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13. ANALOG INPUTSAND OUTPUTS

Topics:
» Analog inputs and outputs
» Sampling issues; aliasing, quantization error, resolution

Objectives:
* To understand the basics of conversion to and from analog values.

13.1 INTRODUCTION

An analog value is continuous, not discrete, as shown in Figure 13.1. In the previ-
ous chapters, techniques were discussed for designing continuos control systems. In this
chapter we will examine anal og inputs and outputs so that we may design continuous con-
trol systems that use computers.

4 & continuous

,, \._»
~ P >

Figure13.1 Logica and Continuous Values

Typical analog inputs and outputs for computers are listed below. Actuators and
sensors that can be used with analog inputs and outputs will be discussed in later chapters.

Inputs:
* oven temperature
* fluid pressure
o fluid flow rate
Outputs:



analog 10 - 13.2

* fluid valve position
» motor position
» motor velocity

A basic analog input is shown in Figure 13.2. In this type of system a physical
valueis converted to avoltage, current or other value by atransducer. A signal conditioner
converts the signal from the transducer to avoltage or current that is read by the analog
input.

physical __, transducer |y Signal _p| analog | integer
phenomenon (ie., sensor) conditioning input

Figure13.2 Analog inputs

Analog to digital and digital to analog conversion uses integers within the com-
puter. Integers limit the resolution of the numbers to a discrete, or quantized range. The
effect of using integersis shown in Figure 13.3 where the desired or actual analog valueis
continuous, but the possible integer values are quantified with a’staircase’ set of values.
Consider when a continuous analog voltage is being read, it must be quantized into an
available integer value. Likewise, adesired analog output value is limited to available
guantized values. In general the difference between the analog and quantized integer value
isan error based upon the resolution of the analog 1/0.
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Figure 13.3  Quantization error

13.2 ANALOG INPUTS

To input an analog voltage (into a computer) the continuous voltage value must be
sampled and then converted to anumerical value by an A/D (Analog to Digital) converter
(also known as ADC). Figure 13.4 shows a continuous voltage changing over time. There
are three samples shown on the figure. The process of sampling the datais not instanta-
neous, so each sample has astart and stop time. The time required to acquire the sampleis
called the sampling time. A/D converters can only acquire alimited number of samples
per second. The time between samplesis called the sasmpling period T, and the inverse of
the sampling period is the sampling frequency (also called sampling rate). The sampling
time is often much smaller than the sampling period. The sampling frequency is specified
when buying hardware, but a common sampling rate is 100KHz.

\oltage is sampled during these time periods

voltage

,__\\—///\

time
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T = (Sampling Frequency)* Sampling time

Figure13.4 Sampling an Analog Voltage

A more readlistic drawing of sampled datais shown in Figure 13.5. Thisdatais
noisier, and even between the start and end of the data sample thereisasignificant change
in the voltage value. The data value sampled will be somewhere between the voltage at the
start and end of the sample. The maximum (Vmax) and minimum (Vmin) voltages are a
function of the control hardware. These are often specified when purchasing hardware, but
reasonable ranges are;
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OV to 5V
OV to 10V
-5V to 5V
-10V to 10V

The number of bits of the A/D converter isthe number of bitsin the result word. If
the A/D converter is 8 bit then the result can read up to 256 different voltage levels. Most
A/D converters have 12 bits, 16 bit converters are used for precision measurements.

where, b b
V(t) = theactual voltage over time
r = sampleinterval for A/D converter
t = time

tty = time at start,end of sample

V(tl), V(t2) = voltage at start, end of sample
Vmin' Vmax = input voltage range of A/D converter
N = number of bitsin the A/D converter

Figure13.5 Parametersfor an A/D Conversion

The parameters defined in Figure 13.5 can be used to calculate valuesfor A/D con-
verters. These equations are summarized in Figure 13.6. Equation 1 relates the number of
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bits of an A/D converter to the resolution. Equation 2 gives the error that can be expected
with an A/D converter given the range between the minimum and maximum voltages, and
the resolution (thisis commonly called the quantization error). Equation 3 relates the volt-
age range and resolution to the voltage input to estimate the integer that the A/D converter
will record. Finally, equation 4 allows a conversion between the integer value from the A/
D converter, and a voltage in the computer.

