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Preface

Using digital methods for controlling motors, robotic arms, or disk drives is not new. But technical ad-
vances in digital signal processing and high-performance digital signal processors (DSPs) such as the
TMS320 family are rapidly moving digital control from the laboratory to the market place. Personal
computers, automated manufacturing equipment, automobiles, military weapons, toys, and games are
examples of products that are enhanced by the application of digital control technology.

This book introduces the reader to the concepts of signal processing and DSPs as they apply to digital
control theory. It also presents a collection of published articles that review selected applications within
the broad spectrum of digital control. The book is divided into four parts and a bibliography:

PART I Introduction to Digital Controllers

PARTII  Design of Digital Controllers

PARTIII Implementation of Digital Controllers

PART IV  Applications of Digital Controllers with the TMS320
BIBLIOGRAPHY

Each part is introduced by the editor so that readers can gain insight into its purpose. The bibliography
is furnished for those who wish to seek additional studies in the areas of automotive, control, and indus-
trial applications.

Opportunities to design digital control systems have grown enormously over the past few years. This
book is being published to aid practicing control engineers in becoming familiar and comfortable with
digital control theory. It can also be a valuable tool for teaching at the undergraduate and graduate lev-
els. The book brings together the latest concepts and applications in digital control theory to meet the
needs of both new and experienced designers.

The editor, authors, and I hope that you enjoy this application book and gain valuable information to
assist you in designing new digital control systems as well as modifying current systems.

Gene A. Frantz

Applications Manager

Digital Signal Processing
Texas Instruments Incorporated
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DSP-Based Control Systems

Digital signal processors (DSPs) are making digital control more practical. The special architecture and
high performance of DSPs make it possible to implement a wide variety of digital control algorithms pre-
viously reserved for research work and simulation studies in laboratories. This general introduction dis-
cusses these aspects and uses of DSPs in digital control systems. It is followed by papers that discuss the
suitability of DSPs for implementing digital controllers.

Control Systems

A control system commands or regulates a process in order to achieve a desired output from the process.
As shown in Figure 1, asimple control system consists of three main components: sensors, actuators, and
acontroller. Sensors measure the behavior of the system or the process and provide feedback to the control-
ler. Some of the sensors used in control systems are resolvers, shaft encoders, and current sensors. Actuators
supply the driving and corrective forces to achieve a desired output. Typical actuators are AC/DC motors
and valves. ‘

The controller generates actuator commands in response to the commands received from the operator and
to the feedback provided by the sensors. The controller consists of computation elements that process these
signals to achieve a desired response from the entire system. The function of the controller is to ensure that
the actuator responds to the commands as quickly as possible and at the same time to ensure that the system
remains stable under all operating conditions. Typically, a controller will modify the frequency response
of the system. The computational elements of the controller are implemented with either analog or digital
components.

Figure 1. Control System
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|
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Analog Control Systems: Control systems have traditionally bezn implemented with analog compo-
nentslike operational amplifiers, resistors, and capacitors. Figure 2 shows a simple analog controller. These
elements are used to implement filter-like structures that modify the frequency response of the system. Al-



been around for a long time, are well understood, and are easy to design. They can be implemented with
relatively inexpensive components.

On the negative side, analog controllers suffer from component aging and temperature drift. Even a perfect-
ly designed controller will exhibit undesired characteristics aftera while. Analog controllers are hard-wired
solutions, making modifications or upgrades in the design difficult. Analog controllers are also limited to
simpler algorithms from classical control theory, like PID and compensation techniques.

Most processes are analog in nature. Digital systems can only attempt to approximate them. The accuracy
of this approximation determines the performance of the digital system. Digital controllers sample the sig-
nal at discrete time intervals. This limits the bandwidth that can be handled by the controller. The accuracy
of the signal and coefficients that can be represented is limited by the resolution or the word length of the
processor. Digital controllers require additional components like A/Ds and D/As, although newer proces-
sors include these components on the same chip. Digital controllers are relatively new, and their behavior
is not thoroughly understood. Thus, designing high-performance digital controllers can be challenging.

