control (TTS) [11]. This control technology has also been developed using the model predictive control 

(MPC), adaptive control, and sliding mode control (SMC) methods [12]. 

Various studies on the design and performance analysis of traction motors in urban trains, HST, and 

maglev trains have been conducted, including Hamedani et al. [13] build a simulation of the mechanical 

movement of DC electric trains in the form of a regenerative braking model and steering control with 

coasting control. Then the optimization model of the urban train travel curve in fast and slow train modes has 

also been created [14]. The simulation calculation of the maglev train traction is designed and the simulation 

system is developed using the actual operational train track [15]. In addition, research on driving strategy 

optimization and field test results on the urban rail transportation system has been carried out [16] as well as 

an analysis of the efficiency of 180 kW motors on urban trains [17]. 

In Indonesia, there has been a rapid increase in electric-based train drive system technology. Urban 

trains use traction motors with an output power of 100 kW and 180 kW [18], [19]. Then there is a type of 

diesel electric multiple unit (DEMU) that uses a traction motor with an output power of 550 kW [20]. In 

addition, the HST route Jakarta-Bandung is currently operating with a maximum operating speed of 350 

km/h [21]. As a comparison, HST in the world which has a speed of 250-300 km/h generally uses traction 

motors with specifications between 300-1200 kW [12], [22], [23]. In Indonesia itself, the HST route Jakarta-

Surabaya is currently being developed with a speed of 250-300 km/h. To be able to achieve this speed, a 

squirrel cage induction motor (SCIM) design has been developed for the 480 kW EMU [24]. However, the 

480-kW motor design has not simulated the traction motor system, which is affected by the train's operational 

travel mode, namely during acceleration mode and cruise mode. 

Most previous studies have primarily focused on total energy consumption and power control 

strategies. However, limited research has been conducted on the detailed fragmentation of operational modes 

(i.e., acceleration and cruising) and the modeling of resistive forces including inertia, aerodynamic drag, and 

gradient resistance within a simplified mathematical framework. Such a framework would facilitate 

integration with drive train simulations and real-time control platforms, particularly for 480 kW traction 

motors. This study seeks to address these gaps by proposing a model that balances computational efficiency 

and analytical accuracy for the early-stage performance evaluation of traction motors. 

We present a simulation of a 480-kW high-speed train traction motor operating under two main 

conditions—acceleration and cruising based on theoretical analysis. The analysis includes an examination of 

the motor’s torque dynamics, power consumption, and operational efficiency under various conditions, as 

well as an assessment of how speed variations and track profiles influence power requirements. Although this 

study focuses on the modeling of the traction motor, the overall performance of a high-speed train is highly 

dependent on the integration of the motor with the inverter, power converter, and control strategy. Therefore, 

future research should be directed toward investigating the motor–inverter interface to optimize energy 

consumption, enhance efficiency, and enable the integration of regenerative energy recovery systems. 
 

 

 
 

Figure 1. HST layout 
 

 

2. HST TRAVEL OPERATIONAL MODE 

The calculation of train movement is based on Newton's laws of motion, considering gradients, 

speed limitations, and operating modes [25]. In this study, the performance of the traction motor system is 

focused on the acceleration and cruise modes. 
 

2.1.  Acceleration ode 

Acceleration mode is a mode in which the train quickly increases its speed from a standstill or initial 

speed to cruise speed. When acceleration mode occurs, HST requires high torque at the start of acceleration to 

overcome inertia and accelerate the train. As a result, power consumption reaches a maximum because the 

motor works harder to provide acceleration. The total HST force that arises in this mode is aerodynamic force, 

wheel friction, incline resistance, and acceleration force. Acceleration mode has a short duration because the 
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train is only in this mode until it reaches cruise speed. In this study, the speed of HST acceleration mode is 

limited from 0 km/h to 0.9×vmax. If the maximum speed (vmax) is 55.5 m/s, then the speed limit is 0-50 m/s. 

