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1. MEASURING ACCURACY 
The accuracy of conducted measurements is usually expressed by a measurement error. 

Absolute error is defined as the difference between the measured value XM and real value XS 

Δ = XM – XS 

Absolute error is usually used for assessing measurement results since it has the same unit as the 

measured quantity. 

When assessing the accuracy of measuring methods, a relative measurement error is used most often 

( )−


=
MX

  

or 

 ( )%100
M




=
X

  

or 

( )p.p.m.106

M




=
X

  

p.p.m. - parts per million (similar to percentage points, which are parts per hundred.) 

We can get closer to the real value by using more accurate equipment or more accurate methods. Apart 

from that, measurement errors can also be determined based on theoretical deliberation. 

Two errors are usually considered in technical practices - systematic error and measurement equipment 

error. We strive to limit random errors to an acceptable degree. 

We can cause a measurement error even by connecting a measuring device in the measured circuit. Its 

internal resistance can change the conditions in the measured circuit. The size of the errors arising in 

this manner can usually be calculated or it can be reduced by using a more suitable connection. This 

error is called a method error. It can be caused by: 

the internal resistance of the used equipment (in which case the error can be precisely calculated, 

including its positive or negative sign) 

a simplified connection (the error cannot be calculated, only estimated) 

a simplified calculation (the error cannot be calculated, only estimated) 

Measurement errors caused by measuring equipment imperfections are known as measuring equipment 

errors (the internal resistance of the equipment is not included in this, only the corresponding data error 

is). This error can be determined during the calibration, when data from the measuring device that is 

being calibrated are compared to data obtained from an accurate reference device. The absolute error, 

i.e., the difference between the value measured by the given device and the value that the device was 

supposed to return, is determined from these values. Calibration results can be expressed by a calibration 

curve. The so-called accuracy classes are used for marking groups of measuring devices, data errors of 

which stay within the specified limits. Equipment data errors can be calculated, though they only 

determine the ± area, within which the result lies. 

For analogue measuring equipment, the accuracy class is stated on the given device dial and it is valid 

under the given defined reference conditions. 

The error of digital measuring equipment has two components. Each component of the equipment error 

is of a different character. This is due to the origin locations of these errors. Error 1 remains the same 

within the entire range of the measuring equipment, which means it does not depend on the size of the 

measured quantity (it is determined by, for example, the instability of the resistors in the input divider, 

instability of the reference source and frequency generator). On the other hand, error δ2 depends on the 

size of the measuring quantity (it is determined by, for example, errors of the amplifier zeros, 

comparator, residual voltages of turned-on switches and quantization errors of the A/D convertor). It 

thus behaves as a relative error of the analogue device data. 

When conducting measurements, we can encounter situations where we are not able to measure a given 

quantity directly. For example, a coil impedance can be calculated from the measured voltage and 

current; alternatively, we can measure current past the current transformer, etc. The measurements in 
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that case are indirect measurements and we thus need to determine what the maximum possible result 

error will be when each of the measured quantities is burdened by a data error. The final maximum error 

of a measured quantity is determined by the error accumulation principle. The errors for some basic 

calculations are presented in the table. 

Measurement accuracy can be additionally affected by the so-called random errors, such as errors caused 

by interference. 

Measurement results are thus mostly affected by two errors, specifically a method error and a measuring 

equipment error. A conclusion of a measurement, for which the measurement error needs to be 

determined, should be provided by the means of a record on the measured quantity in the following form  

XM = (X'M - m) ± |U|, 

where m is the absolute method error and ΔU is the absolute error of the value of the measuring 

equipment. 

1.1   SYSTEMATIC ERROR 

 

Study time: 2 hours 

 

 
Objective    Upon studying this paragraph, you will know how to 

 • define the method error 

• calculate the method error 

 

1.1.1   Measuring voltage 
We have a source of voltage U0 and internal resistance R0. We connect a 

voltmeter with internal resistance RV to its output terminals. 

The measured voltage UV is the voltage on resistor RV of the divider, 

formed by resistances R0 and RV and powered by voltage U0. If we want to 

determine the internal voltage U0, we need to subtract the given method 

error from the measured voltage UV. 
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Should the internal resistance of the voltmeter be indefinitely high, the power supply would not be 

exposed to any load and the voltages U0 and UV would be identical. 

Should the internal resistance of the voltmeter be RV = 10 MΩ (the standard internal resistance of digital 

voltmeters) and should the internal resistance of the power supply be 10 Ω, the relative method error 

would be 10-4%, which is negligible for usual technical measurements. 

Should the voltmeter be an analogue voltmeter with multiple ranges, and should its internal resistance 

stated on the scale be 5,000 Ω/V (the standard value for magnetoelectric voltmeters), and should the 

internal resistance of the power supply be 10 Ω, the relative method error for the 1.2 V range would be 

around 10-1% (RV = 5 kΩ ∙ 1.2 V = 6 kΩ). 

We have a divider, formed by a voltage source and two resistances R1 and R2. We set the output voltage 

based on the connected voltmeter in such a way that the voltage on 

the resistances amounts to U. This voltage is directly distributed 

between the resistances proportionately to their size. 
IRIRU += 21  

It means that the voltage on resistance R2 will be 
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21
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2
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If we want to check this distribution by conducting appropriate 

measurements, we connect the voltmeter to resistance R2. However, 

the voltmeter will load the divider. 

c1

c
V

RR

R
UU

+
= where 

V2

V2
c

RR

RR
R

+


= (parallel connection R2 a RV) 

The closer the value of the voltmeter resistance RV to the value of 

the resistance R2, the bigger difference between the voltages U2 and 

UV. Since it is possible to calculate the method error that occurs in this manner, we can calculate the 

correct U2 from the measured UV. 

Should the internal resistance of the voltmeter be indefinitely high, the divider would not be exposed to 

any load and the voltages UV and U2 would be identical. 

Should both resistances R1 and R2 be 10 MΩ, each of them will have a half of voltage U. Upon loading 

the circuit with a voltmeter of the same internal resistance of RV = 10 MΩ, the burdened resistor will 

have a voltage of 1/3 U.  

1.1.2   Measuring current 

We connect resistor R to the given voltage source and set its voltage to U. The current flowing through 

the circuit can be calculated
R

U
I = . Next, we connect an ammeter with 

internal resistance RA in the circuit. The current flowing through the 

circuit changes 

A

´
RR

U
I

+
=  

Should the internal resistance of the ammeter be zero, the current would not change. 

Digital ammeters specify their internal resistance as the voltage loss over the given range. For example, 

for a range of 500 mA, the voltage loss is 1.5 V. The internal resistance is 3 Ω. Should the power supply 

voltage be 1 V and should the connected resistance be 10 Ω, then the current of 0.1 A changes to 76 mA 

when the ammeter is added to the circuit. The relative method error is –23%. 

