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Abstract 

It is well known that commercial hybrid stepper system has one or more low speed 

resonant points.  Traditionally, this characteristic is modeled with high order 

equations and the motor parameters are measured by complicated technique.  In this 

thesis, an efficient modeling approach is proposed which is sufficient to explain the 

multiple resonances of a commercial 1.8∘ hybrid stepper motor.  Based on the 

proposed motor model, feed forward damping algorithms are proposed for both open 

loop and servo control.  Simulation and experimental results show that the proposed 

algorithms can effectively eliminate the low speed resonances of the stepper motor.  

The algorithms are efficient enough to be implemented on commercial digital signal 

processor based controller without sacrificing its motion control performance.  
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Nomenclature 

τ  :  Torque output, Nm 

hτ  :  Holding torque, Nm 

J  :  Rotor inertia, kg m2 

mK  :  Force constant, Nm/ A 

rN  :  Number of pole pair 

θ  :  Rotor position (mechanical angle), radian 

1dK  :  Amplitude of 1st harmonic detent torque, Nm 

1φ  :  Phase shift of 1st harmonic detent torque, rad 

2dK  :  Amplitude of 2nd harmonic detent torque, Nm 

2φ  :  Phase shift of 2nd harmonic detent torque, rad 

4dK  :  Amplitude of 4th harmonic detent torque, Nm 

sF  :  Static friction, Nm 

nf  :  Natural frequency, Hz 

T’ :  Stiffness of the θτ  characteristic 

D  :  Damping factor, 1−sradNm  

pK  :  Proportional gain of PI controller 

iK  :  Integration gain of PI controller 
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Abbreviations 

PWM  :   Pulse Width Modulation 

DSP   :   Digital Signal Processor 

MOSFET  :   Metal Oxide Semiconductor Field Effect Transistor 

IGBT  :   Insulated Gate Bipolar Transistor 

JTAG  :   Joint Test Action Group 

ISR   :   Interrupt Service Subroutine  

PID controller :   Proportional Integral Derivative controller 

D axis  :   Direct axis 

Q axis  :   Quadrature axis 

EMF  :  Electromotive Force 

IPM   :   Integrated Power Module 

LPF   :  Low Pass Filter 

SNR   :  Signal to Noise Ratio 

QEP   :  Quadrature Encoder Pulse 
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1. Introduction 

1.1. Background 

A stepper motor system has several significant advantages.  No feedback is normally 

required for either position control or speed control.  Positional error is non 

accumulative.  Besides, stepper motors are compatible with modern digital 

equipment.  For these reasons, various types and classes of stepper motor have been 

used in computer peripheral, automated machinery and similar system [1] .  Cost of 

stepper system is significantly lower than that of servo system.  It is mainly because 

stepper motor system does not need high cost position sensing and complicated 

feedback control.  Moreover, it does not require any tuning as in feedback servo 

control which gives rise to extra expertise and effort.  The simple hardware and 

control configuration of the stepper motor system also improves the system reliability.  

However, one of the unfavorable features of a stepper motor is its mechanical 

resonance, especially at low speeds (say, below 300 rpm).  The problem is less 

significant at high speed because the vibration exceeds the bandwidth of most 

mechanical systems.  Resonance prevents stepper motor to run steadily at certain 

speed and reduce usable torque.  This prevents the stepper motor to be used for 

applications that require smooth low speed motion.   

The vibration is due to discrete stepping motion, detent torque of permanent magnet, 

and pole to pole variation.  With the introduction of micro-stepping stepper driver, 

the discrete stepping ripple has been greatly minimized.  However, even if the motor 

is driven with perfect sinusoidal current waveform, vibration and resonance still exist 

due to the motor’s inherent characteristics.   



 11

1.2. Previous Works 

Effort has been spent on improving the performance of stepper system.  Brown and 

Srinivas attempted to use resistance and capacitance to increase electric damping at 

particular frequency [11] .  However, the drawbacks are reduced system efficiency 

and increased circuit complexity.  Schweid et al. developed a non-linear analog 

position controller to regulate the velocity of a hybrid stepper system [10] .  The 

proposed velocity damping showed some effect at low speed and the integral control 

could decouple steady state position response with external torque.   

Zribi and Chiasson demonstrated that a stepper system could be fast and accurate with 

exact feedback linearized position control [4] .  They also showed that the 

linearization was, in fact, the DQ transform if detent torque was not considered.  

Chen et al. improved profile tracking performance by model based feedback 

controller with a least-squares based identification procedure [5] .  An appropriate 

linear regression technique was proposed to get around the difficulty to reconstruct 

critical signals.  However, the performance of the mentioned algorithms is highly 

dependent on the resolution of position feedback device.  The feedback device also 

increases the system cost which is not commercially favorable.     

Goodnick reported satisfactory result of electronic damping based on estimated 

velocity, which was found by integrating the estimated motor torque [6] .  However, 

its performance would be limited by the noisy torque estimation.  Yang and Kuo 

reported effective damping algorithm based on a PLL position and velocity observer 

[7] .  Unfortunately, error in position estimation would accumulate with time due to 

the use of integrator.  Sensorless based algorithms generally involve large amount of 

computation.  The computation power of commercial processor limits the update rate 

to a few kilohertz and the system works only at low speeds.   
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1.3. Project Achievements  

In this project, a new torque expression is proposed to model the vibration and 

resonance of a commercial hybrid stepper motor particularly at low and medium 

speeds.  This is done without using high order equations and complicated 

identification procedures.  A simple method to identify the motor characteristic is 

proposed to obtain the parameters for the torque expression.  Model based damping 

algorithms are proposed for both open loop mode and closed-loop servo mode.  A 

MatLab model is built to simulate the motor dynamics, damping algorithms, position 

controller, current controller and power driver.  They are also implemented on a DSP 

based experimental platform.  Both simulation and experimental results show that 

the proposed damping algorithms can reduce motor vibration at low and medium 

speed.  The algorithm is efficient enough to update at 40 kHz on commercial DSP 

which can provide the performance even for demanding applications.  Moreover, a 

virtual servo stepper system is designed which can have the advantages of both open 

loop and servo system.  Simulation result shows that the system works with 

satisfactory performance. 

Deliverables of this project include,  

 MatLab model of a stepper system in open loop, servo and virtual servo 

mode operation  

 A prototype of stepper controller with proposed damping algorithm 

Publications arising from this project,  

 Conference paper accepted by ICIEA2007 [12]  

 Journal paper accepted by IEEE Transaction on Industrial Electronics [13]  

 A thesis recording all the details of this project 
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2. Existing Theory 

2.1. Dynamics of Hybrid Stepper Motor  

Operation of the motor makes use of both permanent magnet and variable-reluctance 

principle.  This allows the motor to have small step size, high torque and small 

physical size.  Rotor structure is the most important feature of a hybrid stepper motor.  

As shown in Figure 1, there is a cylindrical magnet inside the rotor core.  The poles 

of the magnet are covered by endcaps with uniformly placed teeth.  The teeth of the 

two endcaps are misaligned by half of a tooth-pitch.  Typically, the toothed endcaps 

are made of laminated silicon steel. [1]    

 

Figure 1  Rotor structure of a hybrid motor [1] . 
 

2-phase configuration is the most commonly used hybrid stepper motor.  Figure 2 

shows its cross-section as viewed from the shaft, with phase A excited and the rotor 

stopped at its equilibrium position.  At that equilibrium position, the rotor teeth are 

aligned with the stator teeth of phase A and the magnetic flux flows in the path with 

minimum reluctance.  The magnetic path in the motor is shown in Figure 3.  If the 

winding current is switched to phase B, torque will be generated to align the rotor 
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teeth to the stator teeth of phase B.  Therefore, with proper phase current excitation 

scheme, the motor will rotate in the desired direction.   

 

Figure 2  Cross section of a 2-phase hybrid motor. [1]  
 
 

 

Figure 3  Magnetic paths in a hybrid motor.  (a) The flux due to rotor's magnet.  (b) The 
heteropolar distributed flux due to stator current. [1]  
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2.1.1. Full Model of Stepper Motor 

Hybrid stepper motor can be modeled as a permanent magnet motor with high pole 

count.  The model is relatively complicated because of mutual coupling between 

phases and variation of self inductance with rotor position.  However, the model can 

be simplified under certain assumptions.  For a 2-phase motor, the symmetric 

positive definite inductance matrix L and the current vector I are given by (1). [3]  
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where rN  is the number of rotor teeth and n is the number of harmonics used in the 

model.  fnffmnmm LLLLLLLL ,,,,,,0,,,0 401010 KK>>  are non negative constants.  

Torque produced by the motor is given by (3).  Substituting the partial derivative of 

(2) into (3), the torque expression (4) is obtained. The electrical dynamics for the 

motor are shown in (5) and (6). 
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This model accounts for mutual inductance between motor phases and variation of 

self inductance with rotor position.   

2.1.2. Simplified Model 

Neglecting the mentioned mutual inductance and variation, the first three inductance 

terms of (2) can be simplified to (7).  Substituting the partial derivatives of (7) to (3), 

the torque expression (8) is obtained.  The electrical dynamics for the motor are 

given by (9) and (10). 

011 LL =    
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2.1.3. Further Simplification  

The model can be further simplified by assuming sinusoidal flux distribution, absence 

of mutual coupling between stator phases, constant self inductance and retention of 

the fundamental harmonic in the self inductance of the fictitious rotor winding 

corresponding to the permanent magnet.  The inductance matrix and inductance 

terms can then be written as (11). [3]  
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The electrical dynamics and torque expression are then reduced to (12), (13) and (14). 
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2.1.4. Motor Load 

The motor load varies with different applications.  A general load for control design 

is shown in Figure 4.  The motor shaft is mounted with a rigid link with an attached 

payload rotating in a vertical plane.  This provides the motor with load inertia and a 

periodically changing load torque.  Equation of load torque is given in (15) where 

pm  is the payload mass, 1m  is the link mass, l  is the link length, and g  is the 

acceleration due to gravity.   

θθτ sinsin
2 1N
glm

glm l
pl =







 +=                     (15) 

Torque due to friction is considered to be due to viscous damping ωτ Df =  with D  

being the viscous damping factor.  Total inertia of the system is given in (16) with 

rJ  being the rotor inertia.  Dynamics of the mechanical system can therefore be 

written as (17). [3]  
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Figure 4  A general load for control design (front view). 
 
 
A simplified load model is sufficient in many applications.  The load with given 

inertia is rigidly mounted on motor shaft and no load torque is applied.  Mechanical 

dynamics of the system is described by (18).  Damping factor D  is assumed to be 

0.001 1−sradNm  for a lightly damped system. 
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The frequency of oscillation can be predicted for any motor/ load combination from 

the static torque/ rotor position characteristic, provided that the system is lightly 

damped.  The natural frequency of rotor oscillation about the equilibrium position is 

given by (19). [2]   Resonance may occur if torque ripple, with the same frequency 

as the natural frequency, exist in the system.   

