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Abstract—In this work, a position controller for hybrid 

stepper motors has been successfully designed. The 

proposed method is based on a lead angle estimator to 

generate a desired excitation phase of the currents in two 

phases of a stepper motor. This results in producing the 

highest motor torque. The step-out problem, which is a 

common phenomenon of stepper motors when operating in 

open-loop position control mode with varied load torque, 

especially at high speed, is overcome. Therefore, the stepper 

motor can operate in a wide operating speed range. The 

proposed method is effective in implementation using a 

Digital Signal Processing (DSP)-based stepper motor drive 

platform. The position tracking performance of the 

proposed method was validated by means of experimental 

comparison with the open-loop position control technique.  

 

Index Terms—closed-loop control, open-loop control, phase 

advance control, hybrid stepper motors 

 

I. INTRODUCTION 

Hybrid stepper motors are one of the most commonly 

used solutions in situations requiring high positioning 

accuracy such as automotive, textile, domestic appliances, 

CNC systems, and robotics [1], [2]. Their definite 

advantages are high efficiency, high power density, high 

torque-to-inertia ratio, absence of rotor windings, and 

absence of external rotor excitation. 

Originally, stepper motors were designed to be used in 

open-loop mode only because of their inherent stepping 

ability that results in accurate positioning without 

requiring any feedback position information. Open-loop 

control algorithms for stepper motors have been 

extensively studied in the literature [2]-[6]. However, in 

open-loop operation mode, step-out problem commonly 

occurs in stepper motors when the load varies, especially 

when operated at high speeds. 

In order to prevent stepper motors from encountering 

the step-out problem, closed-loop position control 

algorithms were applied [1], [7]-[12]. In a closed-loop 

stepper motor driver, control algorithms, such as PID 

(Proportional Integral Derivative) position control [1], [7], 

optimal control [8], global learning control [9], and lead 

angle control [1], [7], [10]-[12] could be implemented. 

Even though the PID position control method is easy to 

apply for a stepper motor driver, however, the produced 

motor torque is not optimal because the torque angle of 
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the motor is not considered in this method. The optimal 

and global learning control approaches [8], [9] could 

achieve high speed motion but they require a complex 

computation. In the lead angle control methods [10]-[12], 

the value of the lead angle is calculated based on the 

produced motor torque, the motor speed, and the 

compensation for back Electromagnetic Force (EMF). 

Therefore, by using these techniques, the stepper motor 

can operate at high speed with the high torque. However, 

these approaches require a high computation load because 

of complex calculations. 

In this paper, we propose a method to estimate the lead 

angle of the stepper motor for implementing a closed-

loop position control for a hybrid stepper motor drive. 

We experimentally validated that the proposed method 

can generate the highest motor torque as well as uniform 

position tracking performance in not only high-speed 

operation but also varied load torques. 

This paper is organized as follows: The mathematical 

model of the hybrid stepper motor and the conventional 

micro-stepping technique is briefly introduced in Section 

II. The design of the position controller is clearly 

described in Section III. Section IV shows the 

experimental results to verify the proposed approach. 

Finally, Section V summarizes the conclusions. 

II. MATHEMATICAL MODEL OF HYBRID STEPPER 

MOTOR AND MICRO-STEPPING TECHNIQUE 

In this research, a two-phase bipolar hybrid stepper 

motor is considered and the micro-stepping technique is 

applied to evaluate the position control performance. A 

simple state-space of the studied hybrid stepper motor is 

given by [1]: 
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v v  and ( , )
a b

i i  are the voltages [ ]V and 

currents [ ]A  in phases A and B, respectively.   is the 
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rotor electrical angular speed [ / ],rad s   is the rotor 

electrical angular position [ ].rad D is the viscous friction 

coefficient [ / ].N m s rad   J is the rotor inertia 

2
[ / ].N m s rad 

t
K is the torque constant [ / ].N m A  

l
T  

is the load torque [ ].N m R  and L  are the resistance 

[ ]  and inductance [ ]H  of the phase winding, 

respectively. 
r

N  is the number of rotor teeth. 

Generally, the direct-quadrature (DQ) transformation, 

described in (2), is used to change the frame of reference 

from the fixed coordinate to the rotating coordinate. This 

transform is useful both from a signal processing point of 

view and from a control design point of view. 

cos( ) sin( )
=

sin( ) cos( )
T
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The resulting DQ coordinate state-space representation 

is as follows: 
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where ( , )
d q

i i and ( , )
d q

v v are the phase currents and the 

voltages on the DQ coordinate. 

Full-, half- and micro-stepping techniques are normally 

applied to operate stepper motors and the impact of these 

control algorithms are analyzed in detail in [13]. Among 

them, the micro-stepping technique, which inputs two 

shifted 90
o

 sinusoidal signals to a hybrid stepper motor 

for position tracking, is known as the best method to 

obtain a high position resolution [13]-[15]. 

