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ABSTRACT
Researchers at The University of Texas Center for
Electromechanics recently completed design, fabrication, and
preliminary testing of an Electromagnetic Active Suspension
System (EMASS). The EMASS program was sponsored by
the United States Army Tank Automotive and Armaments
Command Center (TACOM) and the Defense Advanced
Research Projects Agency (DARPA). A full scale, single wheel
mockup of an M1 tank suspension was chosen for evaluating
the EMASS concept. The specific goal of the program was to
increase suspension performance so that cross-country terrain
could be negotiated at speeds up to 17.9 m/s (40 mph) without
subjecting vehicle occupants to greater than 0.5 gee rms.
This paper is a companion paper to a previous SAE publication [1] that developed suspension theory and control
approaches. This paper focuses on hardware implementation,
software implementation, and experimental results.
INTRODUCTION
This paper is presented as a follow-up to a previous SAE
publication [1] on active suspension systems for heavy offroad vehicles that use electromechanical actuators to produce

necessary control forces. The original paper described details
concerning system modeling and new active suspension control approaches (briefly summarized in Addendum A for reader convenience). This paper focuses on hardware and software
implementation, especially electronics, sensors, and signal processing, and on experimental results for a single wheel station
test-rig. Briefly, the single wheel test-rig (fig. 1) simulated a
single Ml Main Battle Tank roadwheel station at full scale,
using a 4,500 kg (5 ton) block of concrete for the sprung mass
and actual M1 roadwheels and roadarm for unsprung mass.
Additional test rig details can be found in [1].
This paper is of interest to experimentalists, analysts, and
active suspension designers. In particular, this paper provides
a useful supplement to the following types of papers that are
typical in the literature:
(1) Theoretical papers that ignore real problems associated
hardware implementations. For example, it is often
assumed that sensor data is obtained with unrealistically
small delay times and that output is without error. This
paper provides detailed descriptions of some methods that
can be necessary to process sensor data, especially if the
derivative or integral of sensor data is actually the quantity of interest. These techniques and associated implica-
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Figure 1. This diagram depicts the NCFS test apparatus general layout. The entire apparatus pivots about the pillow block at the far right
of the diagram. Below ground level, a hydraulic actuator imparts vertical displacements to simulate road disturbances to an M1
road-wheel that rides on a cam (which is driven by the hydraulic actuator). The round actuator embedded in the 4,500 kg (5 ton)
concrete block is a bi-directional electromechanical torque motor. The torque motor applies a torque through the roadarm/roadwheel assembly to support the block. The road-wheel is aligned with the center of mass of the block. Consequently, the block's
mass is supported by the road-wheel and is free to pivot about the right most pillow block.

tions on data availability and accuracy should be reflected
in modeling and simulations.
(2) Papers that report on experimental results without detailed
descriptions of problems encountered and their solutions.
This paper shares practical solutions so that future experimentalists need not expend effort solving old problems.
(3) Papers that deal exclusively with hydraulic-based active
suspension systems, often explicitly stating that hydraulic
systems provide the only practical approach to active suspensions. This paper provides details and test results of an
electromechanical active suspension system that is practical, easier to control than hydraulic systems, and produces
extremely good results for high speed travel over very
rough terrain.
(4) Papers that deal exclusively with active suspensions for
on-road (smooth surface) vehicles. The off-road problem
is unique, requires a different set of design trade-offs, and
requires a different design outlook. This paper focuses on
the off-road problem, providing practical considerations
and experimental results.
Following this introduction, the paper is organized into six
body sections. The first body section provides an orientation
on active suspension systems and establishes terminology. The
second body section describes required characteristics for an
active suspension for an M1 main battle tank and characteristics of The University of Texas full scale single wheel test-rig.
The third section, the main focus of this paper, describes control system hardware and control system implementation. The
fourth section describes test results, followed by some conclusions and recommendations. Finally, Addendum A is provided
to summarize the theoretical analysis and simulation approaches describes in reference [1], and Addenda Band C specifically treat commutation issues surrounding the EM actuator and
controller hardware considerations, respectively.
BACKGROUND
To increase cross-country mobility, the U.S. Army
TACOM is investigating active and semi-active suspension
systems [2]. The necessity for advanced suspension systems
on heavy combat vehicles is highlighted by the fact that current
propulsion and suspension system development, partially offset by increasing weight of armament, provides the modern
battle tank with a top road speed of approximately 20 m/s (45
mph). However, cross-country speeds are typically limited to
11 rnls (25 mph) or less with existing torsion bar (passive) suspensions. The University of Texas Electromechanical Active
Suspension System (EMASS), an active vehicle suspension
system utilizing a constant force approach and an electromagnetic actuator, shows potential for the improvements sought by
TACOM.
Passive suspension systems utilize springs and dampers,
arranged to support the sprung mass. At best, these passive
systems result in damped harmonic motion of the sprung mass
in response to the wheel motion. Analysis of passive suspension systems reveals that: (1) a spring damper system always
transmits some of the ground irregularities to the sprung mass,
and (2) spring and damper rates that are optimized for a smooth
ride result in reduced vehicle maneuverability, and vice versa.

