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Introduction

To measure voltage, current and resistance in circuits we have to use measuring instruments. We commonly measure circuit quantities for the purpose of:

· Safety—we need to establish whether a circuit is ‘live’ or ‘dead’ so we can safely work on it.
· Testing and fault finding—checking and comparing various electrical quantities to expected values.
· Establishing normal operating values—it is useful in some cases to establish what normal values of current, voltage, and resistance are in a properly working circuit. This will help us to diagnose a fault in the future

· Measuring efficiency—by measuring input and output quantities of electrical equipment we can determine the efficiency.

Measuring instruments are available for measuring both direct current (dc) and alternating current (ac) quantities, but here we will concentrate mainly on dc measurements.
In this section you will learn about some of the instruments used in measuring various circuit quantities and how to use those instruments.

After completing this section, you will be able to:

· apply safe working procedures when working with instruments

· handle and store instruments to ensure they are protected from damage

· select and set-up an instrument to measure voltage, current or resistance

· connect instruments into a circuit to measure voltage, current and resistance

· read analogue scales and digital readouts in measuring voltage, current and resistance.
Meter connection and use
Measuring voltage

The voltmeter is an instrument used to measure voltage between two points in a circuit. The schematic diagram symbol for a DC voltmeter and the correct connection are shown in Figure 1. In this case, the voltage of the source is being measured.
[image: image1.wmf]
Figure 1: DC voltmeter in circuit
Note the following about the voltmeter connection:

· The voltmeter is connected across (in parallel with) the component whose voltage we wish to measure.

· The terminal of the voltmeter marked ‘V’ or ‘+’ is connected to the positive (or higher-potential) point, and the terminal marked COM or ‘–‘ is connected to the lower-potential end. 
· If the voltmeter is connected the wrong way, an analogue meter will not work, as the needle will try to move off the scale below zero. A digital voltmeter will show a negative sign when connected in reverse.
· Voltmeters must have a very high resistance, otherwise they would carry significant current, and change the actual voltages being measured.

Measuring current

An ammeter is an instrument used to measure electric current flowing through a circuit or wire. The ammeter is inserted in the circuit so that the current is forced to flow through it. We say it is connected in series.
Figure 2 shows how a DC ammeter is connected so it measures circuit current. The circuit must be broken and the meter connected so that the current flows through the ammeter.
[image: image2.wmf]
Figure 2: DC ammeter connected for measuring circuit current
Note the following about the ammeter connection:

· The ammeter must be connected in series with the component we wish to measure the current through. The current must pass through the ammeter.

· The ammeter is connected so that the (conventional) current flows into the terminal marked ‘+’. If an analogue ammeter is connected with reverse polarity, the needle will attempt to go off-scale below zero. A digital ammeter will show a negative sign.

· Ammeters must have low resistance, otherwise they would change the value of the current it is trying to measure.

Measuring voltage and current simultaneously
Figure 3 shows the connection of an ammeter and a voltmeter in the one circuit. 
[image: image3.wmf]
Figure 3: Measuring voltage and current together
You should observe that the ammeter is in series with the load so that the current flowing in the circuit is forced to flow through the meter, whilst the voltmeter is connected across (in parallel with) the load.
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	Ammeters are: 
· low-resistance instruments

· connected in series with a circuit.
But voltmeters are:

· high-resistance instruments

· connected in parallel with a circuit.


Connecting to the circuit

Be sure to follow these rules when you connect to a circuit:
· Do not connect a meter into the circuit when the power is on.

· An ammeter presents a low-resistance to the flow of current. Therefore an ammeter will be damaged if connected across a voltage source or other component. Always double check the circuit connections, and the range and the probe terminals at the meter before powering the circuit.

· Similarly, when using an ohmmeter or a multimeter set to read resistance, never have the circuit or component under test connected to the supply, or you may damage the meter. 

· When measuring voltage or current, be sure to connect the meter with correct polarity, particularly for an analogue meter.

· Ensure that the probes are inserted into the correct terminals. Meters have different terminals allocated for measuring current and voltage.