However, digital controllers have some major advantages. They are not affected by component aging or
temperature drift, and they provide stable performance. Designing in the z-domain helps to control their
behavior more precisely. Digital controllers can be used to implement more sophisticated techniques from
modern control theory, such as state controllers, optimal control, and adaptive control. They can also handle
nonlinear systems. Digital controllers are programmable and make it easy to upgrade and maintain design
investment. They can be time-shared to implement additional functions like notch filters and system control
to reduce system cost. If digital controllers are designed properly, their advantages greatly outweigh their
disadvantages. Table 1 compares analog and digital controllers.

Table 1. Analog Versus Digital Controllers

-Analog Controller Digital Controller

Advantages High bandwidth Programmable solution
High resolution Insensitive to environment
Ease of design Shows precise behavior

Implements advanced algorithms
Capable of additional functions

Disadvantages Component aging Creates numerical problems
Temperature drift Must use high-performance processor
Hard-wired design Difficult to design

Good only for simpler design

Processor Requirements for Digital Controllers

The choice of processor is critical in determining the performance and behavior of the digital controller.
The poor performance of a digital system can generally be traced to selection of the wrong type of processor.
Available choices are microcontrollers, general-purpose microprocessors, and DSPs. In addition, reduced
instruction set computer (RISC) processors and bit-slice processors can be used, although their usage is not
practical in most cases because of high cost. The following factors must be considered when selecting a
processor:

®  Architecture

®  Performance

®  Peripheral Integration



DSP Architectures

The TMS320 DSP architecture has been optimized for signal processing systems. Figure 4 shows the
typical architecture of a basic DSP. Some of the key elements are multiple buses, 16-bit architecture, 32-bit
registers, and hard-wired implementation of various functions. It minirnizes numerical problems in signal
processing and meets the bandwidth requirements of high-performance systems using sophisticated
techniques. The features and benefits of TMS320 architecture are shown in Table 2.

Figure 4. DSP Architecture
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Table 4. Feature Comparison

FEATURE 320C14 320C25 80C196 68000 68020 UNIT
Instruction cycle time 160 100 333 400 120 ns
Frequency 25 40 12 10 24 MHz
Multiply (16 x 16) — 32 0.16 0.1 2.2 7.0 1.0 ns
PID loop 22 1.3 27.0 25.0 4.8 us
Matrix multiply (3 x 3) (3 x 1) 4.3 27 24.3 65.2 9.5 us

Many on-chip DSP features enhance system integration; peripherals include RAM, ROM/EPROM, serial
ports, timers, PWM, encoder interface, and parallel I/O. Table 4 compares performance characteristics of
the TMS320C14, TMS320C25, and several uCs and pPs.

TMS320 Digital Signal Processors

The TMS320 family consists of five generations of fixed-point devices and floating-point devices (see
Figure 5), offering different performance ranges. Members of each generation are object code and, in some
cases, pin compatible.

Figure 5. TMS320 Family Roadmap
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Figure 6. TMS320C14/E14 Key Features
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lers. These peripherals include 16 pins of bit I/O, four timers, six channels of PWM, four capture inputs
for optical encoder interface, a serial port with UART mode, and 15 interrupts. Figure 6 shows the key fea-
tures of the TMS320C14.

The TMS320C14 can address 4K words of on-chip ROM or EPROM or off-chip memory, and 256 words
of on-chip RAM. It has an on-chip hardware multiplier that performs a 16 X 16 = 32 multiplication in 160
ns. The TMS320C14 has a 32-bit ALU and 32-bit accumulator. It contains two hardware shifters and a
four-deep on-chip hardware stack. Two auxiliary registers provide indirect and autoincrement addressing
modes. The TMS320C14 has a general-purpose and DSP-specific instruction set and is 100% object code
compatible with the TMS320C 15 and other members of the TMS320C1x generation. The TMS320C 14 has
16 pins of bit I/O that can be individually selected as inputs or outputs. In addition, each bit can be individu-
ally controlled without affecting the others. The 16-bit I/O port has the capability to detect and match
patterns on the input pins and generate an interrupt when a specific pattern is detected.
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APPLIED TECHNOLOGY

DIGITAL SIGNAL

PROCESSORS

Simplifying

high-performanc

Modern control
algorithms often

demand real-time
speed that ordinary™" 5

microcontrollers
cannot provide.
Digital signal
processors are
optimized to handle
such tasks.

