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Stepper Motors: Principles, Characteristics, Transient 
Performance, Maintenance 

 

I. Introduction 

Definition of Stepper Motors 

Stepper motors are a type of electric motor that moves in precise, small increments 

or steps rather than continuously. They are commonly used in industrial applications that 

require precise motion control, such as robotics, 3D printing, CNC machines, and automated 

production lines. Stepper motors have a permanent magnet rotor and a stator that is 

energized in a specific sequence to produce rotation. This sequence of energizing the stator 

is determined by the motor's controller, which sends pulses of current to the stator windings. 

The number of steps per revolution, or step angle, is determined by the design of the motor 

and its controller. Stepper motors are available in a wide range of sizes and configurations, 

from small, low-power motors for precision instruments to large, high-torque motors for 

industrial machinery. 

Importance and applications of Stepper Motors 

Stepper motors are widely used in various applications that require precise positioning and 

control. Some of the important applications of stepper motors are: 

CNC Machines: Stepper motors are extensively used in computer numerical control (CNC) 

machines for precise positioning and control of the movement of the machine. 

Robotics: Stepper motors are commonly used in robotics for precise control of the movement 

of robot arms, legs, or other components. 

Printers: Stepper motors are used in printers to control the movement of the print head and 

paper feed mechanism. 
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Medical equipment: Stepper motors are used in various medical equipment, such as medical 

scanners and X-ray machines, for precise positioning and control. 

Automotive: Stepper motors are used in automotive applications, such as in the fuel injection 

system, to control the precise amount of fuel delivered to the engine. 

Industrial automation: Stepper motors are used in various industrial automation 

applications, such as conveyor systems, to control the movement of components. 

Consumer electronics: Stepper motors are used in various consumer electronics products, 

such as cameras and DVD drives, for precise positioning and control. 

II. Working Principle of Stepper Motors 

Construction of Stepper Motors 

The construction of stepper motors varies depending on the type and design of the motor. 

However, most stepper motors share some basic components, including a rotor, stator, and 

bearings. 

The rotor is the rotating part of the motor and is typically composed of a permanent magnet 

or iron core with teeth that interact with the stator's magnetic fields. The number of teeth on 

the rotor determines the step angle of the motor. 

The stator is the stationary part of the motor and contains multiple poles that create magnetic 

fields. The stator poles are typically arranged in a circular pattern around the rotor, and the 

number of poles on the stator determines the number of steps per revolution. 

The bearings support the rotor and allow it to rotate smoothly within the stator. The bearings 

are typically made of materials like steel or ceramic and are designed to withstand the high 

loads and speeds associated with stepper motor operation. 
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In addition to these basic components, stepper motors may also include features like 

gearboxes, encoders, and other accessories that enhance the motor's performance and 

functionality. 

Electromagnetic stepper motors 

Electromagnetic stepper motors, also known as variable reluctance stepper motors, are a 

type of stepper motor that operate by the principle of magnetic attraction. These motors 

consist of a rotor, stator, and a coil wound around the stator poles. The rotor is made up of 

soft iron and has teeth that are magnetically attracted to the stator poles. 

When a current is applied to a stator winding, a magnetic field is produced that attracts the 

teeth of the rotor. As the rotor teeth align with the stator poles, the magnetic field pulls the 

rotor into alignment with the stator. As the rotor turns, the magnetic field is shifted, causing 

the rotor to turn in small, precise steps. 

The step angle of an electromagnetic stepper motor is determined by the number of teeth on 

the rotor and stator. The more teeth there are, the smaller the step angle will be. The number 

of teeth on the rotor and stator can be adjusted to achieve the desired step angle. 

Electromagnetic stepper motors have a number of advantages, including their low cost, 

simple construction, and precise positioning capabilities. However, they are not as efficient 

as other types of stepper motors and can experience issues with vibration and noise. 