J
Tfn

'
2
1
π

=                            (19) 
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2.2. SVPWM 3-Phase Driving 

2.2.1. Full-Bridge, Bipolar Driver 

A common type of motor driving circuit is full bridge bipolar driver as shown in 

Figure 5.  Current in each of the motor phase is controlled by four power transistors 

with high side (Tr1, Tr3) and low side (Tr2, Tr4) always in opposite logic.  It is 

“bipolar” because it can apply both positive and negative voltage across the motor coil.  

The circuit supports four operation modes.   

1. Positive charge up, Tr1 and Tr4 are ON:  Phase voltage is positive and drives 

current to flow in the solid line path (Figure 5).   

2. Negative charge up, Tr2 and Tr3 are ON:  Phase voltage is negative which force 

positive current to drop sharply or increase in negative direction.   

3. Circulation, Tr1 and Tr3 are ON (or Tr2 and Tr4 are ON):  There is no driving 

voltage, current is driven by coil inductance and die down slowly. 

4. Regeneration, all transistors are OFF:  energy stored in the coil is returned to 

the bus supply through the broken line path (Figure 5) and phase current die 

down quickly.   

 

Figure 5  A typical full bridge driver circuit for 2 phase hybrid motor. [1]  
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Full bridge circuit can control both positive and negative phase current with forced 

charging and discharging.  Current tracking capability is therefore much stronger 

than unipolar type driver.  Moreover, the two motor phases can be driven at the same 

time (with suitable phasing) to maximize torque production.  Full bridge driver can 

generate as much as 35% more torque than unipolar type driver. [1]         

Full bridge circuit is typically operated with pulse width modulation (PWM) to have 

higher performance and low loss.  High carrier frequency (for example 20 kHz) 

allows good current tracking and low chopping current ripple.  With fine duty cycle 

control, the bus voltage can be much higher than motor rated operating phase voltage 

(for example 100V).  High bus voltage improves motor torque generation at high 

speed where back EMF is significant. 

2.2.2. 3-Phase Driver 

A method is proposed by Yang et al. [8]  using digitally controlled three-phase 

voltage source inverter to drive two-phase hybrid motor.  Significant cost can be 

saved if the standard three-phase driver circuit is used on both hybrid stepper and 

permanent magnet servo motor.  A typical inverter circuit is shown in Figure 6, the 

four motor input pins are connected to three inverter legs with the two phase negative 

inputs connected together.  A simple driving scheme is to keep cV  constant to be 

2
iV

, and set  
2

i
qsa

V
VV +=  and 

2
i

dsb
V

VV += .  However, the voltage swing of dsV  

and qsV  will only be 
2

iV
±  which means only 50% voltage utilization comparing 

with conventional full bridge circuit.  Therefore, Yang et al. proposed a three-phase 

Space Vector Pulse Width Modulation (SVPWM) driving scheme, described by 

(20) – (21), which can increase voltage utilization significantly. [8]    
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Figure 6  Driving a two-phase hybrid motor by three-phase inverter. [8]  
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Typical voltage waveforms at inverter legs under SVPWM driving scheme are shown 

in Figure 7.  With constant motor speed and sinusoidal phase current, phase voltage 

dsV  and qsV  will also be sinusoidal.  Inverter leg voltage cV  is modulated by (21) 

such that dsV  and qsV  always have largest possible voltage swing.  When dsV  and 

qsV  are of the same magnitude at opposite sign, cV  has to be equal to 
2

iV
 at which 

the voltage swing of dsV  and qsV  is minimum (only 
2

iV
).  While dsV  and qsV  

are 90 ∘  out of phase, minimum voltage swing occur at °−= 45θ , where 
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AAVqs 707.0)45sin( −=°−=  and AAVds 707.0)45cos( =°−= .  At that point, at 

which usable voltage is minimum, A
Vi 707.0
2
=  and iVA 707.0= . Therefore, 

voltage utilization of this SVPWM scheme is 70.7%.  Comparing with the 50% 

voltage utilization of normal sinusoidal PWM, the improvement is 41.4%. 

 

 

Figure 7  Inverter leg voltage under SVPWM driving scheme. [8]  
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2.3. Open Loop Control 

A key feature of hybrid stepper motor system is the ability of accurate position control 

in open loop mode.  Expensive position sensing device, such as optical encoder, can 

be eliminated.  Assume no missing step, the position is known by keeping track of 

the pulse position command.  Common driving modes include full-step, half-step 

and microstepping.   

2.3.1. Full Step and Half Step 

To drive a stepper motor, current in the two windings is controlled to generate a 

rotating magnetic field.  The rotor tries to align with the rotating magnetic field and 

results in a motion.  The direction and magnitude of the magnetic field is described 

by vector as shown in Figure 8.  X and Y axis are stator coordinate align with the 

direction of magnetic field generated by the two windings. [16]   Direction and the 

length of the vector represent the added magnetic flux generated.  If current in the 

two windings is sequenced as {position 1, 3, 5, 7} as shown in Table 1, the magnetic 

field and therefore the rotor will rotate in clockwise direction.  Both phases are 

always excited, this is known as two-phase-on full step mode.  If phase current is 

sequenced as {position 2, 4, 6, 8}, only one phase is excited at any time, it is known 

as one-phase-on full step mode.  If the sequence is {position 1, 2, 3, 4, 5, 6, 7, 8}, it 

includes both two-phase-on and one-phase-on position.  Step size is halved and it is 

known as half step mode.  Comparing with full step mode, half step mode has halved 

step size and therefore doubled position resolution.  Moreover, problem caused by 

vibration and resonance is much less because the torque ripple on each step change is 

approximately halved.            
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Figure 8  Direction and amplitude of the rotating magnetic field. 
 

 
Position 1 2 3 4 5 6 7 8 

IA + + + 0 - - - 0 
IB + 0 - - - 0 + + 

Flux X → → → 0 ← ← ← 0 
Flux Y ↑ 0 ↓ ↓ ↓ 0 ↑ ↑ 

Table 1  Current amplitude and corresponding position. 
 
 

2.3.2. Microstepping 

By dividing a ‘half-step’ into smaller steps, which is known as microstepping, we can 

further reduce motor vibration and increase position resolution.  There are many 

microstepping modes with step size down to 
512
1 -full-step.  The stator flux of a 

stepper rotates smoothly as shown in Figure 9.  However, current control for 

microstepping is much more complicated than that for full-step or half-step mode.  

Given a direction of stator flux, current level of the two phases are )cos( epeakA II θ=  

and )sin( epeakB II θ=  where eθ  is the electrical angle equal to θ×rN .  Torque 

generated by the motor is a function of position difference between rotor position eθ  

and equilibrium position eque _θ , given by )sin( _ eequeh θθττ −×= . 
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345
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7 8 
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Figure 9  Phase current during microstep and resultant current. [15]  
 
 
Despite the complexity in current control, microstepping is still good for many 

applications.  Some of the advantages are listed here. [16]  

 Running at resonance frequency – For full step or half step operation, the 

main cause of resonance is the discontinuous movement of stator flux.  

Therefore, energy flows into the rotor in pulses and excite the resonance.   

Energy of each ‘pulse’ is given by ( )[ ]stpe
r

h

N _cos1 θ
τ

−×







, where stpe _θ  is 

step angle in electrical degree (90∘for a full step).  Operating in 

32
1 -full-step mode means that energy per step is only 0.1% of that in full 

step mode as shown in Figure 10.  Microstepping bring down the 

excitation energy drastically that can improve the motion of almost all 

application.  Although there are other sources that excite system resonance, 

the improvement made by microstepping alone can satisfy the application in 

some cases.   
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Figure 10  Energy per step at different microstepping mode. [16] 
 
 

 Extended dynamic range towards lower frequency – In full step or half step 

mode, low frequency motion (which is well below resonance frequency) 

become discontinuous.  This generates ringing, vibration and noise.  

Microstepping provide a solution such that noiseless motion down to 0Hz is 

possible.  Step energy in 
32
1 -full-step mode is typically small enough to 

be absorbed by motor internal friction.  Ringing and overshoot are 

therefore eliminated.     

 Electronic gearbox – If high step resolution is required, a mechanical 

gearbox can be replaced by microstepping.  In many applications, it is a 

simple and cheap solution, although a motor with higher torque may be 

needed.  To achieve the optimum position accuracy for each microstep, a 

customized sin / cos profile may be needed to compensate motor 

step-to-step imperfection.     
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 System complexity – Although microstepping requires more complicated 

driving electronics, overall system cost, including motor, gearbox, damper, 

can be reduced in many applications.  If the motor driver is based on 

microprocessor, microstepping controller can be replaced by software and 

on-chip peripheral.  This can keep the hardware cost of the microstepping 

driver almost the same as a full step or half step driver.  

While microstepping control sounds promising, it cannot solve all the problems in 

reality.  The performance of stepper motor is still limited by some unfavorable 

characteristics.  Some of them are listed here. 

 Step accuracy – Microstepping can improve position resolution only, but 

not position accuracy.  Step accuracy of the motor can be found on its 

datasheet which is typically about +/-0.1∘for a commercial 1.8∘ hybrid 

stepper motor.  However, the specified value is normally for 2-phase-on 

stop position only.  Motor behavior is not specified for different current 

level and microstepping operation.  Under 
32
1 -full-step mode, +/-0.1∘is 

equivalent to 32
8.1
1.0
×





±  = 1.78 microstep which is much more than the 

step size of a microstep.  These factors have to be considered if absolute 

position is critical for the application.      

 Sine / cosine conformity – Actual stepper motors do not have perfect sine / 

cosine torque characteristic.  This is mainly because of the variation in air 

gap area, air gap distance, magnetic hysteresis, rotor tooth shape and stator 

tooth shape.  These can result in random deviations of flux amplitude 

(affect holding torque) and direction (affect stop position) from ideal value 

at different microstep.  Rotor and stator tooth of some motors are shaped to 
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optimize torque production at two-phase-on position.  Such motors are not 

suitable for microstepping control because their torque characteristic differ a 

lot from sine / cosine behavior.   

 Hysteresis – The stop position of stepper motor is affected mainly by 

magnetic hysteresis and partly by friction of bearing.  Because of 

hysteresis of the magnet in rotor, present flux is a function of present 

winding current and flux history.  In high-resolution microstepping 

application, the resulting position error can be several times of a microstep.  

If high position accuracy is required, an overshoot movement may be 

necessary to compensate the hysteresis.  

 Torque ripple – Possible sources of torque ripple include microstep length, 

sine / cosine conformity, motor tolerance and detent torque.  Non-ideal 

driver contributes additional torque ripple also.  The torque ripple may 

excite system vibration and resonance at the right frequency.    
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2.4. Reference Frame Theory  

Reference frame theory is a significant breakthrough in analysis of AC machine.  

The phase angle variable machine description can be transformed to reference frame.  

