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Editor's Notes

NEW FELLOW

We are pleased to note that Scou
Wurcer was introduced as the
newest Analog Devices Fellow, the
highest level of achievement that a
technical contributor can achieve, on
a par with Vice President. The crite-
ria for promodon to Fellow are very ,
demanding. Fellows will have earned universal respect and recogni-
don from the technical community for unusual talent and identfi-
able innovation at the state of the art; their creative technical
contribudons in product or process technology will have led to com-
mercial success with a major impact on the “bortom line.”

Their auributes include roles as mentor, consultant, entrepreneur,
organizatonal bridge, teacher, and ambassador. They must also be
effectve leaders and members of teams and in perceiving customer
needs. Scott’s technical abilities, accomplishments, and personal
qualities well-qualify him to join Fellows Derek Bowers (1991), Paul
Brokaw (1980), Lew Counts (1984), Barrie Gilbert (1980) Jody
Lapham (1988), Fred Mapplebeck (1989), Jack Memishian (1980),
Doug Mercer (1995), Mohammad Nasser (1993), Wyn Palmer
(1991), Richie Payne (1994), Carl Roberts (1992), Paul Ruggerio
(1994), Brad Scharf (1993), Mike Timko (1982), Bob Tsang and
Mike Tuthill (1988), and Jim Wilson (1993).

SCOTT WURCER

Scort’s first major product design
was the ADS524 instrumentation
amplifier (Analog Dialogue 16-3,
1982), the first IC in-amp to use
current feedback; it also used JFET
input protection, and its distorton
was below 10 ppm. It was reported
on at the JEEE Solid-State Circuits
Conference and quickly became an
industry standard. It was the first
of a famnily of in amps that made ADI a leader in the field.

Other important and innovative op amp designs, some involving
patents, inctude: the AD712 BiFET (FETs trimmed for ac & dc
performance o be independent of temperature and manufacturing
variations); the low-noise AD797, fabricated on a complementary
bipolar (CB) process and using a patented distortgon-nulling process
for low audio distortion; and the 800-MHz, 5-mA AD8001 (XFCB
process). More recent innovations, in ADSL and 16x16 video
crosspoint switching, will soon make their mark.

Besides contributing handsomely to Analog’s product mix {and
bottom line), Scott, in a quiet way, demonstrates the qualides of
technical leadership that we expect of a Fellow: as conswlrans, whose
advice on low distortion circuits is continually sought; as a spokesman
for ADI at technical conferences; as an effective reacher who has
contributed behind-the-scenes to building and sustaining our core
competence in linear design; and as a team player highly regarded by
colleagues for pursuit of team goals.

Scott is a member of JEEE and AES. A native of Milwaukee, he went
to MIT, working in X-Ray astronomy in the Center for Space
Research. Joining ADI after graduation, as a product test engineer,
he Jater became an IC circuit designer. His recreational interests
include cooking, carpentry, and non-commercial music. 3
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Motion-Control
Chip Sets

DSP and motor-control chips simplify
DSP-based AC motor control hardware

by Aengus Murray

Variable-speed motor control systems have a wide range of
applications, from high-end industrial robotics to ordinary home
appliances, such as domestic washing machines. The control loops
in these systems were first implemented using analog components.
Typically, op amps were used in the feedback compensation
circuits, and comparators were used to generate the control signals
for the switching power converter. However, the advent of low
cost microcomputers has increasingly led to the implementation
of the control and user interface functons by digital means. The
continuing reduction in the cost of processing power has made it
possible 1o simplify the system hardware even further by
implemenung all the motor control functions on the same
Processor.

The Analog Devices Motion Control Group has been the leading
supplier of resolver-to-digital conversion products to the ac servo
motor market for the last ten vears. Devices such as the AD2S80
and AD2S90 R/D converters are used 1o process the analog
feedback signals for digital control of position and velocity in
permanent-magnet ac servo drive systems. The latest offerings from
the Motion Control Group, the ADMC200 and ADMC201
motion coprocessors, carry this concept farther. These multi-
function devices combine, on a single chip, all the interface and
signal-processing functions required to provide feedback-controlled
current for ac motor contol.