 

2.1.1. Cruise mode 

Cruise mode occurs when the train has reached a constant speed and no longer experiences 

significant acceleration or deceleration. The power in the traction motor is used to overcome air resistance 

and friction. Cruise mode has lower torque than acceleration mode because the motor only needs to maintain 

speed. This affects the power consumption in the HST which is lower than in acceleration mode because no 

additional energy is needed to increase speed. The total force in cruise mode comes from aerodynamic forces, 

wheel friction, and uphill resistance (no acceleration force). However, the duration of cruise mode is longer 

than acceleration mode because the train can remain in this mode for a long distance. In this study, the speed 

of cruise mode is limited from 0.9×vmax to vmax, so the speed limit is 50 - 55.5 m/s. A comparison of these two 

modes can be seen in Table 1. 
 

 

Table 1. Characteristics of acceleration mode and cruise mode 
Parameter Acceleration mode Cruise mode 

Speed Increase (v↑) Constant (v fixed) 

Acceleration (a) a > 0 a ≈ 0 (approaches 0) 
Motor torque Tall Lower 

The style at work Inertia, aerodynamics, friction, slope Aerodynamics, friction, ramp 
Duration Short Long 

 

 

3.   METHODOLOGY 

3.1.  HST traction motor specifications 

Based on performance requirements and field conditions, the general technical specifications of 

traction motors for HST can be seen in Table 2. The design specifications of traction motors in Table 2 are 

sourced from similar studies and input from traction motor engineering experts. Several factors considered in 

designing traction motors are that the motor must have efficiency and power factor in accordance with high 

initial torque requirements. Table 3 contains data on similar HST facilities with the same or similar 

specifications to the HST that we designed and have been developed in other studies or have been built in the 

railway industry. This data is used to determine the performance of traction motors during HST operational 

conditions, namely when acceleration mode and cruise mode are required. 
 

 

Table 2. HST traction motor specifications 
Parameter Type/value 

Motor power (P) 480 kW 

Voltage (V) 2300 VAC 
Frequency (f) 85 Hz 

Speed (N) 1500 rpm 

Efficiency (η) 95% 
Wheel Spokes 0.5 m 

 

 

Table 3. Synthetic parameters for HST in development 
Parameter Value 

Number of train sets 4 series 

Total mass of train (m) 400,000 kg 

Air resistance coefficient (Cd) 0.2 – 0.3 
Frontal cross-sectional area (A) 10 – 12 m² 

Maximum rail gradient (θ) 4° 

Coefficient of friction (f r) 0.002 – 0.005 
Gear ratio (GR) 3 

Air density () ~1.225 kg/m 3 

Gravity (g) 9.81 m/s 2 
 

 

 

3.2.    Mathematical modeling 

3.2.1. Calculation of the forces acting on the HST 

The forces acting on HST start from Newton's force (Facc) in (1). 

𝐹𝑎𝑐𝑐 = 𝑚 𝑥 𝑎 (1) 

 

Then the aerodynamic drag force (Faero) appears, in (2). 
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𝐹𝑎𝑒𝑟𝑜 =
𝜌 𝑥 𝐶𝑑 𝑥 𝐴 𝑥 𝑣2

2
 (2) 

 

In addition, in the HST, there is also a frictional resistance force (Frolling) according to (3). 
 

𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 = 𝑓𝑟 𝑥 𝑚 𝑥 𝑔 (3) 

 

When the HST operates on an uphill road (θ > 0), an uphill resistance force (Fgrade) appears as shown in (4). 
 

𝐹𝑔𝑟𝑎𝑑𝑒 =  𝑚 𝑥 𝑔 𝑥 sin 𝜃 (4) 

 

So, the total force that must be compensated by the traction motor in (5). 
 

𝐹𝑡𝑜𝑡𝑎𝑙 =  𝐹𝑎𝑐𝑐 + 𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝐹𝑔𝑟𝑎𝑑𝑒 (5) 

 

The traction motor torque value occurs based on the relationship between the total force acting on 

the train and the radius of the train wheels. The (6) shows the relationship between the traction motor torque 

and the force acting on the train, as in (6). 
 

