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(a) Original spectrum

Fig. 14-33. Application of a derivative filter. The 
Fourier transform of the spectrum (a) is multiplied by 
the differentiating filter function (see text) (b) and the 
inverse transform taken. The resulting differentiated 
spectrum is shown in (c). This is analogous to a deriva
tive smoothing operation in the time domain. 

Fig. 14-34. Block diagram of generali1ed control 
system. In response to a control setting or input signal, 
the controller actuates a control element such as a 
motor, valve, or switch so that the desired action occurs 
in the controlled process, which might be heating, 
illumination, rotation, etc. The result of this action 
can be monitored by sensing the process variable PV 
and producing a signal related to the controlled quan
tity. In a closed-loop system, this signal is compared 
with a set point signal (the signal for the desired value 
of PV), and the controller acts to reduce the difference 
between these signals to zero. Signal conditioning is 
generally used to make the sensor output linear so that 
the conditioned signal is proportional to the process 
variable. 

(b) Differentiating filter (c) Differentiated spectrum

14-5 Control

We have seen that the microcomputer is basically a device for perfo'-° 
programmable sequence of operations. The ability to vary the pro� 
availability of conditional branch and loop sequences, and the J'C-

execution of the programmed operations make the microcomp.:�. 
extremely versatile and powerful general-purpose sequencer. This so.. 

ing capability can be applied to the control of external devices and pr __ 

through interfaces that effectively make such controls part of the 
instruction set. In this way the computer can alter signal pathways, o;:-c
close valves, control power to motors, heaters, and lamps, genera:� 

signals, and perform other tasks at times and in sequences determined� 

operating program. 

The various control functions can be either open-loop or closed-!c 

illustrated in figure 14-34. In open-loop control, the setting of the con:; 
results in the desired change in the process variable. For example, ::

control of a cooling fan in a piece of equipment, the control elemer:: 
switch that is actuated by the controller. The manipulated quantity :, 

power to the fan, and the process variable is the movement of air throug· 

Control�----� Control �----- Manipulated .-------, 
output quantity Set point 

(SP) 
Controller Control 

element 
Controlled 

process 
Process 

---- variable 

I 

I 
I 

I 
I 

I 
r------, Sensor r------, I 
I s· output PV I I 

L------- -----1 d1gnal_ 1 _____ 1 i...J 
I con 1ttomng I J sensor I 
L ______ _J L_ _____ _J 

(PV) 



�uipment or perhaps the temperature of some part of the equipment. It is 
::ssumed that when actuated, the switch closes, the fan is powered, and the 
:.:.r moves at a rate that keeps the equipment at a safe temperature. In 
dosed-loop control the process variable PV is monitored by a sensor. The 
,liue of PV is then compared with the desired value SP to produce an error 

;:gnal E. The controller responds to the error signal by changing the manipu
..ated quantity to bring PV closer to SP. A home furnace is a closed-loop 
;ystem. The thermostat compares the room air temperature with the set 
alue and closes a switch when the temperature is below the set value. The 

::ontroller responds to the closed switch by activating the burner to perform 
:be process of heating the air. The heating process continues until the set 
point temperature is reached. 

In this section the application of microprocessors in control systems is 
explored. The discussion includes interfaces for control, control system 
dynamics and modes, and examples of practical control systems. 

Digital Drivers 

:n order for a microcomputer to function as the controller in an automated 
,ystem, it must be interfaced to the required control elements. This is gener
�lly accomplished with a parallel output port. Since each bit in the latch of 
.!D eight-bit parallel port is independently controllable by the word written 
..ato it, eight different devices could be turned on and off by that one port. 
:he interface to the device is completed by a digital driver circuit that can 
control power to the device in response to the logic level at its input. One of 
:he simplest digital drivers is the open-collector gate shown in figure 14-35. 
�e gate output is the collector of a transistor driven by the gate logic. The 
output is thus a logic-controlled switch for positive current to common. The 
··oltage and current in the switched circuit are limited by the characteristics 
of the output transistor. The limits for some representative TTL devices are

given in table 14-1.
Many low-voltage de devices can be controlled by the open-collector 

buffer and driver just by connecting them in the load position shown in 
:igure 14-35. Such loads include small incandescent lamps and LEDs (with 

appropriate current-limiting resistor in series). If the device is inductive, such 
3S a relay coil, solenoid, or motor, the circuit of figure 14-36 should be used. 
The supply voltage Vis chosen to match the requirements of the load, with 
).2 to 0.7 V allowed for the drop across the on transistor. Normal relays and 
solenoids require that the current in the coil remain on as long as the arma