The ADMC201 provides the analog acquisition system 1o capture
the motor current or voltage signals, the vector processing functions
which condition these signals, and the pulse width modulator
required to contro! the power converter. The ADMC201,
combined with the ADSP-2105 digital signal processor, functions
as a high performance control engine for ac motor drive systems.
The following example describes the principal device features and
their use in a motor-control application.

AC servo motor control system: A servo motor control system
typically has two cascaded control loops, as shown in Figure 1.
The outer motion loop controls the motor position and velocity
based on feedback signals from a position or velocity sensor. The
output of this loop is a demand for an increase or decrease in
motor torgue, which is fed to the fnuner current loop. The current
loop generates signals for the power converter which supplies
switable motor currents to produce the desired output torque, The
power flow from the de supply tail to the moror is conmrolled by

ROTOR
POSITION
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*[acmotor|_, =1
MODEL & | o] pwm [—] 3PHASE [ Pmac
CURRENT — INVERTER \“DTDR
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Figure 1. Servo-motor control system.
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rapidly varying the on and off conduction periods of power
semiconductor switches such as IGBTs or power MOSFETSs. These
control signals are typically fixed-frequency, variable duty-cycle
waveforms that can be produced digitally using tiring circuits,

In general, the motion loop design is independent of the motor
type (ac or dc) but is solely a function of the mechanical properties
of the system such as inertia, dynamic friction, etc. However, the
current loop varies very much in sophistication depending on the
motor type. In dc motors the torque is directly proportional to the
dc current in the armature windings. Bur to control the torque in
ac motors, the currents must be synchronized 1o the position of
the rotating rotor field. One way to simplify the control of the
motor torque is to transform the measured stator currents to a
reference frame synchronized (o the rotor field. This process
(Figure 2) results in nwo equivalent dc motor current quantities: a
torque-producing component, L, and a field-control component,
]a. The ac motor control system calculates the two quadrature
voltages, V, and V,, required to force the I current 1o directly
follow the torque demand and the I current 10 maintain a constant
rotor field. An inverse transformation is then used to transform
the “dc-motor” Vg4 and V4 vohages back to the stator reference
frame 10 give the required winding voltages.

Figure 3 shows an all-digital implementation of a control scheme
for a permanent magnet ac servo motor. A resolver-to-digital
(R/D) converter derives digital angular position feedback
information from the output signals of a shaft-mounted resolver.
"The outer position and velocity loop calculates the required motor
torque current, Ig*. Motor velocity is calculated from position
measurements, Lsing an estimation algorithm. The field-reduction
component, Iy, is normally zero so as 10 maximize the motor torque
output. However, the field weakening function can set a non zero
I;* 1o effectively reduce the rotor field strength, thus increasing
the motor speed range.
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Figure 2. Vector-rotation function.
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Figure 3. Control system for AC motor.

An A/D converter conditions the motor’s stator current
measurements, which are passed on as an input to the vector
transformation. The reverse transformaton takes two stator current
signals—and the rotor electrical angle, p—and calculates the torque
and field components, 1, and 14. The third stator current signal is
inferred, since all three stator currents sum to zero. There are two
current loops, a torque loop and a field loop, with proportional
and integral compensation (PI). The response of these loops can
be improved by feeding forward the estimated winding back-emf
and winding-impedance drops (hence the ‘+’ annotation). The Vg
and V, outpuss of the calculation are then transformed in the vector-
transformadon block to digital equivalents of the three-phase stator
voltages, V,, Vy, and V,, for driving the motor.