The conflicting trade-offs presented by passive suspension systems has lead to consideration of adaptive passive or semiactive suspension systems [4-7,9-13,15-21]. Semi-active suspension systems, using conventional components with dynamically adjusted damping rates, have received considerable
attention and have shown improved suspension performance.
Although acceptable for on-road performance, they still transmit road displacements to the sprung mass and under extreme
off-road conditions, the resulting sprung mass displacements
are still undesirable. To further reduce sprung mass displacements, fully active suspensions replace passive restoring force
generating components with active, bi-directional force-producing components. Performance of fully active suspensions
has been limited primarily by the control scheme(s) for the
force-generating components, usually requiring advanced terrain information that is difficult to obtain [7,9,12,13,15,16,17].
Previous attempts at developing fully active suspensions without terrain "look ahead" systems have offered little improvement over semi-active systems. The University of Texas
Constant Force Suspension (CPS) or Near Constant Force
Suspension (NCFS)(reference [1] and Addendum A) system
does not rely on a "look-ahead" control strategy, and experimental results have begun to demonstrate its potential.
References [3 through 21] provide detailed information on previous semi-active and active suspension development.
This paper describes the preliminary control hardware and
software currently used in the EMASS system. A fundamental
requirement for the control approach used by EMASS is to
reduce/eliminate sprung mass vertical accelerations with
respect to a known reference height for very rough terrain. The
University of Texas has an ongoing project to refine and test
concepts for determining and adjusting this suitable reference
height, and results of this ongoing research will be reported at
a later time. The control system described in this paper, however, addresses only the first part of the control problem and
assumes that (1) a fixed reference height is known and (2) terrain displacements do not exceed suspension travel. It is
emphasized that the approach developed in the research reported here was specifically oriented at active suspension systems
using the NCFS approach for rough terrain, so as to be compatible with the The University of Texas EMASS.
Development of a suitable EMASS control system (including
electrical control of the torque motor and its electronic commutation) for rough terrain that is within suspension travel limits (0.5 m for the M1 task and The University of Texas test
apparatus) is a necessary first step in development of the complete EMASS control system for unrestricted terrain. What
follows is a brief discussion of the suspension approach and the
resulting control requirement.
ELECTROMECHANICAL SUSPENSION APPROACH
AND CONTROL REQUIREMENTS
The M1 main battle tank weighs nearly 63,000 kg, with
the torsion bar from a single road wheel station producing up
to 32,000 N-m of torque. Electromechanical (EM) actuators
capable of producing torque of this magnitude over the
required 0.5 m suspension travel would be excessively large
and heavy. A topological study was used to identify a system
concept for an EM active suspension system which could meet

the Ml needs for an acceptable weight. Since sprung mass is
much greater than unsprung mass, dynamic forces in vehicle
suspensions are generally lower than the static force necessary
to support the vehicle. Consequently, an unnecessary burden is
placed on the actuator if it is required to support vehicle mass
as well as manage its dynamics. These considerations led to an
active suspension system concept that uses a passive spring for
static vehicle support, while an EM actuator in parallel manages dynamic forces. Since the ratio of tank mass to wheel
mass for a Ml is approximately 30:1, it is reasonable to expect
a similar ratio between dynamic and static suspension loads.
Modeling and numerical experiments indicated that an actuator
capable of developing 2,500 N-m of torque would be adequate
to provide vastly improved vehicle ride over very rough terrain
for the M 1 tank.
To demonstrate the concept, a single-wheel model was
chosen for analysis, design and testing. Figure 2 shows the
general suspension geometry modeled and principle variables.
A numerical simulation in FORTRAN was performed for a one
torsion bar supported road wheel station, simulating the Ml
tank (Addendum A). Motion along the vertical axis is of primary interest. During initial analysis, it was determined that
the M1 tank's current torsion bar was capable of producing
three times the torque necessary to support the tank when the
road wheel reaches its upper travel limit. This high spring rate,
due to mechanical design limits for the torsion bar, results in a
rough ride. The predicted performance of a single M1 tank torsion bar supported road wheel station traveling, across a severe
terrain profile, is shown in figure 3. The terrain profile (provided by the U.S. Army Tank Automotive and Armaments
Command) represents a 152-m track with an amplitude of 8.8
em rms. It is apparent from figure 3 that the existing Ml tank
suspension does very little to improve vehicle ride quality. It
is understandable that the M1 tank typical cross country speed
is presently less than 11 m/s (25 mph) and is only 4.5 to 6.7 m/s
(1 0 to 15 mph) on the terrain depicted in figure 3. These results
characterize the baseline performance for comparison with
EMASS experimental results.

Vertical motion is of primary interest in suspension systems for rough terrain, so a linear actuator for the CFS concept
is implied. However, with the Ml tank trailing arm suspension, a constant torque rotary actuator produces a nearly constant vertical force and is more easily integrated (Addendum A
and reference [1]). ANCFS system utilizing the combined EM
torque actuator with a passive spring was modeled for comparison with the standard torsion bar suspension. A control
scheme was implemented which uses open loop control based
on the road arm position and proportional and derivative (PD)
closed loop control based on the sprung mass vertical displacement (compared to a reference). Constant force on the
sprung mass results when the open loop road arm term matches the torque produced by the passive spring in magnitude, but
is opposite in sign. An advantage of this control system is that
the road arm term is open loop, i.e. extremely fast, thus effectively de-coupling the wheel motion from the vehicle. As a
result, the vehicle sprung mass is imparted with only small,
slowly varying motion. This slow drift can then be corrected
with less emphasis on speed, utilizing PD control. Figure 4
shows the predicted performance for an NCFS controlled by
this system traveling at 17.9 m/s (40 mph) across the 8.85 em
rms terrain. Improvement over the existing suspension (fig. 3)
are dramatic, and it is likely that tank crew conditions would
permit all fighting operations. The control scheme was validated through analytical work and simulation [1], proving it to
be effective and stable. Stated concisely in mathematical
terms, the control approach reduces to:
actuator torque= (K1)(road arm position)
+(K2)(sprung mass position error)
+(K3)(sprung mass velocity)

(1)

EM SUSPENSION PREDICTED RESULTS FOR Ml TORSION BAR SUSPENSION
SPRUNG AND UNSPRUNG MASS DISPLACEMENTS
SIMULATED VEHICLE SPEED: 10 MPH

~ 10

y

SPRUNG

MASS~.---------.

....c
QJ
E
•
QJ

u
~

c.

0

o"'

""u

..•

0

ii5
10

Time (s)

Yw

Figure 2.