Permanent magnet stepper motors  

In a permanent magnet stepper motor, the rotor has permanent magnets on its surface, and 

the stator has two pairs of coils arranged at 90-degree intervals. When current flows through 

the coils, it creates a magnetic field that interacts with the permanent magnets on the rotor, 

causing it to rotate to align with the magnetic field. The stator coils are energized in a specific 

sequence to create a stepwise motion of the rotor. The step angle in a permanent magnet 

stepper motor is determined by the number of teeth on the rotor and the number of poles 

on the stator. Permanent magnet stepper motors are often used in low-speed, low-torque 

applications where accuracy is important. 
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Rotating magnetic field 

In stepper motors, the rotating magnetic field is the fundamental concept that enables the 

motor to function. The rotating magnetic field is created by energizing the motor's windings 

in a specific sequence. This sequence of energization produces a magnetic field that rotates 

around the rotor, causing it to turn. 

The magnetic field can be represented as a vector that rotates around the stator axis. The 

speed of rotation of the magnetic field is determined by the frequency of the input pulses and 

the number of poles in the stator. 

The equation for the rotating magnetic field is: 

B = B_m sin(2πf t + θ) 

where: 

B = magnetic field strength 

B_m = maximum magnetic field strength 

f = frequency of the input pulses 

t = time 

θ = phase angle 

Step angle  

The step angle of a stepper motor is the angle through which the rotor moves for each 

electrical pulse received by the motor. The step angle is determined by the number of teeth 

on the rotor and the number of poles on the stator. It is also influenced by the type of stepper 

motor used, as different types have different step angles. 

The equation for the step angle is: 

θ_step = 360 / (N_poles x N_teeth) 

where: 

θ_step = step angle 

N_poles = number of poles in the stator 

N_teeth = number of teeth in the rotor 

By controlling the input pulse frequency and the sequence of energizing the stator windings, 

the stepper motor can be made to rotate in precise steps. This makes stepper motors ideal 

for applications that require precise control, such as in robotics, CNC machines, and 3D 

printers. In electromagnetic stepper motors, the step angle is typically small and can range 

from 0.9 degrees to 15 degrees. Permanent magnet stepper motors, on the other hand, 
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typically have larger step angles, ranging from 15 degrees to 90 degrees. The step angle 

determines the precision of the stepper motor, with smaller step angles providing higher 

precision. 

Full-step and half-step modes of operation 

Full-step and half-step are the two modes of operation used in stepper motors. 

In full-step mode, the stepper motor takes a full step in one direction, and then another full 

step in the opposite direction, producing twice the torque of half-step mode. This mode 

provides high accuracy and resolution, but the stepping is not as smooth as in the half-step 

mode. 

In the half-step mode, the stepper motor takes half steps in alternating directions, producing 

smoother and quieter operation than the full-step mode. However, it has lower torque and 

resolution than the full-step mode. The half-step mode can be useful in applications where 

high precision and smooth operation are required. 

The choice of operating mode depends on the specific requirements of the application. 

III. Characteristics of Stepper Motors 

Holding torque and detent torque 

Stepper motors have two types of torque - holding torque and detent torque. 

Holding torque is the amount of torque that is required to hold the rotor in a specific position 

without any motion. The holding torque is proportional to the current that is flowing through 

the stator winding. The higher the current, the higher the holding torque. 

Detent torque, on the other hand, is the amount of torque that is required to move the rotor 

from one stable position to another. It is the minimum torque required to overcome the 

magnetic forces of the rotor and move it to the next stable position. Detent torque is also 

proportional to the current that is flowing through the stator winding. 

Both holding torque and detent torque are important characteristics of stepper motors and 

are crucial in determining the motor's performance. Higher holding torque is desired for 

applications that require high precision and accuracy, while lower detent torque is preferred 

for smoother operation and less power consumption. 

Speed-torque characteristics 

The speed-torque characteristic of a stepper motor is an essential parameter that defines the 

motor's operation. It shows the relationship between the motor's speed and the torque it can 

generate. The graph of speed-torque characteristics typically has two curves - one for 

accelerating and one for decelerating. 
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The torque generated by a stepper motor decreases as the speed increases. This relationship 

is due to the fact that stepper motors operate in a manner that requires them to change their 

direction and speed rapidly. This means that the torque generated by the motor is limited by 

the time required to switch the current in the coils. 