The PWM timer block converts the digital inputs to pulse width
modulated timing signals for the three phase inverter. The voliage
applied (o the motor windings is controlled by the conduction
times of power transistor switches in each inverter leg. In the
example below (Figure 4), when the upper inverter power
transistor, Q, is turned on, winding “a” is connected to the +V
bus power rai) causing the winding current, i, to increase. When
Qs is tummed off the winding current “free wheels” through lower
inverter diode, Dyp, and connects the winding “a” to the -V bus
power rail. The average stator winding voltage, V,, is proportional
to the conduction period, ty, of power mansistor, Qa, and is given
by:

a T w X| Eq. 1

2

T
v :(+Vbus)XlA+(—wa)X(T—[A)=Vb 1/'—5

For negative stator currents, the winding current flows through
lower transistor Qp and “free wheels” through upper diode D,.
In this case, the winding voltage is a function of the conduction

e
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Figure 4. Three-phase inverter operation.

period of the diode D,. In order to make the applied stator voltage
independent of the stator cucrent sense, the power transistor, Qap,
is turned on when Q, is turned off. However, to prevent the
possibility of simultaneous conduction of these power transistors
a bref “dead time” is inserted between the on signals for the upper
and lower devices. The resultant active Jow PWM signals, shown
in figure 4 (¢), are complementary timing wave forms with a short
“dead” tme between the active portions.

The ac servo systern described above can be built using three
principal control components. The ADSP-2105 DSP implements
the control loops, the ADMC201 interfaces to the three-phase
inverter, and the AD2S90 interfaces to the resolver position sensor.
The ADSP-2105 fixed point DSP has been optimized for high
speed signal processing applications. It is very suitable for ac motor
current control because of the short control loop cycle dmes—of
the order of 50-100 us. The AD2S90 resolver-to-digital converter
can be simply interfaced to the DSP using the serial port. [If the
ADSP-2115 is used, it makes available an addidonal serial port.).
A companion oscillator IC, the AD2S899, is used for resolver
excitation and provides Joss-of-signal detection.

The ADMC201 provides the required interface functions between
a DSP controller and the three phase inverter; it is suitable for use
in controlling both permanent-magnet ac motors and ac induction
motors. A detailed description of the ADMC201 and the interface
to the ADSP-2105 follows.

The ADMC200 Motion Coprocessor family: The ADMC200
motion coprocessor has three principal funcdional blocks: a 4-
channel, 11-bit, simultancous-sampling A/D conversion system,
a ]2-bit zero-centered PWM tumer block, and a vector-rotation
block. The ADMC201 provides, in addition, three additional
analog input channels and 6 bits of programmable digital /O pins.
The device has 25 intenal mermory-mapped registers for storing
the peripheral input and outpur data. An embedded control
sequencer decodes the chip-select line, Read- and Write lines, and
4 address lines—and maps these data registers directly into the
DSP memory address space. This means that all registers are divecily
accesstble 10 the DSP ar all times. An on-chip Interrupt controller
can interrupt the DSP at the end of an A/D conversion sequence
or on completion of a vector transformadon. The A/D converter’s
Start-of-Conversion line can be driven by the PWM dmer block,
to synchronize the control software and signal sampling to PWM
frequency.

The ADMC200, designed on a CMOS process, combines low
cost and low power consumpton. The A/D converter, based on a
CMOS-compatible switched-capacitor technique, is an 11-bit
successive approximation device with a 4-channel simulraneous-
sampling track-and-hold amplifier as its front end. This allows up
to four motor current ot voltage signals to be acquired without
“skew” in less than 14.4 ps. The ADMC201 has an internal 4:1
multiplexer, which provides an additional three asynchronous
channels for slower signals, such as temperature or dc bus voltage.
The converted values are in a twos-complement format to match
the fixed-point DSP processor. The analog input range is 0 0 5V,
with 2.5 V equivalent to digital zero. The on-board reference has
an absolute accuracy to within 5% (fully loaded). The overall
accuracy of the analog to digital converter is 8 LSBs, while the
channel 1o channel match is 1o within £2 LSB. A high Start-of-
Conversion pulse acquires all four input channels and starts a
conversion sequence for 2, 3 or 4 channels, depending on the
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control-register sectings. The end of conversion can be programmed
to generate an interrupt pulse for the DSP, which can read the
results registers in any order,