𝑇𝑚 =
𝐹𝑡𝑜𝑡𝑎𝑙 𝑥 𝑟𝑤ℎ𝑒𝑒𝑙 

𝜂
 (6) 

 

Where Tm is the motor torque, Ftotal is the total force (N), 𝑟𝑤ℎ𝑒𝑒𝑙  is the radius of the train wheel. 

 

3.2.2. Traction motor power consumption 

Consumption on HST during acceleration mode is certainly different from HST in cruise mode. 

When HST is in acceleration mode, the torque that works is greater when compared to cruise mode. The 

motor power consumption equation is as seen in (7). 

 

𝑃𝑚𝑜𝑡𝑜𝑟 =
𝑇𝑚 𝑥 𝜔

𝜂
 (7) 

 

Where Pmotor is the motor power (watts), ω is the angular velocity (rad/s). Then the angular velocity of the 

motor is found as shown in (8). 

 

𝜔 =  
2 𝑥 𝜋 𝑥 𝑁

60
 (8) 

 

Where N is the number of revolutions (rpm). 
 

3.2.3. Analyzing the efficiency comparison of acceleration and cruise modes 

In the actual system, the electrical power input to the motor is obtained from a DC–AC converter-

based inverter. The inverter efficiency ηinv and the control strategy (V/f) will affect the input power value Pin 

in (10). Thus, the total efficiency of the drive system can be defined as (9). 
 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = 𝜂𝑖𝑛𝑣  𝑥 𝜂𝑚𝑜𝑡𝑜𝑟 (9) 

 

The efficiency of the HST traction motor is calculated using (10). 
 

𝜂𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 𝑥 100% (10) 

 

Where Poutt is output power, Pin is input power. 
 

3.3.    Traction motor performance analysis 

3.3.1. The relationship between motor torque and time function 

In an HST drive system, traction motor torque is the main factor that determines how the acceleration 

and speed of the train develop over time. Motor torque as a function of time describes how the force produced 

by the motor changes in various stages of train operation, from acceleration, cruise, to deceleration. The torque 

(Tm) produced by the electric motor can be described as a function of time using (11). 

 

𝑇𝑚 =
𝑚 𝑥 

𝑑𝑉(𝑡)

𝑑𝑡
 𝑥 𝑟

𝐺𝑅
 (11) 
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Where GR is the Gear Ratio, V(t) is the speed at time t. 
 

3.3.2. The relationship between power and time function 

In high-speed rail systems, power as a function of time plays a major role in understanding the 

efficiency and performance of train operation in acceleration mode and cruise mode. The (12) shows the total 

power output by the motor, and (13) shows the total force appearing in the motor affected by time. 

 

𝑃(𝑡) =  𝐹(𝑡) 𝑥 𝑣(𝑡) (12) 

 

𝐹(𝑡) = 𝑚. 𝑎(𝑡) + 𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝐹𝑎𝑒𝑟𝑜 (13) 

 

Where P(t) is the total power function of time, is F(t) is the total force function of time. The higher the speed, 

the greater the power required because the aerodynamic drag increases exponentially in (14). 

 

𝐹𝑎𝑒𝑟𝑜 ∝  𝑣2 (14) 

 

3.3.3. Relationship between efficiency and speed function 

In HST transportation systems, energy efficiency as a function of speed plays an important role in 

optimizing performance and power consumption. This efficiency depends on the operating speed, external 

drag force, and traction motor characteristics. The relationship between efficiency (η) and speed (v) is based 

on the principles of electric vehicle physics and engineering in (15). 

 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 (15) 

 

Where Pout is the mechanical power used to drive the train, Pin is the electrical power supplied to the traction 

motor from the electrical system, η is the Efficiency of the motor varies depending on the resistance factor 

which changes with speed. 

In addition to numerical analysis, simulation results are visualized graphically to facilitate trend 

interpretation. Included plots include torque versus time, power versus time, power versus speed, and 

efficiency versus speed. These graphs are used to identify critical operating points and peak motor demand, 

and to apply these to motor sizing, cooling systems, and energy management. 

