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Absrnra This paper presents a current control scheme for
the mierwtepping of two-phase h e a r stepping motor drive
using three-phase voltage sonrce inverter. The pnrpose of this
%heme is for cost rednction slnce aU the control lwps are
executed digitally and standard three-phase voltage source
inverter is nred. Beeanse the operatiog frequency is quite high,
the cross-eouphg between motor phase currents are removed
to preserve the dynamical characteristics of the curreut
controller aa frequency varies. A space vector P W M for
two-phase motor is also presented The xheme is based on the
prindple of harmonic injeaion for three-phase moton. Because
the inverter leg voltages are imbalanced when driving a
two-phase motor, the dead-time effect of the inverter power
switehea mnst be compensated for or signincant current error
may occnr. Good static and dynamic performancea were
obtained in the experimentalveriiications.
Keywords:linear stepping motor, micro-steppmg, nment control,
SpaCevcctorPWM
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Because of its high positional accuTacy and simplicity in
mechanical linkage. linear hybrid stepping motor (LSM) has
gained widespread applications in factory automations.
Hybrid stepping motors are synchronous motors with high
n u m k of pole pairs. Majority of them are two-phase and
operated in open positional loop with micro-stepping, where
motor currents are controlled in sinusoidalfashion to increase
positioning accuracy and to reduce rotor resonant oscillations.
Typically, phase currents in a LSM are controlled
independently to each other, and each phase has an analog
current loop with an H-bridge to modulate motor voltage for
the desire current [l]. As a feedback is not reqnired
micro-stepped LSM presents a cost advantage in comparison
to PM synchronous motor drives. Consequently, LSM drives
are often used in cost sensitive products.
Owing to the advancements of modern microprocessor
technologies, cost reduction on LSM drives can be achieved
through: I) perform all the control actions digitally to
simplify cirmit design, 2) standardization of hardware to
reduce cost. Many modem microprocessors are designed
specifically for alldigital control of three-phase motors such
as induction or synchronous motors, and rarely for
micro-stepped stepping motors. Therefore, significant costs
can be saved if these microprocessors and standard voltage
source inverter (VSI) circuits can he used to drive LSMs. In
order to achieve this objective, the motor drive requires a
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PWM strategy that can drive two-phase motor with
three-phase VSI, and the wntrol loops can be implemented
simply in microprocessors and has comparable or better
performance compared to their analog counterparts.
When driven with three-phase inverter, the windings of a
two-phase LSM are generally connected in series, and the
two open ends and the wmmon point are connected to the
three inverter legs [2]. Because the circuits seen by inverter
legs are not balanced, the space vectors of the switching
states form an asymmerric hexagonal [3]. Consequently,
PWM schemes for three-phase motors cannot be applied
directly. A number of PWM strategies for the control of this
unbalanced circuit structure have been proposed previously
[2-4]. But the frequency ranges considered in these repoas
were limited to the o p a t i n g range of typical induction
motors. For LSMs, the operating frequency is much higher
than induction motors due to their high pole-pair numbers.
Another attribute associated with this unbalanced circuit
structure is that motor currents are very sensitive to the
inveaer voltage errors. For example, significant magnitude
and phase mors occurred in motor currents if dead-time of
the inverterpower switches are not properly compensated for.
This also implies that steady state error in the current
controller should be minimized to avoid imbalanced motor
phase currents.
In this paper, a control scheme which consisting of a
synchronous frame current regulator and a space vector PWM
voltage modulator is proposed for the micro-stepping of
two-phase h e a r stepping motors. The current controller does
not have steady state error when the motor is d
g at
constant speed. The PWM strategy is based on the principle
of harmonic injection for three-phase motors. A dead-time
compensation scheme suitable for micro-stepping control is
also presented to minimize voltage error at-the inverter

outputs.
11. MOTORMODEL

The model of a two-phase linear hybrid stepping motor
can be expressed in a frame rotating synchronously with the
excitation current as [5],
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and ids are qd-axis voltages and
where Vqe , Vde, i,
currents,. respectively, . o. is the excitation kequency, ABe
is the angle between current vector and rotor electrical
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,pt is the pole pitch, x and v are
Pt
the rotor position and velocity, respectively, and r, L, and k,
are motor parameters. The motor generated force is

position, i.e. AB, = 8.