By choosing a suitable reference frame, mathematical machine model can be 

simplified considerably.  This is particularly useful for digital control which involves 

the control of current, torque and position of the machine.  The most commonly used 

ones are stationary reference frame and rotor reference frame. [18]    

2.4.1. Park Transform 

Space vector of phase current, phase voltage and flux linkage are defined in stationary 

reference frame fixed to magnetic axis of stator windings (X, Y axis in Figure 11).  

However, corresponding quantities defined for rotor are similarly stated in a reference 

frame fixed to rotor.  It rotates with the rotor which is known as rotor reference 

frame or rotating reference frame (D, Q axis in Figure 11).  In the rotating reference 

frame, the real component is known as direct axis component (D axis) and the 

imaginary component is known as quadrature axis component (Q axis).       

 

Figure 11  Illustration of Park Transform. [17]  (modified) 
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Referring to Figure 11, phase current, phase voltage and flux linkage are all rotating 

vectors at the same angular speed when viewed from stationary frame (X-Y axis).  

However, all the quantities become stationary when viewed from rotating reference 

frame (D-Q axis).  The main advantage of rotating reference frame is seen here, 

position dependence of the electrical variables is eliminated.  The angle between the 

two reference frames is the rotor position θ.  Electrical variables can be transformed 

between stationary and rotating with known rotor position.  The transformation is 

formulated by the famous Park Transform which transforms a quantity from 

stationary frame to rotating frame.      
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The opposite direction, which is known as Inverse Park Transform, transforms a 

quantity from rotating frame to stationary frame. 
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2.4.2. Open Loop Control in DQ Frame 

The electrical dynamics and torque expression of stepper motor (12) – (14) can be 

transformed to rotating frame as shown in (24) – (26).          

[ ]ωω mdorqq
o

q KiLNRiv
Ldt

di
−−−=

1                (24) 

[ ]qordd
o

d iLNRiv
Ldt

di
ω+−=

1                     (25) 

( )θτ rdqm NKiK 4sin4−=                       (26) 



 32

Motor back EMF, the last term of (24), increases linearly with rotor velocity ω  in Q 

axis and is likely to saturate qv  at high speed.  The effect of back EMF is relatively 

less significant in D axis.  It is possible to inject negative di  to compensate the back 

EMF in Q axis to raise the upper speed limit.  This technique is known as field 

weakening.  In practice, the injected di  is limited to 10~20% of motor rated current 

to avoid permanent de-magnetization of rotor magnet.  If we neglect the detent 

torque component, torque generated by the motor has linear relationship with qi .  

The motor can be controlled like a DC motor in rotating frame despite the detent 

torque ripple. 

With some modification, rotating frame can also be used in an open loop stepper 

system as illustrated in Figure 12.  As rotor position feedback θ  is not available, 

position command cmdθ  is used in Park and Inverse Park Transformation.  Normally, 

qi  is chosen to be zero and di  is set to constant which corresponds to the constant 

holding current.  In such a system, current control is done on Direct-Quadrature (DQ) 

axis.  Flux direction current command di , is equivalent to amplitude of phase 

current.  Quadrature direction current command qi  is equivalent to torque 

command, assuming that rotor position is equal to cmdθ .  The rotor will 

automatically align with the D axis flux linkage just like that in microstepping mode.  

Motion of the system is controlled by changing the position command cmdθ  to 

desired position.   
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Figure 12  Block diagram of an open loop stepper system. 
 
 
A common implementation for current control is to use a standard PI controller, as 

formulated in (27) and (28).  As discussed before, all variables affecting current 

tracking become slow changing variables in rotating frame (DQ axis).  PI controller 

can therefore handle the current control more effectively than in stationary frame.  

Phase and amplitude distortion are much less than that of stationary frame control, 

provided that phase voltage is not saturated.  

( ) ( ) dtiiKiiK fbdcmddifbdcmddpd ∫ −+−= ____ν             (27)  

( ) ( ) dtiiKiiK fbqcmdqifbqcmdqpq ∫ −+−= ____ν             (28) 
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2.5. Closed loop Control 

Open loop mode operation is widely used because it can control motor position 

without position feedback device.  The rotor is expected to closely follow the 

position command, which is usually given through a pulse and direction interface.  

However, in reality, the performance of open loop stepper system is quite limited.  

The rotor may not follow the position command if it exceeds the torque—speed 

output capability of the system, which is commonly known as missing step.  Load 

torque has to be much smaller than motor rated torque to avoid possible missing step.  

Besides, the motor may generate unexpected torque ripple which results in oscillation 

of the system. 

Closed loop control can significantly improve the performance of a stepper system.  

A position feedback device, such as an optical encoder, is used to sense rotor position.  

The information is used to determine the proper step switching at proper timing.  

Closed loop control eliminates the possibility of missing step in a system.  Moreover, 

motion of a closed loop system can be much quicker and smoother. 

2.5.1. Lead Angle Control 

A simple implementation of closed loop stepper system is to control the lead angle by 

a logic sequencer as shown in Figure 13.  Rotor position is sensed by a shaft coupled 

optical encoder which sends the digital position information to a logic sequencer.  

The logic sequencer then generates the proper step command based on rotor position 

information.            



 35

 

Figure 13  Block diagram of a closed loop system. 
 
 
Lead angle is the relation between rotor position and the step command.  1-step lead 

angle means that current vector output from driver is controlled to be 1 full step ahead 

of rotor position until the rotor reaches its target position.  Torque is generated as the 

rotor try to align with current vector just like the case in open loop mode.  Lead 

angle of other than one-step may be used sometimes.  Big lead angle is generally 

used for high speed application because of the rise time of motor phase current.  At 

high speeds, delay caused by the electrical time constant will become significant and 

the back EMF further slows down the change of current.  By increasing the lead 

angle, the delay in current rising is compensated by earlier turn ON of the phase and 

similarly for current falling.  Lead angle of larger than 3-step is sometimes used for 

maximum speed.  Figure 14 shows the measured maximum speed at different lead 

angle of a 1.8∘ hybrid stepper system.  Maximum speed of 25k steps per second is 

achieved at 3-step lead angle.             
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Figure 14  Maximum speed vs. lead angle measured on a 1.8∘ stepper motor. [1]  
 
 

2.5.2. Optimal Algorithm 

Petar Cronsija et al. had implemented the optimal algorithms for closed-loop control 

of hybrid stepper motor drivers.  They analyzed the torque characteristics and 

optimal control angle (lead angle) of stepper motor driver with a chopper amplifier 

and current controller.  The analytical expression for the average torque of the 

stepper motor had been developed.  With that expression, the analytical expression 

for the optimal control angle which provides maximum average torque was obtained.  

Also, the analytical expression for the suboptimal control angle was elaborated.  The 

proposed optimal and suboptimal control algorithms were implemented on an Intel 

EV80C196KB microcontroller platform.  Their experimental results indicated that 

the optimal control algorithm provided maximum acceleration and minimum 

positioning time. [19]    
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2.5.3. Servo Control 

Another closed loop mode is to control the stepper motor like a permanent magnet 

servo motor (PMSM) as illustrated in Figure 15.  The stepper motor can be 

controlled in rotating reference frame with motor dynamics described in (24) – (26).  

A simple position control algorithm is that di  is set to zero so that no direct axis flux 

is generated.  And, qi , which is directly proportional to torque output, is set equal to 

the output of a position PID controller, such as the one shown in (29).  di  and qi  

are controlled by PI control loop in rotating reference frame.  dv  and dv  are 

voltages calculated from the PI current loop to correct the current error.  They are 

transformed to stationary frame and output to the motor through a PWM power stage.  

All the control algorithm and calculations can be implemented on a single commercial 

DSP or MCU.   

 

Figure 15  Block diagram of a servo stepper system. 
  
 

( ) ( ) 







∂

∂
−+−+−= ∫ dt

KdtKKi fb
cmddfbcmdifbcmdpq

θ
ωθθθθ        (29) 

However, this type of closed loop mode is less commonly used than normal PMSM 

system.  It is because the complexity and price of such a system is close to that of a 
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PMSM system but hybrid stepper motor suffers from its relatively low efficiency.  

Besides, stepper motor typically has higher pole count than PMSM (50 pole pair per 

revolution for stepper while that for PMSM is 4 or 8).  With a limited current 

bandwidth, PMSM can therefore reach a much higher speed.  Although stepper 

motor can generate more torque than PMSM at low speed, its torque falls quickly at 

high speed (>1500rpm).  Also, magnetization / de-magnetization and eddy current 

cause significant energy loss at high speed. 
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2.6. Damping Techniques 

2.6.1. Mechanical Damping 

Various methods are available to control the vibration of a stepper system.  

Traditional damping techniques, such as friction ring, are mainly mechanical based.  

It provides static and dynamic friction to rotor and load which increases system 

damping and reduces settling time.  However, dynamic frictional force increases 

with motor speed and eats up the usable torque soon.  This method is therefore 

suitable for low speed application only.  Moreover, friction ring wears out on using 

which requires periodic replacement.   

A more popular mechanical damping technique is inertial damper as illustrated in 

Figure 16.  The rotor (with inertia Jr) and load (with inertia Jl) are rigidly coupled 

together.  System friction bo is typically very small which cannot damp the system 

effectively.  The load is rigidly coupled to housing of the inertial damper and damper 

inertia is suspended in viscous fluid inside the housing.  Damper housing is coupled 

to damper inertia through the viscous fluid only.  Friction bd, or damping coefficient, 

of the viscous fluid provides damping for the system.  When the rotor changes its 

position, the load and damper housing follow the motion exactly.  At the same time, 

damper mass will slip relative to its housing and provides frictional torque for 

damping of the system.  The frictional torque generated is equal to velocity 

difference between the two bodies multiplied by damping coefficient bd.   
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Figure 16  Stepper system with inertial damper. 
 
 
If the rotor rotates at a constant velocity, the system will eventually reach equilibrium 

where the damper inertia and housing rotate with the same velocity.  With no 

velocity difference, the damper does not provide damping force.  Therefore, inertial 

damper responds to system acceleration and disturbance only.  It does not consume 

additional motor torque at higher velocity and can be used for high velocity 

application.  In practice, achievable damping ratio is as high as 0.3 which is much 

better than that of a normal stepper system (typically about 0.02).  On the other hand, 

there are some drawbacks on using inertial damper.  System inertia is increased 

significantly because of the damper.  An effective inertial damper may have inertia 

two times of that of the load.  On acceleration, the inertial damper must be 

accelerated with the load.  This reduces the usable torque for acceleration and limits 

system bandwidth.  Moreover, inertial damper is quite expensive.  Its price is 

comparable to that of the stepper motor it attaches on.   
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2.6.2. Passive Electronic Damping           

To tackle the limitations of mechanical damping, electronic damping techniques 

evolve and some of them show promising performance.  The two main types of 

electronic damping are passive electronic damping and active electronic damping.   