 

3.4.    Sensitivity and uncertainty analysis 

3.4.1. Local sensitivity analysis 

Local sensitivity analysis is conducted to assess the effect of small changes in input parameters on 

model output, specifically traction motor torque. This approach uses a numerical differentiation method 

(finite difference method) around the nominal parameter values [26]. Parameter changes are made one at a 

time with variations of ± Δy and ± Δp, while other parameters are kept constant. The sensitivity coefficient is 

calculated as a normalized sensitivity in (16). 

 

𝑆𝑝 = (
∆𝑦

𝑦
) (

∆𝑝

𝑝
)⁄  (16) 

 

Where Sp indicates the relative rate of change in output (y) relative to the relative change in parameter (p). 

The parameters analyzed include the track gradient (θ), the rolling coefficient (fr), and the drag 

coefficient (Cd). This analysis provides an initial understanding of the system's sensitivity around the nominal 

operating point and serves as a basis for determining the parameter variation range for the global sensitivity 

analysis. 

 

3.4.2. Sensitivity analysis and global uncertainty 

A global sensitivity analysis is used to evaluate the simultaneous influence of all parameters on 

model output, as well as the interactions between parameters. The approach used is monte Carlo sampling 

(MCS) with a sample size of N=5,000 [27]. Five main parameters are used as random variables: trajectory 

gradient (θ), rolling coefficient (fr), drag coefficient (Cd), total mass (m), and frontal area (A). Parameters 

with fixed value boundaries are assumed to have a uniform distribution, while parameters with natural 

variation around their nominal values are assumed to be normal. At each iteration, a set of parameters is 

randomly drawn from a predetermined distribution to calculate model outputs (torque, power, efficiency). 

This process is repeated thousands of times to form a statistical distribution of the results. The mean, standard 

deviation, median, and 5–95% confidence interval is calculated to describe model uncertainty. 
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To assess the relationship between input and output parameters, the partial rank correlation 

coefficient (PRCC) is used, which calculates the partial correlation between variables while controlling for 

the influence of other parameters. PRCC values range from −1 to +1, with larger absolute values indicating a 

parameter's greater influence on model output variation. The PRCC method is effective for identifying global 

sensitivity in nonlinear systems and has been widely applied in uncertainty studies [28]. The combination of 

the MCS and PRCC approaches allows for a more comprehensive sensitivity analysis than simple 

deterministic methods. Simulations were conducted using Python 3.8. 

In addition to sensitivity, real-world limitations must be considered. Motor traction performance is 

limited by winding temperature and cooling capacity, so the continuous torque rating is lower than the 

theoretical peak torque. Similarly, inverter dynamics (switching losses, current harmonics) can reduce system 

efficiency by several percent compared to ideal estimates. These factors must be taken into account during 

design, particularly for long-term operation and high-gradient track conditions. 
 
 

4. TEST RESULTS AND ANALYSIS 

Based on the traction motor specification data in Table 2 and the description of the HST operational 

conditions in Table 3, an analysis of the total force, HST traction motor torque, and HST traction motor 

power consumption that occurs on the HST in acceleration mode and cruise mode is carried out, which can 

be seen in Table 4. Table 4 shows that the speed gradually increases linearly with increasing time. 

Conversely, the increasing speed then at a certain point the acceleration decreases until it approaches zero. 

From the table shows the acceleration mode starting from still moving to a speed approaching 50 m/s, in 

cruise mode the speed has started to stabilize starting from a speed of 50 m/s to 55 m/s. In HST operations, 

speed as a function of time as seen in Figure 2. 
 