:ure is to remain in the ON position. This uses power during the ON time 
and the device automatically reverts to OFF when the system power is 
:urned off. A latching relay or latching solenoid remains in its ON position 
once put there by a momentary current. To return it to the OFF state, a 
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Fig. 14-35. Open-collector gates. An output transis

tor switch is turned on or off by the output of a logic 

circuit. When the logic output is HI, the transistor is 

ON and the connection from + V through the load is 

complete; i.e., the load device is turned on. If the load 

is a resistor, v0 is LO when the logic output is HI, and 

vice versa. Thus circuit (a) is called an AND gate and 

(b) a NANO gate. If there is only one input to the gate

circuit, (a) is a buffer-driver and (b) is an inverting 

buffer-cl river.
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Table 14-1. Output capabilities of open-collector gates. 

Function 
(B/ D = buffer- +V(max), h(max),

Type driver) v mA 

7401, 03 Quad NANO 5.5 16 

7405 Hex inverter 5.5 16 

7406/7416 Hex inverter B/ D 30/15 40 

7407/7417 Hex B/D 30/15 40 

7409 Quad AND 5.5 16 

MC 75461 Dual AND B/D 30 300 

MC 75462 Dual NAND B/D 30 300 

Fig. 14-36. Driving an inductive load with an open

collector output. The diode protects the transistor 

from the voltage spike produced when the cu rrent 

through the coil is turned off. 

momentary current is applied to an opposing coil, or current is rem 

from a holding coil. 

The relay shown in figure 14-36 is an example of a control device:

provides electrical isolation between the controller and the control ele�� 

There need be no direct connection between the digital driver and the c::-:-_ 

controlled by the relay contacts. This can protect the controller from � 
dental damage due to high voltages or power in the controlled circuits.-:-"· 
maximum controlled circuit power is limited only by the relay contact ::. 

ings. A device that provides isolation between two logic-level systems is � · 

opto-isolator. An input gate is used to control an LED that is optio:. 

coupled to a phototransistor as in figure 6-l 7c. The phototransistor cont:
the input state of a separately powered output gate. Opto-isolators are \e'.""" 

useful when digital information must be exchanged between two syste:
where the commons may not be at the same voltage. Circuits using ac :... -

voltage can be controlled by a relay or a logic-activated zero-crossing svti:::

This device, described in figure 7-25, is often combined with an opto-isola: 

input to provide complete electrical separation between the logic and pov.er 

line circuits. 

The above drivers all provide simple two-level, or ON-OFF cont, .. 

Additional levels of control can be achieved by using more bits of the outp

port and some means of converting the digital output word into a mu:: -

level control signal. For control in the analog domain, a DAC is genera:. 

used. A DAC is not designed to provide significant power at its outp� 
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-.:erefore a DAC output that is to control a load such as a de motor or 

-�rer requires a power amplifier. A simple power amplifier can be made

-.1m an op amp and booster as shown in figure 14-37. Incorporating the

-:;oster amplifier in the follower-with-gain feedback loop as shown main-

-...ns precise control over the booster output voltage. The booster amplifiers

_ :!ilable from op amp manufacturers can provide many watts of output

-�;\·er to a load. For still greater power the DAC output can be used to

_;:ztrol a voltage-programmable power supply (see section 7-8).

Another kind of driver that can provide a variable control output is a 

- _:sect drive output. An ON-OFF driver is used to provide an output drive

-_:se that adds a single increment to the manipulated quantity. The total for

-� manipulated quantity or the rate of change of that quantity is equal to

-� number or rate of incrementing pulses applied. A primary example of

- ..::Sed control is the stepper motor. The shaft of a stepper motor rotates an

--�ct fraction of a turn for each pulse applied to the motor windings. This is

-.-:ually accomplished by a multipoled permanent magnet rotor surrounded

- :ixed electromagnetic poles driven in a four-step sequence. Between steps

:e rotor is "locked" in place by electromagnetic fields that attract the rotor

��:es. Upon the application of a step, electromagnetic fields one-fourth of a

·:or pole position away are energized, and the rotor is attracted in that

--�tion. On the next step, the rotor moves another quarter of a pole

-:::sition, and so on. A motor with a 12-pole rotor completes one revolution
- exactly 48 steps. The coil energizing sequence in a four-coil (unipolar)

R R(I + K) 

Vin 

from O I DAC 

+1s v +v

-15 V -v

Load 
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Fig. 14-37. Power amplifier for driving a load from 
a DAC. The booster amplifier acts as a higher current 
(and sometimes higher voltage) output stage for the op 
amp. Because it is included in the gain-c ontrolling 
feedback loop, the circuit acts as a high output voltage 
follower with a gain of K.
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Fig. 14-38. Stepper motor coils and drive sequence. 
When coils A and C are energized, they attract a N 
pole of the permanent magnet rotor. Coils B and D 
attract the S poles since their current is in the opposite 
direction. As the coils are sequentially energized, the 
rotor turns in steps. If the pulse sequence is reversed, 
the rotor turns the other direction. 