15

One of the fourteen Ml tank road-wheel stations, showing the tank body, trailing arm (road
arm), road-wheel, and the road arm pivot.
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Figure 3. Plot shows simulation results of the single wheel
test station depicted in figure 1. For this plot, the
suspension components consisted of an M1 tank
torsion bar and a rotary damper. Simulated vehicle
speed is 4.47 rnls (10 mph). This plot is to provide
a comparison of the Ml tank system with the
results shown in figure 6. The vertical scales go
from -6.66 em to +0.5 m.

EM SUSPENSION PREDICTED RESULTS
SPRUNG AND UNSPRUNG MASS DISPLACEMENTS
SIMULATED VEHICLE SPEED: 17.9 m's (40 MPH)
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In summary, the EMASS approach uses a rotary de actuator with a spring in parallel. In this manner, the spring provides
the static forces and the de motor manages the dynamic forces.
The result is a light weight design with no static power consumption. A unique CFS and NCFS control concept has been
adopted based upon results from numerical system simulations. The controller has three distinct functions: torque calculation, armature phase commutation, and torque smoothing.
A detailed description of the hardware and the implementation
of the control scheme follows.
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CONTROLLER HARDWARE, APPROACH, AND
IMPLEMENTATION
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Figure 4.

Plot shows simulation results, predicting displacement of the 4,500 kg (5 ton) sprung mass in a single wheel station model identical to figure 2
except that the torsion bar and damper has been
replaced by the UT-CEM Near Constant Force
Suspension (NCFS) system. The displacement of
the road-wheel (which follows the terrain) is also
shown. For this plot, the simulated vehicle speed
was 17.9 m/s (40 mph) over the 8.85 em (3.5 in.)
rms terrain profile.

where K1, K2, and K3 are const:mts. K1 is chosen to cancel
torque fluctuation developed by the system's passive spring.
K2 and K3 are chosen to provide smooth ride. Inspection of
the control equation reveals that once the sprung mass is effectively decoupled from wheel perturbations using the K1 term
in equation (1), the remaining closed loop control system, combined with the unsprung mass, forms a simple second order
system. Second order system response is well characterized
and well known. In this case, the sprung mass proportional
(K2) and derivative (K3) terms were chosen through simulation and refined through numerical experiments to obtain
acceptable performance with actuator torque output limited to
2,500 N-m. This resulted in a closed loop system that has high
damping, with a natural frequency of approximately 1.5 Hz.
The EM actuator for the EMASS system was specifically
designed for high torque to weight ratio. For design and control simplicity, the de motor has a separately excited field and
armature. Stator windings are run at constant current so motor
torque is produced in proportion to the armature current.
Therefore, equation (1), after scaling by the motor's torque
constant, represents the required armature current. Conflicting
design trade-offs with regard to torque generation and commutator voltage suggested electronic commutation over mechanical commutation with brushes. Concerns that led to electronic
commutation include: anticipated short brush life due to high
commutator bar voltages; desire to dynamically vary commutation timing to reduce commutator voltage; and desire to vary
armature current over a commutation cycle so as to reduce
torque variation (ripple and cogging). Consequently, in addition to calculating armature current requirements through
equation (1), the controller has the additional responsibility of
commutation control and torque smoothing (elimination of
torque ripple and cogging).

The EMASS controller has three major components:
servo-amplifiers, rotary position encoders, and a micro-controller. In the design phase of this program, the goal was to
have a controller system that was completely reliable, could be
assembled quickly, could be tested in modules, was robust
enough to endure the endeavors of a laboratory environment,
was completely flexible in configuration, and was "upgradeable" as required. Consequently, it was desirable to use "offthe-shelf' components as much as possible, with little regard
for minimizing the size and weight of the controls and power
electronics. In a vehicle-mounted system, hardware would be
integrated and optimized to reduce system size. A block diagram of the control system hardware is shown in figure 5.

EM
Actuator
Controller

Figure 5.

Control system hardware block diagram is
depicted.

The servo-amplifiers generate required "per phase" armature current (within limits), with rapid response. A separate
servo-amplifier is used for each of the four armature phases.
All information necessary for current control is internal to the
amplifier; no external feed back is required. For the EMASS
demonstration, the servo amps were powered by the laboratory 800 A, 480 V rms 3 phase delta bus.
During the EM actuator's conceptual design, it was determined that the armature required a peak power of approximately 21 kW; peak current of ±300 A and peak voltage of