Fe =k,[cos(Ae,)

--x

sin(Ae,)]

lqe
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where k,is the motor torque constant.
The above model is different from the model commonly
used for PM synchronous motors. When modeling a PM
synchronous motor the d-axis is usually aligned with its rotor
position 161. However, since micro-stepping drives do not
have positional sensor the h e axes can't be aligned with
the rotor position correctly. Hence, a better model is to align
the h e axes with the current vector. As shown in Eq. (11,
depending on the magnio.de and direction of the extend
load the rotor may be dragged behind or pushed ahead
relative to the motor current vector.

In.

Fig. 1 Block diagram of the LSM control system
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CONTROLLER DESIGN

A synchronous kame current regulator is proposed to
facilitate micro-stepping control of the LSM. Figure 1 shows
a block diagram of the control system. PI regulation is used
for each axis, and the gains of both axes are set equal for
convenience. A block diagram of the current controller is
shown in Fig. 2. The blocks enclosed by dashed lies are the
motor model. The current commands are denoted as &' and
ia'. In general, &' is set to zero and ia* is set to the motor
rated current. The third input, me,is the excitation fipquency.
o. is determined from the required motor speed. The two
trigonometric terms in Eq. (l), i.e. cos(A8.) and sin(A9.). are
treated as disturbance inputs to the current controller since
AB. is a fimction of external load force.
Because the operating frequency of LSM is quite high,the
roots of the current controller migrate considerably when the
motor hzvels at speed. Therefore, as shown in Fig. 2, the
terms containing o. in the motor model, i.e. &LoLo.
and i&o.,
are cancelled with two additional feedback loops. These
voltages are calculated from the current feedbacks and
summed with the output of the PI regulator. As a result, the
roots that move with o. are removed from the characteristic
equation, and the dynamic characteristics of the current
controller do not change as o. varies.
Let i. be the estimated winding inductance, the current
responses can be expressed in terms of the command and the
disturhance inputs as

iqe =

Kp.LS3 +<Kp.r+Ki . L + Kp2)s2 +(2Kp.Ki + Ki . I @ +Ki2 .
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where Kp and Ki are the proportional and the integral gain,
respectively, of the current con!mller, and the characteristic
equation is
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As shown in Eq.(5), A(s) is forth order because the q and
the d axes are cross-coupled when the motor is controlled in
the synchronous h e . However, as soon as the correct
de-coupling voltages are summed to the controller,i.e. i = L ,
the axes no longer cross-coupled and the system becomes a
dual second order system with all poles independent to 0,.
Figure 3 compares the root loci of the current controller when
o. varied from 0 to 1000 Hz without and with the voltage
de-coupling. As can s e a from this figure,the roots move
noticeably if the coupling voltages are not cancelled.
Quations (3) and (4) also indicate that the current response
of both axes do not contain any steady state error for step
input bom either the command or the disturbance.

,
.

.

lower switch is on. Let the switching states for phase a, b, and
., sb and S,, respectively, the eight switching states and
c be S
their corresponding leg and phase voltages are shown in
Table 1. These space vectors’ form an asymmetric hexagon
in the dq plane, as shown in Fig. 5 . Let Vf, Vp8*be the mean
A-phase and B-phase reference voltages for the motor, then
the reference voltages for inverter legs can be found by the
inversion of Eq.(6) as,

(7)

rectifier

2000,

.

inverter

I

$
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(a) withom voltage deavpling
(b) with voltage desouphg
Fig. 3 Camparironof the rod loci of the cul~cwcontmller without eod
with the voltage &.wuplk.g, w varied from 0 to 1000 Hz

Fig. 4 Two-phase LSM driven by &-phase

N.PWM STRATFGY

VSI

Table 1: Switching States, Inverter Voltages, and Phase Voltages

Figure 4 shows a typical power circuit for two-phase LSM
driven by three-phase voltage source i n v m . The motor
phase Windings are connected in series. Each phase is
connected to one inverter leg, and the common point between
the two phases is connected to the third inverter leg.
Comparing to a a d i t i o ~H-bridge
l
circuits, this circuit has the
advantages that it requires less power witches and can be
used to drive either two-phase or three-phase motors.
Nevertheless, PWM strategy for three-phase motor cannot be
applied directly.
Let V, and Vh be the statiomy h e motor phase
voltages, it can be seen boom Fig. 4 that V, and V, are
simply the differentialvoltages between &c and b-c legs, and
they can be expressed in matrix form as,