Passive electronic damping involves the change in motor and driver characteristics 

such that the system responds to the back EMF generated by the unwanted oscillation 

and dissipates the energy.  Such technique can affect system dynamic characteristic 

significantly.  Therefore, passive electronic damping is normally used only at the end 

of a motion to stop the motor in a shorter time. [6]   An exception is the patented 

technique developed by Nordquist et al. which changes the output impedance of the 

stepper driver when the motor is in motion.  The impedance is controlled by a circuit 

such that it absorbs the frequency component that generates resonance at particular 

operation velocity. [20]          

A simple passive damping technique is to electronically short-circuit a motor winding 

to provide damping at the end of the motion.  This technique works on one-phase-on 

full-step mode only.  On stopping, one phase of the motor windings is at full current 

while the other is at zero current (inactive).  The power device can short-circuit the 

inactive phase directly by or through a resistor.  When the motor stops with 

oscillation, back EMF is generated on the short-circuited inactive phase.  Now the 

motor works in generator mode and produces current flow, which then results in 

torque that resists the motion.  Current flow generated is proportional to motor 

velocity and the resistive torque is proportional to current flow.  Thus, the resistive 

torque is proportional to motor velocity and the effect is as if the motor is mounted 

with a friction damper.  Therefore, this technique can effectively reduce the settling 

time on stopping.  However, its implementation requires an inactive motor phase 
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when motor is at rest.  This means that this technique is impossible to be used on the 

popular microstepping systems. 

2.6.3. Active Electronic Damping  

Active electronic damping compensates the unwanted torque ripple by modifying the 

current waveform to generate a damping torque.  The damping current is calculated 

based on measured system state information.  A simple technique is to use a 

tachometer to measure actual rotor velocity and then compare it with the ideal 

velocity of command input.  The calculated velocity error is fed into damping loop to 

generate the required compensation command as shown in Figure 17.  The damping 

factor b is tuned for control loop stability and damping ratio.  The damping loop 

responds to velocity error only and has no effect on higher operation velocity.    

However, the cost for the additional tachometer makes it an expensive solution.  

 

Figure 17  Simple active electronic damping. 
 
 
To reduce hardware cost and complexity, effort has been spent on “sensorless” based 

active electronic damping techniques.  System state information required for 

damping is estimated instead of measured directly.  This involves estimation of 

motor position, velocity and torque based on phase current feedback and voltage 

output.  Phase voltage output can be acquired internally.  Phase current feedback is 
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required for current control regardless of the damping algorithm.  Therefore, no 

additional hardware is required for sensorless based techniques.   

Recently, Yang et al. [7]  reported an active damping technique based on estimated 

position and velocity.  They proposed a scheme that uses microstepping and closed 

loop position control to stabilize the hybrid stepper motor.  Motor current control is 

done in rotating reference frame which is synchronous with motor driving frequency.  

Driving torque required to oppose the external load is provide by d-axis current, and 

transient torque required to damp the motor is provided by q-axis current.  Motor 

velocity and position are estimated by an observer that tracks the angle of the motor 

back EMF.  Response of the closed loop system is independent of external load level. 

[7]   It is reported that the control scheme can effectively damp out the resonances 

of a microstepping controlled motor in both simulation and experiment.  

Another example is the patented active damping technique developed by Nordquist et 

al. [21]   The technique involves an apparatus to electronically generate a torque 

dependent signal for a multi-phase stepper motor without using accelerometer or other 

external feedback device.  This includes a circuit to detect instant terminal voltage of 

at least two phases of the stepper motor and another circuit to detect the instant phase 

current in those phases.  A signal processor is developed to generate the torque 

dependent signal based on the detected signals.  Generator current of each phase is 

estimated by integrating the corresponding voltage signals and subtracting the 

corresponding phase current signal.  Motor torque is then calculated from the 

generator current signals.  The torque or acceleration feedback is therefore estimated 

without an accelerometer or other feedback device. [21]   The estimated torque is 

fed into damping loop to calculate the compensation current.  It is claimed that 

damping ratios of 0.3 to 0.5 can be achieved electronically by this technique.     
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3. Proposal on Damping of Stepper Motor 

3.1. Proposed Stepper Model 

With fine micro-stepping control, for example 1/64, stepping vibration becomes so 

small that we can neglect it.  In this situation, the simplified model predicts only one 

resonant speed, which is caused by detent torque, the last term in (14).  An 

experiment is conducted to verify this characteristic of the studied motor.  The motor 

controller is configured to open loop control and holding current is set at 1.9A.  The 

natural frequency of the system calculated by (19) is 142Hz.  On driving the motor 

with smooth sinusoidal current, 3 resonant speeds are observed at about 43, 86 and 

173 rpm.  These correspond to driving current at 36, 72 and 144 Hz.  Clearly, there 

are at least three sources of torque ripple in the motor.  The mentioned equations are 

insufficient to model a commercial stepper in real life.   

At the 1st resonance (43rpm/ 36Hz), by using (14), it is easy to observe that the 

frequency of detent torque ripple is 36Hz ×  4 = 144Hz, which matches with the 

calculated system natural frequency (142Hz).  Therefore, the 1st resonance is excited 

by 4th harmonic detent torque ripple.  For the 2nd and 3rd resonance, they occur at 

doubled speed of previous resonance.  Similarly, there should be 2nd and 1st 

harmonic detent torque component which excite the resonances.  A torque 

expression (30) is proposed to model this characteristic.   
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    (30) 

The proposed stepper model is illustrated in Figure 18, which includes the electric 

dynamics, torque expression and a simple inertia load.  Note that sF  is static 

friction which is a constant value opposing the motion.   
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Figure 18  Block diagram of the proposed stepper model. 
 
 
3.2. Motor Characteristic Identification 

To determine the constants sddd FKKK ,,,,, 12124 φφ  in (30), we need to identify the 

characteristic of the investigated stepper motor.  The motor controller is programmed 

to run in modified servo mode.  It is a special operation mode for motor 

characteristic identification only.  The control algorithm is described in (31) and (32).    

The position loop is turned off and 1st, 2nd, 4th harmonic torque command is injected 

in anti-phase.  Block diagram of the model of servo system is shown in Figure 19 for 

reference.  mK  is set to 0.3 and rN  is set to 50 as given by motor specification.  

fbθ  is the position feedback obtained from optical encoder.   

0_ =cmddi       (31) 
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External torque is applied to turn the shaft of the motor.  The constants to be found 

are tuned until minimum resistive torque is observed and periodic torque ripple is 

removed.  Finally, the motor is like a frictionless DC motor.  The results of the 

identification are 006.04 =dK , 014.02 =dK , 011.01 =dK , πφ =2 , 21 πφ = , 

029.0=sF (during clockwise motion), 029.0−=sF  (during anit-clockwise motion).  

The unit of all the constant K is Nm.  It is quite unexpected that 1st and 2nd harmonic 

torque ripple are much more significant than 4th harmonic torque ripple, which is 

generally thought to be the major component of detent torque.  Significant static 

friction is observed, which can help a little on damping of motor vibration. 

 

Figure 19  Block diagram of servo stepper system. 
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3.3. Open Loop Damping Algorithm 

The block diagram of an open loop stepper system is illustrated in Figure 20.  Based 

on the proposed torque expression (30) and the identified motor characteristic, a feed 

forward, model based damping algorithm (33) is proposed to control system vibration 

and resonances.  Flux direction (D axis) current command cmddi _  is set to 1.9A, 

which is equivalent to amplitude of holding current.  Assuming that rotor position 

can follow the position command well, quadrature direction (Q axis) current cmdqi _  

will be directly proportional to torque output.  It is set to compensate the 4th, 2nd and 

1st harmonic torque ripple by injection of corresponding anti-phase harmonics.  

Constants obtained in section 3.2, are substituted into (33) to complete the equation.  

They include the amplitude and phase of each of the harmonic torque ripple.  For the 

Park Transform block, the position feedback fbθ  is replaced by position command 

cmdθ  to generate the stator flux aligned with position command. 
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Figure 20  Block diagram of open loop stepper system. 
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3.4. Closed Loop Damping Algorithm 

Block diagram of a servo controlled stepper system is illustrated in Figure 19 in 

section 3.2.  Motor damping and control algorithm is proposed as shown in (34).  

Flux direction current command cmddi _  is set to 0.  Quadrature direction current 

cmdqi _ , which is equivalent to torque command, contains position PID control and 

harmonic torque ripple compensation.  The first three terms are respectively 

differentiation, proportion and integration control of position error.  velpK _ , pospK _  

and  posiK _  are control parameters of standard position PID loop which are tuned to 

match the motor and load.  The four terms afterward are torque ripple compensation 

at 4th, 2nd, 1st harmonics and static friction compensation.  The amplitude of the 

compensation values are set according to motor parameters identified in section 3.2.  

The servo controller with proposed damping algorithm is illustrated in Figure 21.  

The coefficient of LPF at velocity feedback (n) is chosen as 314 which correspond to 

50Hz filter bandwidth.       
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where fbcmderr ωωω −=  and fbcmderr θθθ −=  
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Figure 21  Model of the proposed servo controller. 
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3.5. Virtual Servo Operation 

While open loop control and servo control both have their advantages, virtual servo 

control is the intermediate between the two.  The idea is to use a position observer to 

replace the position feedback device and perform servo control.  Therefore, the 

advantages of servo control can be enjoyed with the simple hardware configuration of 

open loop control.  This is particularly useful for applications that have high risk of 

missing step.  In a traditional open loop system, the reserved motor torque is as high 

as 50% to prevent missing steps.  With virtual servo mode, less reserved torque is 

needed, which allows the use of smaller and cheaper motors.  Other advantages over 

an open loop system include better high speed performance, better response to load 

torque variation, shorter motion time and improved profile tracking.     

On the other hand, limitations of virtual servo control prevent it from domination with 

today’s technology.  One issue is that position estimation cannot work at low speeds.  

Like most sensorless algorithm, the proposed position estimation algorithm relies on 

estimated motor back EMF which is calculated from internal voltage command and 

current feedback signals.  When motor speed is low, driving current and voltage are 

low and the low SNR of the signals make them unusable.  Therefore, the system 

must start with open loop control, and switch to virtual servo control after the motor 

has gained enough speed.  In a PMSM system, sensorless algorithms can hardly 

work below 10% of system top speed.  At this point, the high pole count of stepper 

motor becomes an advantage which results in high EMF and therefore lower 

minimum-workable-speed than PMSM motor.  Besides, position estimation requires 

strong computation power which makes it unattractive for low end applications.  

However, it is not a problem if a high performance processor already exists in the 

system.  Hopefully, this issue can eventually be solved by the ever improving 
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performance of commercial DSP.  A back EMF based position estimation algorithm 

is proposed and is discussed in detail in the next section.    

 

3.5.1. Position Estimation 

The proposed position estimation algorithm is based on the electrical dynamics of 

stepper motor mentioned in section 2.1, which are recalled here.   
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)sin( θω rm NK  is obtained for phase 1 and )cos( θω rm NK  is obtained by phase 2.  