N (1)

V -V, .
VeRrrOR = i( masz mm) (2)

V, INT Vi ”r) (R- 1) ©)

Ve = (%‘) (Vinax = Vimin) * Vimin (4)

where,
R = resolution of A/D converter

VI = theinteger value representing the input voltage
VC = the voltage calculated from the integer value

VERROR = the maximum quantization error

Figure13.6 A/D Converter Equations

Consider asimple example, a 10 bit A/D converter can read voltages between -
10V and 10V. Thisgivesaresolution of 1024, where 0is-10V and 1023 is+10V. Because
there are only 1024 steps there is a maximum error of £9.8mV. If avoltage of 4.564V is
input into the PLC, the A/D converter converts the voltage to an integer value of 746.
When we convert this back to a voltage the result is 4.570V. The resulting quantization
error is 4.570V-4.564V=+0.006V. This error can be reduced by selecting an A/D con-
verter with more bits. Each bit halves the quantization error.
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Vl
Ve = (E) (Vmax_vmin) +Vyin = 4570V

| o

| Given, |
1 N = 10 1
I B I
: V.. = 10V :
| Viin = -10V |
I Vi = 4564V I
I I
I Calculate, I
! R=2"= 1024 !
I I
I Vo~V I
. Verror = (—25=17) = 00008V .
I I
I V. —V I
| v, = INT[(—'” m'”) R} = 746 |

V.o —V_
max mi

I I
I I
I I
[ 5 ol

Figure13.7 Sample Calculation of A/D Values

If the voltage being sampled is changing too fast we may get false readings, as
shown in Figure 13.8. In the upper graph the waveform compl etes seven cycles, and 9
samples are taken. The bottom graph plots out the values read. The sampling frequency
was too low, so the signal read appearsto be different that it actually is, thisiscalled alias-

ing.
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Figure13.8 Low Sampling Frequencies Cause Aliasing

-

Figure13.9 Very Low Sampling Frequencies Produce A pparently Random

The Nyquist criterion specifies that sampling frequencies should be at least twice
the frequency of the signal being measured, otherwise aliasing will occur. The examplein
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Figure 13.8 violated this principle, so the signal was aliased. If this happensin real appli-
cations the process will appear to operate erraticaly. In practice the sample frequency
should be 4 or more times faster than the system frequency.

fap > 2fsignal where, _ .
f AD * sampling frequency

f maxi mum frequency of the input

signal —

There are other practical details that should be considered when designing applica-
tions with analog inputs;

* Noise - Since the sampling window for asignal is short, noise will have added
effect on the signal read. For example, a momentary voltage spike might result
in a higher than normal reading. Shielded data cables are commonly used to
reduce the noise levels.

* Delay - When the sample is requested, a short period of time passes before the
final sample value is obtained.

» Multiplexing - Most analog input cards allow multiple inputs. These may share
the A/D converter using atechnique called multiplexing. If there are 4 channels
using an A/D converter with amaximum sampling rate of 100Hz, the maximum
sampling rate per channel is 25Hz.

» Signal Conditioners - Signal conditioners are used to amplify, or filter signals
coming from transducers, before they are read by the A/D converter.

* Resistance - A/D converters normally have high input impedance (resistance), so
they affect circuits they are measuring.

* Single Ended Inputs - Voltage inputs to a PL C can use a single common for mul-
tiple inputs, these types of inputs are called single ended inputs. These tend to
be more prone to noise.

* Double Ended Inputs - Each double ended input has its own common. This
reduces problems with electrical noise, but aso tends to reduce the number of
inputs by half.

» Sampling Rates - The maximum number of samples that can be read each sec-
ond. If reading multiple channels with a multiplexer, this may be reduced.

* Quantization Error - Analog IO is limited by the binary resolution of the con-
verter. This meansthat the output is at discrete levels, instead of continuous val-
ues.

* Triggers - often external digital signals are used to signal the start of data collec-
tion.

* Range - the typical voltages that the card can read. Typical voltage ranges are -
10V to 10V, OV to 10V, OV to 5V, 1V to 5V, -5V to 5V, 4mA to 20mA.

* DMA - amethod to write large blocks of memory directly to computer memory.
Thisisnormally used for high speed data captures.
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* Filters - some A/D input cards will provide built in functions to filter the incom-
ing data to remove high frequency noise components.