L1-f’:;E]

(6)

where v,, v b , and V. are the inverter leg voltages, and V, is
the so-called ‘zero sequence component’ for the
transformation to he unique [6]. Because the circuits seen by
the inverter legs are imbalance& V., V, and V. do not have
to sum to zem. In fact, V. can be selected arbimrily is long
as it resides within the bus voltage Vi. In Q. (6) V. is set to
V. for convenience.
Each leg of a three-phase VSI can have two possible
states: ‘I’ where the upper switch is on, or ‘0’ where the

V
WI

v
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Fig. 5 Space veetorr fat hvo-phsse malor driven by three-phase VSI
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interval [7,8]. Based on this principle, two-phase SVPWM
can be obtained by selecting V, such that the non-zero
voltage applying time is centered at the sampling interval. At
any PWM control period, the maximum and the m i n i "
applying voltage can be found as

Equation (7) can be used to generate inverter leg voltages
fiom motor reference phase voltages. Because the fieedom of
selecting V, this equation can be illustrated with a signal
block diagram containing an injected voltage (V,).calculator
and a triangle-intersection based PWM as shown in Fig. 6.
This diagram is very similar to the diagram for three-phase
motor driven by three-phase VSI [7] except its input is
consisted of two quadratic reference voltages and a zero.
It can be seen fiom Fig. 6 that if V. is set to zero, i.e. V, =
O . W , then a conventional sinusoidal PWM (SPWM) is
realized. This strategy is commonly employed in analog
drives due to its simplicity in implementation. However,
since V, is fixed at OSVj the maximum fundamental motor
phase voltage attainable is only about half of the power
supply without over-modulation. The inner circle shown in
Fig. 5 indicates the voltage range for SPWM.

*

v.

. .

PW-VSI

0

0.01

0.0,

8-06

0.01

= -(v,

+ V&/2

(9)
Therefore, by selecting V. as above the space vector.PWM
for two-phase motor is realized.
The outer circle shown in Fig. 5 indicates the voltage
range attainable with the SVPWM. The maximum phase
voltage with this scheme is approximately 70% 'of the power
supply, which is about 20% more than SPWM. Figure 7
shows the simulated inverter leg and motor phase voltages for
the SVPWM when the motor reference voltage is 50% of the
input power source. It can be seen that V. and V, have
significant harmonics due to the voltage i n j d o n hut the
motor phase voltages are sinusoidal. Also note that the sum
of three inverter leg voltages is not zero.

Fig. 6 Signal block d i n g " for a huo-phase motor driven by thne-phasc

,""

.

V-= maximum [V%,V%,0)
V-= minimum {V, ,V,, ,0)
(8)
Since the center of the non-zero voltage applying time is
equivalent to the gating time for the average of V, and V ~ ,
the voltage required to bring the non-zero voltage applying
time to the center of the sampliig interval is

0.1

1 b 1 IxrJ

Fig. 7 Inverter leg voltages and motor phase voltages when the refmeace
voltage is 50% of p w e r mum

v. SPACE VECTOR PWM
From the voltage-injection diagram shown in Fig 7 the
space vector P W M commonly used for driving three-phase ac
motors can be derived for two-phase motors. S V P W M is
performed on the basis of the average voltage during one
sampling period. A zero sequence signal is injected into all
inverter leg voltages such that the zero voltage applying time
is distributed symmetrically to the center of the sampling

