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Abstract
As the resolution of space-borne instruments improves, the stability of the satellite platform becomes
more critical. While the attitude control system is paramount in providing this stability it does have finite
ability to reject external torques and forces imparted to the spacecraft. This has translated to demanding
requirements for low disturbance mechanisms. Starsys has successfully employed microstepping
techniques in moving mechanisms to reduce disturbance levels. This allows smooth motion to be
achieved using stepper motors and avoids the need for high cost brushless D.C. servo systems. This
paper discusses the key aspects of system, component and test design for microstepping systems.
Introduction
Historically, many spacecraft mechanisms have been designed using stepper motors. Stepper motors
provide a simple means of controlling both position and rate without complex closed loop control.
However, as platform stability has become more critical, the torque impulses resulting from incremental
motion of a stepper motor can be unacceptable in some applications. This results in a need for an
alternate control scheme for stepper motors that can limit torque reactions.
The solution is to employ commercial microstepping technology. Microstepping techniques have long
been used in commercial applications where low cost motion control is required. Microstepping allows
relatively coarse stepper motors to be operated with very fine step resolution. A secondary benefit in the
commercial system is the smoothness of operation resulting from the reduced step size. It is this
characteristic that has been exploited in spacecraft mechanisms to reduce torque disturbance.
When designing a system using microstepping it is important to note the differences between this
approach and standard stepper motor system design. This technology has unique characteristics and
inherent limitations that must be considered in the design process. The motivation for this paper is to
summarize these characteristics and limitations as a reference for microstepping system design.
Theory of Operation
The basis for microstepping is based in the fundamental theory of stepper motor operation. A modern
stepper motor employs both rotating and stationary magnetic fields.1 The rotating field is generated by
permanent magnets installed on a rotor assembly. The stationary field is generated by a wound stator
assembly. The stator is wound in multiple phases with each winding phase corresponding to a specific
electromechanical phase angle. By selectively exciting one or more stator phases, an electromagnetic
field is generated at a specific angle. Unrestrained, the rotor rotates to align its field with that of the stator.
Further rotation is produced by sequentially exciting the individual motor phases. In each case the rotor
rotates to maintain alignment with the generated field so long as applied torques and commanded speeds
are within the capability of the motor.
The typical excitation scheme used with a stepper motor advances the motor in incremental steps from
one detent position to the next. Using microstepping it is possible to position the rotor to some finite
*

Starsys Research Corporation, Boulder, CO

1

The term modern is used here to differentiate both permanent magnet and hybrid motors from variable
reluctance motors that generate no internal field. As variable reluctance motors are extremely size and
weight inefficient, they are rarely and perhaps never used in space applications.
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number of sub-increments between detent positions. This is achieved by simultaneously exciting two or
more stator phases to generate an electromagnetic field at a desired angle. The angle of the generated
field is controlled by the relative amplitudes of the excitation signals applied to each winding phase. The
vector sum of the excitation signals dictate the effective angle of the resultant magnetic field.
The excitation applied to each winding is a quantized sinusoid. Each quantum level of the sinusoid
corresponds to a unique excitation state for the motor. The size of a single microstep is determined by the
number of excitation states per inherent step of the motor. In an ideal system, the step increments are
uniform and the microstep size is equal to the motor step angle divided by the number of states per step.
System Design

Figure 1.

Low disturbance Deep Impact
Figure 2. NPP solar array drive with ultra
antenna pointing gimbal
quiet slip ring assembly
The design of the microstepping system starts with accurate performance estimates to determine key
requirements for motor, mechanism and drive electronics. The necessary performance estimates are
made by constructing a high-fidelity computer simulation model. This model includes representations for
the motor, motor driver and mechanical system. The motor driver generates quantized sinusoidal
excitation signals, the motor produces torque in response to the excitation, and the structural model
responds to the applied torque. The result from this simulation is a time domain estimate for torque
disturbances resulting from the input motion profile.
In many applications the ultimate torque disturbance requirements are derived from rate and pointing
errors imparted to the spacecraft. To determine these errors it is necessary to translate the disturbance
torque back to the spacecraft through the transfer function of the attitude control system. As such, further
processing of the simulation data is required to obtain frequency domain data. Generally, the time domain
data obtained through simulation is converted to the frequency domain through a fast Fourier transform.
The output frequency domain data is passed through the transfer function to determine the resultant
pointing and rate errors.
Motor Design
The stepper motors used in microstepping applications can be of either permanent magnet or hybrid2
design. However, in each case it is important to specify key motor parameters to improve the
2