 

Table 4. Calculation of force, torque and power of HST traction motor 
t (s) V (m/s) a (m/s²) F (N) Tm (Nm) P (W) 

1 1.37 2.71 541,870.89 4,838.13 46,503.95 
10 21.02 1.73 345,356.53 3,083.54 453,809.08 

20 34.62 1.05 209,364.51 1,869.33 453,060.04 

30 42.87 0.63 126,922.45 1,133.24 340,055.46 
40 47.87 0.38 76,943.84 687.00 230,185.42 

50 50.90 0.23 46,645.45 416.48 148,377.63 

60 52.73 0.14 28,277.74 252.48 93,196.77 
70 53.85 0.09 17,142.73 153.06 57,691.44 

80 54.52 0.05 10,392.39 92.79 35,412.57 

90 54.93 0.03 6,300.15 56.25 21,629.19 
100 55.18 0.02 3,819.32 34.10 13,171.42 

 

 

 
 

Figure 2. HST operational speed with time function variation 
 

 

4.1.  Relationship between motor torque and time function 

The torque with a function of time produced by the traction motor is affected by the train's operating 

mode, namely acceleration mode and cruise mode. Figure 3(a) shows the performance of the traction motor 

versus the function of time based on the data in Table 4. In acceleration mode, there is an increase in torque 

at the beginning of time. This is because the traction motor must provide a large thrust to overcome the train's 

inertia, wheel friction, aerodynamic force and increased speed. If the acceleration remains constant, the 

torque remains at a high value before starting to decrease as the speed increases. In cruise mode, after the 

speed is stable, the acceleration approaches zero (a ≈ 0) then the torque tends to decrease and tends to 

stabilize at a lower value. Torque is used to counteract resistance such as wheel friction, air resistance, and 
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track profile. The torque in cruise mode is constant and lower than in acceleration mode, because it functions 

to maintain speed. 

Furthermore, the initial torque (≈4,838 Nm) is observed during acceleration, which then decreases 

and stabilizes at around 1,100 Nm in cruise mode. This underscores the importance of designing a motor with 

high initial torque capability to overcome the inertia and resistive forces of the HST. The motor performance 

described here is closely related to the converter control strategy. The use of field-oriented control (FOC) or 

model predictive control (MPC) can maintain optimal torque while minimizing switching losses. 

Furthermore, the integration of regenerative braking allows energy recovery on downhill slopes, thus 

reducing total energy consumption. The developed model can be interfaced with the control system to 

transmit motor responses in real-time scenarios. 
 

4.2.  The relationship between power and time function 

The power consumed by the traction motor is highly dependent on the speed and torque produced. 

Power in the function of time in this study is useful for knowing the amount of power consumption issued at 

each time change in order to predict the performance of the traction motor being developed. In its 

implementation, power on the HST occurs when the characteristics of acceleration mode and cruise mode. 

Figure 3(b) shows that in acceleration mode there is a power surge at the beginning of time because the 

traction motor requires large power to overcome vehicle inertia, frictional resistance, aerodynamic resistance 

based on Table 4. It can be seen in the acceleration mode phase that if the acceleration is high, the power will 

jump sharply and last for a short time, while if the acceleration is low, the power will increase gradually and 

last longer. In this mode, the HST traction motor requires high power to accelerate the train quickly. Power 

consumption increases with vehicle inertia, track profile, and air resistance. When in cruise mode, power 

consumption tends to be stable. This is because the motor only needs to overcome aerodynamic resistance 

and frictional resistance, without the need to increase speed further. When the HST cruising speed is low to 

medium, power consumption is relatively small and stable. This is because no energy is used to increase 

speed. Meanwhile, if the HST cruising speed is high, power consumption is greater because aerodynamic 

resistance increases. After the power reaches its peak, then the power begins to stabilize or begins to decrease 

because the acceleration decreases. Energy consumption tends to increase with speed due to the effect of 

aerodynamic resistance. 
 
 

  
(a) (b) 

 
(c) 

 

Figure 3. Dynamic performance characteristics of the traction motor: (a) torque motor - time function,  

(b) power motor – time function, and (c) efficiency motor – time function 
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4.3.  Relationship between efficiency and speed 

Efficiency (η) in the HST propulsion system describes how effectively the energy used to generate 

traction power is compared to the total energy consumed from the power source. This efficiency varies as a 

function of time due to changes in operational mode, traction force, and the influence of aerodynamic drag and 

wheel friction on the rail. Figure 3(c) is a graph of the relationship between motor efficiency and HST speed 

based on the data in Table 4, also can be seen that efficiency (η) changes non-linearly with speed (v). When the 

acceleration mode is low, the efficiency of the HST traction motor is low when the train starts moving up to a 

speed of 13.89 m/s because at the beginning the inertia factor affects it to overcome the initial resistance force. 

