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The current design limits of power electronics have a significant limits could be altered in order to achieve a more reliable

effect on robotics and automation applications of drives and con- power electronic drive or converter, consistent with automa-
verters. This paper treats the major design limits that include dy- tion and robotics application needs

namic range, reliability of power electronics, precision engineering . . . A . .
and reliability, productivity and reliability, and drive motion con- The precision engineering and reliability discussion

trol standards. For each of these limits, the paper identifies and dis- presents a set of technology opportunities for automation
cusses the salient issues and relates them to promising new techand robotics applications. Each of these would remove some
nologies and, thus, to the future challenges in power electronic existing precision limits while also impacting reliability.
systems. Each of these is shown to rely on power electronic con-
Keywords—Contactless power delivery, direct drive motors, verters, as well as other technologies to be successful.
g%’enc?pgin‘?gsan?;.grg.ilt.f' dynrae?isqosr:iﬁrrfstsér?pigar:it?c: inslierﬂjtssélﬁ’g‘;]"er The productivity and reliability section presents a network
[ iability, isi i , - i . . o
methods, sensorlessy cogtrol, thermal control of semiconductors(:J style approach .to a classic automatlon. system pro_ductmty
problem: material transfer. The revolutionary solution pre-
sented is seen to depend heavily on drives and power con-
|. INTRODUCTION verters, which implies a need for a focus on reliability.

The fundamental issues in industrial automation and The motion control discussion centers on the stifling ef-
robotic applications of drives and converters can be relatedfects of standardization of drive controls for motion in au-

directly to basic limitations of current power electronic tomation applications. The section presents a set of well-
designs_ The primary limitations are as follows: deVelOped methods which could well form the basis for a

changed set of drive control features.

« dynamic range of power electronics; : ) i
The overall goal of this paper is to address these issues

« reliability of power electronic systems;

« precision engineering and reliability: identifying some of the best available technology and the
« productivity and reliability: technologies where ongoing research opportunities exist.
« motion control standardization. The paper is set up to discuss each of these limitations and

assess the dominant issues that need further effort. Where

The dynamic range of power electronics refers to the limits . : .
placed on drives and converters that commonly are imposed.pOSSIble’ the potential approaches for needed improvements

: . . in power electronic drives and converters are identified, with

to protect the power devices. These limits are not consistent : . ;

: . : S a focus on either recent or ongoing published research work.
with the needs of most automation and robotics applications.

The reliability of power electronic systems takes the dy-
namic limits issue a step further and examines how these

II. DYNAMIC RANGE OF POWER ELECTRONICS
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Fig. 1. Block diagram of thale factoindustry standard, cascaded
loop, automation, and robotics controller. Fig. 3. Block diagram of a more advanced automation and
robotics controller which recognizes the power converter thermal
Unknown limits.
Vdc Disturbances
Tol
2| Field i Vector | Vg 1GBT | Vagd Pm/mv [Tpy ~ [Known | artificial intelligence to select the best possible inverter
— Torque Current [ PWM Electrical| Mech. t t It * t HSRC th th t |t d
Toraue Regul tnverter [~ | Machine[s- |k output voltageyy, . to minimize either the vector amplitude
o T s o Tom or vector position error of the resulting current [2].
Encoder It should be noted that such current limits of the power
i RTD . .. . .
Tntertace converter are often a major limitation in the performance
of the automation system. Thus, it is instructive to examine
Fig. 2. Block diagram of the drive control functions, especially what additional opportunities might possibly exist for further

focussing on the current limit function for the current loop

controller. improvements. From Fig. 2, it should be noted that two tem-

peratures are included, the device temperattize and the
machine temperaturd,.,,. These are the underlying issues
in that the temperatures of the device and the machine are
the real physical limit, not a fixed value of current. Fig. 3
shows another possibility which focuses on this opportunity

which in turn is driven by the motion controller. The feed-
forward controller functions are included to meet the dy-
namic motion control accuracy requirements for the most de-

manding automation applications. .y .