The two terms are substituted into (35) and the rotor position θ  can be calculated.   
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The resulting θ  will be within 
2
π

−  to 
2
π

+ , which covers only half of an electrical 

cycle, as shown in Figure 22.  For position control, we need to distinguish whether 

the rotor is in region 1 or region 2.  A possible method is to use the polarity of a 

phase 2 back EMF term )cos( θω rm NK  mentioned before, which is a cosine function.  

For example, with positive direction, positive )cos( θω rm NK  means that θ  is in 

region 1 and negative )cos( θω rm NK  means that θ  is in region 2.   
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Figure 22  Y-axis: Sinθ, Cosθ and Tanθ.  X-axis: θ value normalized to π. 
 
Rotor mechanical position mechθ  is then calculated by (36).  At the end of each 

electrical cycle, the electrical position θ  will overflow and its value will ‘reset’ from 

π  to π−  (or from π−  to π  in negative direction).  If the value of θ∆  is 

larger than π , it is considered to include a transition in electrical cycle and value of 

θ∆  will be corrected as shown in (37) and (38).  Note that the update cycle need to 

be fast enough so that θ∆  without transition of electrical cycle will always be 

smaller than π .  For example, if update rate is 20 kHz, maximum speed with correct 

mechθ  calculation will be rpm
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Accuracy of the input variables will directly affect the performance of position 

estimation.  Phase voltage v  can be calculated by PWM duty cycle, provided that a 

high supply voltage is given and the power stage has linear response.  Motor 

parameters RLo ,  are usually given by the motor supplier.  We assume that these 

parameters are constant over all rotor positions and operating temperatures.  Current 

feedback i  is obtained from a sensor which requires the signal to have sufficient 

amplitude to guarantee the SNR.  The differentiation 
dt
di  is relatively noisy which 

requires low pass filtering before use. 
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4. Simulation Platform 

4.1. MatLab Modeling  

Mathematic model of the present experiment platform is implemented in MabLab 

Simulink.  The model for open loop control is shown in Figure 23.  Its block 

diagram has been shown in Figure 12 in section 2.4.2.  The model includes current 

control in rotating reference frame, 3-phase SVPWM voltage source power stage, 

electrical dynamics of stepper motor and inertia motor load.  Current command Id is 

set to constant (holding current) and current command Iq is set to zero.  A ramp 

function is inputted as velocity profile to simulate a constant acceleration.  The 

velocity command is integrated to generate the position command.  The signal is 

then fed into Park and Inverse Park Transform to generate the magnetic flux in the 

same direction as the position command.  The effect of microstepping can be 

modeled by applying a suitable quantization block to the position command.  

 

Figure 23  Matlab model of open loop stepper system. 
 
An important part of the model is the PWM power stage.  Switching of power 

devices involves sub-microsecond behavior.  Modeling of such behavior requires 
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simulation step in the nanosecond range.  While we are concentrating on system 

level characteristics, behavior model is developed to mask the component level details 

to save simulation time.  Therefore, the PWM controlled power devices are modeled 

as ideal voltage sources with “sample-and-hold” updating at high frequency, for 

example 20 kHz.  Such simplification would not affect system level simulation result 

because bandwidth of the mechanical system is far less than 1 kHz.  Besides, the 

“sample-and-hold” injects delay in the current loop which is comparable to the DSP 

calculation and ADC sampling delay of the actual system.  Such delay limits current 

loop bandwidth which is a major limitation of high performance motion system.  

Simulation configuration is fixed-step type with 10µs step size using ode4 

(Runge-Kutta) solver. 

The model for closed loop control is also developed, as shown in Figure 24 

(corresponding block diagram is Figure 19).  Current command Id is set to zero in 

normal operation.  It is used only for field weakening at high speed which can 

compensate the back EMF on Q axis.  A dead zone block is used to stop its action at 

any speed below 1500rpm.  The input signals for servo control algorithm are 

velocity command, position feedback and velocity feedback.  The position PID 

control algorithm generates the torque related current command Iq to control the 

motor.  Compensation for acceleration and friction are also modeled in the servo 

control algorithm.    

Quantization block is used to model the effect of finite resolution of encoder (4000 

pulse per revolution) in an actual system.  A first order, 200Hz bandwidth LPF is 

used in velocity feedback to model the limited bandwidth of QEP based velocity 

estimation.  These are the major limitation of position loop performance.  The 
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quantized position feedback is also used in Park and Inverse Park Transform to 

generate stator magnetic flux at 90∘of the rotor flux. 

 

Figure 24  Matlab model of closed loop stepper system. 
 

Figure 25  Model of a virtual servo stepper system. 
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MatLab model of a virtual servo stepper system is developed which is illustrated in 

Figure 25.  The position observer is used as position feedback for virtual servo 

control.  MatLab model of the proposed position observer is developed.  The first 

part for back EMF estimation is shown in Figure 26.  Noise generated by the 

differentiation is filtered by a first order LPF with 2 kHz bandwidth.  The second 

part of the model, which calculates electrical position, is shown in Figure 27.  The 

“est mech pos” block is developed to generate the mechanical position and velocity 

feedback from the electrical position estimated by the position observer.   

 

Figure 26  Model of proposed position observer (back EMF estimation). 
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Figure 27  Model of proposed position observer (calculation of electrical position). 
 
 

Overall, the model can show the system level performance of a generic hybrid stepper 

system.  Interrelation of electrical and mechanical dynamics can be simulated with 

the voltage mode driver and motor model.  The effect of non-ideal device such as 

discrete PWM voltage output, delay in current loop and finite encoder resolution are 

also modeled.  Sub-microsecond behavior is masked with careful simplification to 

keep the model efficient.  Simulation of one-second motion takes less than a minute 

using a typical home-use PC (Pentium4, 2.8GHz, 512 MB RAM).   

 



 59

4.2. Simulation of Some Typical Stepper Systems 

Simulations are done for half stepping open loop system, microstepping open loop 

system and servo stepper system.  These simulations allow us to understand and 

compare the characteristic of those systems and address their associated issues.  Half 

stepping open loop system is chosen so that we can see the effect of discrete step 

motion on the electrical and mechanical system.  For the microstepping open loop 

system, the phenomenon caused by discrete stepping will be rejected and more 

in-depth motor characteristic can be shown.  For servo stepper system, the effect of 

finite resolution position sensing and voltage saturation at high speed can be seen.  

Additionally, the simulations verify that the present simulation platform can show the 

mechanical and electrical dynamics with sufficient details. 

4.2.1. Half Stepping Open Loop System 

Motor parameters identified in section 3.2 are inputted into the motor model.  To 

generate 1.9A holding current, Id is set to 1.9.  No damping algorithm is applied, and 

Iq is therefore set to zero.  A slow velocity command is chosen (velocity ramp at 

50rpm/s) to investigate low speed performance of the system.  Position response of 

the system is shown in Figure 28 which shows the position command (grey) and rotor 

position (dark).  The motor we simulate is a 1.8∘stepper, and each half-step is 0.9∘

.  For each step, the rotor stops with some overshoot and ringing.  It is clearer when 

we look at its velocity response shown in Figure 29.  There is a velocity pulse 

followed by oscillation when it moves for a step.  At very low speeds (t < 0.2), the 

oscillation is damped by friction and the rotor settles at the command position.  At 

some stepping frequency, the oscillation of each step reinforces each other and 

generates continuous strong oscillations.  This phenomenon occurs at about t = 0.4s.   
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Figure 28  Simulated position response (half stepping). Y: position (∘). X: time (s). 
 
 

 

Figure 29  Simulated velocity response (half stepping). Y: velocity (rpm). X: time (s). 
 
 
Phase current command and feedback waveform is shown in Figure 30.  At “half 

step”, the current amplitude is A*sin(45∘) = 1.9*0.707 = 1.34A.  There is current 
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overshoot on step change which is current loop characteristic.  Current waveform 

oscillates at low frequency after the overshoot is settled.  This is related to rotor 

oscillation seen in Figure 29.  The back EMF generated by rotor oscillation drive the 

phase current away from the set point value.  Figure 32 shows a measured current 

waveform of the half stepping controlled motor running at 24rpm.  The waveform 

looks similar with the corresponding simulated waveform which proves the accuracy 

of the present model.  Simulated three phase voltage output of the driver is shown in 

Figure 31.  In each step change, the driver applies a high voltage pulse to charge 

phase current to set point value quickly.  After that, the driver applies voltage to 

correct the different between current command and feedback caused by motor back 

EMF.  Note that “zero” output of all the three driver phases are 50V (with 100V bus 

supply) where voltage across each motor phase is zero. 

 
 

 

Figure 30  Simulated phase current (half stepping). Y: phase current (A). X: time (s). 
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Figure 31  Simulated phase voltage (half stepping). Y: phase voltage (V). X: time (s). 
 
 

 

Figure 32  Measured current waveform (half stepping). Y: phase current (1.2A/div). X: time 
(10ms/div). 
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4.2.2. Microstepping Open Loop System 

No quantization is applied to the position command, which is equivalent to infinite 

microstep per full step.  All configurations are the same as the simulation in the last 

section except the setting on microstepping.   

Rotor position command and feedback are shown in Figure 33.  The waveform is 

smooth and the rotor follows its command well.  Rotor velocity command and 

feedback are shown in Figure 34.  At t = 0 to t = 0.03s, there seems to be a “dead 

zone” in velocity response which is caused by motor static friction.  The motor does 

not move until enough torque is built up to overcome the static friction.  Throughout 

the simulation, velocity ripple builds up in both frequency and amplitude.  

Comparing the velocity ripple with phase current waveform (shown in Figure 35), we 

can see that the velocity ripple contains 2nd order and 4th order components that are 

synchronized with current waveform pattern.  This is likely to be caused by motor 

2nd and 4th order detent torque ripple. 

Phase voltage output waveform is shown in Figure 36 which looks similar to the 

theoretical SVPWM pattern shown in Figure 7.  Phase voltage amplitude generally 

increases with motor velocity.  Phase voltage in rotating reference frame (dark: D 

axis, grey: Q axis) is shown in Figure 37 to show the relationship more clearly.  

While D axis phase voltage is held constant, amplitude of Q axis phase voltage 

increases almost linearly with motor velocity.  Moreover, Q axis voltage ripple 

pattern is almost the same and synchronized with motor velocity as shown in Figure 

34.  Obviously, Q axis phase voltage responds to back EMF of the motor which is 

directly proportional to rotor velocity in DQ frame.      
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Figure 33  Simulated position response (microstepping). Y: position (∘). X: time (s). 
 
 

 

Figure 34  Simulated velocity response (microstepping). Y: velocity (rpm). X: time (s). 
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Figure 35  Simulated phase current (microstepping). Y: phase current (A). X: time (s). 
 