1.1.3   Measuring resistance 
a) When measuring resistance in this circuit, the method error 

is caused by the ammeter since the voltmeter measures a 

different voltage than the voltage on the measured resistor. The 

calculated resistance R´ will be bigger than the real resistance. 

The closer the value of the ammeter resistance RA to the value 

of resistance R, the greater the difference. 
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The method error can thus be calculated. It can be estimated from the ratio of resistances RA and R. For 

example, should the ammeter resistance be 1 Ω and should the measured resistance be 1 kΩ, then the 

ratio will be 10-3 and the relative error will be 0.1%. 
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b) When measuring resistance in this circuit, the method error is 

caused by the voltmeter since the ammeter measures a different 

current than the current that flows through the measured resistor. 

The calculated resistance R´ will be smaller than the real 

resistance. The closer the value of the voltmeter resistance to the 

value of resistance R, the greater the difference. 

RR
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II

U

I

U
R

+


=

+
==

V

V
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V

R

V´ , after modification
RR

R
RR

−
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V

V . 

The method error can be calculated. It can be estimated from the ratio of resistances R and RV. For 

example, should the voltmeter resistance be 1 MΩ and should the measured resistance be 1 kΩ, then the 

current IR will be 103 times greater than the current flowing through the voltmeter and the relative error 

will be 0.1%. 

1.1.4   Measuring power 
Connection 

a) b) 

The connection of a power meter offers the same options for connecting the current and voltage coil as 

the connection of an ammeter and voltmeter when measuring resistance. The method error in connection 

a) is caused by the current coil and the power meter will show the power of the load, increased by the 

loss on the current coil of the power meter. For connection b), the power on the power meter increases 

by the loss on the voltage coil. 

2

ZpWWpWWZ IRPPPP −=−=  
nW

2

WnWW
R

U
PPPP R

R −=−=  

The method error correction is identical for the active or impedance load. 

1.1.5   Measuring impedance 

When measuring impedances in the circuits presented for measuring 

resistances, the situation is more complicated. The voltage UZ and current 

IZ on the impedance are not in phase (contrary to resistance). It also means 

that the voltage UZ and the ammeter voltage loss UA in circuit a) are not in 

phase either (the same applies for the voltmeter current IV and IZ in circuit 

b). It further follows that when using the equations stated for these circuits, 

we must consider the given vector sum. It means that if we do not know the 

phase angle of the load, we cannot calculate these equations. We can then 

only estimate the given method error size. 

In the case of circuit b), for example, should the current flowing through 

the coil be 1 A at 100 V (its impedance is 100 Ω) and should the current through the voltmeter be 10-5 

A (its resistance is 107 Ω), then the current measurement error will be approximately 10-3%, which is 

usually a negligible error in technical practice. 

Yet another measurement problem is caused by the fact that the impedance is fully determined by two 

parameters: the absolute value and phase, active and reactive components, etc. This, for example, means 

that we can describe a coil by its inductance and active resistance, or by its inductance and quality; for 

high frequencies, we also need to know its stray capacity. Another error in circuits a) as well as b) thus 
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occurs when an alternate power supply, with which the measured element will be later operated, is used 

- we only measure its impedance, while the active resistance is then measured with a direct power supply 

(using, for example, an ohmmeter). It means, for example, that when measuring coil parameters with 

iron, we will not be able to capture the iron losses that have an impact when an alternate power supply 

is used. This error cannot be calculated. It can be eliminated by choosing a different measuring method. 

Another method error can occur due to the fact that we determined the coil parameters at a different 

frequency or different current than the frequency or current the measured element will be later operated 

at. This error cannot be calculated either. It can be eliminated by selecting corresponding measuring 

parameters. 

1.2 MEASURING EQUIPMENT ERROR 
 

 

Study time: 2 hours 

 

 
Objective    Upon studying this paragraph, you will know how to 

 • define the accuracy class of analogue devices 

• define the accuracy class of digital devices  

• calculate errors caused be measuring equipment 

1.2.1 Accuracy class 

The device calibration process will determine the corresponding correction curve. The measured values 

are then adjusted using this curve. For a majority of serial production measuring devices, their 

manufacturers state their highest absolute error. That ensures that the values measured by a given device 

will usually have a smaller error throughout the entire range, however, this error will never be greater 

than the maximal error. The maximal error for analogue measuring devices is stated by their 

manufacturers in the form of an accuracy class. Based on the standard, there are the following accuracy 

classes (in percentage points): 0.05; 0.1; 0.2; 0.3; 0.5; 1; 1.5; 2; 2.5; 3; 5. 

Example: 

Draw a correction curve and determine the accuracy class of a newly built analogue voltmeter. To 

calibrate the new machine, use a voltmeter with a higher accuracy than the expected accuracy of the 

new voltmeter (digital voltmeter). 

VS – calibration digital voltmeter 

VM – calibrated analogue voltmeter  

 Set the voltage on the power supply in a way that the deflection 

of the pointer of the analogue voltmeter corresponds to the main divisions of the scale (the scale has 

100 divisions, every tenth of them is described with a value – these are the main divisions). We 

simultaneously read the values from the digital voltmeter. We record the measured values in a table and 

 

U V  V 

US UM 
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calculate the absolute error (Δ = UM – US) and correction (K = -Δ), and draw the corresponding 

correction curve: 

 

We locate the highest error in the table max = -0,29 V. The quotient of this error and the range of the 

analogue voltmeter is the relative error 𝛿 = ±
|∆𝑚𝑎𝑥|

𝑋𝑅
∙ 100 = ±

|0.29|

100
∙ 100 = ±0.29 %. From that, we 

can determine the accuracy class. There is no accuracy class for this value (0.29) and we thus assign 

the closest accuracy class instead, i.e., 0.3. 

This is the way new analogue devices are assigned accuracy classes. We do not usually have the 

corresponding correction curve available, however, based on the accuracy class, we are able to 

determine the limits within which the maximal absolute error falls. In our case, it will be 

 ∆𝑃= ±
|𝛿𝑇𝑃|∙𝑋𝑅

100
= ±

0.3∙100

100
= ± 0.3 𝑉 and it will be identical for the entire range (XR) of the device 

even though we can see from the example that it only gets close to this value at two points. 

If we need to find out how many percent points this maximum absolute error represents from the current 

deflection of the pointer, we proceed using the formula 
M

R
TP

M

P
100

X

X

X
U =


=   (P is the absolute 

error of the device calculated from the accuracy class TP is the accuracy class, XR is the range of the 

device and XM is the measured value). It means that in our case, we measure 10 V with a relative error 

of ±3 %, while 100 V will have a relative error of ±0.3 %. Nevertheless, the absolute error will always 

be ±0.3 V. 