Dynamic range requirements for industrial automation gf t.hermall average and peak-to-peak I_|m|ts as the innermost
are extreme. Actual process intervals are often quite SIOWI|m|t function with current merely serving as the controller
because of process limits, e.g., paint cannot be appliedintermediate variable that is consistent with maintaining field
with a fire hose. During actual process intervals, the torque orlen_tatlon. T
demands are often quite low. To minimize the nonproductive This control methodology is still in its infancy but shows

time, all nonprocess motion (such as resetting an arm to anpromise asameans of more fully utilizing the therma_l limit
initial position) would ideally be accomplished in “nearly of the power semiconductor as well as of the machine. In

zero” time. This implies that an extremely high torque pro- both of these cases, observers and neural networks are the

file should be provided by the controller for a short period to !|kely candidates for implementation of much of this work,

achieve the desired nonprocess motion. An ideally designedIn addition to a few, judiciously placed thermal sensors.

feedforward controller would immediately request such I;rrl]s;l:]rtr;n;grr]y, ghee(:f:;mgt;argg.esl'r:g'ttatglnéa.?ecgigegﬂz)'mé_
torque. A feedback motion controller without feedforward P In pow v )| well sul u

would lag, producing motion errors but converging to values tliin tafm: irrzbcrm\(l:s dappllcr?]tl?ini. Hc;\;v?\r:?rhreailf ct’ﬁ por:]umiuef
that are also very high. exist for improved automation performance e physica

Within the cascaded drive control, the high peak torque ?rlcl) pgrtlle s(,j 0(]; 'thfhdelylc.?s afn d i!ectrlcal machine are more
commands would produce extremely high current com- ully Inciuded inthe fimiting functions. . .
mands. However the power electronic switches are not ideal The dynamic I|m|tat.|on.s. of power electr.omcs are inher-
and have very real temperature limits that dictate the Iosses.ently also re!ated to Te"ab"'ty concerns, which are addressed
which they can sustain. Thus, the drive’s inverter designer in the following section.
generally implements a simple current limit. This is shown
schematically in Fig. 2.

The current limit is often a simple saturation (clipping) Reliability of automated processes is paramount. A
function. This limit is most commonly designed to be twice process shutdown due to any reason is economically un-
the rated, steady-state current of the drive. It is well recog- acceptable. Sustained operation with limited capability is
nized that this limit cannot always be met, especially at high much more acceptable. The existing controls for power elec-
speeds because of bus voltage limitations, unless dynamidronic converters are primarily designed for shutdown style
control of field weakening is implemented. protection of the power electronics and not for sustained

Assuming dynamic control of field weakening is imple- limited capacity operation of the process. This process
mented, various methods of control have been suggested tshutdown potential makes it difficult for industry to accept
handle the current limit. One method simply modifies the higher levels of power electronics dependency.
current reference to make it feasible, given the inductance Multiple causes for failures exist, but in a recent bench-
of the motor and the bus voltage. This method is referred marking study for high-performance drives [4], it was found
to as that of “feasible references” [1]. Another method uses that two causes were overwhelming: thermal overload

I1l. RELIABILITY OF POWER ELECTRONICS
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Fig. 4. Block diagram of a more advanced controller which
regulates the temperatures for sustained limit operation.

Scinpadany
and unexpected application-dependent problems. It seems Condaxtusis )
reasonable that the thermal problems can be addressed b
dealing with the root cause mechanisms more directly.

It has been shown that absolute temperature and
peak-to-peak temperature cycles of devices, interconnec-
tions, interfaces, and components dominate the thermal-me-

Xig. 5. Coaxial winding transformer suitable for high-frequency,
contactless, power transfer.

