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A B S T R A C T

Hybrid stepper motors (HSMs) are a type of stepper motor that have both a magnet and teeth on their rotors. 
These actuators are used in very fields including automation and robotics. Although these motors have high 
torque densities, improving their performance, their torque density, and their response time is very essential and 
useful. The most important problem in HSMs is their heavy rotor. A weightier rotor means more rotor vibrations 
and oscillations for each step. Therefore, in this study two motors with new rotor structures are represented. The 
first one has a light cup-shaped rotor which improves motor response time and decreases rotor oscillation on 
each step, and the second one not only has these benefits but also has increased motor torque density noticeably, 
which is due to one extra teeth row on its rotor that has made it two motors in one structure, indeed. Finally, the 
results of these improvements are compared with the conventional HSMs performance. Comparisons proved the 
significant superiority of these two motors over conventional HSMs.   

1. Introduction

Hybrid stepper motors (HSMs) are widely used for various purposes
such as 3D printers, CNC machines, and robots. The main property of 
this motor is its discrete movement which idealizes it for position con-
trol. These actuators have high torque density at low speeds but their 
torque is even higher when they are locked at a point. This torque is 
known as holding/static torque, and it is the main criterion to design a 
stepper motor. Numerous researches have been done on stepper motors; 
however, most of them are about controlling its different parameters 
such as rotor position, rotor speed, and a small portion of this researches 
is about improving motor performance and its torque density, by 
alteration of its structure. 

Lin et al. [1] have introduced a method to control the rotor position 
without using external sensors in robots with the help of torque altering. 
Oo et al. [2] have modeled an HSM in MATLAB/Simulink to control the 
rotor position. Ghanooni et al. [3] have designed a robust controller to 
track the speed of an HSM. Zhou et al. [4] have represented a solution to 
position control of an HSM. They have used a magnetic sensor along 
with the help of a Kalman filter to reduce the errors and achieve more 
accurate answers. Wang et al. [5] have introduced a new controller to 
control the speed of HSMs using an observer. 

Stuebig et al. [6] have researched different calculation methods for 
HSMs. They have claimed that the analytical method is inaccurate for 
HSMs and the 3D finite-element method (3D FEM) is time-consuming. 
Therefore, they have combined these two methods and have intro-
duced a new way to achieve adequate results but faster than just the 3D 
FEM method. Rao et al. [7] have calculated the produced torque for 
different HSM topologies using the finite-element method. Butcher et al. 
[8] have proposed a model to decrease computational costs in motor 
analysis. Lu et al. [9] have represented a new HSM. They have designed 
and analyzed a motor with permanent magnets on the stator. The main 
advantages of their motor were its simpler topology and higher opera-
tional performance. Ionica et al. [10] have designed and modeled an 
HSM. They have proposed a 3D numerical model that helps to achieve 
adequate geometrical sizing of the HSM. Ionica et al. [11] also have 
calculated the electromagnetic torque of an HSM using the numerical 
analysis approach. They used 3D numerical modeling to calculate the 
holding torque of an HSM. Kavitha et al. [12] have represented a 
disc-type HSM and have analyzed it. Fan et al. [13] have represented a 
3D model of an HSM and have analyzed its several parameters in ANSYS 
Maxwell. Balakrishnan et al. [14] have designed and analyzed an HSM 
magnetically. Hojati et al. [15] have performed a sensitivity analysis on 
HSMs. They have investigated the effects of several motor parameters on 
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motor performance and the produced torque. Also, Hojati et al. [16] 
have proposed a novel structure for the HSMs. In this structure, the 
stator has changed and despite the conventional HSMs, this motor has 
two stators. With this alteration and some other optimizations, the 
motor torque has increased dramatically and has reached more than 
200%. 

Based on the researches that have been done, there is a very small 
portion of the researches on improving the HSM structure and most of 
them are either about controlling the motor or just analyzing it with 
different methods. Among the mentioned papers, the structure that 
Hojati et al. [16] have proposed, has been effective significantly in 
improving the motor producing torque. They have changed the stator 
geometry to improve motor performance. They have lessened the flux 
path in the stator by dividing it into two half-stators. By this alteration, 
small magnets have been formed in each section which contains a coil 
couple with wire-turns in opposite directions. This change has a direct 
influence on the flux path and it does not pass a quarter of the stator to 
reach the rotor; therefore, flux leakage to the poles of the second phase 
and outside of the motor has decreased significantly which means the 
improvement of the motor performance. 