Hybrid motors use a single permanent magnet oriented axially to magnetize end caps with small teeth
machined along the circumference. They are referred to as hybrids as they combine both permanent
magnet and variable reluctance technology in the design.
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performance of the microstepping system. The key characteristics of the motor that affect microstepping
performance are the back EMF profile and detent torque.
The ideal back EMF profile for a microstepping system is sinusoidal with low harmonic distortion. Having
a sinusoidal back EMF profile insures accurate incremental motion with quantized sinusoidal excitation.
With permanent magnet motors the quality of sinusoidal profile is primarily controlled by the width of the
individual magnet poles on the rotor. For hybrid stepper motors, the back EMF profile is controlled by the
tooth geometry of both rotor and stator.
Minimizing detent torque is also critical for extreme low torque disturbance applications. Applied torques
to stepper motors result in some finite deflection of the motor shaft resulting from the effective compliance
of the energized motor. This is also true for motors used in microstepping systems. When the motor is
subject to the sinusoidal detent torque during operation, the output is perturbed and velocity jitter results.
These small variations in velocity and associated accelerations produce torque disturbance.
In low disturbance applications, the detent torque of the motor is minimized. This does reduce the
unpowered holding torque of the mechanical system but this is the compromise required if disturbance
torque is critical. The detent in the stepper motor is controlled through the stator geometry. Like a typical
servo motor, the stator slots are skewed to minimize magnetic detent.
Motor Driver Design
The function of the motor driver in a microstepping system is to generate quantized sinusoidal excitation
signals. The typical motor used in microstepping applications is a two phase motor requiring a bipolar
two phase driver. Three phase motors can also be used in microstepping applications but the electronic
control is slightly more complex. The basic architecture of a microstepping motor driver is illustrated in
Figure 3.
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Figure 3. Block diagram of basic microstepping motor driver
As the focus of this paper is on the overall electromechanical system, the details of the electronic design
are not discussed. However, the selection between voltage mode and current mode operation are
relevant and are presented.
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Like all stepper motors used in spacecraft applications, the selection between current mode and voltage
mode control is critical. Voltage mode control is the simplest and requires the least electronics. However,
when operating in voltage mode the motor performance is subject to significant variation resulting from
bus voltage fluctuation and temperature sensitivity of the winding resistance. As motor torque is ultimately
controlled by current, changes in voltage and resistance will directly affect motor current and output
torque.
Current mode control is typically preferred in precision systems as the effect of external variables is
reduced. This does come at the expense of more complex electronics. In standard stepper motor
applications, simple current mode control can be implemented using peak current control. Using this
scheme the motor current is allowed to ramp up to a preset threshold and then modulated3 to maintain
the peak current level.
Unfortunately, peak current control does not lend itself well to high performance microstepping systems.
This is an artifact of the relatively poor dynamic range offered by peak current control. Dynamic range is a
measure the ability to maintain control accuracy over a broad range. Controlling peak current is
complicated by the switching noise associated with the current feedback signal. At smaller signal levels
the noise becomes more significant than the underlying feedback signal and it is impossible to extract the
actual peak current level. This limits the achievable dynamic range. This is not desired in microstepping
applications as the entire profile of the sinusoidal excitation signals should be accurately generated.
As such, average current control is preferred for microstepping applications. Using average current
control, the transients in the current feedback signal are heavily attenuated with a multi-pole low pass
filter. While the switching noise still corrupts the feedback signal, the effect is minimized as the desired
signal level is increased. This is due to the fact that the entire motor current is being measured as
opposed to just the peak.
Mechanism Design
The mechanism design for the low torque disturbance applications is also critical. As the microstepping
system is inherently open loop, the mechanism must operate quietly and smoothly. The microstepping
control scheme does not compensate for output motion error and cannot attenuate external sources of
mechanical noise. The key aspects to mechanism design for these applications are stiffness, zero
backlash, and smoothness.
Determining the appropriate mechanism stiffness is critical for proper system operation. The mechanism
stiffness must be matched to the system inertia to control resonate frequencies. The resultant
amplification from resonant modes can significantly increase resultant torque disturbances. In most
systems designed to date, harmonic drive gearing has been used to achieve the desired stiffness.
Attention also has to be paid to the structural elements within the mechanism to insure the desired
system stiffness is not degraded by any component in the stiffness path.
The harmonic drive also provides zero backlash, another key mechanism design requirement for
microstepping applications. Backlash effects system performance by creating a region of relatively low
stiffness and damping. Any perturbations imparted to the system can result in oscillatory motion within the
backlash region. Furthermore, this motion can produce torque impulses each time the backlash region is
traversed.
Smoothness, often associated with servo mechanism design, is also important in microstepping
applications. Smooth mechanism operation is characterized by low friction and relatively constant
resisting torques. Mechanism smoothness can be the limiting variable when designing a microstepping
system. Mechanical noise can excite structural modes that can allow minor noise levels to produce
3