sections deal with these automation-specific reliability

' . . . . issues.
chanical failure mechanisms of power electronics [3]. This

suggests an opportunity to acyvely_control the temperature \\, nei \ABILITY AND PRECISION|SSUES
and temperature cycles of devices, interconnects, interfaces,
modules, and components as the innermost loop on the Precision of automation systems translates directly to
power converter. From a purely materials science perspec-quality and uniformity of products. This is basic to modern
tive, a nearly infinite life could be obtained via such active quality-oriented, manufacturing. Thus, to the extent that
control. power electronics can affect the precision, opportunities
To achieve this methodology, the limit-varying control exist for power electronics to expand its acceptance. The
methodology of Fig. 3 above can be extended to addressfollowing subsection present opportunities that address both
sustained operation under multiple thermal and thermal-me-reliability and precision issues in automation and robotics.
chanical constraints. These would be imposed by actively
controlling temperatures and temperature cycles of devices,
interconnections, interfaces, and components. Such control One general problem in automation systems, but espe-
would become the innermost loops and power conver- cially in robotics, is the need to transfer power and signals
sion and motion control would be subordinate to these between moving axes where relative motion occurs. In
capacity-reducing constraints. One such structure is shownautomation and robotics with primarily orthogonal, transla-
in Fig. 4 where the thermal-mechatronics of both the power tional motion such as on CNC machines and gantry robots,
electronics converter and the machine are regulated, andwire-supporting mechanisms are used to protect and guide
actively limit the power conversion of the drive including the power and signal wires. They add extra load to the
both conduction losses and switching losses. axis drives, affect the dynamic performance which can be
The thermal control loops actively limit the power con- achieved, and affect precision unless this load is adequately
version of the drive including both conduction losses and compensated. In general-purpose robots where rotational
switching losses and maintain “tripless” drive operation in joints are common, the connections from link-to-link are
limits that are sustainable on a continuous basis. often made with cables routed internal to the joints and
This type of sustained, “tripless” control could substan- links. The limited flexure of the fixed cables generally limits
tially broaden the automation acceptance of power electronicthe motion range of the joints in addition to producing
solutions. To maintain proper process control, it would also additional forces degrading precision of the robotic arm.
have to be integrated with the automation motion controller  In both automation cases, it would be desirable to elimi-
so that process parameters were maintained if motion werenate the hard cable connections, both from a reliability per-
slowed down to accommodate drive internal thermal limita- spective and from a precision engineering perspective.
tions. Power electronics can be used to provide contactless
In summary, reliability of power electronics could power and signal transfer with none of the cable connection
strongly benefit from a control-oriented solution whereby dynamic or accuracy compromises. Several such solutions
failure causes are actively regulated and power conversionhave already been developed. For translational motion, the
subordinated. This solution methodology is indeed a major use of coaxial winding transformers (CWTs), as shown in
focus of ongoing research addressing reliability of power Fig. 5, have been used to provide a viable, and compact
electronic systems [5]. solution with almost no air gap tolerance problems [6], [7].
The reliability of power electronic systems in automation  Fig. 6 shows a typical CWT translational, contactless
and robotics applications has a number of dimensions which power conversion setup, including high-frequency power
are unique to special problems in automation. The following electronic converters needed to make the system compact.

A. Contactless Power Transfer in Automation and Robotics
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Fig. 6. Block diagram of a high-frequency, contactless, power
transfer system for translational motion.
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For rotational ]0|nt_s_, a hlgh-frequency pot core trans- Fig. 9. Self-inductance of unmodified buried magnet PMS motor
former of more traditional design can also be used [8]. with inherent saliency sufficient for self-sensing.

However, the air gap tolerance becomes more significant.
Fig. 7 shows the cross section of such a transformer with
additional inductive and capacitive antennae suitable for
control signal as well as power transfer in robot arm rota-
tional joints.