 

 

Figure 36  Simulated phase voltage (microstepping). Y: phase voltage (V). X: time (s). 
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Figure 37  Simulated phase voltage on DQ axis. Y: phase voltage (V). X: time (s). 
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4.2.3. Servo Stepper System 

Simulation is done to investigate the behavior of a servo stepper system.  The 

velocity profile is a sinusoidal function which accelerates the system to 2000 rpm at 

t=0.4s and decelerates it back to stationary at t=0.8s.  The load is assumed to be 5 

times of rotor inertia.  The control algorithm is a standard PID position loop.  Such 

a motion command can show the profile tracking capability and high speed 

performance of the servo system.  Negative Id is injected when motor speed is over 

1500rpm to investigate the effect of field weakening.   

Simulated velocity command and feedback is almost completely overlapped as shown 

in Figure 38.  Velocity error has reached -12rpm during acceleration as shown in 

Figure 39 and is controlled within 1rpm most of the time.  However, some vibration 

is observed when the motor runs at low speed (<300rpm) which is caused by motor 

torque characteristic.  There is some vibration when the profile changes from 

acceleration to deceleration at t = 0.4s.  This is likely to be caused by the ripple on 

DQ axis phase voltage and current waveform as shown in Figure 42 and Figure 43.  

Position response and error are shown in Figure 40 and Figure 41 respectively.  

Rotor position is always controlled within 1∘of the command.  Generally, vibration 

and resonance is controlled, though not eliminated, by servo control.   
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Figure 38  Simulated servo velocity response. Y: velocity (rpm). X: time (s). 
 
 

 

Figure 39  Simulated servo velocity error. Y: velocity error (rpm). X: time (s). 
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Figure 40  Simulated servo position response. Y: position (∘). X: time (s). 
 
 

 

Figure 41  Simulated position error. Y: position error (∘). X: time (s). 
 
 
Q axis phase voltage (Vq) increases with motor velocity to overcome motor back 

EMF as shown in Figure 42.  At about t = 0.2s, motor velocity exceeds 1500rpm and 
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negative Id is injected for field weakening and stop the rising of Vq.  This technique 

can therefore improve system high speed performance by relaxing the limitation of 

Vq saturation.  Figure 43 shows that Q axis phase current reaches its peak at t = 0.2s 

where motor acceleration and friction are both high.  The current loop can track the 

low frequency component but it is less responsive to the high frequency current ripple.  

The high frequency current ripple is generated by position feedback device which has 

finite resolution.  As mentioned before, the encoder generates 4000 pulses per 

revolution.  For the present 50-pole stepper motor, there are only 4000/50 = 80 

pulses per electric cycle or 20 pulses per step.  Figure 44 shows the effect on time 

domain phase current during acceleration at t = 0s.  A high frequency ripple with 80 

times the phase current frequency is superposed on the waveform.  Similar 

phenomenon is observed during the deceleration close to t = 0.8s, as shown in Figure 

45.  This quantization noise in injected in position loop, Park Transform and Inverse 

Park Transform block, and the noise propagates to system electrical and mechanical 

response. 

Simulation with infinite resolution at position feedback is done to see its impact on 

the system.  The phase current waveform, as shown in Figure 46, is much less noisy 

than that in the previous simulation (Figure 43).  Moreover, no vibration is observed 

when the profile changes from acceleration to deceleration (t = 0.4s) and the motor 

can stop smoothly (t = 0.8s), as shown in the velocity error waveform (Figure 47).  

The motion is therefore smoother than that in the previous simulation (Figure 39).     
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Figure 42  Simulated phase voltage Vd and Vq. Y: phase voltage (V). X: time (s). 
 
 

 

Figure 43  Simulated phase current command and feedback (DQ). Y: phase current (A). X: time 
(s). 
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Figure 44  Simulated phase current command and feedback during acceleration. Y: phase 
current (A). X: time (s). 

 
 

 

Figure 45  Simulated phase current command and feedback on stopping. Y: phase current (A). 
X: time (s). 
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Figure 46  Simulated phase current of a servo system with infinite resolution position feedback.  
Y: phase current (A).  X: time (s). 
 
 

 

Figure 47  Simulated velocity error with infinite position feedback resolution.  Y: velocity error 
(rpm).  X: time (s). 
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5. Simulation Results 

5.1. Open Loop Damping Algorithm 

Our investigation on the open loop system will focus on low speed operation (below 

200 rpm).  At higher speeds, the mechanical system naturally ‘filters out’ the 

vibration.  In the simulations, the motion profile is a speed ramp from 0 rpm at t = 0 

to 200 rpm at t = 0.8s.  The ramping rate is slow enough for resonance to build up 

and become observable.  The first simulation (Figure 48) is done as a reference in 

which the damping algorithm is inactivated (
cmdqi _

 is constantly zero).  Three 

resonant speeds are observed at 45, 80 and 170 rpm which match with those observed 

in experiment (at 43, 86 and 173 rpm).   

The second simulation is the same as the first one except that 4th harmonic torque 

ripple compensation is injected to 
cmdqi _

.  The velocity response is shown in Figure 

49 which shows that the 1st resonance at 45 rpm is damped out (an arrow is put to 

mark the 1st resonance).  Similarly, the third simulation is done with injection of 2nd 

harmonic torque ripple compensation.  The velocity response (Figure 50) shows that 

the 2nd resonance at 80 rpm is damped out.  The fourth simulation is done with 

injection of 1st harmonic torque ripple compensation.  The velocity response (Figure 

51) shows that the 3rd resonance at 170 rpm is damped out.  Amplitude of velocity 

error at 2nd resonance is largest among the three which is caused by the relatively 

large 2nd harmonic detent torque ripple.  Finally, the fifth simulation is done with 

injection of all the three harmonic torque ripple compensation.  The velocity 

response (Figure 52) shows that all the three resonances are removed.  Velocity 

ripple is almost eliminated in the whole motion profile.  This explains that each of 
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the three resonances is generated by torque ripple at a specific harmonic.  They can 

be effectively removed by injection of the corresponding anti-phase harmonics. 

Frequency of velocity error is the same at all the three resonances, which is close to 

system natural frequency nf  (calculated to be 144 Hz).  This means that the 

resonances are caused by the same mechanical natural frequency.  However, they are 

triggered by torque ripple of three different harmonics.  Resonance occurs when the 

frequency of any one of the torque ripple harmonics match with system natural 

frequency.   

In the present investigation, motor load is chosen to be an inertia load without load 

torque.  The damping performance is expected to be degraded if load torque is 

applied.  It is because the rotor equilibrium position will shift slightly from the 

original position.  The phasing of the injected torque ripple compensation will need 

to change accordingly.  Fine tuning of  1φ  and 2φ  in the damping algorithm will 

be needed to compensate the change.   
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Figure 48  Simulated velocity command (dark) and feedback (grey) of open loop system without 

damping. 
 

 

Figure 49  Removal of 1st resonance by injection of 4th harmonic torque compensation. 
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Figure 50  Removal of 2nd resonance by injection of 2nd harmonic torque compensation. 
 
 

 

Figure 51  Removal of 3rd resonance by injection of 1st harmonic torque compensation. 
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Figure 52  Removal of all three resonances by injection of 1st 2nd and 4th harmonic torque 
compensation. 
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5.2. Closed Loop Damping Algorithm 

In the simulations, the motion profile is a speed ramp from 0 rpm at t = 0 to 120 rpm 

at t = 1 s.  The profile is chosen to expose the possible vibration at low speed.  A 

light load is assumed such that the vibration is worse.  The first simulation is done to 

generate a reference result.  The control law contains position PID control only and 

the damping algorithm is inactivated.  Simulated velocity command and feedback 

are shown in Figure 53.  There is a significant backlash at starting, which is caused 

by static friction.  Besides, the smoothness of the motion is unsatisfactory due to 

motor torque ripple.  Figure 54 shows the results with injection of torque 

compensation components in cmdqi _  as described in (34).  The backlash is 

eliminated and smoothness of the motion is significantly improved.   

  

 

Figure 53  Simulated velocity command and feedback of servo system without damping.  Y: 
motor velocity (rpm).  X: time (s). 

 

─ Velocity command 
─ Motor velocity 



 80

 

Figure 54  Simulated velocity command and feedback of servo system with proposed damping 
algorithm.  Y: motor velocity (rpm).  X: time (s). 
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5.3. Virtual Servo Operation 

The motion command is a sinusoidal velocity profile which starts with 0 rpm at t = 0 s, 

peaks with 300 rpm at t = 0.4 s and decelerates to 0 rpm at t = 0.8 s.  Motor load is 

set to 10 times of rotor inertia.  As mentioned before, the system starts with open 

loop control and changes to virtual servo control at sufficiently high speed.  To avoid 

the instability caused by sudden change in control mode, the transition is done 

gradually when motor speed is between 30 rpm and 125 rpm.  As shown in Figure 25, 

the “pos_calc” and “Id_calc” blocks are developed to generate position feedback and 

D axis current command during the transition band.  The servo control algorithm is a 

position PID loop with the damping algorithm mentioned in section 3.4. 

Simulated velocity response is shown in Figure 55 and the velocity error is shown in 

Figure 56.  There is some vibration shortly after starting and it is damped down 

quickly.  Velocity error is controlled within 1rpm after t=0.1s.  Simulated motor 

back EMF and electrical position estimation from t=0s to t=0.1s are shown in Figure 

57 and Figure 58.  Position estimation is unstable at t<0.01s when the back EMF 

amplitude is small.  The position observer works when back EMF amplitude grows 

over 1V.  Simulated DQ axis phase current is shown in Figure 59 (DQ frame) and 

Figure 60 (time domain).  The magnified waveforms (t=0s to t=0.2s) are shown in 

Figure 61 and Figure 62 to have a clearer view of transition from open loop control to 

virtual servo control.  At low speeds (t<0.03s or t>0.77s), the system works in open 

loop mode with Id = 2A (constant).  Then the transition starts and Id drops almost 

linearly with time.  At the same time, Iq rises and virtual servo control takes over.  

The system works in virtual servo mode at 0.11s < t <0.69s when Id = 0 and Iq = (PID 

output + damping current). 
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Figure 55  Simulated velocity response (virtual servo). 
 
 

 

Figure 56  Simulated velocity error (virtual servo). 
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Figure 57  Simulated back EMF estimation. 
 
 

 

Figure 58  Simulated electrical position estimation. 
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Figure 59  Simulated phase current command and feedback (DQ frame). 
 
 

 

Figure 60  Simulated phase current command and feedback (time domain). 
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Figure 61  Simulated phase current from t=0s to t=0.2s (DQ frame). 
 