In this paper, some changes and optimizations on the rotor geometry 
are investigated. Hence, in section 2, the new HSM which is proposed by 
Hojati et al. [16] is reviewed; then in section 3, the improvements in the 
rotor and also in the stator are represented; and in section 4, the results 
of the motors are compared. 

2. Hybrid stepper motor with two-part stator 

This HSM which is a two-phase motor consists of a two-part stator 
and a three-part rotor. The rotor is almost the same as conventional 
HSMs; but the only difference is that the teeth in conventional HSMs are 
fixed with 3.6◦ mechanical phase difference and for this motor, they are 
fixed with no mechanical phase differences. The stator has 16 poles in 
total which means eight poles for each phase. The windings of the lower 
half-stator are turned in the opposite direction compared with the upper 
half-stator. Therefore, they form small magnets in each section. Fig. 1 
illustrates this motor, and Fig. 2 indicates the stator with the schematic 
magnetic flux path through it. 

Also, Fig. 3 shows the simulated flux path in half-stators. In this 
geometry, each pole couple forms a partial magnet and affects the motor 
producing torque independently. This geometry is more effective than 
the conventional HSMs because it minimizes flux leakage. In conven-
tional motors, magnetic flux must pass a quarter of the stator to reach 
the rotor. This means unwanted excitation in a pole of the other motor 
phase which will reduce the motor performance. In addition, flux 
leakage to the motor skin and in the air also will increase. But in the new 
geometry, thanks to the partial magnets made by two half-stators, the 
flux is concentrated significantly and reduces flux leakage considerably. 
Therefore, this geometry has a big influence on motor performance but 
to achieve even higher torque levels and faster time response, the rotor 
should be altered for optimizations, as well. 

Although this structure has some advantages, it also has some 
drawbacks. For example, the more complex the structure, the harder to 
manufacture and assemble it. 

3. HYBRID STEPPER MOTOR WITH CUP-SHAPED ROTOR 

3.1. Solid rotors 

One of the main problems of the HSMs is their heavy rotor. The 
heavier the rotor, the more delay in the rotor response to the pulses and 
stabilization on the steps. In Fig. 4, for a conventional stepper motor 
with 3 A coil excitation, the settling time is around 7.5 ms and for 2 A, it 
is around 8.5 ms. For the HSM designed by Hojati et al. [16], this 
parameter is around 20 ms if the coil excitation is 3 A and it is around 19 
ms if the coil excitation is 2 A. This difference in settling time is due to 

the rotor speed and its acceleration on starting the rotation for one step. 
Moreover, due to the changes in the stator, the rotor has become bigger 
which means more moment of inertia in it, leading to later rotor stabi-
lization time. The stator optimization has increased the torque density 
significantly; however, to reduce the settling time, the rotor should be 
altered and optimized, as well. 

Based on the sensitivity analysis done by Hojati et al. [15], the height 
of the rotor magnet does not have a big influence on motor performance. 
Hence, some unnecessary parts of the rotor can be removed. In Fig. 5, the 
effects of magnet height on conventional HSMs’ performance can be 
seen. 

Fig. 5 proves that the height of the magnet is uninfluential to the 
motor producing torque; therefore, to lighten the rotor, a magnet with a 
smaller height can be used. By this change, the flux path has a bigger 
space to flow through the rotor. Hence the rotor can be changed from 
two cylindrical half rotors into two cup-shaped half rotors. By this 

Fig. 1. HSM with 2-part stator, (a) rotor, (b) stator, (c) total motor [16].  

Fig. 2. Schematic of the two-part stator with magnetic flux path on it [16].  
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alteration, the rotor weight will decrease effectively which means the 
rotor time response will decline significantly, as well. Fig. 6 illustrates 
the new rotor and the flow path through it, and Fig. 7 represents the 
improvements in time response of this new motor. 