The speed-torque characteristic curve for a stepper motor is typically nonlinear. In other 

words, the torque generated by the motor decreases rapidly as the speed increases. The curve 

usually has two distinct sections: a flat section and a falling section. The flat section is where 

the motor can generate its maximum torque, and the falling section is where the torque drops 

off rapidly as the speed increases. 

The holding torque is the maximum torque that a stepper motor can generate without 

moving. The detent torque, on the other hand, is the torque required to move the rotor from 

one detent position to another. The detent position is the point where the motor is most 

stable and has the least amount of vibration. The detent torque is typically much lower than 

the holding torque. 

The speed-torque characteristics of a stepper motor are affected by various factors, including 

the number of rotor teeth, the number of phases, and the current applied to the coils. By 

controlling these factors, stepper motors can be optimized for different applications. 

Resolution and accuracy 

Resolution refers to the smallest angular displacement that a stepper motor can produce. The 

resolution of a stepper motor depends on its step angle and the number of rotor teeth. The 

higher the number of rotor teeth and the smaller the step angle, the higher the resolution of 

the motor. 

Accuracy refers to how closely the motor can follow the input signal. Stepper motors are 

open-loop systems, which means that they rely on the input signal to determine their 

position. Therefore, the accuracy of a stepper motor depends on the accuracy of the input 

signal. In practice, the accuracy of stepper motors is typically limited to a few percent of a 

step. 

Stepping modes and stepping rates 

Stepping modes refer to the ways in which the stator windings are energized to produce the 

step motion in a stepper motor. There are different stepping modes, including full-step, half-

step, microstepping, and others. 

Stepping rates refer to the frequency of the pulse signals applied to the motor to make it 

rotate. The stepping rate determines the speed of the motor, and it is usually measured in 

pulses per second (PPS) or steps per second (SPS). 



www.open2hire.com 

 

The stepping mode and rate have a significant impact on the performance of the stepper 

motor. The full-step mode provides higher torque and accuracy but lower speed than the half-

step mode. The micro stepping mode provides smoother and more precise motion but 

requires more complex control electronics. 

The stepping rate affects the speed and stability of the motor. High stepping rates can cause 

resonance and vibration, leading to a reduction in accuracy and performance. The optimal 

stepping rate depends on the motor's characteristics, load, and control system. 

IV. Transient Performance of Stepper Motors 

Step response time and settling time 

Stepper motors have two types of torque - holding torque and detent torque. 

Holding torque is the amount of torque that is required to hold the rotor in a specific position 

without any motion. The holding torque is proportional to the current that is flowing through 

the stator winding. The higher the current, the higher the holding torque. 

Detent torque, on the other hand, is the amount of torque that is required to move the rotor 

from one stable position to another. It is the minimum torque required to overcome the 

magnetic forces of the rotor and move it to the next stable position. Detent torque is also 

proportional to the current that is flowing through the stator winding. 

Both holding torque and detent torque are important characteristics of stepper motors and 

are crucial in determining the motor's performance. Higher holding torque is desired for 

applications that require high precision and accuracy, while lower detent torque is preferred 

for smoother operation and less power consumption. 

Resonance and vibration 

Stepper motors are susceptible to resonance and vibration, which can negatively impact their 

performance. Resonance occurs when the natural frequency of the motor matches the 

frequency of the applied step pulses. This can cause the motor to vibrate excessively and lose 

steps, resulting in reduced accuracy and speed. 

To prevent resonance, stepper motors are designed with damping techniques such as micro 

stepping and current limiting. Micro stepping involves dividing the full step into smaller micro 

steps, which reduces the step size and frequency, and can help avoid resonance. Current 

limiting reduces the amount of current flowing through the motor windings, which can also 

help prevent resonance and improve stability. 

Additionally, stepper motors may be mounted on vibration-damping mounts or isolation pads 

to further reduce vibrations and improve their overall performance. 
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Backlash and hysteresis 

Backlash and hysteresis are two important factors that affect the performance of stepper 

motors. 

Backlash refers to the amount of lost motion or play in a mechanical system. In the context 

of stepper motors, it refers to the small amount of motion that occurs before the motor's 

rotor starts to move. This can cause inaccuracies in the motor's movement and affect its 

precision. Backlash can be minimized by using high-quality bearings and reducing the amount 

of clearance between the motor and the load. 