IRFAN AHMED
STEVEN LINDQUIST
Texas Instruments Inc.
Houston, TX

lectronic control systems of

few years ago were frequently

designed around a general-
purpose microprocessor or micro-
controller. But though con-
ventional micros are versatile, they
sometimes fall short when applied
to high-speed tasks in telecommu-
nications and computers, and in
electromechanical tasks such as au-
tomotive engine control.

The problem is that advanced
control algorithms, as used in digi-
tal filtering and discrete Fourier
transforms, demand numerous
multiplications and additions.
When done in software on an ordi-

Reprinted, with permission, from Machine Desigr, Sept. 10, 1987.

i
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Many digital signal processors are built with a Harvard architecture, where

data and instructions occupy separate memories and travel over separate

buses to speed program execution. The two buses are evident in this

simplified block diagram of a TMS320C25, a second generation CMOS

processor. Other features of note on the 68-pin chip include eight auxiliary

registers and a hardware multiplier specially designed to handle complex

arithmetic.
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kinds of arithmetic operations
associated with digital filtering and
processing. Most DSPs are built
with what is called a Harvard ar-
chitecture. This configuration is
unlike conventional computer ar-
chitectures in that it employs sepa-

rate data and instruction memories
that are accessed by separate buses.
The benefit of this arrangement is
increased speed because in-
structions and data can move in
parallel instead of sequentially.

In addition, these ICs generally

carry high-speed hardware multi-
pliers and fast on-chip memories
that eliminate delays associated
with shuttling information on and
off chip to peripheral devices. This
prornotes fast program execution.
For example, a DSP can fetch an

B

applied to on control pr

A basic

APPLYING DSPs IN SIMPLE CONTROL

A PID loop provides a simple example of how DSPs can be  w,)s, where w, is the frequency (in rad/s) to be matched in
the digital transfer functions and

log PID

(proportional-integral-differential) control algorithm is
frequently defined by

u(t) = Kye(t) +K.-J'e(e)d: + Kyde/dt

where e = some input voltage that varies over time. U =
output voltage and K,, K;, and Ky are constants. This
equation indicates that output voltage is proportional to the
sum of an input error voltage, the time integral of the error
voltage, and the time rate of change of the error voltage.

For the sake of review, PID control functions as follows.
The integral term is added to the basic proportional term to
reduce the steady-state error to zero. It makes possible a
nonzero control output even when the error signal (control-
ler input) is zero. In this manner, it serves to anticipate
increasing error and apply a correction faster than would
normally be the case.

The derivative term is added to improve the stability of
the feedback loop. It allows the system to provide more
correction for a faster rate of change of error. The propor-
tional K constants are usually chosen using standard s-
plane techniques such as root-locus diagrams, Routh-Hur-
witz criterion, Bode plots, and state variable techniques.

A typical approach to implementing a digital control
algorithm is to write the analog transfer function in the
usual way using Laplace transforms, and then convert the
equation into a sampled data version through use of z trans-
forms. Next, the digital transfer function is converted to a
difference equation in the time domain. A program is then
written for a DSP that implements this time domain differ-
ence equation. j

The two most widely used analog/digital transformation
methods are the matched pole-zero (also called matched
z-transform) and the bilinear transformation. Though the
former method is simpler, it is somewhat heuristic and does
not always produce a suitable controller. The bilinear trans-
formation is more plex but mi log functions
more closely. This is because it uses the trapezoidal rule
instead of rectangular areas to solve the differential equa-
tion specifying the transfer characteristic.