In order to rotate a rotor to the reference position ,
ref

  

the reference micro-stepping inputs 
, ,

,( , )
a ref b ref

v v  in 

phase A and phase B, are given as follows: 

,

,

cos( ),

sin( ),

a ref ref
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v V
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where V  is the supplied voltage to the stepper motor. 

Fig. 1 shows a block diagram of the current control 

system of a two-phase stepper motor. For position control, 

dual control loops are commonly implemented in which 

the inner loop is for current control, and the outer loop is 

for position control, as shown in Fig. 2. The stepper 

motor driver always requires the current control loop 

having a wider bandwidth rather than the position control 

loop. Generally, the bandwidth of the current control loop 

is selected to be equal to or 10 times greater than that of 

the position control loop. In order to guarantee the current 

tracking performance, a proportional-integral (PI) 

algorithm (5) is widely applied for the current controller 

of each phase since it is simple and easily adjusted. 

, ,

, ,

= ( ) ( ) ,

= ( ) ( ) ,

a p a ref a i a ref a

b p b ref b i b ref b

v K i i K i i dt

v K i i K i i dt

  

  




       (5) 

where 
p

K  and 
i

K  are the proportional gain and integral 

gain of the current controller, respectively. Their values 

are determined from the desired current tracking 

performance requirement. 

 

Figure 1. Block diagram of current control loops. 

 

Figure 2. Block diagram of the proposed steppe motor control system. 

III. DESIGN OF POSITION CONTROLLER 

For stepper motor drivers, an appropriate excitation 

angle is required to generate the highest produced torque 

for a stepper motor by using a lead angle control 

technique [12]. Illustrated in Fig. 3 is a block diagram 

showing a position controller of the stepping motor driver 

based on a lead angle technique. The discriminator is 

employed to generate a switching signal for either open-

loop mode or closed-loop mode, depending on the 

position error  , a difference between the reference 

position 
ref

  and the feedback position  , being less 

than a predetermined value 
pre

  or being greater than, or 
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equal to, the predetermined value 
pre

 . Moreover, the 

lead angle 
le

  computation is designed based on the 

motor parameters ( , , ,R L V  and 
t

K ), the motor speed   

and the phase currents 
,a b

i . The detail of the position 

control algorithm is shown in Fig. 4. When the position 

error   is less than the predetermined value 
pre

 , the 

position controller is operated in the open-loop control 

mode, and the excitation angle 
ex

  is set to the reference 

position 
ref

 . Otherwise, when the position error   is 

greater than, or equal to, the predetermined value 
pre

 , 

the position controller is operated in the closed-loop 

mode based on a lead angle control technique that 

generates the highest produced torque. In this mode, the 

excitation angle 
ex

  is a sum of the lead angle 
le

  and the 

feedback position .  By using the proposed position 

control approach, two significant advantages are obtained 

in comparison with using only the open-loop control 

method. Firstly, the vibration phenomenon, when the 

motor is stopped, is overcome. Secondly, the step-out 

problem, when the motor is rotating, is prevented, 

especially at high speed and with a varied load torque. 

 

Figure 3. Block diagram of position controller. 

 

Figure 4. Position control algorithm. 

In this study, the calculation of the lead angle, which is 

presented in [12], was implemented in order to perform 

the closed-loop stepping motor driver. At steady state, 

assuming that 0sL  (s is Laplace operator), the 

electrical equations in (3) can be approximated as follows: 

= ,

= .
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q q d t
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When the motor is operated in closed-loop mode, the 

excitation mirco-stepping inputs, in phase A and phase B, 

are derived from (4) by replacing 
ex

  for .
ref

  

,

,
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And combining with (2), we obtain 
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= sin( ),
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where =
le ex
    is defined as a lead angle (or load 

angle). 

From (6) and (8) the current 
q

i  is obtained as 

2 2 2
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Moreover, the produced motor torque 
m

T  is 

proportional to 
q

i ( = )
m t q

T K i  in (3). Thus, from (9), an 

equation (10) expressing a lead angle 
le

  is obtained.   
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2 2
= ( )Z R L  is the 

total impedance of the winding of the motor. In (10), the 

parameters, ,L  ,R ,
t

K and ,V are given values. The 

calculation of the led angle is complex by using (10) and 

it is therefore not effective in implementation. An 

approximation technique is applied to estimate the lead 

angle in this study. As can be seen in (10), the lead angle 

consists of two terms 
atan

 and .
asin

 In which, the term 

atan
 is rapidly increased to 90

o
when the stepper motor 

speed is increased. So this term is assumed to be a 

constant value of 90
o

. Now, the approximation is applied 

for only the second term 
asin

 . Because the produced 

motor torque is proportional to the current ,
q

i  which is 

the amplitude 
max

I of the reference phase currents  

, ,
( , ),

a ref b ref
i i

q
i  is assumed to be a maximal value of 2 

A to generate the highest motor torque. As can be seen in 

Fig. 5, which shows the angle 
asin

  in relation with the 

operating mechanical motor speed ,/
m r

N   the 

angle 
asin

  can be expressed as 
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When the mechanical motor speed 
m

  is in the range 

of [0 84 rad/s], by using System Identification Toolbox of 

MATLAB, the function ( )
asin mf   is approximated, 

in the discrete-time domain, with the sampling time 

0.25
a

T  ms, as follows: 

asin m asin
k k k      (12) 

By using the proposed method, the highest motor 

torque is produced over the whole operating motor speed 

range. Therefore, the stepping motor can be effectively 

controlled, not only to a high speed region but also with 

varied load torque, without step-out. That will be 

demonstrated in Section IV. 