This means that the relative error of a given value increases with a decreasing quotient of the measured 

value and maximum range value. That is why analogue measuring devices should be used in a way that 

the deflection of the pointer is, if possible, within the 3rd third of the range. 

The measuring equipment error cannot be completely eliminated by applying a correction. That 

is why it is defined by the limits (|P|; |u|; |P| a |u|), within which the real value of the measured 

quantity falls. 

UM US  K 

(V) (V) (V) (V) 

0 0 0,00 0,00 

10 9,88 0,12 -0,12 

20 19,86 0,14 -0,14 

30 29,79 0,21 -0,21 

40 39,72 0,28 -0,28 

50 49,75 0,25 -0,25 

60 59,71 0,29 -0,29 

70 69,89 0,11 -0,11 

80 79,97 0,03 -0,03 

90 90,10 -0,10 0,10 

100 100,21 -0,21 0,21 

-0,4

-0,3

-0,2

-0,1

0,0

0,1

0,2

0,3

0 10 20 30 40 50 60 70 80 90 100

K
(V

)
UM(V)

Correction curve of analogue voltmeter 
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Example: 

We are supposed to measure XM = 90 V using a laboratory voltmeter with a range of XR = 150 V and 

accuracy class of 0.5. What are the absolute and relative errors of this measurement, provided the 

reference conditions are complied with? 

∆𝑢= ±
|𝛿TP| ∙ 𝑋R

100
= ±

0.5 ∙ 100

100
= ± 0.75 V 

Each measured value is thus determined with a tolerance of ±0.75 V, which means that if we measure 

90 V, any value within the range of 89.25 V and 90.75 V can be correct. 

𝛿𝑢 = ±
|∆𝑢|

𝑋𝑀
∙ 100 = ±

|0.75|

90
∙ 100 = ±0.83 % 

This information determines how many percent points the tolerance zone of ±0.75 V is from the 

measured value of 90 V. 

Should we want to measure XM = 10 V using this device, we would determine it with the relative error 

𝛿𝑢 = ±𝛿𝑇𝑃 ∙
𝑋𝑅

𝑋𝑀
= ±0.5 ∙

150

10
= 7.5 %. 

1.2.1.1   Reference conditions 
The accuracy class is valid under the given reference conditions. Reference conditions mean that the 

quantities that effect the correct function of the AMP apparatus have a reference value. A narrow 

tolerance zone is specified for it. 

Table 1 

Influencing 

quantity 

Reference values influencing quantities 
Permitted variances of the reference 

values of the influencing quantities 

When the 

reference 

conditions are 

stated on the 

device 

When the 

reference 

conditions are not 

stated on the 

device 

Device classes 0.1; 

0.2; 0.5 

Device of class 1 

and higher 

Temperature 
Reference 

temperature 
+23 °C ±1 °C ±2 °C 

Position Reference position Arbitrary position ±1° ±1° 

−Δ 

Δ 

XR 

X 

ΔP 

−ΔP 

0 

Course of the absolute error of an 

analogue measuring device in 

relation to the deflection of the 

pointer 

The yellow field represents the 

area within which the error of the 

measured quantity lies 

−δ 

X 

δ 

XR 0 

+δTP 

−δTP 

δu 

−δu 

Course of the relative error 

of an analogue measuring 

device in relation to the 

deflection of the pointer 

The yellow field represents 

the area within which the 

error of the measured 

quantity lies 
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Impact of external 

magnetic fields 

Intensity of 

magnetic field 

marked on the 

device 

Eliminating impact 

of external 

magnetic fields 

Earth’s magnetic field 

Panel impact 

Reference panel 

(see standard CSN 

IEC 51) 

See standard CSN 

IEC 51 
- - 

Frequency 
Reference 

frequency 
45 to 65 Hz 

±2% ±2% 

For single-phase 

frequency meters, 

±0.1% of the 

nominal range 

For single-phase 

frequency meters, 

±0.2% of the 

nominal range 

Wave shape of the 

alternating current 

Based on the 

information on the 

device 

See standard CSN IEC 51 

Alternating 

component of the 

direct current 

Based on the 

information on the 

device 

See standard CSN IEC 51 

It is clear from the next table that, for example, in the case of a power meter, only the current can change 

and the power meter only provides measurements with the stated accuracy with an active load. 

Table 2 

Device type 
Reference values 

voltage current power factor 

Power meter nominal ±2% - 
cos φ = 1 (±0.01) or 

nominal cos φ (±0.01) 

Power factor 

meter 
nominal ±2% 

Arbitrary current value from the 

reference range, when the 

reference range is not marked, 

value 40 to 100% of the nominal 

current 

- 

Ohmmeter nominal ±2% - - 

It is clear based on the next table that the power meter measures with an error that is 100% greater under 

a general load. 

Table 3 

Influencing quantity 
Limit values of the usable nominal range, 

unless marked otherwise 

Permitted change of the data 

expressed in percentage points 

of the accuracy class 

Ambient temperature Reference value ±10 °C 100% 

Position 

Reference position ±5° 

Reference position ±1° for suspensory 

devices 

100% 

Frequency Reference frequency ±10% 100% 

Voltage Reference voltage ±15% 100% 

Current 20% to 100% of the nominal range 100% 

External magnetic field 0.4 kA/m See standard CSN IEC 51 

Power factor (cos φ) of 

the power meters 

For devices of class 0.1; 0.2; 0.5 nominal 

cos φ to cos φ = 0 
100% 

When multiple reference conditions are not complied with, the data changes add up. 
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Example: 

Using a magnetoelectric voltmeter with a measuring range of  0 to 200 V and accuracy class of 1.5, we 

conduct the measurements with an ambient temperature of 19 °C. No reference temperature is stated 

on the device. What error are we measuring with? 

Should any of the reference conditions stated on the device not be complied with, it is expected that its 

value equals the value stated in Table 1. For an ambient temperature of 23 °C. At this temperature, the 

device measures with the specified accuracy class. It also measures with the same accuracy within a 

tolerance of ± 2 °C (i.e., within the range of 21 °C to 25 °C). For temperatures outside of this range, 

Table 3 applies. It states for the ambient temperature that the nominal usage range limits are reference 

temperature ±10 °C 

Within this range, the data can change by 100 % of the given accuracy class. 

In our case, the given magnetoelectric voltmeter will measure within the temperature range of 21 °C 

and 25 °C with an error of ±1.5%, i.e., ±3 V, and within the temperature ranges of 13 °C and 21 °C and 

25 °C and 33 °C with an error of ±3 %, i.e., ±6 V. It thus means that when we measure at an ambient 

temperature of 19 °C, the data error is ±3 %. 