In both cases, power electronics allows the transformers to
be very compact by using high frequencies, in the 1-10-kHz
range for the power transfer with conventional carrier signal
frequencies of 25 MHz used for the signal transmission
system with its associated, conventional, signal modulation, . . N X
and demodulation technologies. of magnetic sallency._Thls inherent rotor sa!lency can be

The tradeoffs between such power electronic, contactlessuSed as the sensor using so-called “self-sensing” techniques
power transfer systems and power and signal cabling can bel21-[181- Fig. 9 shows the magnitude of this saliency for a
viewed from cost perspective as well as precision and relia- typical IPM servo.

bility. This technology has great promise to improve system 1 neseé methods use the saliency as if it were a magnetic
performance and reliability and perhaps to lower cost. resolver (the most commonly used feedback sensor for PM

drives). The self-sensing methods use only the power leads
for sensing information. The self-sensing method (as well as
other similar technigues [19]-[25], also summarized in [48],
[49]) uses the power converter to superimpose a carrier fre-
Another reliability and precision issue is the use of sen- gquency voltage (or current) signal on the fundamental com-
sors in high-performance automation that is subjected to sub-ponent, as shown in Fig. 10.
stantial vibration and dynamic disturbance inputs. In gen-  The carrier frequency current signal is separated from the
eral, sensor leads are fine gauge wire and thus are inherentlypower conversion’s fundamental component in the motor
fragile, especially at stress points where connectors are fas-controller by synchronous frame filters and fed to the equiv-
tened. In current automation systems, they are well protectedalent to an improved, zero-lag, resolver-to-digital converter,
but at some cost. A considerable opportunity exists if the sen- usually implemented in the drive software [15], [16].
sors can be integrated into the power electronics, withoutre-  Fig. 11 shows the image tracking observer, i.e., an im-
quiring the traditional sensor leads. proved resolver-to-digital converter, which actually tracks

In most high-performance automation and robotics appli-
cations where high-precision position control is needed, low-
power (1-10 kW), ac permanent magnet (PM) servo motors
are the norm. Two types of PM motors are commonly used,
based on the magnet mounting; either on the rotor surface
(SPM) or interior to the rotor (IPM). Fig. 8 shows the cross
section of a commercial IPM AC servo.

For IPM AC motors, there is inherently a large amount

B. Self-Sensing Motor Drives in High-Performance
Automation
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Fig. 11. Tracking observer for the estimation of rotor position in
a machine with a single harmonic saliency image.

L . . Fig. 13. Direct drive, spherical motor intended for the final three
the electromagnetic image of the rotor, thus, it can easily angular degrees-of-freedom on general purpose robots.

handle harmonic distortion in the form of the saliency.

This methodology has shown excellent experimental and
field results. Fig. 12 shows a comparison of the standard re-
solver and the “self-sensing” resolver for a typical IPM servo

remove the problems associated with ball screw maximum
speed limits or harmonic gear drive torque limits. Histori-
cally, this type of equipment has evolved in custom, precision

[18]. ) ) . , . . engineering applications, such as in direct drive robot grip-
One key issue to the use of this technique is the difficulty in pers [26], or in direct drive stages for semiconductor mask
assimilating a solution combining three distinct fields, power lithography [27], [28].

electronics, electric machine design, and image tracking. The

perceived combined risk makes the reliability of this solution spherical motors for robotic applications where the three de-

technology more difficult to assess. ... grees of angular freedom (classical yaw, pitch, and roll) are
. Slncg the sensor, connectors, and cablg bepome reI'ab'I"[yincorporated into one special machine. Fig. 13 shows this 3
issues in only those cases of extreme vibration or temper- 55 yirect drive spherical motor [29]

ature variations, not all automation equipment will benefit £ o spherical machine a 96-phase power electronic
from this self-sensing technology. Furthermore, the preci- ., erter is used to simultaneously control all of the 96 poles

sion limits of sglf—sensing are still a research topic. Thus, the so that the space varying flux linkages can be precisely con-
methodology is not yet mature enough to have a full com- trolled. This machine has limited angular range in the pitch

plement of advantages (i.e., precision) to offer in addition to
reliability and cost which it has demonstrated.

More recently, this has evolved into multi-axes direct drive

and roll axes, but infinite rotational capability in the yaw axis.