The value of electrical losses in the motor is high due to the large current at high initial torque. This energy is 

mostly used for acceleration rather than to maintain speed. Efficiency increases with increasing speed. 

Then in cruising mode at medium speed (13.9 m/s – 33.3 m/s) efficiency continues to increase with 

increasing speed because the traction motor gradually works more optimally where power losses are minimal 

and the energy produced is greater. At high speeds (33.4 m/s–55.5 km/h) aerodynamic losses increase so that 

the motor works to maintain speed. In addition, electrical losses from the traction motor also increase 

significantly resulting in decreased efficiency. Low energy losses, because the motor works at the highest 

efficiency range (~85%-95%), and minimal power conversion losses and optimal motor torque, but there is 

exponentially increasing aerodynamic resistance (𝐹𝑎𝑒𝑟𝑜 ∝  𝑣2), requiring more power. When the HST traction 

motor starts to exit the optimal efficiency range, it causes electrical losses to increase. The effect is that the 

internal resistance of the transmission system and friction increase. At near maximum speed (vmax) the input 

power increases much faster than the output power, causing a drastic drop in efficiency due to aerodynamic 

and electrical losses. This trend indicates that the most efficient operation is achieved in the mid-speed range. 

It should be noted that the theoretical efficiency obtained in a motor may differ from actual conditions, 

because the inverter system adds switching losses and harmonics. Inverter control strategies such as PWM or 

MPC can be used to suppress these losses and increase energy recovery through regenerative braking. 
 

4.4.  Relationship between speed variations and path profile affecting torque and power requirements 

The power requirement of the traction motor is affected by the train speed and the track profile. 

Figure 4 shows the power versus speed characteristics, where peak power consumption exceeds 450 kW at 

medium speeds (20–35 m/s) before stabilizing at approximately 150–200 kW during cruising conditions. At 

low speeds, the power consumption is greater because the motor efficiency is lower and requires large torque. 

At medium speeds (30-50 m/s), the power consumption begins to stabilize because the efficiency increases. 

This pattern indicates that traction motor sizing should not be based solely on maximum speed conditions, 

but must also consider the significant power demand occurring at medium-speed operation. 

The effect of the road profile, especially on flat tracks (θ = 0), then the power is used for 

aerodynamic resistance and friction. While if the track is uphill (θ > 0) results in additional force Fgrade 

appearing, so that the power increases. When the track is downhill (θ < 0), the motor can operate in 

regenerative mode, converting kinetic energy into electricity. Further analysis shows that when the track 

gradient increases from 2° to 4°, the torque requirement increases significantly by ~15 – 20% compared to 

flat tracks. This condition causes the motor to work harder and increases power consumption, especially 

during the acceleration phase. Conversely, on downhill tracks, the motor can operate in regenerative mode, 

resulting in reduced power consumption and energy recovery opportunities. Motor loading due to variations 

in train mass (e.g., ± 10% of total weight) also has an impact on increasing the initial torque requirement and 

shifting the operating efficiency point. This shows that track gradient and train load are important parameters 

that affect motor performance. 
 

 

 
 

Figure 4. Power as a function of speed 
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4.5.  Sensitivity results 

The results of the local sensitivity analysis indicate that track gradient (𝜃) is the most dominant 

factor influencing traction motor torque requirements. Every 1° (≈ 0.017 rad) increase in track angle causes 

an increase in Tm of approximately 713.4 Nm per motor, or approximately 62.9% of the baseline torque value 

under cruise conditions. This indicates that small changes in road gradient have a significant impact on motor 

load. Conversely, a 0.001 increase in fr only increases torque by approximately 40.9 Nm, or 3.6% of the 

baseline, while a 0.05 increase in 𝐶𝑑 only adds approximately 6.5 Nm, or 0.6% of the baseline. This comparison 

clarifies that aerodynamic resistance and friction contribute relatively little to the influence of gradient. 