Range setup

· For ammeters and voltmeters make sure that the meter you select has the range to read the expected current or voltage of the circuit you are about to test.

· Initially turn the range selector switch to the maximum range for the quantity being measured. To get the most accurate reading, decrease the range until you get the largest deflection without going off-scale. 

· Never change ranges with the circuit powered up.

Zero Adjust

Analogue instruments have an adjustment for the zero of the meter movement. For example, with a voltmeter, you should periodically check that the needle points at zero with no voltage applied. If it does not, you can adjust the needle back to zero with a screwdriver.

This process is not a substitute for proper calibration.

A similar situation arises when measuring resistance with an analogue meter. There will usually be an adjustment labelled ‘ohms adjust’ or similar. Before taking a reading on a different resistance range, you should short the probes together and adjust the reading to zero ohms.

Care of instruments

Measuring instruments should be protected from shock, extremes of temperature and incorrect connection. When storing instruments over extended periods, you should remove the batteries which could leak and damage the instrument.
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	If you have Hampson, read the section ‘Circuit measurement’ on pages 39 to 41.
If you have Jenneson, read section 7.4 and check Figure 7.4 on page 133 for detailed views of a moving-coil movement.


Analogue meters

An analogue meter is one in which the electrical quantity being measured causes a pointer to move across a marked scale. The position of the pointer is then interpreted as the magnitude of the quantity being measured.

The analogue meter movement (the pointer and associated driving mechanism) consists of a coil to which the pointer is attached. This coil is free to rotate on a low-friction bearing. Passing current through the coil sets up a magnetic field that interacts with the permanent magnets and makes it rotate, this moving the needle.
Reading analogue scales
To obtain an accurate reading from an analogue meter, you must use the instrument correctly. The following factors are important:
Avoid parallax error

You must be looking at the needle and scale such that a line drawn from your eye to the scale is at right-angles to the plane of the scale. In other words, don’t look at the scale from ‘side-on’, or you reading will be in error. This type of error is called ‘parallax error’. 

Some analogue meters have a mirror embedded in the scale. You know that you are looking directly at the scale when the needle covers up its own reflection.
Scaling
When taking a reading from a scale, first you need to identify the correct scale, and multiply accordingly.

A meter might have voltage ranges of 0 to 2.5 V, 5 V, 10 V, 50 V, 250 V and 1000 V, but there may only be three scales provided, for example 0 to 2.5, 0 to 10, and 0 to 2.5. When using the 250 V range, you will read from the 0 to 2.5 scale, and multiply your reading by 100. Similarly, when you use the 1000 V range, you must use the 0 to 10 scale, and multiply by 100.

Example 1
Suppose our voltmeter is set to the 50 V range, and the scale appears as shown in Figure 4. The reading will be 3.6 × 10 = 36 V.

[image: image6.wmf]
Figure 4
If on the other hand the range was set to 500 V, then the reading would be 3.6 × 100 = 360 V.
Reading major and minor divisions

Not every division has a label. In the previous example, the major divisions were labelled 1, 2, 3, 4, 5, but you must work out the minor divisions yourself. It is important that you recognise what each division represents. 

If we consider a meter that reads, say, zero to five amperes, we would find that, with no current, the pointer would rest at the left hand end of the scale marked 0. With 5 A of current the pointer would be at full-scale deflection (at the extreme right side of the scale). 
Assuming that this scale has five equally spaced major divisions, each being further subdivided into 10 minor divisions, then the major divisions would be one-fifth of the full scale deflection; that is: eq1
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 of 51 ampere per major division.

5

=

eq2
The minor divisions each represent: 
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10.1 ampere per minor division.
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eq3
Some examples of measurements recorded by an analogue meter, using this scale are shown in Figure 5.

Let us now consider a meter measuring 50 A full scale. The major divisions are now:
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10 amperes per major division
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eq4
Assuming there were 10 minor divisions between major divisions, then the minor divisions would each represent: 
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1 ampere per minor division.