±150 V. Additionally, as the detailed EM actuator design proceeded, it became evident that mechanical commutation would
have severely limited brush life if commutating "interpoles"
were not included in the actuator. The added motor weight and
size to accommodate interpoles would be significant, but could
be avoided with electronic commutation. Since four separate
armature phases exist, electronic commutation offers an additional advantage of reducing required peak power and peak
current per servo amplifier by four times. The Glentek model
GA4581PR2 is a readily available 15 kW continuous (i.e.,
overpowered) 80 A rms, 200 V peak servo amplifier that
appeared well suited for the electronic commutation task.
The Glentek model GA4581PR2 is a Pulse Width
Modulating (PWM) type servo amplifier. In its "current mode"
operation, the GA4581PR2 produces current in proportion to
input voltage. When matched with a 2 mH load, it has a 750
Hz frequency response, and a ratio of rms current to average
current (i.e. form factor) of 1.01. A fused, three phase, fullwave rectifier and filter capacitor are supplied with the unit to
generate a de bus from a three phase wye ac input. To maintain the quoted form factor, it is necessary to match the de bus
voltage to the EM actuator's required maximum voltage, thus
necessitating a step down transformer sized to the particular
application. In this case, the maximum voltage required by the
actuator is ±150 V, so a SquareD drive isolation transformer,
with 480 V three phase delta primary, and 120 wye/69 V secondary was selected to connect the servo amplifiers to the laboratory 480 V ac source. The full-wave rectifier produces a
169 V de bus from the 120 V rms transformer output. In addition, the Glentek servo amplifiers have a full complement of
drive-inhibiting fault monitoring features, which prevent output when overheated, during control power interruptions, or
when current demands exceed specified maximums.
Prior to use on the test rig, it was necessary to calibrate the
gain and current limit on each servo amplifier. This insured
that all four servo amplifiers responded to their respective
commands in a similar manner and insured that the current limiting feature worked satisfactorily. A servo amplifier fault control causes shut down if the rms current exceeds 100 A for more
than 1.5 s. Though the amplifier is capable of a peak current
of 150 A, the current limit was set below the rms amplifier
electronic fault current limit to prevent accidental shut down in
the event of operator error. After calibration, each amplifier's
gain was 2,500 AN with a 75 A current limit.
Feedback information necessary for equation (1) is
obtained from two Teledyne-Gurley rotary shaft encoders.
Fourteen and sixteen bit absolute position encoders are used to
measure road arm angle and sprung mass angle as shown in
figure 1. Since the sprung mass angular displacement is
extremely small, it is converted to sprung mass displacement
linearly. Absolute position encoders are used because they
recover from transient anomalies more gracefully than incremental encoders. To prevent read errors during digital state
changes, the encoders are supplied with latching electronics.
Upon receipt of an interrogation pulse, sample hold electronics
in the encoder read a gray scale digital value and output a
straight binary value to the controller. Through this technique,
transition free digital data is produced. In practice however,
random noise inputs lasting for only one interrogation cycle are

frequently produced. A variety of unsuccessful approaches and
ideas were employed to try to eliminate this noise, including
better encoder power supply regulation, shorter line lengths,
and longer settling times. The only technique successful in
overcoming the noise problem is a "best of three" filter technique, described later.
The micro controller is responsible for interrogating and
interpreting wheel and block displacement encoders and computing required armature current. The armature current value
is then multiplied by the appropriate commutation factor, per
phase, and is output to each of the individual servo amplifiers.
Two digital absolute position encoders, one on the wheel and
one on the sprung mass, generate necessary controller feedback signals. For flexibility, a programmable digital controller
was chosen over analog or non-programmable digital counterparts. Consequently an additional controller requirement was
provision for keyboard input and operator monitoring. Further
issues concerning the micro controllers' selection were processing speed, real time control, input/output (110) capabilities,
and upgradeability.
Processing speed was considered the major factor in controller selection, with actuator commutation and calculation of
required actuator current being the dominant issues. At a speed
of 17.9 m/s (40 mph), the 8.85 em rms terrain requires a minimum mechanical commutation time of 6 ms. By controlling
commutation at finer time increments (i.e., less than 6 ms), the
commutation current no longer is limited to be either forward
or reverse but can be shaped in triangular, sinusoidal, or other
profiles to improve actuator performance. A 2 ms controller
cycle time was chosen to be the maximum cycle time compatible with any degree of commutation sophistication.
Another consideration influencing controller cycle time
requirements was delays in the EMASS feedback loops.
Numerical simulation showed that suspension performance
was highly dependent on controller lag time. A variable delay
was introduced in the simulation feedback loop to investigate
the effect of controller dead time on suspension performance
(i.e., controller lag was modeled as pure dead time). Once the
control response dead time exceeded 10 ms performance began
to degrade; once the control response lag exceeded 50 ms
severe degradation resulted, with unstable oscillations resulting from lag times over 75 ms. Filtering and averaging techniques used to calculate velocity (from noisy displacement
encoders) required 2 to 5 cycle times. To keep this associated
delay under 10 ms again implied a 2 ms cycle time. For design
purposes a controller cycle time of 1 ms or less was the goal.
After consultation with several controller manufactures it was
determined that a Delta Tau PMAC-LITE multi-axis controller
could meet or exceed these requirements.
The Delta Tau PMAC-LITE is a multi axis controller,
using Motorola's DSP56001 digital signal processor. The
DSP56001 features two 24-bit data buses (Harvard
Architecture) and has a 56-bit Arithmetic Logic Unit (ALU).
Consequently, memory is structured in X and Y halves each
being 24-bit by 64 kB in length. Memory can be accessed in a
variety of formats and 32 kB is reserved for user program storage. The controller runs at 40 MHz and has been optimized to
perform floating point calculations at 10 million instructions
per second (MIPS). It is readily available with a variety of 110

options and can be expanded/upgraded after the time of purchase. In its present configuration, PMAC has four 16-bit analog outputs and 48 latched digital inputs. The PMAC-LITE
that was purchased for the testing was configured to be
installed in an ffiM-PC compatible and communicates with its
host on the PC bus. An executive package that runs in
Windows™ on the PC allows for development of software,
uploading and downloading information, plotting controller
variables, and continuous monitoring of controller variables.
To minimize execution time, EMASS control software
was written to optimize calculation speed. Specifically, a
lookup table was used for commutation, no division or branching statements were allowed, and all calculations were performed using integer math. The resulting initial control algorithm could execute with a control cycle time of 0.5 ms. For
experiments however, the control cycle time was increased to
2 ms to allow more time for communication with the PMAC
executive package. This allows data logging tasks and variable
monitoring for debugging purposes. As the project progressed,
more sophisticated control features were added, and the minimum control cycle time was increased to 1 ms. Present
EMASS control algorithms incorporate several lookup tables,
conditional branching, and division, although integer calculation is still employed.
Because the choice to use integer math strongly impacts
controller software design, it is useful to discuss this decision
before proceeding. As previously stated, the desire to use integer math arose from the desire for reduced controller cycle
times. Although integer calculations reduced controller cycle
time by a factor of 2 to 3, it also resulted in significant disadvantages. Integer values have a limited range, from -8,388,607
to 8,388,608 for all intermediate calculations, and a range from
-32,767 to 32,768 for the output command. To use integer
implementation of equation (1) without the use of out-of-range
conditional traps on inputs, limits on the gains K2, K2, K3
were required to prevent integer overflow. As a result, tradeoffs had to be made between gain range and resolution. Gain
range was selected based upon maximum worst case feedback
situations. Consequently, gains K1, K2, and K3 can only be
adjusted in approximately 10% increments around the nominal, with a total span of about 0 to 200% of nominal. The
smallest resulting actuator torque command increment is 102
N-m, i.e., 2% of peak.
As stated above, out of range traps were not included in
the EMASS control algorithm, resulting in an extremely compact code. Essentially, equation (1) was implemented in a
straight forward manner. In addition, road arm position, with
a mechanical phasing offset, was used as a lookup table
address to retrieve the appropriate commutation state for each
actuator armature phase. The product of the torque required
from equation (1) and the individual commutation states were
output to the servo amplifiers.
The method used to calculate sprung niass vertical velocity caused most problems with the initial control algorithm.
Initially the difference between the previous sprung mass position and the present position was used to calculate this term,
with the time change being equal to the controller cycle time.
The result was reflected through the gain K3, (i.e., as controller