The 12 bit PWM block produces three pairs of constant-frequency
variable-duty-cycle wave forms for the power converter switches,
with a frequency ranging from 1.5 kHz to 25 kHz. The signals,
described in Figure 5, are center based acnve-low signals so that
the On (low) penods are symmetrical about the midpoint berween
timing pulses. This makes it easier ro synchronize the current-
sampling with the PWM wave forms. The wave forms are
complemented, i.¢., the power devices are switched in pairs: one
device “on”, the complementary device “off”. To prevent the
possibility of simultaneous conductjon in the inverter power
devices, complementary PWM wave forms are dead ume adjusted
(PWMDT). An active high PWMSYNC pulse, produced at the
beginning of each PWM cycle, synchronizes the operation of the
power inverter with the A/D converter.

The 12 bit hardware vector-rotation blocks can perform both
forward- and reverse Park- and Clarke transformations between
the stator (ac currents and voltages) and the rotor (d¢ machine
equivalent) reference frames. The reverse transformation converts
three-phase stator currents signals, /,, I, and I to two orthogonal
rotor referenced currents, I; and [, The transformaton consists
of three stages (Table 1), where p is the angle of the rotor field.

Table 1. Reverse Park transformation

1. Third phase calculation: I, = ~J) — I,

[ Ix] 1 o o]|fa
. = ] ] ]b
2. Transformation: |y 0 ——— —
y

Vs sl

14 cos p sinp I,
3. Reverse Park Rotation: =

1 -sin p cosp I,

The forward transformation converts (wo orthogonal rotor
referenced voltages, V; and V,, to three-phase stator voltage signals,
I, 1, and 1. The transformation consists of two stages (Table 2),
where p is the angle of the rotor field.

PWMSYNC " PWMTM ’—‘

Figure 5. PWM waveform features in ADMC201.
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Table 2. Forward transformation

Vel cosp-sinp [(Vy
sinp cosp [V,
V, 1

v
0
Vs
v, |=|-172 -\3/2

E
V)’
|4 -1/2 3/2

1. Forward Park Rotation: [

2. Inverse Clarke

Transformation:

The ADMC201 digital /O block has six digital lines, which can
be configured as either inputs or outputs. They can also be
configured as interrupt sources for system-protection functions.
The /O block is accessed via four memory-mapped registers.

AC servo motor control sofiware: The software required to
control an ac servo motor using the ADSP-2105 can take fewer
than 500 lines of DSP code. Space limitations prevent a full
description of the software here, but we will describe some of the
core algorithms and code.

The current-control algorithm is synchronized to PWM frequency
through an interrupt signal. The motor currents are sampled at
the start of the PWM cycle by connecting the ADMC201’s
PWMSYNC pin (from the timer block) to the ADC’s CONVST
pin. The ADMC201’ interrupt (IRQ) signal, connected to the
ADSP-2105's IRQ2 pin, interrupts the DSP at the end of the A/D
conversion cycle. The captured current signals represent the
average winding current value since the sampling is at the mid-
point of the current waveform. A set of current measurements are
presented to the DSP after the start of each PWM cycle; and a
new set of stator voltage values and PWM times are calculated
before the next cycle.

The current loop signal flow diagram, in Figure 6, describes the
flow of information between the ADSP-2105 DSP and the
ADMC201 coprocessor, The algorithm starts when an interrupt
from the ADMC201’ A/D converter indicates that a new set of
current samples are available. The DSP reads two phase-current
values from the ADMC201% V and W registers, adjusts them for
A/D and current sensor offsets, and writes them to the ADMC201
PHIP2 and PHIP3 vector transformation block, along with the
rotor angle, RHO. The ADMC201 starts the reverse vector
rotation, while the DSP may perform protection functions, such
as overload detection or bus-voltage monitoring. The end of the
transformation is signaled by an interrupt; then the DSP reads
the 1D and IQ regsters and implements the current-loop control
algorithm. The calculated VD and VQ values are written to the
ADMC201’s VD and VQ registers, along with the rotor angle
RHOP. The ADMC201 starts the forward vector rotation, while
the DSP may perform some further house keeping functions. The
end of the transformation is signaled by another interrupt; the
DSP reads the PHV1, PHV2 and PHV3 registers and scales these
values according to the PWM period and bus voltage. The DSP
then writes three new values to the PWM registers: P?WMCHA,
PWMCHB and PWMCHC, 1o close the current control loop,