 

Figure 5. The angle ( )
asin m

f  . 

IV. EXPERIMENTAL RESULTS 

A. Implementation 

Fig. 1 shows the entire stepper motor control system, 

and Fig. 6 shows the corresponding experimental setup of 

the hybrid stepper motor control system. The EzM-56L 

two-phase hybrid stepper motor, manufactured by 

Fastech Co., was used in the experiments: The rated 

voltage (V) is 40 Vdc, the rated phase current (I) is 2 A, 

the phase resistance (R) is 2.3  , the phase inductance 

(L) is 7.35 mH, the torque constant (
t

K ) is 0.083 N∙m/A, 

the rotor inertia (J) is 0.269∙
4

10


N∙m∙
2

s /rad, the damping 

coefficient (D) is 0.0013 N∙m∙s/rad, the number of rotor 

teeth (
r

N ) is 50, and the load torque (
l

T ) is 0.029 N∙m. 

The motor is fed by two H-bridges (one for each phase) 

using a 40-Vdc bus. The experimental tests were 

performed by applying an 40-kHz switching frequency 

for the power MOSFET used for the H-bridges. A digital 

control board, based on the DSP TMS320F2811 (Texas 

Instruments), was employed to implement the proposed 

control algorithm with a sampling interval (
s

T ) of 25 s . 

The resolution of micro-stepping technique driving the 

motor is 10000 pulses per revolution. The rotor position 

measurement was provided by a 2500-lines-per 

revolution. Quadrature signals were used to obtain 4x 

resolution. This results in 10000 pulses per revolution of 

the resolution of the encoder. The phase currents were 

measured using shunt resistances of the PWM motor 

driver.  

 

Figure 6. Experimental setup of the hybrid stepper motor. 

B. Experimental Results 

First, an experiment was performed with the stepper 

motor operating normally to demonstrate the lead angle 

value in relation with the actual motor speed. Fig. 7 

shows the motor speeds and Fig. 8 shows the motor 

position error and the lead angle, which corresponds the 

motor speed shown in Fig. 7. Fig. 7 demonstrates that the 

actual motor speed tracks the reference motor speed well. 

The motor position error and the lead angle, shown in Fig. 

8, increase proportionally following the increase of the 

motor speed, shown in Fig. 7. When the motor speed 

reaches about 100000 pps, the motor position error is 

approximately 210 pulses and the lead angle value is 

about 160 .
o

The maximum lead angle value 180
o

is 

obtained when the motor speed is above 140000 pps. 

 

Figure 7. The motor speeds when the motor operates normally. 

 

Figure 8. The motor position and Lead angle. 

Next, the closed-loop position control performance 

was tested with the predetermined angle value 
pre

  in Fig. 
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4 set to a value of 90
o

(one step). Fig. 9 shows the 

reference and actual motor speeds and Fig. 10 shows the 

corresponding motor position error when a loss of the 

motor speed synchronization occurs. It can be clearly 

seen in Fig. 9 that at the time about 200 ms, an external 

torque is applied to hold the rotor in about 50 ms. Then, 

at the time about 250 ms, the external torque is removed 

and the rotor is therefore released to continue rotating. 

After this time point, the rotor speed increases rapidly 

and reaches a maximal of 122000 pps at the time of about 

380 ms, and then settles down to the reference speed 

100000 pps at the time 400 ms. During the loss of motor 

speed synchronization (200 to 400 ms), the motor 

position error increases rapidly up to 8000 pulses (around 

one round) and then reduces to a small value at the end of 

the loss of motor speed synchronization as shown in Fig. 

10. This indicates that the loss of motor speed 

synchronization is overcome and the actual motor speed 

continues tracking the reference motor speed well. This 

demonstrates that the motor speed is recovered 

effectively by using the proposed position control 

approach. The motor can operate at high speed and with 

varied load torque without step-out. 

 

Figure 9. The motor speeds when loosing step problem occurs. 

 

Figure 10. The motor position error. 

V. CONCLUSION 

This paper proposed a closed-loop stepper motor driver 

based on the lead angle estimation method. The lead 

angel value was adjusted by considering the motor speed 

to obtain the highest produced motor torque. Therefore, 

the driver could avoid the step-out problem when the 

motor is operating at high speed and with the varied load 

torque, which keeps the motor operating accurately and 

smoothly. The effectiveness of the proposed control 

algorithm is demonstrated by the experimental results, 

which indicated that the motor speed was recovered 

effectively in the short time of motor position error. In 

the future, damping methods may be feasible to be 

considered to upgrade the stepper motor driver. 
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