1.2.2 Error of digital measuring equipment (DME) 

For voltmeters, ammeters and ohmmeters, the permitted equipment error is usually defined by the sum 

of two relative errors  = ± (|1| + |2|) in % or p.p.m. The sum is used because each of them acts 

differently. The first error 1 is from the measured value XM, while the other error 2 is related to the 

highest value of the measuring range XR. The second error is sometimes specified as a change at the 

lowest display spot. 

Examples of basic error expressions for digital measuring devices 

first component δ1 marked as: MV – from the measured quantity (values) 

 RDG – of reading (or rdg) 

second component δ2 marked as: MVMR – from the maximum value of the measuring range 

 FS – full scale of range (or F.S.) 

   or: ± symbol 

 ± count 

 ± digit 

 ± LSB (Least Significant Bit) 

Error record ± (0.05 % MV + 0.01 % MVMR) 

 ± (0.05 % rdg + 1 digit)  

± (500 p. p. m. rdg + 100 p. p. m. fs) 

it is equal in the stated forms for a voltmeter with a range of 10,000 V. 

The stated errors are usually known as basic DME errors and they are valid under the given reference 

conditions, i.e., for the stated ambient temperature and temperature range, for example, 23 ± 5 °C, during 

the specified time for the given device calibration, for example, 24 hours. Should the device not operate 

under these reference conditions, additional errors occur. They are defined by the given temperature 

coefficient, for example, 10-5/°C, and time stability, for example, 30 or 90 days or 1 year. 
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When δ1 is the relative error from measured value XM, the absolute error of value Δ1U will be calculated 

from formula

100

M1

1

X
= , i.e., it will 

grow linearly with the 

growing measured 

quantity. The relative 

error δ2 is related to the 

highest value of the 

measuring range XR. 

That is why the absolute 

error Δ2 will be 

calculated from the 

formula 
100

2

2

RX
=


 

 

and it will be identical within the entire range. The relative error δ1 is constant within the entire range, 

while relative error of the value δ2U acts the same as the error of analogue devices. 

 

Example:  

Using a digital voltmeter with a measuring range of XR = 2,000 V and error of ± (0.1% from XM + 3 

digit), we are supposed to measure XM = 0.5 V. What are the maximum absolute and relative errors we 

must expect? 

The absolute error can be calculated directly from the stated error if we realize that the 3 units at the 

lowest spot of the 2,000 V number are 3 mV. The calculation then looks like this 

𝛿𝑢 = ±
|𝛿1| ∙ 𝑋M + |𝛿2| ∙ 𝑋R

100
= ± (

0.1 ∙ 0.5

100
+ 0.003) = ±0.0035 V 

The relative error of the value would then be calculated followingly 

𝛿𝑢 = ±
|∆𝑢|

𝑋M
∙ 100 = ±

0.0035

0.5
∙ 100 = ±0.7 % 

If we want to convert the error information from the range in the units of the last indicated spot to a 

percentage error, the conversion then looks like this (the question then basically is – how many percent 

are represented by 3 displayed numbers out of the 2,000 possible?) 

𝛿2 = ±
3

2000
∙ 100 = ±0.15 % 

The relative error of the given value can then be calculated directly 

𝛿𝑢 = ± (|𝛿1| + |𝛿2| ∙
𝑋R

𝑋M
) = ± (0.1 + 0.15 ∙

2

0.5
) = ±0.7 % 

1.3 MEASUREMENT ERROR 
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• calculate the measurement error  

1.3.1   Indirect measurements 

The value of the measured value Y is a function of n quantities marked X1 to Xn (Y = f (X1, X2, ... Xn)). 

We know all of these quantities with value errors |X1| to |Xn|. The final maximum error of the measured 

quantity Y is determined by the error accumulation principle. Its form 

Xn

n

XXYT
X

Y

X

Y

X

Y





++




+




= .....2

2

1

1

)(
 determines the limit absolute error of the result as a sum 

(of absolute values) of the partial derivations of the function pursuant to individual measured quantities, 

multiplied by the absolute error with which the given quantity was determined. The relative error is then

Y

YT

YT

)(

)(


= . 

Example:  

Based on the measured current and voltage, determine the power output of resistor Rx and the highest 

possible error determined from the equipment errors. 

The power output of the resistor will be calculated from the measured voltage and current P = U I. 

Absolute error of the result T(P) is )()()( ITUTPT UI += . 

The relative error determined from the equipment errors is calculated by dividing the absolute error by 

the function value, 

100100100
)()()()()(

)( 












 
+


=

+
=


=

IUUI

UI

P

ITUTITUTPT

PT  

which means that the relative error is given by the sum of the relative errors of the values from individual 

devices )()()( ITUTPT  +=  or ( ))()()( ITUTPT  += . 

We arrive at the same conclusion when the considered function is a quotient. When executing the 

calculation, we need to consider the fact that we are looking for the most favourable case with regard to 

the mutual combination of the signs of the dividend and divisor errors. 

When calculating products or quotients, it is thus convenient to use relative errors. When we execute a 

similar calculation for a function that is given by a sum or a difference of independent variables, we will 

see that it is convenient to use absolute errors in these cases. 

Should the function from which we calculate the given quantity be given by a more complex formula, 

we do not have to always calculate its full differential. We divide the given function into several parts, 

each of them formed by some simple mathematical formula (sum, subtraction, product, quotient, power 

or logarithm). The individual parts are again connected by a simple mathematical operation. When 

calculating the error, we calculate the errors (either absolute or relative – whatever is easier) of the 

individual parts upon which we determined the error of the final function from these partial errors. As a 

part of each step, we convert the calculated errors to such a form (absolute or relative) that is more 

suitable for the next calculation. 

The errors for some basic mathematical operations are stated in the following table. 

MATHEMATICAL 

OPERATION 

FINAL 

FORMULA 
ABSOLUTE ERROR RELATIVE ERROR 

Multiplication by a 

constant 
XnY =  ( ) ( )XTYT n=  ( ) ( )XTYT  =  

Power nXY =  ( )
( )

( )XT
n

YT nX = −1  ( ) ( )XTYT n  =  
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Root n XY =  ( ) ( )XT
n

YT X
n

=








−1
1

1
 ( ) ( )XTYT

n


1
=  

Natural logarithm XY ln=  ( ) ( )XTYT
X

=
1

 ( ) ( )XTYT
X


ln

1
=  

Sum 21 XXY +=  

( ) ( ) ( )21 XTXTYT +=  

( )
( ) ( )

21

2211

XX

XX XTXT

YT
+

+
=


  

Subtraction 21 XXY −=  ( )
( ) ( )

21

2211

XX

XX XTXT

YT
−

+
=


  

Product 21 XXY =  ( ) ( ) ( ) 1221 XX XTXTYT +=  

( ) ( ) ( )21 XTXTYT  +=  
Quotient 

2

1

X

X
Y =  ( )

( ) ( )

2

2

1221

X

XX XTXT

YT

+
=  

General function ),( 21 XXfY =  ( ) ( ) ( )2
2

1

1

XTXTYT
X

f

X

f





+




=  

( )

( ) ( )

),( 21

2

2

1

1

XXf

X

f

X

f
XTXT

YT





+





=  

1.3.2   Interference errors 

They are caused by various interfering factors in the measuring circuit (for example, noise voltages 

induced in the measuring circuit by an external field, noise capacity and inductive connections among 

the members of the measuring circuit, resistances of the connecting conductors and contact resistance 

on the clamps, thermoelectric voltages, leakage resistances of imperfect insulations, etc.). These errors 

do not include errors caused by interference that effects the measuring equipment directly. These errors 

are included among the equipment data errors. 