The bilinear transformation converts expressions in Lap-
lace transforms into corresponding equations in z using the
identity

- 2-1)
, T(z+1)
where T'= sample period. 2
Under the bilinear transformation, parallel or cascaded
control elements retain their respective structures. Overall
frequency response is treated less faithfully, however. Low
frequencies map accurately, but high frequencies do not.
For that reason, a frequency prewarping scheme is usually
employed with this technique. Here a single critical fre-
quency is matched in“the analog and digital domains by
replacing each s in the analog transfer function with (w,/

@, = (%T) tan (w,T/2)

To summarize, the design of any digital control function
usually begins with the specification of a few critical fre-
q ies (ws) and magnitude requirements (K's). These are
prewarped into a set of analog specifications by plugging
each w into the prewarping formula. The resulting fre-
quencies are then used in deriving the Laplace transform
version of the transfer function. This function in s is derived
in the usual way, and then is converted to a digital transfer
function in z, generally hy means of the bilinear trans-
formation. Finally, an inverse z transformation applied to
this expression yields a difference equation that is expressed
in terms of sample times. "This equation can then be coded
intoa DSP.

The procedure can be readily applied to the equations

Program

PID IN
MPYK
LAC
DMOV

defining a PID loop. The exact sequence of operations is too
lengthy to be given here, but the resulting difference equa-
tionis 3

u(n)=u(n—2) +Kiein) + K:e(n—1) + Kse(n—2)

K, =K, + 2K,/T + K;T/2
K, = KT -- 4K, /T
Ky =2Ka/T— K, + KiT/2

Here ¢ (n)is the nth input sample of the controller, the nth
sample of the error voltage; u (n) is the n th output sample of
the controller, u (n-1) is the n -1 sample, and so forth.

Because this equation represents quantities in terms of
sample number rather than as functions of time, it can be
easily implemented in software for a DSP. The accom-
panying 13-instruction program for the 32010 processor
executes the above PID difference equation in about 2.6 us
when the processor runs at 20 MHz. In contrast, a similar
program running on a general purpose processor such as a
10-MHz 68000 would consume 25.4 us, or 26.1 us on a
12-MHz 8096 processor. ;
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instruction while loading two num-
bers into its multiplier. An ordinary
processor such as a 68000 might
chew up as many as 80 clock cycles
to multiply two numbers and add
the result to an existing sum. A DSP
chip such as TI’s TMS320C25 can
do the same operation in a single
clock cycle covering about 100 ns.

DSPs take the form of single-chip
ICs, specialized board-level com-
puters, and bit-slice chips opti-
mized for signal processing oper-
ations. Of these, single-chip ver-
sions are the most widely used be-
cause their low cost makes digital
signal processing practical in a va-
riety of applications, ranging from
consumer electronics to automotive
engine control.

Simple approach

DSP architecture arises from the
calculation sequence used to syn-
thesize digital filters and discrete
Fourier transforms. These two
functions form the basis for much of
the digital signal processing now
used in industry. The calculation
sequence, in general terms, is one of
a linear constant coefficient differ-
ence equation:

N
y)=-2 ay(—k)
k=1

M
+Y, bX(n—k)
k=0

This equation basically says that
any output y can be expressed as a
weighted sum of the input x at the
present time n, past inputs x(n - k)
for some number of past samples k,
and past outputs y(n - k). Terms a;
and by, are the weighting factors. A
computer optimized to quickly
synthesize this equation must be
able to store an input, multiply it by
a weighting factor, and sum it with
previous inputs.

DSP architecture provides these
functions by incorporating a large
degree of parallelism, carrying out
multiple operations per machine
cycle. The ability to perform paral-
lel fetches from two registers and
store the contents in two memory
locations is an example. In addition,
the memory on chip is extremely
fast and constructed in ways de-
signed to facilitate data transfers.
For example, the Harvard architec-
ture on the TMS320 DSP family

Trapezoidal rule

Rectangular
approximation

—>|T|<—

The bilinear transformation maps analog transfer functions into the
digital domain through the representation of error signals as a series of
trapezoids. The simpler matched pole-zero transformation is less
precise because it employs a more crude rectangular approximation.

==

Compared to first generation DSPs such as the EPROM-version 320E15,
second generation devices sport higher speed and more on-chip features.
The cmos 320C25, for example, provides a 100 ns cycle time and 544

bytes of on-chip RAM.

contains provisions for transferring
information between data and in-
struction memories.