cycle time is reduced the gain K3 is increased proportionately).
This approach has the benefit that no actual division steps are
required. This resulted in a bounded instability or vibration at
low sprung mass velocities. It was believed that a major contribution to this unwanted effect was caused by the resolution
of sprung mass position encoder and the controller cycle time;
the minimum sprung mass velocity resolution was approximately 8.1 cm/s. At low sprung mass velocities, the sprung
mass position encoder only changes state once every ten to one
hundred controller cycles, and during the one controller cycle
that a 1-bit change occurs, the instantaneous velocity appears
high (and the corresponding control response is instantaneously high). Although the control response is high, it only occurs
for one control cycle out of many. At the time this vibratory
phenomenon first occurred, several steps were taken to correct
it, and all initially had little success. The first corrective measure was to reduce the damping term K3; this prevented the
vibration but also limited EMASS performance. Similarly,
increased encoder resolution and use of a six controller cycle
velocity average both had limited success. K3 had to remain at
approximately 14% of its desired value to prevent vibration at
low velocity. It was decided that the only method capable of
determining the sprung mass velocity in a smooth fashion at
low velocity is one that actually divides the sprung mass position change by the time since the last change. The reluctance
to make this change initially stemmed from the quoted long
time required for division as compared to multiplication (time
increase by a factor 80 per computation). However, once this
change was made, damping terms of up to 400% of what was
required have been used without vibration, and impact on cycle
time has been negligible.
During the process of resolving the sprung mass velocity
calculation, several other control algorithm modifications were
made. These modifications included a cubic polynomial spring
compensation function with friction hysterisis, commutation
smoothing, and best of three encoder filters.
Through curve tracing and additional analysis, it was
determined that the air spring being used was highly non-linear
and had significant friction hysterisis. Once it was characterized, the response was curve fit to a cubic polynomial, combined with an offset dependent on the direction of road arm
movement. To prevent integer overflow problems associated
with a cubic equation, the cubic function and offset were stored
in a lookup table based on road arm position. Offset selection
is based upon the road arm direction of motion, or in absence
of road arm rotational motion, on the sprung mass direction of
motion. Presently, a cubic polynomial lookup table is being
used, however the offset is set to zero. Because the friction
hysterisis offset acts like negative damping, it has a tendency
to cause some vibration at low velocity.
During actuator characterization, torque variations - as
the armature rotated over one commutation distance - were
observed. This variation was approximately sinusoidal in form
(with a de offset). To counteract this effect, a lookup table
using the road arm encoder value for the address was used to
scale the actuator current command from 112% to 100% and
back to 112%, over the distance between commutation points.
Through this feature, actuator torque ripple was reduced from

12% to 4%. As with the velocity calculation, smoothness was
found to be important in reducing excitation of higher torsional sprung mass vibration modes.
During early experiments it was noticed that the digital
encoders for road arm position and sprung mass position produced random noise spikes. Although digital signals are somewhat noise immune, the result of random noise causing a bit
error can result in noise levels many times greater than the
actual signal. In all cases the noise spikes never exceeded one
control cycle time, so a best of three filter was implemented.
This filter technique sorts the latest three data points from
highest to lowest and chooses the one in the middle as the true
value. This significantly smoothed actuator operation and
reduced the number of random thumps and bumps that
occurred from the actuator during operation.
In addition to the aforementioned new features, the
EMASS control algorithm now also has a significant number
of conditional traps to provide for software current limiting,
di/dt limiting, and feedback limiting. With all the additions
made to the original algorithm the minimum controller time
has increased from 0.5 ms to 1 ms. Operational experience to
date seems to indicate that the EMASS control requirements
are not nearly as sensitive to speed than originally thought, but
probably more sensitive to command resolution than originally believed.
EXPERIMENTAL RESULTS
Testing was performed at system and component levels
throughout the program. The majority of this section will discuss the results of the system on simulated terrains. However,
prior to proceeding, it is necessary to briefly address the individual test hardware and component test results. The servoamplifiers, EM actuator, air spring, and hydraulics terrain simulator are sequentially discussed below, followed by EMASS
testing results.
Each of the Glentek servo amplifiers were calibrated and
tested prior to being incorporated into EMASS. The verification procedure involved connecting each amplifier to an inductive load. The offset control on each was adjusted for zero current with the command input shorted. The gain and current
limits were set to 2,000 AN and 75 A respectively. The frequency response of each amplifier was then confirmed to meet
or exceed 750Hz into the inductive load. External shut down,
reset, and internal over current limits were also verified.
The EMASS EM actuator was insulation and continuity
tested throughout its fabrication. Upon completion, both the
armature and stator were load tested at 110% rated current with
the cooling system active. Although the machine was designed
for 200°C operation it was only tested to 1oooc during system
checkout. At 100% current the windings temperature went
from room temperature to 100°C in 20 minutes. After final
assembly and installation into the test bed, an uncommutated
check out was performed verifying the proper sinusoidal
torque variation through the entire range of rotation as well as
the proper peak torque vs. current. Because maximum torque
was of primary interest, trapezoidal commutation was selected.
The EM actuator average torque is somewhat insensitive (a
few degrees) to proper commutation angle, but to minimize the