Errors caused by interference have continuous as well as random components. To determine these errors 

and to eliminate or correct them is usually very difficult, especially when it comes to more complex 

measuring methods. 

Example: 

Using Ohm’s law, we are supposed to measure resistance R. The voltmeter is digital with an error of  

± (0.3 % + 2 dig), 3 and ½ digit display and internal resistance for all ranges of 10 MΩ, the ammeter 

is digital with an error of ± (1.2 % + 3 dig), 3 and ½ digit display and internal resistance of 8 mV/mA. 

In this configuration, the devices measured UV = 19,9 V,  

IA = 96 mA. From these values, we then calculate resistance 

R´. 

𝑅′ =
𝑈V

𝐼A
=

19.9

0.096
= 207 Ω. This result is burdened by a 

method error. The method error is caused by the ammeter’s 

internal resistance, which is == 8
mA1

mV8
AR . The correct 

resistance value is =−=−= 1998207ARRR . If we do not make the correction related to the method 

error, the measurement would be burdened by a 4 % error ( %4100A =


= 
R

R
 ). 

The stated result is still also burdened by the measuring equipment error. 

In this configuration, the devices measured UV = 19,9 V, IA = 100 mA. 

A 

V 
R  U     =    

UA             

 UV             

 

UR             
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From these values, we then calculate the resistance 

𝑅′ =
𝑈V

𝐼A
=

19.9

0.1
= 199 Ω. This result is burdened by a method 

error. 

The method error is caused by the voltmeter’s internal resistance. 

−=
+


−=

+
−= 3

72

4

V

2

m 104
10102

104

RR

R
. The correct resistance 

value is 𝑅 = 𝑅′ − ∆𝑚= 199 − (−4 ∙ 103) = 199.004 Ω. If we do 

not make the correction related to the method error, the measurement would be burdened by a 2.10-3 % 

error ( %102100 3m
m

−−=



= 

R
 ). 

The stated result is still burdened by the measuring equipment error and it is possible that the method 

error will be negligible compared to the measuring equipment error. 

The used method measures the resistance indirectly. In the calculation formula, the measured quantities 

are in a quotient. Based on the rules for indirect measurements, the relative errors of the equipment 

data are added up in that case. 

The second component of the equipment error is given in digits; it is the change on the last place of the 

display. The conversion to the percentage points is basically a question of how many percentage points 

this number represents out of the highest displayable number on the display 

𝛿2V = ±
2

1999
∙ 100 = ±0.1 % for the voltmeter, for the ammeter it is 2A = ±0,15 %. 

The relative data error for the ammeter is then calculated 

𝛿𝑢𝐴 = ± (|𝛿1| + |𝛿2| ∙
𝑋R

𝑋M
) = ± (1.2 + 0.15 ∙

199

100
) = ±1.5 %. Since the value measured on the 

voltmeter corresponds to the full deflection of the pointer for the range of 20 V, we can just add up both 

components of the voltmeter error uV = ± (0.3 + 0.1) = ± 0.4 %. 

The total equipment error when measuring the resistance is δuR = ±(δuV + δuA) = ±(0.4 + 1.5) = ±1.9 %. 

We can already see that the error caused by the measuring equipment inaccuracy is much bigger than 

the given method error (1.9 % » 0.002 %). 

Upon converting it to the absolute error of the measuring equipment, we get a zone in which the correct 

measured resistance value lays ∆𝑈R= ±
𝛿𝑈R∙𝑅

100
= ±

1.9∙199

100
= ±3.8 Ω ≐ ±4 Ω. 

Now we can record the measurement result: (199.004 ± 3.8) Ω. We can, once again, see that it does not 

make sense to state thousandths of ohm since the correct value is every value within the range of 195.2 

to 202.8 Ω. That is why the correct record of the result is (199.0 ± 3.8) Ω, or (199 ± 4) Ω. 

Note related to the method selection: 

It is clear based on the example that if we correct the method error, we arrive at the same corrected 

value for both configurations. However, the measured values differ, which means that if we do not want 

to correct the method error, we need to select the configuration, for which the method error is smaller. 

1.4 MEASUREMENT UNCERTAINTIES 
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The measuring accuracy addressed in the textbooks uses the terms measurement error and correct value 

of the measured quantity. However, the accuracy of the measuring equipment has recently been often 

assessed in a new way – using measurement uncertainty. 

The term measurement uncertainty was introduced based on the recommendation of the International 

Committee for Weights and Measures. In 1993, the International Organization for Standardization (ISO) 

issued the first edition of a practical handbook for determining measurement uncertainty. 

In 2003, the Czech version of the European standard called “Electrical and electronic measurement 

equipment - Expression of performance” became valid (CSN EN 60359). This standard defines the 

measured value as the mean element of a set, which represents the measured quantity and 

measurement uncertainty as a range of values within which the measured value can lay with a 

certain certainty. 

The main quantitative characteristic of the measurement uncertainty is the standard uncertainty. It is a 

standard deviation of the quantity, for which the uncertainty is specified. It is known under the symbol 

u (for “uncertainty”). 

1.4.1 Standard uncertainties 

If we execute multiple measurements under identical conditions and the results vary, we will assess this 

set of measured values based on the calculation of probability. The result is estimated as an arithmetic 

average x  from the executed measurements. The ratio, which, in connection with the average, provides 

an overview of the distribution of individual values included in the average, is the dispersion ratio - 

standard deviation. This standard deviation is called 

• standard uncertainty of type A (designated by the symbol uA) – it is thus determined by the statistical 

processing of repeated measurements, similar to the measurement of random errors. Its causes are 

considered unknown and their value decreases with the increasing number of measurements. 

The measured values were determined by a measuring device, which measures with the stated accuracy 

(accuracy class of an analogue device, accuracy of a digital device). In order to be able to assign this 

accuracy to the statistical parameters that describe the dispersion of the measured values, we need to 

determine the standard deviation in addition to accuracy. These are 

• standard uncertainties of type B (designated by the symbol uB). They come from various sources 

(device accuracy, which affects the parameters - ambient temperature, etc.) and their values do not 

depend on the number of the repeated measurements (similar to the systematic measurement errors). 