Fig. 14-39. Stepper motor drive sequence generator. 
The first two stages of a binary up-down counter are 
used to provide a bidirectional four-step sequence. 
Exclusive-OR gates decode each of the four states into 
the appropriate combinations of drive signals as shown 
in figure 14-38. 
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motor is illustrated in figure 14-38. The pulse sequence can be.generated -

software using four bits of an output port or by clocking a counter and I�. 

circuit to produce the desired sequence as shown in figure 14-39. 

Incremental or pulsed drivers can be used to generate increment • 

charge, heat, light, or many other quantities, and the controller can acr · 

adjust the increment rate to obtain the desired value of the process varia 

(voltage, temperature, illumination, etc.). Pulsed control can be economi� 

and precise (cf. the switching regulator power supply of fig. 3-25), and undr 
microcomputer control it has the additional advantages of being simple a°"

inherently digital. 

+5 V

D---A 

Step Ck QA 

B 

CW/CCW U/D QB 

Up, down C· 

counter 
D---o (74191) 

Cir Clear 

+5 V



Heater 

I \HIYlH:J I 

ft\ 
Manipulated' 

quantity 

+v

Control 
element 

Controller 

�ntrol System Dynamics 

Temperature 
sensor 

I I 
L. --- 1quid
flow 

Amplifier
conditioner 

Set 
point 

:ypical control system is shown in figure 14-40. Every element in the 

::trol loop affects the system response to changes in some variables (flow 
_:e. set point, or input temperature) and thus contributes to the system 

_ :1amics. There is lag in the heater since the temperature of the heating 
_ �:nent and pipe cannot change instantly with changes in heater current. 

::en there is a delay called dead time between the heating of a portion of the 

_!:id and the transport of that portion to the sensor. The sensor, too, has 

5. since its temperature cannot instantly follow the changes in liquid
?::!perature. The controller can be designed to respond in any of several
_ys to an error input. The current applied may be fully on, proportional to

- proportional to the rate of change of £, proportional to the accumulated
_:--:or. or it may respond in some other way. The controller's response to the

:-;or signal is called its control law or control algorithm. The choice of

_. :nrol law affects the system dynamics; the controller can either compen
.,:.;;.:e for or exaggerate the effects of the dynamic characteristics of the other
_,..::nents.

The simplest control algorithm is ON-OFF' control. In this the manipu
_:ed quantity is simply on or off depending on whether PV is greater or less 
-:.:!.., SP. The dynamics of ON-OFF control are illustrated in figure 14-41. 

-':e lag and dead time in the system result in overshooting the set point from 

--:h directions. Cycling and overshoot are characteristic of ON-OFF con-
-,:. If the controller has fast response and negligible ON-OFF gap, the

-�plitude and frequency of the PV variation are not affected by the con-
-,::er but by all other lags and delays in the system.
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Fig. 14-40. Temperature controller for flow system. 
The current in the heater is controlled to produce the 
set point temperature in the flowing liquid. Response 
delays in the heater and sensor and dead time in the 
flow system between the heater and sensor contribute 
to the dynamics of the control system. The ideal con
troller would compensate for undesirable dynamic 
characteristics of other components to produce a sta
ble, responsive, and accurate control system. 
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Fig. 14-41. ON-OFF control dynamics. In (a) the 
turn-on and turn-off values for P Vare separated. 
When PV drops below the ON point, the controller 
turns on the manipulated quantity MQ. The decrease
in P V continues, however, due to lags and delays. The 
manipulated quantity is turned off when PV exceeds 
the OFF point, and overshoot is again produced by the 
delay. Elimin-ating the gap between ON and OFF 
points as in (b) reduces the variation in PVand increases 
the control cycle frequency. 
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Fig. 14-42. Response of proportional controller to 
step change in E. Two cases are illustrated; loop gain 
K = 0.5 (solid lines) and K = 1 (dashed lines). The 
system has a finite dead time, which is longer than the 
lags. The step change in E affects the process immedi
ately according to the gain. This change does not 
appear at PV until after the dead time. An increase in 
PV results in a decrease in E and the process. This 
decreases PV one lag time later and increases E again. 
For K < 1, a steady value is reached with less than 
half the error corrected. For K = 1, a continuous 
oscillation results, and if K > 1, the amplitude of the 
oscillations increases. 