torque transients around commutation, the proper angle had to
be determined within 0°04' (or 3 encoder counts). The initial
commutation position was obtained by energizing the machine
one phase at a time and allowing it to pull itself to its zero
torque producing position. The encoder value at that position
is the nominal commutation point for that particular phase.
The commutation point was further refined by moving the
armature at low velocity with the hydraulic actuator and
observing the variation of force on a hydraulic load cell. By
adjusting the commutating point "on-the-fly", nearly transient
free commutation was achieved. Once proper commutation
was established, commutated torque tests were performed to
confirm the proper relationship between machine current and
torque and to determine the overall variation or ripple in the
torque between commutation points. At the nominal stator
operating current of 175 A, the motor produces approximately
54 N-m of torque per amp of armature current, with approximately 12% variation between commutation points. Prior to
final terrain tests a commutation ripple torque smoothing algorithm was implemented which improved the torque variation
between commutation points to approximately 4%. This
resulted in improved actuator smoothness and less noise.
The air spring used to provide static support to the
EMASS system presented one of the greatest challenges.
Initially, the air spring constant was calculated and linearized
for use as Kl in the control equation (1). Subsequently, the
spring curve was characterized by restraining the sprung mass
from movement and moving the road arm at low velocity with
EM actuator off. Position vs. force information was collected
and then fitted with a cubic polynomial. This polynomial is
stored in a lookup table in the controller. Proper compensation
was verified by repeating the same steps used to characterize
the air spring with the EM actuator on. A constant force across
the range of travel is indication of proper compensation.
Despite these efforts, EMASS terrain experiments often
showed performance loss that seemed to be associated with
poor spring compensation. Analysis revealed that thermal
effects plagued the air spring. The air spring's thermal time
constant was determined to be approximately 9 s. Because the
calibrations were being performed at low velocity the air
spring behaved isothermally, however, during the more violent
excursions associated with the terrain tests the air spring
behaved adiabatically. This difference in behavior results in
the airspring being approximately 20% stiffer during terrain
testing. Appropriate measures where taken to adjust the spring
compensation table and greater success resulted.
In addition to dynamic compensation problems, airspring
friction also resulted in control difficulty. During the characterization measurements friction in the airspring produced an
offset in measured load cell force when the direction of motion
was reversed. The equivalent torque due to friction was 800 Nm. Friction degrades EMASS performance because it prevents
the road arm from moving with respect to the sprung mass and
imparts motion to the sprung mass. Presently, the sprung mass
proportional control term has been slightly increased (control
resonance increased from 1 to 1.6 Hz) to reduce the effect of
friction and will allow approximately 3 mm displacement
before it produces sufficient torque to overcome the friction. A
compensation algorithm was incorporated into the control sys-

tern which applies an offset torque based upon the direction of
road arm movement but has aggravated system instability during its initial application. Instability results because the frictional offset is applied based upon the direction of road arm
and sprung mass motion. This tends to amplify oscillations
that result from torque variations and higher resonance modes.
However, by utilizing the commutation smoothing, oscillations
have been reduced considerably.
An essential piece of equipment to the EMASS program,
hereto not discussed, is the hydraulic profiling system. This
system was purchased from Schenck-Pegasus and is used to
impart vertical displacements to the suspension components. It
features a 67,000 N peak force servo controlled hydraulic
actuator that is capable of producing 40,000 N of force with a
ram velocity of 3.81 m/s. The hydraulic actuator has a Linear
Variable Differential Transformer (LVDT) and a load cell
which supply feedback to the controller. The system has a digital servo controller with tuning aids, diagnostic aids, and a
function generator which allows sine, triangle, square, step,
ramp, bump, random, and custom profiles to be generated by
the hydraulic ram. This system has provided the necessary displacement vs. force measurement system for characterizing
the actuator and the airspring, in addition to being used to simulate the terrains which the EMASS system traverses.
EMASS terrain experiments were performed ranging
from single bumps 2.5 em high and 5 s in duration to traversing the terrain track at 17.9 m/s. The progression through the
lower energy experiments was responsible for control algorithm modifications that were described above. Prior to being
able to successfully traverse the TACOM terrain at greater than
4.47 m/s (10 mph) it was necessary to implement the new
sprung mass "divide by time" velocity calculation (described
above). After making this change, step response experiments
were performed while steadily increasing the damping ratio to
verify system stability.
Suspension performance was verified at 2.2, 4.5, 8.9, and
13.4 m/s (5, 10, 20, and 30 mph) over the TACOM terrain
before attempt to cross it at 17.9 m/s (40 mph). For brevity,
only test data from a 17.9 m/s (40 mph) TACOM terrain experiment will be presented. These test results may be compared
with simulated torsion bar suspension and simulated NCFS
suspension performance shown in figures 3 and 4 respectively.
Sprung and unsprung mass displacements for a vehicle speed
of 17.9 m/s traversing the terrain, is shown in figure 6. The
sprung mass peak acceleration was limited to less than 0.3 gees
as compared to the road wheel acceleration peak of over 8
gees. On this terrain at 17.9 m/s (40 mph) rms acceleration was
approximately 4% of one gee, which compares favorable with
current performance of the M1 on this terrain at less than 6.7
mls (15 mph) of approximately 33% of a gee. Acceleration
values for the road wheel and the sprung mass were obtained
by taking numerical second derivatives of position with respect
to time, which introduced some noise, but should be approximately correct.