X Itisintended to replace the final joint in robots used for preci-
For completeness, it should be noted that fundamental ;o 5\itomation tasks in manufacturing, such as grinding and

component sensorless methods, including standard direct, ishing. The spherical motor uses hystrostatic bearings and

torque control (summarized in [48] and [49]) are regu- | tes the oil used in the bearing pads such that it also cools
larly used for average speed control in applications where the 96 coils.

high-precision motion control is not needed, such as spindle  1p:g technology can also be extended, as it has in other

motor applications within an automated system such as a ;5565 [30] to include electromagnetic bearings to replace the
machine tool. hydrostatic bearings or even more conventional rolling ele-
ment bearings. This dimension provides a further opportu-
nity for power electronics but also another significant set of
Another promising technology which has long term pre- challenges.

cision and reliability advantages for automation and robotic  Itis well understood that rolling element, antifriction bear-
applications of drives and power converters is the use of di- ings used in most forms of automation must be preloaded to
rect drive motors which are integrated into the design of obtain adequate kinematic accuracy and adequate joint stiff-
the automation equipment. Such drives could theoretically ness. The joint stiffness is preload dependent and must be

C. Direct Drive Motors and Electromagnetic Bearings
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high enough such that load-dependent deformation is negli- Uoer | [t ]
gible. The equivalent stiffness of preloaded antifriction bear- i

ings or of hydrostatic bearings is not generally achievable by
actively controlled, electromagnetic bearings. Thus, the ap-
plication must significantly benefit from the secondary prop-
erties which electromagnetic bearings offer. One secondary
benefit of great precision engineering value is that coulomb
friction and hysteresis forces are practically zero on well-de-
signed electromagnetic bearings. Since the friction coulomb
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forces and hysteresis in preloaded, antifriction bearings are e
considerable, this benefit can help to justify electromagnetic [EEEREA

bearings. This secondary benefit is of critical importance

when either very high speed operation (SUCh as very high Fig. 14. Material transport network system baset_j on magne;ical
. . . . . propelled, magnetically steered, transverse flux, linear induction

speed grinding spindles) or varying temperature operation is j,oiors.

needed for the application. Temperature variations and speed

are critical for conventional preloaded, rolling element bear-

ings but are insignificant for electromagnetic bearings since

except for secondary effects, none of the electromagnetic

bearing properties change with temperature. imuced

The challenge for power electronic converters used inelec-  urent
tromagnetic bearings as well as in direct drive motors, is the
location of thermal losses and their impact on precision. In
general, the location of thermal losses is quite significant in
determining the desired symmetry of thermal growth. Thus, P _ W
one can imagine that in the case of the hydraulically cooled [ T Jr o
spherical motor used at the end of a gantry robot arm that fised 81 vipg  Taed 82 :
the location of the 96-leg power electronic converter would Sl S e
be a significant IS_SUE. If thlslwere. integrated with contac.t— Fig. 15. Linear, transverse flux, induction motors of the moving
less power and signal couplings in the gantry axes, a sig-secondary, fixed primary configuration.
nificant power distribution challenge and potential oppor-
tunity arises. The ability to locate the heat sources (losses)handle real materials, and not just packets of data. One such
at strategic positions, should be used to advantage in de-methodology has been investigated both theoretically and ex-
veloping the next generation of such power electronic sys- perimentally and is shown conceptually in Fig. 14 [31], [32].
tems. Thus, it becomes imperative to maintain flexibility in From a high level perspective, the system consists of a
packaging of the power electronics. Even more important, grid of high-performance (3 g acceleration, 100 km/hr ve-
it becomes imperative to develop good thermal-mechanical |ocity) linear induction motors (LIMs) which act as the ma-
models of power electronic systems and to use these modelserial transfer agents.
in developing product designs with integrated, direct drive  |n a classical sense, the system has properties similar to the
motors, contactless power transfer couplings, and electro-grid of train trunks and locomotives as in a dense European
magnetic bearings. transportation network. Power electronics also has a major

In summary, the power converters and controls needed forrole in this system since the power conversion in each section
precision engineered automation should be expected to in-of the grid is actively controlled by individual section, power
crease substantially and the inherent packaging and thermale|ectronic converters.
mechatronic issues in power electronic systems should come  The network analogy is also very strong. The system treats
even stronger to the forefront of the technical challenges.  the central storage as a “network server” which has the mate-

rials (resources) needed for various users and at various times
V. RELIABILITY AND PRODUCTIVITY ISSUES in the network.