The joint impact from various sources is expressed by the final standard uncertainty of type B. 

Should both uncertainty sources occur during the measurements, the combined standard uncertainty 

uC needs to be determined by combining the standard uncertainty of type A and the final standard 

uncertainty of type B. 

Expanded uncertainty defines the interval around the measurement result, within which the 

measurement result lays with a certain required probability. Expanded uncertainty is obtained from the 

combined standard uncertainty by multiplying it by the corresponding expansion coefficient. 

The following figure is provided to better illustrate the defined terms: 

Note: the corrected measurement result is usually determined from the uncorrected result after 

correcting the measurement by the given method error. 
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1.4.2 Calculating standard uncertainties.  
The standard uncertainty is actually the standard deviation of quantity x. The calculation of the standard 

deviation differs based on the type of the statistical distribution. 

1. for quantities with a standard distribution, the standard uncertainty represents one half of the 

width of the interval around the given measurement result ( x ) within which the real value of 

the measured quantity lays with a probability of approximately 68 %. 

Approximation by a standard distribution is used if small deviances from the nominal value can occur 

more frequently, while the probability of their occurrence decreases with the increasing size of the 

deviances. 

It is usually assumed that this standard distribution applies to standard uncertainties of type A. 

Experimental standard deviation, which is also the 

standard uncertainty of a quantity with a standard 

distribution, is calculated from the formula


=

−
−

=
n

i

i xx
nn

x
1

2)(
)1(

1
)( , where n is the 

number of the repeated measurements, xi are the values 

of the conducted measurements, and the arithmetic 

average x is calculated using the formula 
=

=
n

i

ix
n

x
1

1
. 

In order for the determination of these quantities to be reliable, the number of repetitions must be at least 

10. 
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2. for quantities with a uniform distribution, the standard uncertainty represents one half of the 

width of the interval around the given measurement result, x  within which the real value of the 

measured quantity lays with a probability of approximately 58% 

Uniform distribution is used when the occurrence probability of any deviance is identical for the entire 

given interval ± Δx. This approximation is usually applied to standard uncertainties of type B – one of 

the reasons is the fact that we do not have enough information about the distribution of individual 

deviances and that is why none of them can be preferred. (Nevertheless, standard uncertainty of type 

B can also have standard distribution!) 

The standard uncertainty and thus also the standard deviation of the given quantity with a standard 

distribution can then be calculated from the formula 

3

x
=  

where Δx is the interval, within which all values of the 

measured quantity lay. 

The combined standard uncertainty uC can be calculated 

from the formula 22

BAC uuu += . 

Expanded uncertainty (U). Since the probability that the 

real value of the measured quantity lays within the interval 

x ± σ is only 68 % for a standard distribution and only 58 % for a uniform distribution, the combined 

standard uncertainty increases by the expansion coefficient k: U = k  uC 

The expansion coefficient k is selected based on the required probability that the real value of the 

measured quantity lays within the interval x ± U. 

For a standard distribution and a probability of 95 %, k = 2. 

For a uniform distribution and a probability of 95 %, k = 0.95  1.73 = 1.65. 

A combined standard uncertainty usually contains two standard uncertainties – a standard uncertainty 

of type A, for which a standard distribution is expected, and a standard uncertainty of type B, for which 

we can expect a uniform distribution. The expansion coefficient is then selected based on a normal 

distribution, i.e., k = 2. 

If the standard uncertainty of type A is not considered and the components with a uniform distribution 

prevail among the components that form the standard uncertainty of type B, the expansion coefficient is 

then selected as k = 1.65. 

Presentation of overall measurement results. 

At the end of a given measurement, the corresponding overall measurement result needs to be presented 

in the form of x ± U, with the following explanatory note: the stated expanded measurement uncertainty 

is the product of the measurement’s standard uncertainty and the expansion coefficient k = 2 (k = 1.65), 

which, for a standard distribution (uniform distribution), corresponds to a coverage probability of 

approximately 95 %. 

1.4.3 Uncertainty assessment principle for indirect measurements 

Indirect measurements are measurements for which the measured quantity Y is calculated using a 

functionality acquired from n quantities Xi, determined by direct measurements, the estimates and 

uncertainties (and possibly also known functionalities) of which are known. It applies that  

Y = f(X1, X2, …, XN), where f is a known function. 

An estimate of the y value of output quantity Y can be determined from formula y = f(x1, x2, …, xN), 

where x1, x2, …, xN are the estimates of input quantities X1, X2, …, XN. 

     

x 

f(x) 

58% 
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When there is no relation between the input quantities, the Gaussian distribution principle is given by 

formula 
=













=

m

i

xi

i

y u
x

f
u

1

2

2
, where uy is the combined standard uncertainty of quantity y and uxi are 

the combined standard uncertainties of quantities xi. 

When combining individual uncertainties, we therefore use a geometric sum, contrary to the 

calculation of the errors of indirect measurements, for which an arithmetic sum is used. 

Example: 

We are supposed to measure XM = 90 V using a laboratory voltmeter with a range of XR = 150 V and 

accuracy class of 0.5. What are the absolute and relative errors of this measurement, provided the 

reference conditions are complied with? 

Calculation pursuant to the theory of errors 

∆𝑢= ±
|𝛿𝑇𝑃|∙𝑋R

100
= ±

0.5∙150

100
= ±0.75 V  𝛿𝑢 = ±𝛿𝑇𝑃

𝑋R

𝑋M
= ±0.5 ∙

150

90
= ±7.5 % 

The measurement result is (90.00 ± 0.75) V 

Calculation pursuant to the theory of uncertainties 

When the voltmeter data do not change, then the standard uncertainty of type A is not calculated. When 

calculating the standard uncertainty of type B, a uniform distribution is assumed and the interval Δx, 

within which all values of the measured quantity lay, is considered to be of the value Δu, calculated 

above. Standard deviation is calculated from the formula 

𝜎 =
∆𝑥

√3
=

0.75

√3
= 0.43 V = 𝑢𝐵. 

Since uA = 0, it applies that uB = uC 

Should we require that the probability that the real value of the measured quantity lays within the 

interval XM ± U is 95 %, we can then calculate the expanded uncertainty U from formula  

U = k  u(EX) = 1.65  0.43 = 0.72 V. 

The measurement result is (90.00 ± 0.72) V; the stated expanded uncertainty is the product of the 

measurement’s standard uncertainty and expansion coefficient k = 1.65, which, for a uniform 

distribution, corresponds to a coverage probability of 95 %. 