Because DSPs typically do not
need to store large programs or
blocks of data, they usually lack the
extensive memory-management
circuitry found in general-purpose
microprocessors. Nevertheless,
DSPs have become very powerful.
The first such chips had only
limited instruction sets and mem-
ory, and were limited to fixed-point
(integer) calculations.

In contrast, DSP chips today are
second and third-generation de-
vices that eliminate such problems.
They typically use clock rates of 20
MHz, and 40 MHz clocks are not
unheard of. Newer DSPs also pro-
vide on-board functions such as

serial ports, analog/digital and dig-
ital/analog converters, EPROM,
bit I/0 timers, and similar func-
tions that enhance capability.

The cost of single-chip DSPs is
on the order of a few dollars, com-
parable to that of conventional mi-
croprocessors used in control ap-
plications. Recently developed
DSPs tend to provide sophisticated
functions that enable them to op-
erate with video and radar-fre-
quency signals. Examples of such
functions can be found in the
TMS320C30, a third-generation
chip. The device provides floating-
point math capability, facilities for
handling off-chip memory as well as
on-chip RAM and ROM, a more
extensive instruction set, and clock
cycle times of about 60 ns. a
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Taking

Control

New DSP micro-

controllers offer many

improvements over
current analog and

digital control systems.

TOM BUCELLA
Teknic Inc.
Rochester, NY

IRFAN AHMED
Texas Instruments
Houston, TX

In many control systems, digital
signal processors (DSPs) are rele-
gated to computational chores that
bog down conventional processors.
But their limitzd role is expected to
increase because new DSPs can
manage 1/0 tasks as well.

These revolutionary ICs are basi-
cally microcontrollers with on-chip
digital signal-processing hardware.
They make possible single-chip
control for real-time multiaxis sys-
tems. In addition, software and
hardware support tools simplify
their use in motion applications.

Analog to digital

Digital signal processors have en-
abled control systems to advance
from analog to full-digital imple-
mentations. Microprocessor-based
systems are only a halfway point.
They are an improvement over
analog controllers, but lack pro-
cessing speed to totally displace

older technology. DsPs, on the
other hand, have powerful arith-
metic logic units (ALUs) capable of
high-speed processing.

Early solid-state controls consis-
ted of hard-wired analog networks
built around operational ampli-
fiers. Analog controls offer two dis-
tinct advantages over digital sys-
tems. First, they provide higher
speed control by processing input
data in real time. They also have
higher resolution over wider band-
widths because of infinite sampling
rates. However, they have several
drawbacks.

Analog component values vary
with age and temperature, necessi-
tating periodic adjustments to
maintain consistent operation. For
example, high-gain amplifier pa-
rameters such as offset and gain
can drift by as much as 20% in their
lifetime. Such fluctuations can
cause major changes in the fre-

Reprinted, with permission, from Machine Design, Oct. 12, 1989.

quency response of band-pass and
band-reject filters.

Other weaknesses stem from the
construction of analog hardware.
Reliability can be a problem be-
cause analog systems typically
have high part counts. Also, com-
ponent lot tolerances frequently
complicate design and may intro-
duce error. And field upgrades are
nearly impossible, often requiring
redesign and repackaging of the
hard-wired circuits.

In contrast, microprocessor-
based motion systems offer many
improvements over their analog
counterparts. Drift is eliminated
because most functions are per-
formed digitally. Upgrading or
modifying a digital system usually

involves rewriting the software:

hardware does not need to be re-
placed. And single-chip solutions
for simple applications are possible
with microcontrollers that have on-

MACHINE DESIGN/OCTOBER 12, 1989

19



cycles.

Improvements also result from
reduced instruction sets oriented
toward signal processing. For ex-
ample, a single DSP command
called MACD multiplies two num-
bers, adds the product to an accu-
mulator, and shifts the data to an
adjacent register. This sequence of
operations synthesizes a digital fil-
ter pole or zero. Commands such as
MACD simplify software develop-
ment by reducing the number of
code lines.