From Fig. 7, it is clear that the lighter the rotor, the less the oscil-
lation in it. However, it is not correct to just compare this parameter. By 
looking at Fig. 8 it can be determined that both the new motor intro-
duced by Hojati et al. [16] and the new cup-rotor motor have produced 
much more torque levels than the conventional HSMs, and the cup-rotor 
HSM also has a more symmetric torque waveform which makes it even 
more preferable than the stator-optimized HSM. 

3.2. Cup-shaped rotors 

Now that the rotor has an inner face, an extra set of teeth can be 

Fig. 3. Flux path in the Two-part stator [16].  

Fig. 4. Rotation of the rotor for 1.8◦ in both motors.  

Fig. 5. Motor torque for different magnet heights.  

Fig. 6. New HSM with cup rotor, (a) Motor model, (b) Flux path.  
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added to this face as well. Therefore, this motor will be two HSMs in one 
structure which means higher producing torque levels with the same 
volume compared with previous HSMs. Fig. 9 illustrates this motor and 
Fig. 10 shows the half-rotor and half-stator separately. 

These figures show that the half-rotors have two sets of teeth. The 
main row is placed at the outer side of the half-rotor and the auxiliary set 
which is shorter in height is placed at the inner side of it. The second-row 
teeth are placed with 3.6◦ mechanical phase difference (3.6◦ for 1.8◦

step HSMs). The half-stator also has two rows of teeth but dissimilar 
from the rotor, the teeth do not have any phase differences. The coils of 
each section of the stator are turned in the same direction which means 
during the interaction with the half-rotors’ teeth if the first row of the 
half-stators is repulsing the first row of the half-rotors, the second rows 
are attracting each other (Fig. 11); but on the whole, these attraction and 
repulsion, reinforce each other and increase the total torque (super-
position principle). Fig. 12 illustrates the flux path in the second row 
(smaller motor within the main motor) and Fig. 13 represents the flux 
path in this geometry. Also, Table 1 indicates this motor’s technical 
specifications. 

Figs. 12 and 13 indicate that the working principles have not 
changed and act similar to previous versions of HSMs. However, when 
designing the two-row teeth HSM, saturation effects should be more 
taken into account; because the rotor wall is receiving more magnetic 
flux compared with conventional rotors or even cup-shaped rotors 
introduced here. Also, it is important to mention that this geometry is 
not limited to just two rows; based on the size of the motor, more rows 
can be added to the rotor and stator. 

Another important advantage of this new geometry is that with 
thinner magnets, the rotor magnetic flux density increases significantly. 
Therefore, the rotor becomes a uniform magnet more easily. Fig. 14 il-
lustrates the magnetic flux density in the new motor. In this picture, the 
magnet and the rotor are illustrated with 75% transparent mode, so that 
the coils and the stator poles behind them can be seen. 

4. Motors comparison 

Rotor diameter is very influential to the motor performance and 
producing torque; the larger the diameter, the higher the produced 
torque. Moreover, the rotor height also has a significant effect. For the 
two-row teeth geometry, since the main (first) row is larger and longer 
than the second (auxiliary) row, it produces much more torque level 
than the second row. Moreover, the saturation phenomenon affects the 
second poles sooner because its coil holding part cross-section is smaller 
as well. Fig. 15 illustrates the producing torque of a motor with just the 
first row, a motor with just the second row, and the total motor con-
taining both the first and second rows together. 

Fig. 15 indicates that for these levels of current, a motor with just the 
first row will not face saturation effects noticeably, and the producing 
torque increases with the current increment significantly; and a motor 

Fig. 7. Rotation of the rotor for one step and 3 A coils current.  

Fig. 8. Comparison of conventional, stator-optimized, and cup-rotor HSMs 
with 1.5 A current excitation. 

Fig. 9. The two-row-teeth HSM.  Fig. 10. Two-row-teeth HSM, (a) Half-rotor, (b) Half-stator.  
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with just the second row will almost produce torque levels similar to the 
conventional stepper motors with the same rotor diameter. However, 
the combination of these two motors will be a motor with higher torque 
levels but not as much as the two separate motors together. The reason is 

that in the separate motors, the saturation problem will affect the motor 
performance later than the two-row teeth HSM. Therefore, this is a 
disadvantage for the two-row teeth motor; but firstly, this problem can 
be decreased by optimizing the rotor and stator geometries, and 

Fig. 11. Top view cross-section of the two-row-teeth HSM.  