 

 

Figure 62  Simulated phase current from t=0s to t=0.2s (time domain). 
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6. Experiment Platform 

6.1. Hardware 

The block diagram of the hardware platform for the present investigation is shown in 

Figure 63.  The platform includes a PC, a DSP based controller, a PWM power 

driver and a hybrid stepper motor mounted with position feedback device.  The 

controller is based on TI 2810 DSP which handles all the motion control, profile 

generation and current control.  The controller is programmed and commanded by a 

standard PC through JTAG interface.  It outputs 20 kHz center aligned PWM signals 

to control a three phase chopper power driver, which generates the driving current for 

the motor.  Current feedback for current control is provided by isolated high 

bandwidth current sensors.  A commercial 1.8º hybrid stepper motor with inertia 

load is chosen for the present studies.  An optical encoder (1000 line, 4000 pulse/rev) 

is attached to the motor for performance monitoring.  It is also used as position 

feedback for position control in servo mode.  A photograph of the hardware platform 

is shown in Figure 64. 

 

Figure 63  Block diagram of the stepper system for investigation. 
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Figure 64  Hardware platform for investigation. 
 
 

6.1.1. Motor and Load 

The studied motor, Sanyo Denki 103H7126-0722 1.8º hybrid stepper motor, is chosen 

because of its high popularity in ASM.  This low cost, high torque motor is widely 

used in open loop applications of various bonders.  Its parameters include, coil 

resistance 0.9Ω, coil inductance 2.2mH, rotor inertia 241036.0 mkg ⋅× − , rated 

current 3A/phase, holding torque 1.27 Nm at 2-phase ON.  It is an 8-wire / 4-phase 

motor.  The motor windings are connected in parallel for optimal high speed 

performance.  Force constant (Km) of the parallel connected motor is 0.3 Nm/ A.  

The motor is optimized for micro-stepping control.  Motor loads of different inertia 

are prepared for experiment.  The one shown in Figure 64 is an aluminum load with 

inertia 261015.2 mkg ⋅× −  to demonstrate a light load condition.    
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6.1.2. Power Driver 

The power device used in the power driver is a 10A 600V rated integrated power 

module (IPM), IR irams10up60a.  The fully isolated module includes a 3-phase 

IGBT power bridge and three half-bridge gate drivers.  The use of IPM significantly 

simplifies the implementation of the driver.  Power bridge issues such as layout, 

routing and isolation are guaranteed by the IPM.  A typical application connection is 

shown in Figure 65, all components inside the blue box is encapsulated inside the 

IPM.  In the present power driver, the connection is generally similar.  For the 

2-phase motor used in the present study, the two negative leads (A-, B-) are connected 

to VSU and the two positive leads (A+, B+) are connected to VSW and VSV 

respectively.  150V bus supply is applied as the motor power source.  Current 

feedback for each of the two phases (A, B) is provided by a closed loop Hall Effect 

current sensor.  Its rise time is less than 1µs and its 3dB bandwidth is larger than 100 

kHz.   

 

Figure 65  Typical application connection of the IPM. [22]  
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6.2. Software 

Software inside the TI2810 DSP is written in C language and is developed in TI Code 

Composer Studio 3.1 environment.  The software is configured to run from DSP 

on-chip flash memory.  Overall structure of the software is shown in Figure 65.  On 

every power up or reset, the program initializes system hardware and software.  

Hardware initialization of the DSP includes system clock, GPIO, ADC, PWM and 

interrupts.  Software initialization includes program constants, variables and default 

settings of software modules.  After that, it enters an endless background loop which 

handles all the non real time functions.  These include acquiring user command and 

setting, converting floating point parameters to IQ Math format, overcurrent 

protection and general driver control.  Timer 1 underflow interrupt is enabled to 

trigger a periodic ISR which handles all the real time functions.   

 

Figure 66  Overall software structure. 
 
 
DSP Event Manager Timer 1 is set to count upward and downward continuously at 

50µs period, as illustrated in Figure 67.  The timer generates an underflow interrupt 

when it hits zero, which triggers the ADC to start converting current feedback signal.  
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At the same time, the program branches into the ISR which handles real time 

functions such as motion profile generation, position control, damping algorithm, 

current control and data logging.  Structure and timing of ADC sampling and the ISR 

are shown in Figure 68.  Processes that do not require the current feedback are done 

first.  Latest current feedback samples (from ADC) are ready 5µs after the interrupt, 

which are then transformed to rotating reference frame (Park transform) and used in 

current control (PI current loop).  ADC conversion takes about 5µs and ISR takes no 

more than 24µs in the present implementation.  No code optimization is done at this 

stage.  The ISR time mentioned is thus a very conservative estimation.    

 

Figure 67  Interrupt and ISR timing of the DSP controller. 
 
 

 

Figure 68  Structure and timing of T1 underflow (T1_UF_INT) ISR. 
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Such configuration of the Event Manager allows generation of center aligned PWM 

which has two charge cycles per PWM period.  Its advantage is the halved chopping 

current ripple comparing with edge aligned PWM.  With 75MHz timer clock, there 

are 1875 counts in 25µs which is equivalent to 10.9 bit PWM resolution.  PWM duty 

cycle calculated during the ISR is updated into the register of PWM generator when 

timer 1 counter hits the peak.  DSP delay dominates the delay of the control loop.  

Assuming PWM toggles in the middle of the cycle, the best and worst case DSP delay 

are 37.5µs and 82.5µs respectively (as shown in Figure 67).  Other sources of delay 

include optical coupler, switching time of power device, current sensor and 

anti-aliasing filter for the ADC.    
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7. Experimental results 

7.1. Open Loop Damping Algorithm 

The proposed damping and control algorithm is coded into the DSP controller as 

mentioned in section 6.2.  The current loop is tuned to ensure good current tracking 

even when the motor is running at high speed.  Figure 69 shows that there is no 

waveform distortion, phase distortion and amplitude fall off in 1.6 kHz (1920rpm) 

motor phase current waveform, comparing to that at 200 Hz (240rpm).  The current 

loop is therefore transparent to the control algorithm.  Chopping ripple of phase 

current is significant at 1.6 kHz due to the high back EMF (estimated to be about 60V 

at 1920rpm) at that speed.   

 
 

Figure 69  Motor phase current waveform at 200Hz (left) and 1.6kHz (right), 0.5A/div. 
 
 
As mentioned in section 6.1, the power driver output is modulated by 20 kHz center 

aligned PWM which generates the 40 kHz chopping ripple.  The waveform shown in 

Figure 69 is probed from Hall Effect current sensors.  There is some voltage offset in 

the waveform due to characteristic of the sensor and its buffer circuitry.  The offset 
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voltage is calibrated in the DSP controller and will not have any effect on the control 

loop. 

The motor is set to run a speed ramp from 0 rpm at t = 0 to 250 rpm at t = 1s, which is 

similar to that in the simulations mentioned in section 5.1.  The DSP is programmed 

to data log the velocity feedback at 2 kHz sampling rate.  In the first experiment, 

damping algorithm is inactivated to generate a reference result.  The measured 

velocity feedback is plotted in Figure 70 which shows three resonances at 43, 86 and 

173 rpm (corresponding simulation: Figure 48).   

 

Figure 70  Experimental result, velocity feedback without damping. 
 
 
The velocity feedback is calculated by differentiating position feedback.  The 

resolution of the velocity depends on the sample rate as well as the resolution of the 

encoder [9] .  In the present system, the calculation is done in ISR which update sat 

20 kHz.  This means that the resolution of the velocity feedback is 

602040001 ×× k  = 300rpm.  Low pass filter is needed to suppress the quantization 



 94

noise to make the velocity feedback usable.  In the present experiment, the LPF is 

implemented by a first order Butterworth filter with 32Hz bandwidth which can 

control the velocity measurement ripple to 3 rpm (peak to peak).  MatLab analysis 

on the filter (Figure 71 and Figure 72) shows that the measured velocity ripple 

amplitude at system natural frequency (~142Hz) will be 0.22 time of the actual value.  

This explains the difference between simulated and experimental results.   

The system is then tested with injection of 4th harmonic torque ripple compensation 

and the result is shown in Figure 73.  The 1st resonance is damped out while the other 

two are almost unaffected (corresponding simulation: Figure 49).  In the third 

experiment, 2nd harmonic torque ripple compensation is injected which can damp out 

the 2nd resonance.  The result is shown in Figure 74 (corresponding simulation: 

Figure 50).  Similarly, in the fourth experiment, 1st harmonic torque ripple 

compensation is injected which can damp out the 3rd resonance.  The result is shown 

in Figure 75 (corresponding simulation: Figure 51).  Finally, all the three harmonic 

torque ripple compensation are injected.  The result (Figure 76) shows that all the 

three resonances are removed (corresponding simulation: Figure 52).  The 

experimental results show a close match with those from simulation.  The proposed 

algorithm can effectively damp out motor vibration and resonances at low speeds. 
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Figure 71  Amplitude response of the 1st order Butterworth filter. 
 
 

 

Figure 72  Phase response of the 1st order Butterworth filter. 
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Figure 73  Removal of 1st resonance by injection of 4th harmonic torque compensation. 
 
 

 

Figure 74  Removal of 2nd resonance by injection of 2nd harmonic torque compensation. 
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Figure 75  Removal of 3rd resonance by injection of 1st harmonic torque compensation. 
 
 

 

Figure 76  Removal of all three resonances by injection of 1st, 2nd and 4th harmonic torque 
compensation. 
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A further experiment is done to investigate constant speed operation at resonant speed.  

The velocity error, which is calculated by subtracting the feedback velocity from set 

point velocity, is data logged at 20 kHz.  The motor is set to run at constant speed at 

the 1st (43rpm), 2nd (86rpm) and 3rd (173rpm) resonant speed to observe the effect of 

the proposed damping algorithm.  The 1st resonance at 43rpm is damped out by the 

injection of 4th harmonic torque compensation (Figure 77).  The 2nd resonance at 

86rpm is damped out by injection of 2nd harmonic torque compensation (Figure 78).  

Finally, the 3rd resonance at 173rpm is damped out by injection of 1st harmonic torque 

compensation (Figure 79).   

High frequency ripple is observed in the experimental result.  This is caused by 

differentiation of feedback in the QEP based velocity measurement.  As mentioned 

before, the measurement ripple is 3 rpm (peak to peak).  Every time when there is an 

increment in encoder count, the velocity measurement “jumps” for 3rpm and then 

drop gently due to the LPF.  At 43rpm, there should be 2867 counts per second on 

average or 18 counts in the 6.4ms observation window, which is also verified in 

Figure 77.  This explains that the frequency of the velocity measurement ripple 

increases with motor velocity, as observed in Figure 78 (86rpm) and Figure 79 (173 

rpm).  Rejecting the high frequency ripple, frequency of velocity error is the same in 

all three resonances which matches with simulation results.   
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Figure 77  Velocity error at 43 rpm, without damping (left) and with damping (right). 
 
 

 

Figure 78  Velocity error at 86 rpm, without damping (left) and with damping (right). 
 
 

 

Figure 79  Velocity error at 173 rpm, without damping (left) and with damping (right). 
 