The control algorithm consists of a number of control laws and
some reads and writes to ADMC201 data registers. The ADI fixed
point DSP is particularly well-suited to implementing control laws
such as P-I (propordonal + integral control) loops and state-space
algorithms, for which there are many examples. The memory-
mapped structure of the ADMC201 has the advantage that no
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special read or write sequence is required to access the data
registers. The ADMC201 read and write registers are mapped to
a block in the DSP external DM address space through the chip-
select line on the device. A sample of the interrupt service routine
code for an ADMC201 A/D converter interrupt is shown in the
table below to illustrate this point. The first instructon is to read
the ADMC20] system status register, using a data-memory read
instruction. The AR register is then loaded with a constant which
has the ADMC201 A/D interrupt bit set. If the A/D interrupt is
not set then proceed to check for other sources of intecrupt such
as the PARK block interrupt, If bit is set then read the A/D registers
and start the current loop algorithm.

IRQ2_ISR AYO0 = DM(ADMC201_SYSSTAT); read ADMC201 stass register

AR = ADMC201_AD_INT; ADMC20! AID imerrupe bit

test: 15 this bir st

AR = AR AND AY0;
IF NE JUMP PARK_INTERRUPT; if nor sct 1ot jump 10 sext interrupt

AX0 = DM(ADMC201_ADCV)); read the AID channe V register

DM(1_PH_V) = AXO0, save value m data mentory

AX0 = DM(ADMC201_ADCW.);  read the A/D channe W register

DM(I_PH_W) = AX0; sooc value m data memory

Conclusion: We have selected an example of a control scheme
for a permanent-magnet ac serve motor implemented with an
ADSP-2]105 (or ADSP-2115), ADMC201 and AD2S90 chip set.*
These hardware choices allow for a lot of flexibility in the system
configuration. The ADSP-2115 can be upgraded to an ADSP-
2101 or an ADSP-2181 if more processing “horsepower” is
required. The lower-cost ADMC200 can be used if the additional

analog channels and digital YO are not required. The ADSP-2105
and ADMC201 can also be used to conwol ac induction motors,
with an encoder used in the place of the resolver.

An evaluation system is available,t using the ADSP-2101 EZLAB
and an ADMC201 board. It comes with software, which illustraces
the key features of the ADMC20! function blocks. This system
can be used to build the contol elements of a three-phase motor-
control demonstration system. O

Figure 7. Motorcontrol evaluation system.

The ADMC200/201 core team included Art Lucia, Chris Coughlin, Yerry
Hershkowntz, Tonry Scavo, Bill Ahern, Lori Berenson, and Paul Kenle a
ADUD’s Transportation and Industmial Products Division, in Wilningion,
MA.
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Figure 6. Control signal flow in AC motor control loop.

*For data on thesc devices, Cirele 1
1For information on the evaluation system, Cirele 2
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Industry’s First
Integrated Wavelet
Video Codec Sets New
Standards for Cost,

Image Quality and
Flexibility

by Alex Zatsman, Mark Rossman, Rich Greene, Will
Hooper, Phil Halmark, Bill Valentine, and David Skolnick
The ADV601 is a low-cost, single-chip, al)-digital, dedicated-
function CMOS VLSI chip for compression and decompression
of digital video signals in real time. It can support compression
rates of up to 350:1, with essentially lossless 4:1 compression of
natural images. The ADV601 supports all common interlaced video
formats (see Table 1). The device has been optimized for video
applications demanding compression in real time at low cost and
with broadcast quality—applications such as nonlinear vidco
editing, video capture systems, remote CCTV surveillance,
camcorders, high quality teleconferencing and videa distribution
systems, video insertion equipment, image and video archival
systems, and digital video tape. In addition to compression and
decompression, the subband coding architecture of the ADV60)
offers inherent support of video scaling and spagal filtering.