10

=

eq5
Some examples of analogue meter readings using this scale are shown in Figure 6.

[image: image11.wmf]uf01

Figure 5: Analogue meter scale, 5 A full scale
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[image: image13.wmf]
Figure 6: Analogue meter scale, 50 A full scale
Interpolation

You need to be able to interpolate between the minor divisions. The precision of an instrument is typically one-half of a minor division, so when the needle lies between two minor divisions, you should estimate the last decimal to the nearest half minor division.
Example 2
The needle below lies about midway between the two minor divisions 3.7 and 3.8 amperes. The reading is therefore 3.75 A.
[image: image14.wmf]
Figure 7: Interpolation
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	Activity 1




1
A voltmeter has a high
 and is connected in



.
2
The 
 must always connect in series as it has a very low



.

3
Draw a basic electrical circuit and include in it an ammeter and a voltmeter, a battery as a source of EMF, a resistor as the load and a switch to control the current.

4
A meter scale has five major divisions, each worth ten units. If there are five minor divisions between two major divisions, how much does one minor division represent?

5
What is the reading on this meter scale?

[image: image16.wmf]uf03
Check your answers with those given at the end of the section.

Digital meters

A digital meter is one in which the electrical quantity being measured is displayed as a number.

A digital meter gives greater resolution, removes possible doubts as to the correctness of the reading and provides better accuracy than an analogue meter.

A digital meter works in a different way to an analogue meter. A digital meter takes a number of readings or ‘samples’ over a short period and stores them. At the end of this ‘sampling’ period it calculates an average value for that period and displays it as a numerical display. This process is repeated continually.

Note that while sampling is in progress the meter displays the previously calculated value. Because of this operating principle, digital meters are slower in responding to any change in the quantity being measured.

Apart from these differences, a digital meter is used in exactly the same manner as an analogue meter.
	[image: image17.wmf]
	If you have Hampson, read the digital meter section on pages 41 to 42.
If you have Jenneson, refer to Section 7.9, ‘Digital reading meters’ on page 141.


Meter selection
The following are some points to remember when selecting and using the correct meter for the job. 
Analogue versus digital meters

The advantages of analogue meters are:
· Analogue meters can be are easier to read where many rapid readings are taken, or when you are approximately comparing multiple readings. The analogue scale gives a better ‘feel’ for the relative size of different reading.

· Analogue meters can be easier to read in sunlight.

Some disadvantages of analogue multimeters include:

· Reading an analogue meter can be more error prone. Mistakes can arise from multiple scales and ranges, the necessity of interpolation, and non-linear scale when measuring ohms.
· The internal resistance of analogue voltmeters is relatively low and this can ‘load’ the circuit being measured, leading to inaccuracy.
· Analogue instruments are polarity sensitive. If you connect the instrument backwards, the pointer will attempt to go off-scale with possible damage resulting.
Some advantages of digital meters include:

· Typically better accuracy than analogue meters.
· Much higher sensitivity – digital meters have very high input resistance.

· Easier to read correctly.

· Some modern instruments are auto-ranging, so there is not need to selects the correct scale.

Disadvantages of digital multimeters include:

· they are less responsive to changing values

· they can have very large errors when used near a radio frequency source.

Multimeters

A multimeter is a combination of a voltmeter, ammeter and ohmmeter and may incorporate other functions such as frequency measurement capacitance measurement. An analogue multimeter consists of a single meter movement and a multi-position selector switch to connect it either as a voltmeter, ammeter, ohmmeter or some other function. The selector switch is used to select the correct range of volts, amps or ohms for the circuit being tested.

Both analogue and digital multimeters are available and both types require a battery. The battery provides a current source for the ohmmeter function and also provides a power source for the display and internal electronics of the digital meter.

Meter resistance and loading
Ideally, a voltmeter has infinite resistance, and so draws no current from the circuit. Real voltmeters must draw some current, and so will have an effect upon the circuit they are measuring. We say the voltmeter is ‘loading’ the circuit to some extent.