* Input impedance - most analog inputs have very high input resistances, in the
range of Mohms,

ASDE: Thisdeviceisan 8 bit A/D converter. The main concept behind thisis the succes-
sive approximation logic. Once the reset is toggled the converter will start by setting
the most significant bit of the 8 bit number. Thiswill be converted to a voltage Ve that is
a function of the +/-\wef values. The value of Ve is compared to Vin and a ssimple logic
check determines which is larger. If the value of Veislarger the bit is turned off. The
logic then repeats similar steps from the most to least significant bits. Once the last bit
has been set on/off and checked the conversion will be complete, and a done bit can be
set to indicate a valid conversion value.

Vin above (+ve) or below (-ve) Ve

Vin
O >
O
+\ref
successive 8 DtoR
approximation 0
reset done
O > >
O 8
-Vref data out
\ -

Quite often an A/D converter will multiplex between variousinputs. As it switches the volt-
age will be sampled by a sample and hold circuit. Thiswill then be converted to a digi-
tal value. The sample and hold circuits can be used before the multiplexer to collect
data values at the same instant in time.

Figure 13.10 A Successive Approximation A/D Converter
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13.3 ANALOG OUTPUTS

Analog outputs are much simpler than analog inputs. To set an analog output an
integer is converted to avoltage. This processisvery fast, and does not experience the
timing problems with analog inputs. But, analog outputs are subject to quantization errors.
Figure 13.11 gives asummary of the important relationships. These relationships are
almost identical to those of the A/D converter.

R=2" (5)
V.-V
VERROR = i( masz mm) ©
v, = IN-|-|:(Vdesired_vmi n) R:| (7)
Vmax_vmin
Vl
Voutput = (E) (Vmax= Vmin) * Vinin (8)
where,

R = resolution of A/D converter
VERROR = the maximum quantization error

VI = theinteger value representing the desired voltage

Voutput = the voltage output using the integer value

Vdesir ed = the desired output voltage

Figure13.11 Analog Output Relationships

Assume we are using an 8 bit D/A converter that outputs values between OV and
10V. We have aresolution of 256, where 0 resultsin an output of OV and 255 resultsin
10V. The quantization error will be 20mV. If we want to output a voltage of 6.234V, we
would specify an output integer of 160, this would result in an output voltage of 6.250V.
The quantization error would be 6.250V-6.234V=0.016V.
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Vl
Ve = (E) (Vmax = Vimin) * Viin = 6.250V

r
I Given, :
| :
I Viax = 10V |
I Vmin = oV ,
: Vdesired = 6.234V :
| Calculate, !
: R =2" = 256 :
| Vv v :
, Verror = (—25=7) = 0020V :
! V. —V._. ,
I Vv, = |NT[(M’) R} — 160 |
Vmax_vmi
I |
I |
I |
] ol

The current output from a D/A converter is normally limited to a small value, typi-
cally lessthan 20mA. Thisis enough for instrumentation, but for high current loads, such
as motors, a current amplifier is needed. Thistype of interface will be discussed later. If
the current limit is exceeded for 5V output, the voltage will decrease (so don’t exceed the
rated voltage). If the current limit is exceeded for long periods of time the D/A output may
be damaged.
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ASDE: V.V, V) S—
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Computer 0 \)
40K 2
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First we write the obvious,

vV, =0=V_
Next, sum the currents into the inverting input as a function of the output voltage and the
input voltages from the computer,

Vb3 Vb2 Vb1 Vbo V,
+ + + =
10KQ 20KQ 40KQ 80KQ 5KQ
OV, = 05V, +0.25V,, +0.125V,, +0.0625V,,

Consider an example where the binary output is 1110, with 5V for on,
OV, = 0.5(5V) +0.25(5V) + 0.125(5V) + 0.625(0V) = 4.375V

Figure13.12 A Digital-To-Analog Converter

13.4 NOISE REDUCTION

13.4.1 Shielding

When a changing magnetic field cuts across a conductor, it will induce a current
flow. The resistance in the circuitswill convert thisto avoltage. These unwanted voltages
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result in erroneous readings from sensors, and signal to outputs. Shielding will reduce the
effects of the interference. When shielding and grounding are done properly, the effects of
electrical noise will be negligible. Shielding is normally used for; all logical signalsin
noisy environments, high speed counters or high speed circuitry, and all analog signals.