Example: 

Using Ohm’s law, we are supposed to measure the resistance R. The voltmeter is digital with an error 

of ± (0.3% + 2 dig), a 3 and ½ digit display and internal resistance for all ranges of 10 MΩ; the ammeter 

is digital with an error of ±(1.2 % + 3 dig), a 3 and ½ digit display and internal resistance of 8 mV/mA. 

Measured values UV = 19.9 V, IA = 100 mA 

The method error correction is implemented in the same way it would when measurement uncertainties 

are calculated. 

Calculation pursuant to the theory of errors 

The used method measures the resistance indirectly. In the calculation formula, the measured quantities 

are in a quotient. Based on the rules for indirect measurements, the relative errors of the equipment 

data are added up in that case.  

uV = ±0.4 %, uA = ±1.5 % 

The total equipment error when measuring the resistance is uR = ±( uV + uA) = ± (0.4 + 1.5) = ±1.9 %. 

Upon converting it to the absolute error of the measuring equipment, we get a zone, in which the correct 

measured resistance value lays  ∆𝑈𝑅= ±
𝛿𝑈𝑅∙𝑅

100
= ±

1.9∙199

100
= ±3.8 Ω ≐ ±4 Ω. 

The result is (199.0 ± 3.8) Ω, or (199 ± 4) Ω. 
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Calculation pursuant to the theory of uncertainties 

Even for this calculation, we can use the abbreviated calculation pursuant to the rule that should the 

calculation formula include a multiple or a quotient of the measured values, the relative uncertainties 

are added up. 

uV = ±0.4%, uA = ±1.5% 

𝑢𝑈 =
𝛿𝑢V

√3
=

0.4

√3
= 0.23 % , 𝑢𝐼 =

𝛿𝑢A

√3
=

1.5

√3
= 0.87 % 

Contrary to the calculation pursuant to the theory of errors, the relative uncertainties are added up 

geometrically 

𝑢𝑅 = √𝑢𝑈
2 + 𝑢𝐼

2 = √0.232 + 0.872 = 0.9 % 

The expanded uncertainty with an expansion coefficient of 1.65 (uniform distribution) is 

UR = 1,48 %, or 𝑈R = ±
1.48∙199

100
= ±2.95 Ω ≐ ±3 Ω 

The result, including the expanded uncertainty with an expansion coefficient of 1.65 (uniform 

distribution) is (199 ± 3) Ω. 
Example:  

Measure the direct voltage in a circuit using a digital multimeter. The accuracy for the range of 20 V is 

± (0.05 + 0.015) %. The measured voltage values are: 

i 1 2 3 4 5 6 7 8 9 10 11 

Ui 14.987 14.979 14.995 14.981 15.019 15.021 15.016 15.008 14.982 15.018 15.005 

The measured voltage value changes; even though neither the circuit parameters, nor the power supply 

voltage change. We estimate the measured value as an arithmetic average x  from the executed 

measurements. 

𝑈̅ =
∑ 𝑈𝑖

𝑛
𝑖=1

𝑛

=
14.987 + 14.979 + 14.995 + 14.981 + 15.019 + 15.021 + 15.016 + 15.008 + 14.982 + 15.018 + 15.005

11
= 15.001 V 

The standard deviance represents a standard uncertainty of type A. 

When calculating the standard deviance, we need to first determine the deviances of individual 

measured values from the average (e.g., 𝑈1 − 𝑈̅ = 14.987 − 15.001 =  −0.014 V, etc.), and to 

substitute these deviances to formula 

𝜎(𝑈̅) = √
1

𝑛∙(𝑛−1)
∑ (𝑈𝑖 − 𝑈̅)2𝑛

𝑖=1 = √
0.003

110
 = 0.005 V = 𝑢𝐴 

Thus, we just determined the standard uncertainty of type A. 

We can determine the standard uncertainty of type B the same way we did in the previous examples. 

Determining the data errors from the equipment accuracy: 

∆U= ±
|𝛿1| ∙ 𝑋M + |𝛿2| ∙ 𝑋R

100
= ± (

0.05 ∙ 15.001 + 0.015 ∙ 20

100
) = ± 0.011 V 

Calculating the standard uncertainty of type B: 𝑢𝐵 =
∆I

√3
=

0.011

√3
= 0.006 V 

Combined standard uncertainty: 𝑢𝐶 = √𝑢𝐴
2 + 𝑢𝐵

2 = √0.0052 + 0.0062 = 0.008 V 

Expanded uncertainty: since the values of the standard uncertainties of types A and B are of the same 

power, it is assumed that the final distribution is a standard one. That is why the expansion coefficient 

is selected pursuant to a standard distribution, i.e., k = 2. 
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The measurement result is (15.001 ± 0.016) V, or better (15.00 ± 0.02) V; the stated expanded 

measurement uncertainty is the product of the measurement’s standard uncertainty and expansion 

coefficient k = 2, which, for a standard distribution, corresponds to a coverage probability of 95 %. 

2.   SIGNAL TYPES 

 

Study time: 1 hour 

 

 

Objective    Upon studying this paragraph, you will know how to 

 • describe various signal types 

• calculate the mean and effective values of some signal types 

• measure the mean and effective values 

Periodic behaviour is a signal, the instantaneous values of which repeat after a certain period. 

An oscillating periodic signal acquires positive 

values over a part of the given period and negative 

values over the other part. The areas delimited by 

the curve above time base t and below it is 

different. 

A pulsing periodic signal acquires either only positive or only negative values 

over the entire period. 

Alternating behaviour is defined as a periodic behaviour, areas of which, delimited above time base t 

and below it, are identical. Its shape can be harmonic – sinusoidal, or inharmonic – which can be 

decomposed, pursuant to Fourier, to a sum of harmonic components. These components are of a 

frequency that is a compact multiple of the fundamental harmonic. 

An alternating signal can be described by the behaviour of the instantaneous values 

for a sinusoidal signal by an analytic record )sin()( m  += tXtx  or   

)sin(2)( ef  += tXtx ,  

for a nonsinusoidal signal by a record, for example  
=

+=
n

i

ii tiXtx
1

ef )sin(2)(  , 

Oscillating behaviour can be described, for example )sin()( m0  ++= tXXtx  

 

x 

Decomposition to harmonic 

components 

f(x) = F0 + f1(x) + f2(x) + f3(x) + f4(x) 

+ f5(x) 

f(t) 

t S1 

S2 S1 = S2 

f(t) 

S1 

S1 = S2 

S2 

t 

Inharmonic behaviour Harmonic behaviour 

f(t) 

t S1 

S2 
S1  S2 

f(t) 

t 

t 

f(t) 
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i.e., it can be described by the mean (X0), maximal (Xm) or effective (Xef) value, frequency and phase 

().  

The mean value represents such a direct value, by which the signal must be moved along the vertical 

axis in order for the areas delimited by the curve above and below time base t to be identical. 