EM SUSPENSION TEST RESULTS
SPRUNG AND UNSPRUNG MASS DISPLACEMENTS
VEHICLE SPEED: 40 MPH
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Figure 6. Plot shows displacement of a 4,500 kg sprung mass
and the displacement of the road wheel as it is excited
by the hydraulic terrain simulator on The University
of Texas single wheel test rig (fig. 1). For this test,
the EM suspension reduced rms acceleration loading
from 1.6 gees at the road wheel to 0.05 gees at the
sprung mass. Performance agrees well with simulations shown in figure 4.

potential for greatly improved vehicle cross-country performance. A fully active single wheel suspension system sized for
a M1 tank, using a NCFS approach, was fabricated and successfully operated. Test results to date have matched well with
predicted performance and allowed traversing a sample
TACOM terrain profile at speeds up to 17.9 m/s (40 mph). At
these speeds, an 0.5 m peak to peak terrain was negotiated with
less than 10 em peak to peak sprung mass amplitude and with
a peak acceleration of less than 0.3 gee. RMS acceleration was
approximately 4% of one gee.
The challenge for the future is to continue to develop the
suspension control algorithms to improve suspension performance by compensating for friction, negotiating hills and
turns, and coordinating multi wheel systems.
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ADDENDUM A: NUMERICAL MODEL AND CONTROL
ALGORITHMS
This appendix summarizes the numerical model and control algorithms used for the UT-CEM simulations and experimental test-rig. This summary of reference [1] is provided as
a convenience to the reader.
SIMULATION MODEL - Figure 2 depicts general geometry
and the primary variables. Standard force summation and
moment summation equations can be used to develop a system
of up to 13 equations describing the system. Although the
algebra is tedious, using wheel displacement and applied
torque at the pivot point as inputs, the system of equations can
be reduced to one degree of freedom and simplified to the following equation for roadarm angular acceleration.

(A-1)
2
a-sin2a
rna
)}[
- - L a2 ( -+mb
2
2

1

lw-a

+Li(sina(~"+mb)

]

where
Yw = Ywheel
mw = mass of wheel
rna = mass of arm
mb = sprung mass
Mtot = mw + rna + mb
Iw-a = moment of inertia of wheel-arm assembly
't = torque applied at the pivot point
La = length of road arm
h = height of CG above the pivot point
Yb = ysprung vehicle body mass

Equation (A-1) defines road ann position as a function of
geometrical quantities, applied torque, and roadwheel stimulation, Yw. For the passive systems modeled in this paper, the
torque applied at the roadarm pivot point, 't is the torque
applied by the M1 tank torsion bar (modeled as a proportionality constant, 51,968 N-m/rad, times the roadarm angle) plus the
torque applied by a rotary damper (modeled as a damping constant times the roadarm angular velocity). For active systems,
't is the torque applied by a supplemental spring (sized to be
soft but sufficiently compressed to support the vehicle static
weight), plus a passive damping term to represent system friction (modeled at a damping constant times the roadarm angular velocity), plus the torque applied by the torque actuator.
The above equation was solved with a Runge-Kutta technique.
For active system simulations, a controller time step was
imposed (typically 2 to 4 ms) on the solution such that the
torque applied by the torque actuator remained constant over
each individual controller time step. Then, Runge-Kutta techniques were used to solve for the motion during each individual controller time step. Control laws (summarized below)
were developed to determine required torque motor commands, which were applied at the beginning of each controller
time step. Furthermore, the information used by the controller
to develop its torque command (to be applied for the next time
step) was assumed to be developed at some previous time step.
In other words, slightly old information was used by the controller to develop its next torque command. This allowed the
simulation to account for delays in sensing and processing sensor data. Results of the simulation for the active system were
shown to quite accurately portray the actual laboratory hardware, even though the actual laboratory hardware experienced
non-linearities, sensor noise, and three dimensional modes that
were not captured in the model (compare figure 4 with figure
6).

Once the roadarm angle was determined, all terms of
interest for the sprung mass can be determined from the following relations.

t=tA+'to
't:A

= gLa( mb+ ~a }ina+yw[(~a +mw )Lasina- ::--:] (A-3)

1: 0

= Iw-A (cota)a 2

To apply this concept to active suspensions requires instantaneous knowledge of roadann angle and its derivatives. Delays
associated with obtaining and processing this information
make this approach impractical without advanced terrain
knowledge (i.e., terrain look-ahead). Consequently, a control
approach that attempts to approximate a constant force system,
using incomplete or old information, and then using feedback
terms to correct for unwanted sprung mass motions, is more
practical. Such an approach is referred to as a Near Constant
Force Suspension (NCFS) in reference [1]. For the trailing arm
suspension configuration shown in figures 1 and 2, a nearly
constant force can be exerted on the sprung mass by maintaining a constant output torque from the torque actuator (details
are provided in [1]). Consequently, an NCFS system could be
developed using a constant torque output, supplemented by
smaller feedback terms.
Recognizing that it is useful to use a passive spring to support vehicle sprung mass, thereby reducing the required torque
capacity of the torque actuator, the UT-CEM system employs
an air spring. However, by its very nature, when a spring is
compressed it applies a varying force to the sprung mass,
imparting motion to the sprung mass. Consequently, another
NCFS algorithm approach would be to predict the variation in
force applied to the sprung mass as a result of the spring extension/contraction and apply an appropriate actuator torque that
results in canceling the spring force variation. If this were
accomplished perfectly, and if there was no friction in the system, the force applied to the sprung mass would be constant
and sprung mass acceleration and velocity would be zero.
However, in practice, spring cancellations are imperfect and
feedback terms are required. This is the approach used by UTCEM in simulation and in our test-rig.