There are two major approaches to reducing noise; shielding and twisted pairs.
Shielding involves encasing conductors and electrical equipment with metal. As aresult
electrical equipment is normally housed in metal cases. Wires are normally put in cables
with ametal sheath surrounding both wires. The metal sheath may be athin film, or a
woven metal mesh. Shielded wires are connected at one end to "drain” the unwanted sig-
nals into the cases of the instruments. Figure 13.13 shows a thermocouple connected with
athermocouple. The cross section of the wire contains two insulated conductors. Both of
the wires are covered with ametal foil, and final covering of insulation finishes the cable.
The wires are connected to the thermocoupl e as expected, but the shield is only connected
on the amplifier end to the case. The case isthen connected to the shielding ground, shown
here as three diagonal lines.

—~ — — — — — — — — — — — —

Insulated wires
Two conductor

shielded cable

Cross section Metal sheath

Insulating cover

Figure 13.13 Shielding for a Thermocouple

A twisted pair is shown in Figure 13.14. The two wires are twisted at regular inter-
vals, effectively forming small loops. In this case the small loops reverse every twist, so
any induced currents are cancel out for every two twists.
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Figure13.14 A Twisted Pair

When designing shielding, the following design points will reduce the effects of
electromagnetic interference.

* Avoid “noisy” equipment when possible.

» Choose ametal cabinet that will shield the control electronics.

» Use shielded cables and twisted pair wires.

* Separate high current, and AC/DC wires from each other when possible.

* Use current oriented methods such as sourcing and sinking for logical 1/0.
* Use high frequency filtersto eliminate high frequency noise.

*» Use power line filters to eliminate noise from the power supply.

13.4.2 Grounding

- ground voltages are based upon the natural voltage level in the physical ground
(the earth under your feet). Thiswill vary over adistance. Most buildings and electrical
systems use a ground reference for the building. Between different points on the same
building ground voltage levels may vary as much as afew hundred millivolts. This can
lead to significant problems with voltage readings and system safety.

- A signal can be floating, or connected to a ground

- if floating a system normally has a self contained power source, or self reference
such as a battery, strain gauge or thermocouple. These are usually read with double ended
outputs. The potential for floating voltage levels can be minimized by connecting larger
resistors (up to 100K) from the input to ground.

- agrounded system uses a single common (ground) for all signals. These are nor-
mally connected to a single ended inputs.

- the analog common can also be connected to the ground with a large resistor to
drain off induced voltages.
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- cable shields or grounds are normally only connected at one side to prevent
ground loops.

13.5CASE STUDY

- data smoothing by averaging inputs

- conversion back to an input voltage

- useit to calculate an output voltage for control.

13.6 SUMMARY

» A/D conversion will convert a continuous value to an integer value.

* D/A conversion is easier and faster and will convert adigital value to an analog
value.

* Resolution limits the accuracy of A/D and D/A converters.

» Sampling too slowly will aliasthereal signal.

» Analog inputs are sensitive to noise.

» Analog shielding should be used to improve the quality of electrical signals.

13.7 PRACTICE PROBLEMS

1. What is the difference between an A/D input and D/A output?

2. An analog voltage that has arange of -10V to 10V and isto be read to a precision of +/-0.05V.
How is the minimum number of bits required for the A/D converter?

3. If given a 12 hit analog input with arange of -10V to 10V. If we put in 2.735V, what will the
integer value be after the A/D conversion? What is the error? What voltage can we calcul ate?

13.8 PRACTICE PROBLEM SOLUTIONS

1. an A/D converter will convert an analog input voltage (or current) to an integer value. A D/A
output will convert an integer value to an output voltage.
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R = 0V-(-10V) _ 5 7 bits, R =128
0.1V 8 bits, R = 256
The minimum number of bitsis 8.
3.

N=12 R=40% V., =-10V Viax = 10V V,, = 2735V
V.. —V_

v, = INT[(M’)(R—D} = 2607
Vmax_vmi

\%
VC = (R_l])(vmax_vmin) + Vmin = 2.733V

error = V.-V,, = (-0.002)V

13.9 ASSIGNMENT PROBLEMS

1. An analog output needs to be between -4V and 8V, in 0.005V intervals. How many bits are
required for the D/A converter?

2. Discuss methods for reducing electrical noise in analog inputs.
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