 



 100

7.2. Closed Loop Damping Algorithm 

The proposed control and damping algorithm is coded into the DSP controller.  The 

position loop update rate is set to 4 kHz which is enough for typical industrial 

applications.  The position loop is verified by running a velocity ramp from -240rpm 

at t = 0s to 1200rpm at t = 0.1s.  The measured velocity feedback and current 

waveforms are shown in Figure 80 and Figure 81 respectively.  The system ramps up 

smoothly and the motor velocity settles at about t = 0.12s. 

The test motion profile is a velocity ramp from 0rpm at t = 0s to 120rpm at t = 1s.  

Damping algorithm is inactivated in the first experiment to generate a reference result.  

For this purpose, 1dK , 2dK , 3dK  and sF  in the control algorithm (34) are set to 

zero.  The velocity feedback is shown in Figure 82 which is similar to corresponding 

simulation result (Figure 53).  The damping algorithm is activated in the second 

experiment and the result is shown in Figure 83.  Both the backlash and vibration are 

significantly reduced.  However, the performance is not as good as that in simulation.  

A possible reason is that the coefficient of torque ripple compensation does not match 

the motor characteristic exactly.   

Since there is no holding torque, any uncompensated torque ripple have to be 

corrected by position loop.  However, a limitation to the position loop performance 

is the LPF for velocity feedback.  This generates a phase delay in velocity control 

which makes the system less responsive to velocity error.  Unlike open loop mode, 

no resonance is observed in servo mode.  It is because there is no holding torque and 

equilibrium position.  The system therefore does not have a natural frequency.  

Instead, the frequency of vibration increases with motor velocity.   
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Figure 80  Measured velocity feedback in servo mode. 
 

 

 

Figure 81  Measured current waveform in servo mode.  Y: phase current (250mA/div) 
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Figure 82  Measured velocity feedback without damping. Y: velocity (rpm). X: time (s). 
 
 

 

Figure 83  Measured velocity feedback with damping. Y: velocity (rpm). X: time (s). 
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8. Conclusions 

A motor model is proposed to describe the characteristic of a general two phase type 

commercial hybrid stepper motor.  In addition to the 4th harmonic torque ripple, 1st 

and 2nd harmonic torque ripple terms are included in the proposed motor model to 

describe the nonlinear motor torque response.  This is found to be a simple and 

effective way to model low to medium speed resonance which is the most concerned 

issue of stepper motor.  Since there is no high order term in the proposed motor 

model, the motor equation can be completed by simple motor characteristic 

identification procedures.  For the investigated stepper motor, we found that its 1st 

and 2nd harmonic torque ripples are much stronger than torque ripples at higher 

frequency.  These torque ripple terms contribute to multiple low to medium speed 

resonances.  Relationship is observed between the mentioned torque ripple terms and 

resonant speeds.  Calculation based on the proposed motor model supports that the 

resonances are generated because one of those torque ripple terms matches with 

system natural frequency.   

A damping algorithm is proposed to compensate the unwanted 1st, 2nd and 4th torque 

ripples of the stepper motor.  1st, 2nd and 4th harmonic torque ripple compensation is 

injected into the Q axis current command, which has a linear relationship with motor 

torque output.  The torque ripple compensation is in anti-phase with the 

corresponding motor torque ripple so that they cancel each other.  For open loop 

mode, it is expected to remove the corresponding resonances.  For closed loop servo 

mode, it is expected to improve smoothness of low speed motion.  Moreover, a 

virtual servo algorithm is proposed which aims at providing servo performance 

without position sensing device.  However, virtual servo mode cannot work at low 
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speeds because it requires motor back EMF for rotor position estimation.  Therefore, 

the system has to start the motion with open loop mode.  It will then switch to virtual 

servo mode when the motor reaches the transition speed.  Virtual servo mode is 

expected to eliminate the worry of missing steps and it provides a stronger torque 

output at high speeds.   

Simulation is done to verify the proposed algorithms.  The simulation platform is 

developed on MatLab Simulink.  The simulation solver is set to fixed 10µs steps 

which are fine enough for the voltage mode stepper system model.  Firstly, 

simulations are done for some typical stepper system, like half stepping open loop 

system, microstepping open loop system and servo stepper system.  These 

simulations allow us to understand the characteristic of those typical stepper systems.  

Moreover, they verify that the present simulation platform can show the mechanical 

and electrical dynamics at enough details.   

The open loop system with proposed damping algorithm is simulated.  Injection of 

4th, 2nd and 1st harmonic torque ripple compensation can respectively remove the first 

three resonances of the system.  Injection of all three harmonic torque ripple 

compensation can remove all the three resonances and the motion is almost vibration 

free.  Also, the closed loop servo system with the proposed damping algorithm is 

simulated.  Smoothness of low speed motion is significantly improved and the 

backlash at start up is removed.  On the other hand, the proposed virtual servo 

system is simulated.  The position estimator output becomes stable at about 30rpm, 

where the motor back EMF is about 1V and the signal to noise ratio is usable.  

Therefore, the system starts switching from open loop mode to virtual servo mode at 

30rpm.  In virtual servo mode, motor vibration is almost eliminated. 



 105

An experiment platform is developed to verify the simulation results.  All motion 

control, current control and damping algorithm are handled by a commercial DSP 

running at 150MHz.  The damping algorithm and control subroutine are executed in 

a 20 kHz ISR which is synchronized with PWM output of the DSP.  The motor 

under investigation is a 1.8∘two phase hybrid stepper motor.  A 4000-count 

encoder is attached to the motor for servo control and performance monitoring.     

The stepper system is first set to run in open loop mode with smooth sinusoidal 

current waveform.  Three resonances are observed when the speed ramp up from 

static to 300rpm.  The observed resonant speeds are close to those in simulation.  At 

all the three resonances, the motor resonates at the same frequency, which is close to 

system natural frequency.  The system is then set to run with the proposed damping 

algorithm.  Injection of 4th, 2nd and 1st harmonic torque ripple compensation can 

respectively remove the three resonances, which match with simulation result.  The 

experiment is also done for servo mode.  Without any damping, backlash and 

vibration are observed at low speeds.  When the proposed damping algorithm is 

applied, the backlash and vibration are significantly reduced.  

Overall, the proposed stepper model can accurately model the low to medium speed 

resonance of a general hybrid stepper motor.  Damping algorithms are proposed for 

both open loop and closed loop servo mode operation.  Their effectiveness is verified 

by simulation and experiment.  Moreover, a virtual servo algorithm is proposed.  

Simulation results show that the algorithm can achieve servo performance without a 

position sensing device.  

A patent is pending on the methodology/ hardware setup presented in this thesis (US 

patent, application S/N: 60/866,638 filed on 26th November 2006). 
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9. Recommendations 

While the proposed open loop and servo damping algorithms are proven to be 

effective, more work can be done to enhance its application efficiency.  One of the 

directions is to improve the motor characteristic identification method.  The one 

proposed in section 3.2 is a preliminary one which involves manual tuning of 

parameters.  The tuning process may require special training for the operator.  

Moreover, application-by-application tuning can be time consuming.  A possible 

solution is fuzzy logic auto-tuning which formulates the tuning rules and automates 

the whole process.  Such an auto-tuning technique is expected to improve the 

efficiency and consistency of the tuning process.  This can bring significant benefit 

when the proposed damping algorithm is deployed in a large number of stepper motor 

drives.  

Further research can be done on parameter sensitivity of the proposed damping 

algorithm.  The knowledge will allow us to predict the performance of the proposed 

damping algorithm with drifting of system characteristic and environment change.  

The possible parameters that may affect the effectiveness of the proposed damping 

algorithm include motor manufacturing variation, driver offset current, change in load 

torque and inertia, etc.    
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Appendix  

MatLab Sub-Model of the Stepper System  

This section describes the building blocks of the MatLab model mentioned in section 

4.1.  Stepper motor block is shown in Figure 84 which consists of three sub-blocks, 

electrical dynamics of the two coil and torque dynamics of the motor.  The electrical 

dynamics is the “voltage – current” relationship of a motor phase which is shown in 

Figure 85 and Figure 86.  The torque dynamics is the “current – torque” relationship 

of the motor which is shown in Figure 87.  It includes friction torque and torque 

ripple of the motor.   

 

Figure 84  Model of stepper motor. 
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Figure 85  Model of stepper motor, phase A electrical dynamics (voltage – current). 
 
 

 

Figure 86  Model of stepper motor, phase B electrical dynamics (voltage – current). 
 
 

 

Figure 87  Model of stepper motor, torque dynamics (current – torque). 
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Note that rotor inertia is not considered in the stepper motor block but in the motor 

load block shown in Figure 88.  The motor load block describes the “torque – 

position / velocity” relationship of the whole system.  SVPWM block is shown in 

Figure 89.  It handles the generation of 3 phase voltage output for two motor phases.  

The output voltage is clamped if its value exceeds the bus supply voltage.  A 

sample-and-hold block is used at voltage output to model the effect of PWM and 

calculation delay.  Finally, the Park Transform and Inverse Park Transform blocks 

are shown in Figure 90 and Figure 91 respectively. 

 

 

Figure 88  Model of motor load. 
 
 

 

Figure 89  Model of SVPWM power driver. 
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Figure 90  Park Transform. 
 

 

 

Figure 91  Inverse Park Transform. 
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Power Driver Schematic 

Figure 92 shows the schematic of the power stage mentioned in section 6.1.  PWM 

command for each of the six power device is fed to pin 15-20 of the IPM (U17).  

Gate drivers inside IPM are powered by +15Vp at pin 22 and the boosttrap capacitors 

C30, 34, 38.  Current sensing of A and B phase is done by Hall Effect current 

sensors SEN1 and SEN2.  A post-amplifier is used to reduce the output impedance 

of the signals.  

 

Figure 92  Schematic of power stage of the hardware platform. 
 
 
Velocity Measurement 

Figure 93 describes the implementation of velocity measurement in the DSP firmware 

mentioned in section 6.2.  The unit of rotor position feedback θ(n) is per unit (pu) 

where a pu is one electrical cycle (or 1/Nr revolution).  Differential operation on the 

position feedback is implemented by subtracting the previous sample from the present 

sample.  The result is scaled up by a factor of 10.  The velocity signal generated is 

then filtered by the first order Butterworth filter.  By choosing K1 = 0.99 and K2 = 

1-K1 = 0.01, filter 3dB bandwidth is set to be 32.2Hz (20 kHz ISR).  The filter 

bandwidth can be easily changed by adjusting K1 and K2, as shown in Table 2.  The 
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output gain K3 is chosen to be 60 * 20 kHz / 10 / Nr = 2400 so that unit of the 

measured velocity ω(n) is rpm. 

 
Figure 93  Block diagram of the velocity measurement and Butterworth filter. 

 
 

K1 K2 3dB bandwidth (Hz) 
0.99 0.01 32.2 
0.98 0.02 65 
0.97 0.03 98.4 
Table 2  Filter parameter and corresponding bandwidth. 
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