The network transfers material (packets) in an autonomous
fashion. If a material (part) is requested, the nearest LIM
responds by stopping to pick up the part from the central
storage (server) and deliver it to the user (interface).

A heterogeneous control architecture allows each LIM
material transfer agent to act in an autonomous fashion
with knowledge of only limits imposed by its adjacent

Material flow in manufacturing has yet to benefit from neighboring agents. This topology has been shown to be
the “interconnected network” methodology now widely ac- very robust [33].
cepted for data. One major reason has been a very limited The power conversion technology is quite novel. The indi-
perspective on how such “networks” could be constructed to vidual LIMs are linear, transverse flux, induction motors of
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Some technological advances in the automation and
robotics application of power electronics most directly
affect productivity of automation systems. The following
subsection identifies a major opportunity of this type.

A. Linear Motor Drives for Material Transfer in Automation
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balanced
normal forces

the moving secondary, fixed primary configuration, as shown
in Fig. 15 [34].

This type of machine is well suited to short lengths and,
thus, is also a good fit with short turning radii needed in
normal manufacturing facilities.

Each machine is effectively an individual material
transporter. The machine is magnetically propelled, and
magnetically steered. The two fixed primary windings are 2z
thus controlled simultaneously to achieve “field oriented”
thrust force control and active bearing control of the normal Fig: 16. Top view of network entrance and exit ramps for the

. . LIM-based, high-speed, material transport network system.
force. This control of the normal force is used to electro-
magnetically steer as needed for network entrance and exit
ramps, as shown in Fig. 16.

A photo of a functional lab prototype section is shown in
Fig. 17 whereby one side of the fixed primary has been re-
moved to show the physical arrangement of the fixed primary
core and moving secondary more clearly [31].

This material transport system also utilizes the previously
described “self-sensing” methods such that no sensor is
needed on the moving secondary. This system relies on a
large distributed base of power converters which control any
machine in its respective segment. Thus, power conversion,
and integration play major roles in this technology.

The cost effectiveness of this network style of material
transports system has been carefully investigated [32]. It
was shown that such systems would radically reduce the
need for highly distributed materials in manufacturing. This
is akin to the current standard practice of users accessing
server resources rather than having all resources loaded
on each user’'s hard disk. The potential secondary benefits
of this technology also include a reduced time to change Fig. 17. Laboratory prototype of the transverse flux, LIM material
over technologies since the questions of multiple distributed transfer system showing one fixed primary side and the moving
resources would become mute. The overall potential for S¢°nda":
this technology for manufacturing is extremely high and as
such, this could prove to become a major driver for power economically justify the use of advanced power electronic
converters and drives in automation, much as data networksdevices and systems.
have become major drivers for reorganization of business Some very appropriate modern drive control devel-
operations. opments have occurred in state variable control design

The last issues to address in this paper focus on the role ofmethodology, state and disturbance observer design, and
motion control in automation, and how it currently limits the  disturbance input decoupling control.
overall progress of power electronic systems in automation  The evaluation here will focus principally on motion con-

steering using
normal forces

and robotics. trol using ac servo drives. The current, de facto industry stan-
dard, cascaded loop motion control structure is shown in
Fig. 18.

VI. MoTION CONTROL ISSUES To explore advanced drive controls, this section will eval-

uate each of the main themes cited above and present each

The final issue of concern in industrial automation and approach relative to this classical standard digital motion
robotic applications of power electronics is the relatively low cgntroller.

performance of industry standard motion controllers. A his-
torical focus on standardization in the industrial motion con-
trol architecture has led to the result that the dynamic capa-
bility of modern power electronics has not been well utilized.