Hysteresis, on the other hand, is the tendency of a material to lag behind an applied force. In 

stepper motors, it refers to the small amount of rotational lag that occurs between the 

motor's input signal and its output shaft. This can cause inaccuracies in the motor's movement 

and affect its precision. Hysteresis can be minimized by using high-quality materials and 

optimizing the motor's design. 

Overall, minimizing backlash and hysteresis are important for achieving precise and accurate 

movement in stepper motors. 

V. Maintenance of Stepper Motors 

key maintenance considerations for Stepper motors 

Regular maintenance of stepper motors is important to ensure their longevity and optimal 

performance. Here are some key maintenance considerations for stepper motors: 

Cleaning: Stepper motors should be kept clean to prevent the accumulation of dirt and dust, 

which can interfere with the motor’s operation. Regular cleaning with a soft cloth or brush 

can help prevent this buildup. 

Lubrication: The bearings and other moving parts of stepper motors should be lubricated 

regularly to reduce friction and prevent wear and tear. However, it is important to use the 

right type of lubricant to avoid damaging the motor. 

Checking for loose connections: Stepper motors rely on electrical connections to function, so 

it is important to regularly check for loose connections, frayed wires, or other issues that can 

cause electrical problems. 

Calibration: Stepper motors may require occasional calibration to ensure that they are 

functioning properly. This may involve adjusting the position of the motor or the timing of the 

electrical pulses that drive it. 

Replacement of worn parts: Over time, stepper motors may experience wear and tear on 

certain parts, such as the bearings or gears. These parts should be replaced as necessary to 

ensure optimal performance and prevent further damage to the motor. 
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Storage: If stepper motors are not in use for an extended period of time, they should be 

stored in a dry, cool place to prevent damage from moisture or extreme temperatures. 

By following these maintenance considerations, stepper motors can continue to operate at 

peak performance and provide reliable service for years to come. 

common issues with Stepper motors 

Some common issues with stepper motors include overheating, misalignment, damaged or 

worn out bearings, loose connections, and electronic failures. Overheating can occur when 

the motor is operated at a high current or for extended periods of time without proper 

cooling. Misalignment can cause excessive wear and tear on the motor, leading to reduced 

performance and premature failure. Damaged or worn out bearings can cause noise, 

vibration, and reduced efficiency. Loose connections can lead to intermittent operation or 

complete motor failure. Electronic failures can occur due to factors such as power surges, 

electrical noise, or improper handling of the motor. Regular maintenance, such as cleaning, 

lubrication, and inspection, can help prevent these issues and extend the lifespan of the 

motor. 

VI. Conclusion 

In conclusion, stepper motors are widely used in various applications due to their precise 

positioning capabilities, ease of control, and low cost. The principle of operation of stepper 

motors is based on the creation of a rotating magnetic field, which causes the motor to rotate 

in discrete steps. Stepper motors can be classified into two main categories: electromagnetic 

and permanent magnet. They have various characteristics such as holding torque, detent 

torque, speed-torque characteristics, resolution, accuracy, stepping modes, stepping rates, 

step response time, settling time, resonance, and vibration. It is important to consider 

maintenance and common issues when using stepper motors to ensure optimal performance 

and longevity. The use of stepper motors has become increasingly popular in various 

industries, including robotics, automation, medical equipment, and many others, 

demonstrating their versatile nature and wide range of applications. 

Final thoughts on the importance of stepping motors in various 

industries 

Stepper motors play a crucial role in a variety of industries, from manufacturing to medical 

equipment. Their precise and reliable motion control capabilities make them ideal for 

applications that require high accuracy and repeatability. The availability of different types of 

stepper motors with various characteristics and performance parameters has enabled 

engineers and designers to select the appropriate stepper motor for their specific application 

needs. 
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In addition to their performance benefits, stepper motors also offer advantages in terms of 

ease of use, low cost, and low maintenance requirements. This makes them a popular choice 

for both small and large-scale applications. 

Overall, the importance of stepper motors in various industries cannot be overstated. As 

technology continues to advance and new applications emerge, stepper motors will 

undoubtedly continue to be a critical component in the motion control industry. 