Table 1. ADV601 Field Rates & Sizes

Standard Active Region Field Rate DPixel Rate
Horizontal Vertical (Hz) (MHz)
CCIR-601/525 720 243 59.94 13.50
CCIR-601/625 720 288 50.00 13.50
Sq. Pixel/525 640 243 59.94 12.27
Sq. Pixel/625 768 288 50.00 14.75

With landmark standards already existing in the form of JPEG,
H.261, MPEG 1 and MPEG 2, do we need a new compression
paradigm? Briefly, Yes. There are many closed-system applications
where cost, image quality, and flexibility are more important than
inter-operability (the advantage of a standard). For applicatons
that do not require inter-operability, the choice of a compression
solugon should be driven by the evaluation of these factors, plus
symmetry—low cost and complexity in both encode (compression)
and decode (decompression). The following overview of Wavelet
compression and its role in the ADV601 should be helpful in
understanding the value it can bring to video compression
applications.

Figure 1 shows that in the Encode mode, the ADV601 accepts
component digital video through its Video interface and outpucs a
compressed bit stream though the Host interface. In Decode mode,

VIDEO HOST
INTERFACE INTERFACE
DIGITAL 1 COMPRESSED
VIDEQ IN ———— VIDEC QUT
{ENCODE} ADVE01 {ENCODE)

LOW COST, MULTIFORMAT STATUS &

VIDEG CODEC ™" conTroL
DHGITAL COMPRESSED

VIDEOQ QUT ey [ VIDED IN

] L (DECODE)

Figure 1. Basic functions of the ADV601.
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the reverse js true: the ADV60! transforms a compressed bit stream
at its Host interface to component digital video at the Video
interface. The host has access to all of the ADV601’s control and
status registers via the Host interface.

The ADV601 codec’s compression algorithm is based on the bi-
orthogonal wavelet transform, embodied with 7-tap high-pass and
9-tap low-pass filters, and implements feld-independent sub-band
coding. Sub-band coders mansform two-dimensional spatal video
dara into spanal frequency filtered sub-bands. Then adjustable
Quantization and entropy encoding processes are used to provide
compression (see Figure 2).
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Figure 2. Basic functions within the ADVBOL.

The ADV601 is based on wavelet theory, a new mathematcal tool
first explicitly introduced in Morlet and Grossman’s works on
geophysics during the mid-1980s.!" This theory quickly became
popular in theoretical physics and applied math; and the late *80s
and '90s have seen a dramatic growth in wavelet applications to
signal and image processing.(%%%3)

Understanding the wavelet kernel is key to comprehending the
advantages of wavelets in video applications. This portion of the
device contains filters and decimators that work on the image in
both horizontal and vertical directions. The filters are based on
carefully chosen segmented wavelet basis functions such as those
shown in Figure 3. These basis functions have 3 key benefits: they
correlate better to the broadband nature of images than do the
sinusoidal waves of Fourier transforms; the ADV601 can
implement these functions with simple, compact 7- and 9-tap FIR
filters (key to low-cost silicon); and these functions provide full-
image filtering—which eliminates the block-shaped artifacts in the
compressed image that occur when an image is broken up into
smaller areas to be compressed separately JPEG and MPEG*
can both be subject to this artifact in certain applications).
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Figure 3. Impulse response of the internal filters. Left: analysis
(compression); Right: synthesis (decompression).

The filter tree involves successive high- and low-pass filtering of
two-dimensional (x and y) data, with decimaton by 2 at each step
(Figure 4a), resulting in successively smaller blocks of data, shown
combined in a Mallat diagram (4b). All three components (e.g.,
Y,Ch,Cy) of 2 color video signal field are alternately passed through
the filter tree to create a total of 42 new images (14 forY, 14 for
C, and 14 for C).

*Compression based on standar