This standardization may reduce product development The de factoindustry standard controller can easily be
costs but it has led to prolonged use of inferior control redrawn in a state variable format, as shown in Fig. 19
algorithms in many automation applications and to a lack of [35]-[39]. Note that the so-called “Velocity Feed Forward,”
appreciation of the dynamic capabilities of modern power @y, is actually just the desired reference commasid,for
electronics. This issue represents an interesting opportunitythe velocity loop. Furthermore, this loop is closed on the
to both advance the productivity of automation and to average velocity (which i& = A#/T whereT is the real

A. State Variable Control Design Based on Physical
Properties
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Fig. 20. Dynamic stiffness of the state variable motion controller.

time sample period), not on instantaneous velocityT his i
state format is equivalent to Fig. 18, where 2
bo(nmirad/seck K, o
9

K (nmirad)= K, K., + Kiy
Ki.(nm/radsec)= K, K;,. Fig. 23. Digital velocity, position, and disturbance torque
observer based on measured digital position (from encoder or
One of the primary benefits to the state variable format is resolver) [9], [35], [36], [40].

that the state feedback gains all have physical meaning and

physical units. Thus, for examplé(,, has units of static  error-driven command tracking property can be virtually
stiffness (Nm/rad). This means that this controller tuning removed by addition of torque command feedforward.
gain can be checkdd situ by purely mechanical means. For this example, the command feedforward torgtig,

This insightful feature has proven to make debugging con- is a linear function, but virtually any nonlinear function can
trollers easier and faster. In addition, the disturbance rejec-be included. In addition, for a known, feasible trajectory, the
tion (dynamic stiffness) capability of the drive is now very command feedforward can be precomputed and placed in a
explicit, as shown in Fig. 20. look-up table. This can dramatically lower the implementa-

While the state variable format helps considerably in tion expense for automation applications where the trajectory
tuning the drive and in knowing precisely what disturbance is most often known in advance.
rejection properties it will achieve, the motion command  The command tracking frequency response is shown in
tracking is still error-driven (motion errors must exist for Fig. 22 for the four commonly used command variants (all
at least some transient time for a steady-state torque toassuming feasible trajectories and constant feedback gain
be achieved by the controller). Fig. 21 shows how this tuning). In essence, command feedforward makes command
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Fig. 25. Digital velocity observer integrated into the state variable

motion controller with instantaneous velocity control. Fig. 27. Dynamic stifiness when acceleration feedback is

integrated into the state variable motion controller but bandwidths
are held constant.

tracking virtually independent of disturbance rejection

tuning. Within its bandwidth(f < f3), the estimation accuracy of

From Fig. 22, it is apparent that each additional term this observer topology is insensitive to the estimated inertia,
added to the reference command vector improves the j and only has a linear error characteristic beyond its band-
command tracking response up to the current regulator width. Its resolution is dependent on the numerical precision
bandwidth without affecting noise filtering desired due to in the observer calculations. Fig. 25 shows this observer in-
sensor and sensor interface limitations. In fact, the torque tegrated into the state variable motion controller whereby in-
command feedforward is actually the state reference for the stantaneous velocity is now the controlled variable (rather
torque producing drive current [36]. than average velocity).

As shown in this frequency response plot, the response be- The observer of Fig. 23 also includes estimation of
yond the current regulator bandwidth could be improved up acceleration [35], [43], [44]. It should be noted that for
to the switching frequency limit if voltage command feedfor-  constant flux, acceleration is the same state variable as the
ward were also included. Since itis in the feedforward path, torque-producing current except that it contains disturbance
feedback noise filtering is unchanged. information.