Unless the voltmeter resistance is much greater than the resistance of the circuit whose voltage is being measured, the measured voltage will be lower than the true voltage. This is called the ‘loading effect’ of a voltmeter. A rule of thumb suggestion is to have the meter’s resistance at least 20 times that of the resistance of the circuit. Note that the sensitivity determines the resistance of the meter, and so the loading effect a voltmeter will have. 

Digital voltmeters come reasonably close to the ideal of infinite resistance for many practical purposes. For example, a digital voltmeter has an input resistance of many megohm. On the other hand, the analogue instrument requires significantly more current to deflect its mechanical movement.
Example 3
Determine the reading indicated on the voltmeter shown in Figure 14.
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Figure 8: Loading effect of a voltmeter
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Equivalent resistance of R2 and RV in parallel:
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Since voltage drops vary inversely to the two series resistances, then the voltage across R2 || RV (parallel) is:
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But since R1 and R2 are of equal value then the true division of the supply voltage across them is half of the supply across each, ie true value of voltage drop across 
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 or 5 V (not the 2.5 V as indicated by the meter). eq20
Example 4
If the voltmeter from Example 3 is replaced by one having a much higher resistance, say 20 k Ω per volt, what would then be the reading indicated on the 10 V range?
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Equivalent resistance of R2 and RV in parallel:
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Voltmeter reading is then:
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eq23
This obviously is much closer to the true voltage across the resistor of 5 V, thus indicating clearly that the higher the resistance of the voltmeter the more accurate will be the reading indicated by it.

Voltmeter sensitivity

Voltmeter sensitivity is the resistance of the voltmeter for each volt at full scale deflection. The sensitivity of a meter is quoted in ohms per volt. When the ‘ohms per volt’ figure is high, the instrument is more sensitive than for a lower value. A typical analogue voltmeter might have a sensitivity of 20 000 ohms per volt. This would mean that on the 5 V scale, the meter resistance is:


[image: image26.wmf]W

=

=

=

k

 

4

5

20000

I

V

R


This resistance is not particularly large, and so the meter may change the circuit conditions of electronic circuits. For circuits such as low voltage electronic circuits where the currents drawn are often measured in milliamps or smaller units, select a meter with very high internal resistance, such as a digital meter or vacuum tube voltmeter.

For analogue voltmeters, the sensitivity is determined by the sensitivity of the movement, in terms of the current required for full scale deflection. An equation which can be used to determine voltmeter sensitivity is:
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=

eq14
Note: Full scale deflection (FSD) is the current required to bring the pointer of the instrument to full scale.

Example 5
Determine the sensitivity of a voltmeter which requires 1 mA of current to produce full-scale deflection (FSD).
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You can see that the smaller the current required for FSD, the higher will be the sensitivity.

The total internal resistance of any voltmeter can be obtained by multiplying together the sensitivity and the volts for full-scale deflection.

Example 6
Determine the resistance of a meter with a sensitivity of 20 000 ohm/volt on the 100 volt range.
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Accuracy of measurements

The accuracy of an instrument is how close its measurements are to the true value of the quantity that is measured. The accuracy of a measurement from a meter depends upon the following factors:

Precision

The precision of an instrument is a measure of its repeatability – the ability of the instrument to give the same reading on subsequent measurements of the same quantity. If an instrument is not precise, it will never be accurate.

As a rule, the precision of measuring instruments is typically one half of the smallest division, or better. For example, if the smallest division on the scale represents 0.1 A, then the precision should be ( 0.05 A (or (50 mA). 

Calibration

Calibration is the process of adjusting the instrument so that it gives the correct readings. A known quantity (eg voltage or current) is applied to the instrument, and internal adjustments made so that the indicated reading is the same as the applied reading. At least two values of the measured variable are required for calibration – usually zero and the full-scale deflection value.