A global sensitivity analysis was performed using MCS with 5,000 iterations to evaluate the 

simultaneous influence of all parameters on torque variation. Simulation results indicate that the median Tm 

under cruise conditions is approximately 1,585.9 Nm per motor, with a 5–95% confidence interval of 319.1–

2,897.0 Nm, or approximately ±82.7% of the median value. This relatively wide range of variation indicates 

that uncertainty in the input parameters significantly influences the distribution of output torque, particularly 

due to changes in gradient and total mass. This variability indicates that the traction system is highly sensitive 

to external conditions such as track gradient and train load. 

The results of the partial correlation analysis using Spearman rank correlation (as a PRCC approach) 

show that 𝜃 = 0.994, the highest correlation coefficient. It is indicates 𝜃 has a very strong positive 

relationship with Tm. This means that the greater the path gradient, the higher the torque required to maintain 

speed. The 𝑚 has a moderate positive correlation of 0.105, while fr and 𝐶𝑑 show low correlation values of 

0.040 and −0.011, respectively. The 𝐴 has almost no effect with a value of −0.002. 

 

4.6.  Discussion 

The implications of the simulation results indicate that traction motor design needs to account for 

high starting torque capacity to handle transient loads during the acceleration phase. This requires 

adjustments to the motor diameter, gear ratio, and inverter current rating to ensure the system can deliver 

peak torque consistently without performance degradation. Furthermore, the increase in peak power 

consumption during the acceleration phase indicates the need for an efficient cooling system to prevent 

excessive winding temperature rise (overheating). Implementing a liquid-based active cooling system or 

transient-based dynamic thermal management could be effective solutions for maintaining stable operating 

temperatures. 

From an energy management perspective, integration with a regenerative braking strategy has the 

potential to balance energy consumption and improve overall efficiency, particularly under track conditions 

with varying gradients and dynamic speed patterns. Although this research focuses on modeling traction 

motor performance, the overall performance of an HST traction system is highly dependent on the integration 

of the motor, inverter, power converter, and control strategy. Therefore, further research could be directed at 

developing a motor-inverter co-simulation model to optimize energy efficiency, improve dynamic 

performance, and implement a regenerative energy recovery system. 

 

 

5. CONCLUSION 

This study models and analyzes the performance of traction motors on high-speed trains (HST) 

under two main operating conditions: acceleration and cruising. Simulation results show that during the 

initial acceleration phase, the motor requires up to ±453 kW of power and a peak torque of ±4,838 Nm to 

overcome inertial forces, friction, and aerodynamic drag. After the speed stabilizes (>30 s), the torque 

decreases to approximately 1,133 Nm, with peak efficiency at moderate speeds (~40–160 km/h). This 

emphasizes the importance of torque control and power management during the acceleration phase to 

maintain energy efficiency. Practical implications of this study include identifying the efficient operating 

point, providing a basis for selecting motor size and cooling capacity, and supporting inverter control and 

energy regeneration strategies. This model also has the potential to be developed for multi-motor 

configurations and motor-inverter integration to improve the efficiency of electric traction systems in modern 

rail transportation applications. 

This study has several limitations that require attention. First, the developed model still assumes 

ideal conditions, namely a constant gear ratio, no wheel slippage, and constant motor efficiency. Second, 

experimental validation or real-time simulation have not been conducted, so the results obtained are still 

conceptual and require further verification. Third, the scope of the study does not include comparisons with 

other motor traction models or widely used inverter control strategies, such as field-oriented control (FOC), 

MPC, and direct torque control (DTC). Furthermore, although sensitivity and uncertainty analyses are 

included, this model does not consider nonlinear dynamics that can arise from wheel slippage or creep, 

variations in inverter losses, or the influence of sophisticated control systems. For future research, this model 
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can be developed through integration with the motor-inverter system and tested on a real-time simulation 

platform to obtain more representative dynamic performance validation. Further studies are also 

recommended to incorporate more complex gradient variations, coefficient degradation due to weather 

conditions, and changes in dynamic aerodynamic profiles to further align the model with actual operational 

conditions on real-world tracks. 
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