This output of the observer is particularly important since
angular acceleration is not readily measured with inexpen-

While command feedforward provides command tracking sive commercial sensors, although sensing methods have
response, the controller state feedback gains determine dybeen developed [45]. When integrated with the state variable
namic stiffness. These gains are limited by feedback quanti-motion controller, as shown in Fig. 26, it is apparent that the
zation and by the inherent lag from average velocity. The lag feedback gain on acceleration has units of inertia. Thus, it
can be eliminated and the quantization minimized by con- can be viewed as active inertia (or an electronic flywheel).
structing an observer, as shown in Fig. 23. Fig. 27 shows how the entire dynamic stiffness plot is

Such observers are merely real time models which receiveraised in direct proportion to the added “active inertig,”
the same inputs as the physical system and are controlledt indeed acts like a flywheel to disturbance loads.
to track the measured states [35], [40]-[42]. They can be Another desirable attribute of acceleration feedback is de-
viewed as sensor replacements. creased sensitivity to load inertia, which is especially prob-

For any sensor (replacement) its frequency response is dematic for the newer, low inertia PM ac servos [46]. It has
primary measure of its usefulness. The observer's “estima- also been shown to be of substantial value in reducing the ef-
tion accuracy frequency response” is shown in Fig. 24 [40]. fect of torsional load resonances [47].

B. Velocity and Acceleration Observers
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Interface
This paper has presented a multifaceted perspective on au-
Fig. 28. Disturbance input decoupling integrated into the state tomation and robotic apphcafupns of drives and converters.
variable motion controller via measured disturbance torque. The key issues and opportunities were related to the primary
limitations. The following conclusions were reached.
106 Problems with the limited dynamic range of power con-
1 Classical Tuning w/DID verters can be somewhat mitigated in automation applica-
E e, +5%, O BW Sensor tions by modifying the active limits placed on the converter
Z
b 10%F % / to more accurately reflect the physical limits.
Ny 3 . e . .

g I ey, 4 The reliability of power electronic converters and drives
o ,

S o2l M in automation could be enhanced by altering the converter

10 E
§ CTliffiif;J control to actively control the thermal status of the power
B [ wopd Classical Tuning devices, interfaces, components, and the electrical machines.

o w/DID +5%, 20 Hz BW Sensor . H
10 =5 " "y Contactless, high-frequency power and signal transfer

could substantially impact the use of power converters in

automation and robotic systems. Reliability and precision

Fig. 29. Dynamic stiffness with disturbance input decoupling via improvements could be realized.

measured disturbance torque of finite accuracy and bandwidth. Self-sensing motor drives could improve the reliability
and reduce costs in automation and robotics applications

C. Torque Disturbance Observers and Disturbance Input  subjected to substantial vibration and dynamic loads. This

Decoupling methodology relies strongly on good integration of power

In many types of state control applications, it is inexpen- converters, machines, and image tracking technologies.

sive to measure the disturbances and decouple them directly Dlrect_dnve motors and electromagnetic b_earlngs_ can offer
(e.g., decoupling outside temperature from roomtemperaturesubs'[amIal precision advantage_s over _thelr classical coun-
control, decoupling bus voltage from inverter output voltage, terparts. Thermal—mechatroqlc Integration of such systems
etc.). This technique is often referred to as “disturbance input needs to evolve to supp_ort this opportunity.
decoupling” [9]. Fig. 28 shows how this would ideally be i Network-stylﬁ magerlal transpo;t sydstemsl, t&ased hon
done for drives if disturbance torque were measured. inear mptors ave been proposed and evolve s ow
The resulting dynamic stiffness improvementis limited by sgb_stantlal productlwty advantages, analogou_s totheir
the accuracy and bandwidth of the disturbance torque mea-dlgltal counterparts. This technology could well drive power
surement, as shown in Fig. 29. The finite accuracy and bangd-converter heeds in future automation systems.

width of the measurements limit the amount and frequency I\/Itlotlo? Iconttrol_thmethodologlehsl ht? ve tadvancctad ts'_?_ﬂm'
range, respectively, of the improvement. cantly at least within a research laboratory context. These

Direct measurement of torque is not an accepted prac_methods need to find their way into drive controls so that

tice since the torque sensor is compliant and thus generally'mproved accuracy and disturbance rejection are intrinsic in
degrades the stiffness of the system (as well as incurring

all modern automation and control systems.
substantial acquisition, installation, and maintenance costs).
Thus, an alternative approach uses a “disturbance torque ob REFERENCES
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