We could say (loosely speaking) that:



“precision + calibration = accuracy”

In other words, you need to have both a precise instrument, and a calibrated instrument to obtain the best accuracy.
Instruments are calibrated at the factory for optimal accuracy. However, they will lose calibration and have less accuracy with the passing of time, or if they are subjected to extreme conditions of temperature, mechanical shock, or excessive voltage or current. If your measurements require accuracy, the meter should be calibrated as recommended by the manufacturer.

Accuracy of readings
The accuracy of a meter quoted by the manufacturer is often expressed as a percentage error of the full scale deflection reading. Note that this accuracy will only be achieved while the instrument is properly calibrated.
Example 7
A voltmeter has an accuracy of 1% and a full scale range of 200 V. If the meter indicates 200 V, determine the range of actual values of the voltage being measured.
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Note: The actual error, ± volts, applies over the whole scale of the meter.

If measuring a different voltage on the same range, say 20 V:
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which gives an accuracy of only ± 10% at this reading. For this reason it is good practice to use a meter on a range where the pointer is well up towards full scale whenever possible.
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	Check your progress


1
When storing a digital multimeter what precautions should you take?

2
In what way does a digital multimeter differ from an analogue multimeter when using it to measure current?

3
Give one advantage of a digital multimeter compared to an analogue multimeter.

4
Give one disadvantage of a digital multimeter compared to an analogue multimeter.

5
Briefly explain why an analogue meter must be viewed straight on.

6
Briefly explain how to ‘zero’ an analogue ohmmeter.

7
Explain why it is important to set the multimeter to its highest range, especially when measuring an unknown voltage.

8
What would be the effect on a circuit if a voltmeter were connected in series with a circuit being tested, instead of in parallel?

9
Why do meters used to measure voltage need to have a very high internal resistance?

10 
A voltmeter of full-scale deflection 250 V has a meter accuracy of 0.5 per cent. What range of meter readings could be expected at full-scale?

Check your answers with those given at the end of the section.

Summary

· An ammeter is an instrument used for measuring electrical current flow in a circuit.

· A voltmeter is an instrument used for measuring electrical voltage between two points in a circuit.

· A multimeter is a multi-purpose meter that can measure voltage, current and resistance and has a series of ranges for each function.

· Ammeters, voltmeters and multimeters are available in analogue and digital versions.

· Voltmeters should have as high a resistance as possible, and ammeters as low a resistance as possible. 

· Ideally, voltameters have infinite resistance, and ammeters have zero resistance.

· In practice, it is important that the voltmeter have a high resistance as compared with the resistance of the circuit it is measuring (twenty times more is a good rule of thumb)

· Voltmeter sensitivity is quoted as ‘ohms per volt’. This relates to the current required to drive the meter movement full scale deflection. A high sensitivity voltmeter has a high resistance, and does not load the circuit.

· Digital meters are typically more accurate than analogue meters, but are slower in response and subject to interference.

· Digital voltmeters have a higher resistance (higher sensitivity) than analogue voltmeters.

· Accurate readings depend upon proper calibration of instruments, and correct use of the instrument.

Answers

Activity 1

1
Resistance parallel.

2
Ammeter resistance.

3
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5
The reading on the meter scale is 1.7 A.
Check your progress

1
(
turn off meter

· do not store in hot or dirty environment
· remove battery if storage is to be extended.
2
(
fuse protection of switched ranges

· not affected by reverse probe polarity.

3
(
not affected by reverse probe polarity

· not affected by operator reading error.

4
(
slow update

· constant high input resistance.

5
To avoid pointer error.

6
(
set to desired range

· short probes together

· adjust ‘zero adj’ knob until pointer is at ‘0’.

7
Voltage under test may be higher than range set.

8
Very high resistance of the meter would reduce current to almost zero, i.e. circuit would not function as intended.

9
Secure they need to have as little loading effect on the circuit as possible.

10
With a full-scale deflection of 250 volts and a meter accuracy of 0.5 per cent, the range of readings at full-scale is 250 ± 0.5 per cent. 


Since 0.5 per cent of 250 volt is 1.25 volt.


Range at full load = 250V ± 1.25 volt.


That is, 248.75 V to 251.25 V.
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