Dsps, furthermore, allow con-
trollers to provide functions impos-
sible with analog or microprocessor
systems. For instance, they can
produce sharp-cutoff notch filters
that eliminate narrow-band me-

chanical resonances. In motion sys-  ters remove energy that would oth-
tems, mechanical vibrations may erwise excite resonant modes and
occur from about 1 to 100 Hz, with  possibly make the system unstable.
some as high as 10 kHz. Notch fil- In addition to control functions,
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s~pled at more than twice the fre-

quency of its highest frequency
component. In practice, however,
controllers  typically sample at

rates six to ten times above the
highest frequency.

All processing must be com-
pleted between sampling periods. A
controller with a sampling rate of
10 kHz, for instance, has 100 Jis to
sample the input and calculate the
output. In many cases, multiply
and accumulate  procedures  ac-
count for the majority of calcu-
lations. Some algorithms may call
up to 50 multiplies per sample.
Thus, high-speed multiply and ac-
cumulate hardware is necessary for
psp controllers.

Such hardware is available in the
320C14. In one instruction cycle, it
multiplies two 16-bit numbers and
stores the result in a 32-bit accu-
mulator. Instruction cycle time for
the 25-MHz processor is only 160
ns, for a throughput of 6.4 Mips
(million instructions per second).

It is important that the product
of two 16-bit numbers be stored in
a 32-bit accumulator. But not all
16-bit processors have 32-bit accu-
mulators. If only a 16-bit register is
available, 16 bits are lost with each
multiply. Truncation of this sort
reduces precision and may show up
as random fluctuations or noise in
the system variables. Attempts to
control noise often degrade system
operation.

Processing capability is also a
function of internal data format.
For instance, floating-point  pro-
cessors are suited for applications
with wide dynamic range because
their data registers contain large
exponential ~ fields. This type of
data representation frees designers
from concerns over signal mag-
nitude. The drawback with float-

ing-point  processors, however, is
their high price.
Fixed-point  processors, on the

other hand, cost much less. They
also provide greater accuracy be-
cause their data registers contain
larger mantissa fields. The trade-
off is a lower dynamic range. Dy-
namic range can be expanded by
doing floating-point calculations in
software. But this approach re-
duces speed. For example, the
320C14 executes 16-bit floating-
point multiplies in 6.5 Jis.

Overflow protection is another

The building blocks d analog controlsysums are operational amplifiers, while
in digital signal-processing (osp) systems I;beyare multipliers. Multipliers are
key hardware for executing digital filters und Fast Fourier Transforms (FFTs)
in sdtware. Originally, multiplier 1CS wer" available only in individual pack-
ages.Now, they are integrated into most ps ps chips.

Digital filters are capable d higher spetds and sharper cutdfs than analog
filters. In addition, they provide better st.'Ibility with less drift. They also re-
quire no adjustments and can have nearly an unlimited signal-to-noise ratio
(SNR). The snr d a digital ftlter is propo!"tionalto its anAlog-to-digital (aid)
resolution.

Digital ftlters are ususlly based on a linear constant-coefficient difference
equation such as

y(n)- TZ a.y(n-k)t+ %: be.(n-k)
-0 -0

where,%(n) - filter input sequence,y (n) =. ftiteroutputsequence,a.
coefficients,and b. - input coefficient.
When the input coefficientsare ail zero, equation 1reduces to

~ output

v = L b.o6(n-k)

This is called a finite impulse response (FIR) filter oflengthM +1. Such a ftl-
ter consists of a tapped delay line with a series of M digitally summed multi-
plies. It has no feedback, making it unconditionslly stable.

Another digital filter type, the infmite impulse response qir) filter, is de-
fined when at least one a. term is nonzero. An 1r filter has both feedforward
and feedback terms like some op-amp-based analog filters. It is simpler than
the Fffi in terms of hardware and sdtware. But it is also potentislly unstable
and susceptible to offsetsand nonlinear response.

Multipliers and accumulators also play an important role in implementing
FFTs. The FFT is a hardware-efficient vers.ionof the Fourier transform. It de-
composesa time function into its frequency components, providing frequency
analysis of the signal.

Dsp system analysis is simplified by techn.iquessuch as the z transform. The
z transform does for sampled-data systems what the Laplace transform does
for continuous-data systeDI3it describes system output for a specified transfer
function and input. Likethe Laplace transform, the z transform permits alge-
braic techniques instead d differential eq\kltions.