. . -

VI. DEAD-mmCOMPENSATION

Because the loads &by the inverter legs are not qual,
motor currents will have different levels of magnitnde and
phase mors if the dead-time of the inverter power switches
are not properly compensated. Many dead-time "peasation
techniques have been reported previously, for example [9]. In
general, these techniques are all applicable to the drive
system considered in this paper. The main difficulty of
dead-time compensation is the prediction of zero-crossing
instants of motor currents. But, as desmied in the previous
sections, motor currents are regulated and their amplitude is
controlled to a iixed value for micro-stepping drives.
Therefore, zero-crossing instants can be predicted with
reasonable accuracy ifcurrent following errors are small.
As presented in Section 111, since the motor currents are
regulated in the synchronous frame their following errors are
very small when the motor is running at constant speed. Thw
zero-crossing instants can be predicted simply with the angle
of the reference current. Once an inverter leg current is
detected to cross zem, a pre-measured voltage to wrrect the
voltage error caused by dead-time is added to the leg voltages
before they are converted to PWM signals. Note that this
scheme does not need any adjustment for different reference
speeds. It is a simple and effective dead-time compensation
method for micro-stepping drives.
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vn. EXF'EWWAL. &SULTS
The proposed control scheme was implemented in a
TMS320F2407 based DSP controller for experimental
verifications. The experiments used a IlOV, 3A, 1.8",
two-phase hybrid linear stepping motor, its parameters are
shown in Appendix A. The sampling rate of the current
controller is IO Khz. At each sampling instant the current
control, dead-time compensation, and space vector P W M are
performed. Because the P W M always has one sampling
period delay, the dead-time compensator was setup such that
the compensating voltage was added to or subtracted from the
voltage commands at the second sampling instant before the
predicted current zero-crossing occurred. The dead-time of
the power switches were about 3 ps.
Figure 8 shows the current responses in the stationary
M e when the motor was running at 60, 300, and 600
"/sec,
respectively, the
excitation frequencies
corresponding to these speeds are 100, 500, and 1000 Hz,
respectively. The amplitude of the commanding currents, &*
and &*,were set to 2 Amps and zero, respectively. As can be
seen from this figure that the currents tracked their references
quite well at all speeds. Although the shape of the motor
current distorted slightly at high speeds, there were still in
phase with each other.
To verify the space vector P W M technique presented in
Section V, an experiment with the current controller disabled
was performed. The voltage references were set to about 75
Volts and 100 Hz. Figure 9 shows the reference voltages and
the measured iilndarnental voltages at the inverter legs. The
shapes of the inverter leg voltages are very similar to the
simulation results shown in Fig. 7.
Figure IO compares the current responses when the
dead-time of the power switches were (a) not compensated,
and @) compensated The excitation frequency was 100 Hz.
Figure 11 shows the current responses in vector forms. It can
be seen that the waveforms shown in Figs. Iqa) and ll(a)
have significant distortions due to the voltage e m caused
as shown in Figs. lo@) and
by dead-time. On the con-,
ll@),the waveforms became nearly sinusoidal when the
dead-time was compensated for. These results shown that the
proposed scheme can effectively compensate for the voltage
mors due to dead-the.

responses. A space vector PWM for the motor drive was also
presented. The scheme is based on the principle of harmonic
injection for three-phase motors. The maximum phase
voltage attainable is about 70% of the source without
over-modulation. The voltage errors due to dead-time were
compensated for with a simple current zero-crossing detector.
Good dynamic performances were obtained in the
experimental verifications. The currents tracked their
references closely at all speeds. The shape of the motor
current distolted slightly at high speeds, but the phase error is
very small.
2
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WI.CONCLUSIONS
This paper presented the theoretical analysis and
experimental veriiications of a control scheme for
micro-stepping of two-phase linear stepping motor drives
using three-phase voltage source inverters. The motor
currents were controlled in the synchronons b e to reduce
steady state error. The cross-coupling between motor phase
currents were removed via additional feedback loops to
preserve the dynamical characteristics of the current

Fig. 9
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(b) with dead-time compensation
(a) without dead-time eompnwation
Fig. I O Comparison of cumen1 respponssswithout and with dead-time
compensation, excitation fkequmcy = 100H.

(a) wilhout dcad-time wmpmsation
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APPENDJXA

The linear stepping motor used for the experimental
verifications is a llOV, 3A, l.SO, two-phase hybrid linear
stepping motor. The motor parameters are:
Resistance (I)
8Q
Inductance (L)
15 mH
Stator pole number
40
Pole pitch
0.64 mm
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