Yb=Yw+h+ La cos a

(A-2)
ADDENDUM B: MOTOR COMMUTATION

ACTIVE SUSPENSION CONTROL ALGORITHMS Although the control algorithms for the UT-CEM suspension
system are discussed in reference [1], some features will be
summarized here. In principle, conditions for a perfect suspension ride could be obtained by substituting the expression
for &. in equation (A-1) into equation (A-2), and then setting
h to zero. The result, referred to as a Constant Force
Suspension (CFS) System in reference [1] would require that
the applied torque be:

The EM actuator developed for the The University of
Texas EMASS demonstration is a de motor with 32 poles on
the stator and 128 slots (for wire) on the armature. For a given
total current in a slot, as the slot rotates across a pole face, the
torque produced varies from zero to some peak value and then
back to zero again. Since the next pole that the slot rotates
under is of opposite polarity, the torque produced would in the
opposite direction. To prevent torque from reversing direction
(and opposing desired motion), the current in each slot must be
reversed strategically; this is known as commutation.
Consequently, each slot must have its current reversed, or commutated, every time it moves from one pole to the next. The
ideal time to commutate a slot is when the torque has a "zero

crossing". By commutating at zero torque, sudden discontinuities or reversal in the machine's torque are avoided. Since the
number of slots under a given pole is 128/32, or four, every
fourth slot occupies the same position with respect to its adjacent pole (and the field produced by a pole). As a result, only
four independent commutation states exist. Recognizing this
feature allowed slots with identical commutation states to be
wired together to form a common circuit. A two pole analogy
of the armature circuit is shown in figure 7. Henceforth, each
of the four individual armature circuits will be referred to as an
"armature phase." Figure 8a shows the effect of commutation
on the current for a given armature phase. Figures 8 b, c, d
show the remaining three phases, overlaid on the same plots. If
the machine only had one phase, torque would vary from zero
to peak and back to zero over one pole width. Because there
are four phases, the machine's torque is the summation of the
four individual torques. The result is a combined torque that
never drops to zero but varies from peak to about 90% of peak
(fig. 9). If armature phase currents are increased slightly near
the commutation points, then it is possible to make up for the
loss in machine torque associated with one phase being near its
zero torque position. This is a major benefit of electronic commutation over traditional mechanical approaches. An example
of this current variation and the resulting torque profile is
shown in figure 9. From this discussion, it is clear that effective commutation and torque smoothing requires accurate
knowledge of the mechanical position of the armature with
respect to the stator. This information is provided to the controller through the same encoder that is used to determine the
road-arm position for the first term of equation (1).
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EMASS EM actuator armature is a 32 pole
machine. Shown here is a two pole analogy,
showing how the four phase currents produce
two magnetic poles.

Figure 8a,b,c,d. Commutation currents for each armature
phase, showing sequential timing are depicted.

Demonstration of
Commutation Smoothing
~~~~~~~~~~~==~ 1 00

=-··---l--.....J......-- ~.- ................

~!

--Torque

~~~~~~"'~r::...,~v~~
V"
C~....,
~~ 5o ~ ~·
--Phase 1
·----Phase 2
••••• Phase 3

c
'0

~

~8

§~
~~
~

100 --····· Phaoo4

i,
·· ......(·t.........1 - - - 1 - --

~ c;l

i

r-rra~silion from:smoorl'ilng - - 1 - --...:J

[_g

to non-smoothing

CD

o

5o 1!-~-:z~~~~
.....t:..~~r<~~- ~·-~· R0

·50

t---.,.
.

II

:

:

~

:

:

·t~

:

:

i

~-~-.
-1 00 E-'-'..............................L................L..~...L.............L..............L.............J

0

Figure 9.

5

10

15

20
Time(s)

25

30

35

Commutation torque ripple, ripple smoothing
current adjustment, and resulting torque are
shown.

ADDENDUM C: CONTROLLER DETAILS
Two features of the PMAC architecture that are particularly suited to the EMASS control system are memory (M)
variables and programmable logic controllers (PLC). M-variables allow direct bit wise access to the controller's memory.
An example of their usefulness involves interpretation of the
digital 1/0 that samples the block position encoder. The block
position encoder's 16-bits of information are connected to a 24bit terminal block, leaving 8-bits available for other 1/0. Since
the byte length for the DSP560001 is 24-bits, a read from the

memory location which is mapped to the terminal block would
require the 8-bits to be stripped off in order to determine the
block encoder information. This process is often performed in
software by masking the data and then shifting it to the right.
PMAC however has streamlined this process with M-variables.
In this case, one M-variable would be defined to the 16-bits
associated with the block encoder. The remaining 8-bits may
be defined in any bit combination to one or more M-variables
or ignored all together. The M-variable associated with the
block encoder would have the necessary masking and shifting
performed as part of the read, thus saving time and programming steps. More powerful use of M-variables through creative definitions include fast multiplication and divide by powers of two, and array indexing.
PLC's are user written software routines. Up to 32 PLC's
can be programmed in a basic-like language and run in an
interpreted format. They are called PLC's because they run
much like ladder logic in a continuous loop, i.e. they are
designed to be used for continued monitoring of system status,
interrupts, requests for communication, etc. Time is allocated
to each PLC on a priority basis, with PLCO having the highest
priority and PLC1 through PLC31 having second priority.
Second priority PLC's operate sequentially while competing
for time with other computational tasks. All PLC's can perform both floating point and integer calculations. Finally,
PLC's may be compiled to eliminate interpretation time.
PLCO is unique because it must execute once every real
time interrupt (RTI) (i.e., once each cycle). A RTI occurs at a
user defined division of the DSP56001 clock. All control features required for EMASS are programmed in PLCO to insure
that they occur at a known rate. If PMAC cannot complete
PLCO prior to the next RTI, the controller will signal a watchdog timer fault and shutdown. The only solutions to this problem are lowered RTI interrupt frequency or shortened PLCO.