Fig. 12. Flux path in the smaller HSM.  

Fig. 13. Two-row teeth HSM flux path.  

Table 1 
Two-row teeth HSM specifications.  

Motor outer diameter 56.4 mm 

Motor body height 50 mm 
Stator outer diameter 56.4 mm 
Stator inner bigger diameter 40.2 mm 
Stator inner smaller diameter 30.8 mm 
Number of teeth in each stator pole 5 
Stator first row teeth depth 1.4 mm 
Stator second row teeth depth 1 mm 
Stator height 25 mm 
Stator first row height 17.5 mm 
Stator second row height 9 mm 
Air gaps 0.1 mm 
Rotor outer diameter 40 mm 
Rotor inner diameter 31 mm 
Half-rotors height 17.5 mm 
Distance between 2 rotors 3 mm 
Number of teeth in each rotor 2x50 
Rotor first row teeth depth 1.25 mm 
Rotor second row teeth depth 1.25 mm 
Magnet’s diameter 35 mm 
Magnet’s height 5 mm 
Number of wire-turns per coil for first pole set 26 
Number of wire-turns per coil for second pole set 15 
Wire diameter 0.6 mm 
Stator and rotors material Steel 1008 
Magnet’s material NdFe35 
Maximum nominal current 4.5 A 
Angle per step 1.8◦

Fig. 14. Magnetic flux density in the new HSM with 0.5 A coils current exci-
tation. (a) A quarter of the motor, (b) Magnetic flux density in a plane 1) 
Repulsion, 2) Attraction, 3) Attraction, 4) Repulsion. 
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secondly, for bigger HSMs with bigger rotors and stators, the saturation 
phenomenon will affect the motor performance less and in higher cur-
rents. Notice that for this motor, due to manufacturing issues, the ge-
ometry variations were more limited than the bigger motors. 

Another important factor that has been improved with these geom-
etry variations is the stabilization of the rotor in the motor. In Fig. 16 the 
settling time for 3 conditions is illustrated. This parameter for a motor 
with just the first row is around 28 ms and for a motor with just the 
second row, it is around 15 ms. The combination of the two rows which 
is the total motor even has a better performance and it is around 7 ms. 

In the graph above, the motors are simulated to rotate for 1.8◦ with 1 
A coil excitation. The reason for choosing this coil current is that all 
three motors have not reached the saturation phase. The motor with just 
the first phase has a longer settling time due to the higher inertia. Since 
the first row produces more torque, the rotor acceleration is higher; 
therefore, the rotor rotates faster and it takes more time to stabilize on 
the next step; but in a motor with just the second row, although the 
moment of inertia is the same (the same rotor is used but with inner 
teeth) since the producing torque is less, the rotor can stabilize at the 
next step faster but with lower speed. The total motor which is the 
combination of two other motors has a faster rotor response and faster 
settling time at the same time which idealizes it for precise movements. 

5. Conclusion 

In this paper, two new structures for the HSMs are introduced. The 
first motor has two cup-shaped half-rotors and the second one has an 
extra teeth row on the inner wall of the cup-shaped half-rotors. In-
vestigations proved that both of these rotors have improved motor 
performance significantly. Also, the last rotor model has the best time 
response and the highest torque density among them. Besides, the de-
grees of freedom in the last motor structure compared with the con-
ventional motors is more which is because this motor is actually a 
combination of two HSMs in one structure. Furthermore, this motor can 
be consisting of more than two HSMs which is based on the motor size 
and fabrication capabilities. This structure is a general method and for 
different motor sizes, it is possible to alter the rotor and stator structure 
and combine more than two motors in one structure. However, there are 
some disadvantages such as manufacturing issues. In these motors, the 
rotor, as well as the stator, is harder to assemble. Moreover, generated 
heat in the last structure is more than the previous HSM types which is 
due to the extra coils it has. However, comparing these drawbacks with 
the benefits, since the torque density and the motor time response have 

been improved significantly, the pros outweigh the cons and these dis-
advantages can be overlooked. 
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