Note 14-10. Derivation of Error for Proportional 
Controller. 
The error signal E is the difference between SP 

and PV: 

E = SP - PV 

Since SP is constant, a change in E results only 
from a change in PV:

l:!..E = -1:!..PV 

A change in PV results from the controller action 
(Kl:!..E), and the perturbation on the system PV' in 
terms of the effect it would have on PV is uncom
pensated. 

1:!..PV = Kl:!..E + PV' 

Substituting to eliminate l:!..E, 

l:!..PV = -Kt,.PV + PV' 

The ratio of the change in PV to the perturbation 
on PV is then 
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A more sophisticated control algorithm is proportional control. In th.5 

strategy the manipulated quantity is set at a value proportional to the erro: 

magnitude E. Thus as PV approaches SP, E decreases, the drive quantir: 

decreases, and PV changes more slowly. This increasingly gradual approac:: 
to SP can eliminate the overshoot and cycling problems of ON-OFF contro'... 

The dynamic response of such a control system depends upon the overa.:.. 
gain, dead time, and lag in the control loop. The loop gain K is the change iI: 

PV that results from a unit change in E when the loop is opened by discol!
necting PV from the summing unit. (In fig. 14-40, K < I if a value of E 

equivalent to a I 0° temperature error results in a temperature change of less 
than 10° .) The response dynamics of a proportional control system are 

shown in figure 14-42 for K :S I. The perturbation in E could have come 

from a change in SP or from a change in the process conditions. As the 
dynamics show, a loop gain of less than one results in imperfect compensa

tion while a loop gain of one or more produces oscillations with a period o: 
twice the dead time. The fraction of the perturbation that is uncompensated 
is I/ (1 + K) which is 2/ 3 for K = 0.5, 1/ 2 for K = l and approaches zero 

as K approaches infinity (see note 14-10). It is clear that the dead time in the 



tern prevents the use of a large enough value of K to provide accurate

�-ontrol. In some systems this is not observed because the lags in the process 

-=:?d detector responses are much longer than the dead time. For such sys

e:ns the loop gain is very low at the frequency at which dead time oscilla

,ons would occur. Accurate control is achieved on a longer time scale by the 

-;uch higher loop gain at low-frequencies. 
A controller can be tailored to give close to optimum response for a 

tern by adding averaging and rate terms to the control algorithm. The 
__ ntroller response function is then 

( dE
MV = KpE + K1jEdt + Kv -

dt 

here MV is the manipulated variable. This control algorithm is called PIO

:ontroller for the three terms (proportional, integral, and derivative) in its 
-espouse function. The integral or averaging term is particularly useful in 

cillation-prone systems where KP must be kept low. A correction term 

-..oportional to the integral of all past values of Eis applied to change MV. 
long as an error exists, the integral term operates to reduce it. The 

::.,egral term is good, therefore, for long-term accuracy. The derivative or 

�=e term is designed to aid the response speed on the basis of giving the 
:'">ntroller a stronger response to sudden changes in the error signal. The 

::-oportionality constants for the three terms must be carefully chosen in a 

s:\·en system to provide quick and accurate response to perturbations as well 

.::.s good stability against oscillations. 

One advantage of using a microprocessor for the controller is that once 

- :.s interfaced to the sensor and control element, any useful algorithm can be

::!!plemented or adjusted by simply changing the program. Even more com

:lex algorithms that respond to combinations of sensors are very practical.

.:,.,'lother advantange is that, given the time scale of many processes, one

-::.icroprocessor can often manage several control loops. Subsystem control

::rn be economically implemented so as to optimize sections of a process

-:dependently. For example, the mixing ratios of fuel components could be

:on trolled by a loop separate from the one that controls the rate of con-

..;mption of mixed fuel. In turn, the fuel consumption might be only one of
.everal controlled aspects of an overall process. Each subsystem can be

ptimized individually, and overall control is greatly simplified because each 

: the perturbing variables is separately controlled. 

Practical Control Systems 

,fodern electronic devices and techniques offer a variety of solutions to 

::-actical problems in measurement and control. The systems discussed in 
:his section illustrate the kinds of options available and their relative merits. 
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Fig. 14-43. Computer-controlled temperature regu

lators. In (a) the computer determines the set point for 

an analog temperature control system. The loop gain is 

adjusted by the control amplifier input and feedback 

resistors. The capacitor provides an integrating func

tion in the control algorithm. In (b) the computer con

trols the manipulated quantity directly and reads the 

value of the process variable through the ADC. The 
computer is part of the control loop, and the control 

algorithm is executed through the computer program. 
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Temperature controller. Two approaches to a computer-contro::e_ 
temperature regulator are shown in figure 14-43. In the first, the compute: 
not part of the control loop but provides the set point value. This contro� 
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