In motor drivers, modulation refers to the pulse width modulation or the process of switching the
excitation on and off at a high frequency to control the effective voltage applied to the motor.
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significant vibration. Mechanical noise in these systems is minimized by controlling bearing cleanliness
and preload. Close attention is also paid to harmonic drive interfaces. Proper run-in and cleaning are
critical for smooth transmission operation.
System Operation
Operation of the microstepping system is different from operation of a standard stepper motor. Particular
attention must be paid to construction of the output motion profile. The profile should be smooth and
avoid unnecessary accelerations. This is primarily dependent on how speed change is commanded. As
step frequency is typically controlled by discrete values, each speed change results in an instantaneous
change in step frequency. The magnitude of this frequency change determines the magnitude of the
resultant disturbance torque. Typically, the acceptable magnitude for any discrete frequency change is
determined through system simulations and later verified by test.
Additionally, the system must be operated consistent with the inherent limitations of the microstepping
system. The limitations that must be considered when operating the microstepping system are
summarized below.
• During operation the motor must be continuously energized to maintain the sub-incremental
position. If power is removed, the motor will settle to the nearest stable detent position
• As the unpowered holding torque of the system is reduced to minimize disturbance torques,
precautions must be taken when operating in a 1-g environment. Typically this requires power to
be maintained so long as the mechanism is maintained outside of a gravity neutral position.
• As the motor will settle to an inherent detent position when power is removed, the motor must be
commanded in increments of the inherent step angle of the motor. This allows power to be
removed without disturbing motor position.
• As the above constraints require the motor to be energized for longer periods relative to a
standard stepper system, power consumption and heat dissipation are elevated in a
microstepping system. This can limit the achievable operational duty cycle.
Test Design
The disturbance levels achievable with a microstepping system are extremely low, on the order of 10 100 micro-g’s. Measuring torques and forces at these levels is a challenge. The key requirements for the
test fixture design are sensor sensitivity and stiffness. Sensor sensitivity must be sufficient to measure
torques in the 0.1 in-oz range across a typical frequency range of 0.1 Hz to 500 Hz. Also the fixture
stiffness must be sufficient to achieve a natural frequency outside the frequency bands of interest.
To satisfy these design requirements an instrumented hexapod is employed. Each strut of the hexapod
contains a quartz force sensor. The dynamic range of the force sensors is 1 to 300 Hz. While the sensor
range does not meet the overall measurement goals, it has been previously demonstrated that the data is
sufficient to characterize system performance. The data collected from the hexapod struts does require
post processing to translate the measured strut forces back to torques and forces along six degrees of
freedom in an orthogonal coordinate system. A Matlab script is used to perform this operation as well as
the required FFT to generate the frequency domain data required for compliance verification.
During testing, the system is operated on a vibration isolation table in an acoustically quiet room. At these
measurement levels both seismic and acoustic noise are significant. The measured noise threshold for
this system was 10 micro-g’s. Given these constraints, it is not possible to verify disturbance levels in
either thermal or vacuum conditions. The data collected under ambient conditions is used to generally
confirm overall system operation.
Test Results
The highest fidelity testing performed to date was on the Deep Impact antenna pointing gimbal. In this
test, the disturbance torques from the mechanism were measured while the gimbal was performing the
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basic motion profile required for the mission. During this test, time domain data was collected at various
points while the mechanism was moving at different speeds.
In general, the measured disturbance torques did correlate to analytical predictions however there were
some notable exceptions. Some significant disturbance was observed at the first resonant frequency of
the system. The analytical model did not predict this well but this may be attributed to the relatively low
order model used for the structure. The suspicion was that parasitic mechanical noise was exciting the
structural resonance, however, this remains unconfirmed. Several tests were performed in an attempt to
avoid exciting the structure but some residual disturbance remained. While this disturbance was outside
the specification at that particular frequency, further analysis at the spacecraft level determined that the
resultant pointing and rate errors were within established budgets.

Figure 5.

Deep Impact antenna gimbal
installed in instrumented
hexapod.

Figure 4.

Typical disturbance torque
results from Deep Impact
tests.

Conclusions
From this development experience it has been demonstrated that microstepping systems are a viable
option for low torque disturbance applications. It has also been learned that numerous aspects of
electromechanical design must be considered for proper system operation. Specifically, the lessons
learned in the work to date are summarized below.
•
•
•
•
•
•
•
•
•

Accurate system modeling is critical for determining design requirements for the motor, motor
driver and mechanism.
Low harmonic distortion of the motor back EMF is important for obtaining uniform micro-step
increments.
Minimizing motor detent is required to achieve low disturbance levels.
Well controlled performance is best achieved using average current control for the motor
excitation.
Mechanism should be designed for high stiffness, zero backlash and smooth operation.
Motion profile needs to be constructed in a manner to limit maximum instantaneous changes in
step frequency.
Operation of the microstepping system needs to accommodate the inherent limitations of the
technology.
Test fixture should be sufficiently stiff to preclude amplification of structural modes.
Parasitic mechanical noise can be significant when extremely low disturbance torques and forces
are required.
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