The mathematical formula is ( )=

T

ttx
T

X
0

S d
1

. The mean value is also called the direct component. 

Since the mean value of an alternating signal is equal to zero, a mean arithmetic value was defined for 

the alternating signals ttx
T

X

T

d)(
1

0

SA = . It is actually the mean value from the rectified signal. 

The effective value represents such a direct current value, which has identical thermal effects as the 

given alternating current. 

The mathematical formula is ( ) ttx
T

X
T

d
1

0

2

ef = . 

The maximum value is the highest 

value that a given periodic signal 

acquires. 

The maximum value of an alternating 

signal is called an amplitude. 

Voltage Up-p is a stress range (sometimes also called peak-peak). 

The quotient of the maximum and effective values is called the crest factor (

ef

max
V

U

U
k = ); it is different 

for different signal shapes and its value for a sinusoidal signal is 2 . 

The quotient of the effective and mean arithmetic values is called the form factor (
SA

ef
t

X

X
k = ); it is 

different for different signal shapes and its value for a sinusoidal signal is 1.11. 𝑘t =
𝑋ef

𝑋SA
=

𝑋ef
√2

𝑋SA
=

1

√2
2

𝜋

=

𝜋

2∙√2
= 1.11072 

The quotient of the maximum and effective values of a sinusoidal signal amount to 1.57. 
𝑋max

𝑋SA
=

1
2

𝜋

=
𝜋

2
 

Alternating quantities change their instantaneous values over time. Should a measuring device monitor 

such a quantity, its deflection of the pointer would be constantly changing. However, when conducting 

a measurement, we need the deflection of the pointer to stay on a certain value. This value is usually the 

effective value. 

When we look at the multimeter switch, by which we select the measured 

quantity, we find the DC and AC abbreviations. What do they mean? 

DC is derived from the word Direct; it means that, using this range, we 

will measure direct voltage (DCV) or current (DCA), or also the direct 

component of an oscillating signal. 

AC is derived from the word Alternate; it means that, using this range, we 

will measure the effective value of alternating voltage (ACV) or current 

(ACA), or also the effective value of the alternating component of an 

oscillating signal.  

Umax 

t Umin 

Up-p 

Umax 

t 

Umin 

Up-p 
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This type of the measuring device offers one more measuring option, 

marked as AC+DC. It means that, using this range, we will measure the 

effective value of an oscillating signal, i.e., the effective value of the direct 

as well as alternating components. 

We can find another, so far unknown, marking on this device. It is TRUE 

RMS. RMS is the abbreviation of Root Mean Square – it is basically a 

description of an equation for calculating effective values. TRUE RMS is a 

real effective value, which means the effective value of the given 

oscillating signal.  

Using digital oscilloscopes, we can also measure, apart from the mean value 

(Average) and effective value (RMS), other signal parameters. Some of them are 

shown in the diagram. 

For inharmonic signals, we can determine the effective value of the entire signal or effective values of 

individual harmonics. The effective values of the entire signals can be determined by analogue or digital 

measuring devices. The effective values of individual harmonics can be determined using frequency 

analysers. 

Yet another method of measuring alternating signal parameters is represented by measuring devices that 

use digital signal processing. They can be created by connecting a measuring card to a computer’s 

busbar. The card contains an analogue-digital converter. Data collection and their processing are 

controlled by software installed on a computer. Such devices sample the signal, convert it to a binary 

number and save it in the memory. This way, a sequence of numerical values is created. It describes the 

signal behaviour, which will be used for the calculation of, for example, effective values, the 

decomposition of the harmonic, etc. 

Example: 

The form factor is the quotient of the effective value and the mean arithmetic value. For behaviours 

that can be described by an equation, the form factor can be calculated (sinusoid, rectangle, triangle, 

etc.).  

For sinusoidal behaviour, the mean arithmetic value is 
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( ) ( ) ( ) ( ) 





 mm2/

0
m

2/

0

m

2/

00

SA

2
2

2

2
cos

2

2
dsin

2
d

2
d

1 UT

T

U
t

T

T

U
ttU

T
ttu

T
ttu

T
U

T
TTT


=





=−





==== 

 

Effective value 

( ) ( ) ( )( ) ( )
2

2sin
2

1

2
d2cos1

1

2
dsin

1
d

1 m

0

2

m

0

2

m

0

22

m
0

2

ef

U
tt

T

U
tt

T

U
ttU

T
ttu

T
U

T
TTT

=










−


=−===  


  

The value of the form factor for a sinusoidal behaviour is 

𝑘t =
𝜋

2 ∙ √2
= 1.11 

We cannot calculate the form factor for distorted inharmonic behaviours, for which we do not know the 

analytic expression. 

3.   MEASURING EQUIPMENT 
Measuring equipment is usually formed by a measuring chain, i.e., by a sequence of functional elements, 

in which the conversion of the measured quantity to the indicated quantity takes place. 

Not all measuring equipment must contain all the stated blocks. 

3.1   MEASURING CONVERTER 

 

Study time: 2 hours 

 

 

Objective    Upon studying this paragraph, you will  

 • know how the equipment’s internal resistance changes with range 

changes  

• know the basic connection with an operation amplifier 

• know the principles of converters for measuring alternating electric 

quantities 

• know how to use measuring transformers 

Measuring converters for electric measuring equipment can modify the size of the measured quantity in 

a way that the measuring apparatus can measure it without any damage and with a sufficient accuracy, 

or they can convert one electric quantity to another electric quantity of a different type. 

Shunts reduce ammeter sensitivity, i.e., they expand their measuring range. They are resistors 

connected to the measuring apparatus in a parallel way. They can be built in in the measuring equipment, 

or they can be of a standalone type, used as an accessory to the given measuring equipment. 

The basic range of magnetoelectric ammeters is given by the range of the used 

miliammeter. The range is expanded by resistors that are connected in a parallel 

way. 

For example, the basic range I = 10 mA. When we select a greater range  

I1 = 100 mA, the current flowing through the shunt will be Ib1 = 90 mA. When the 

voltage loss on the input clamps is constant, the shunt resistance will be 9 times 

smaller than the resistance of the miliammeter. That is why the overall input 
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resistance of the ammeter decreases with an increasing range. The ammeter resistance is not usually 

stated on the equipment. 

The current measured on digital multimeters must be converted to voltage. If no I/U converter is used, 

the voltage is determined by the current that passes through a known resistor. The greater the measured 

current, the smaller resistance is needed. The equipment description usually states the voltage loss at the 

input for the selected range. The input resistance can then be calculated from these data. 

Ballasts reduce voltmeter sensitivity, i.e., they expand their measuring range. They are resistors 

connected to the measuring apparatus in series. 

This solution is usually used for the inputs of analogue voltmeters.  

The highest voltage can be connected (i.e., the highest range is 

incorporated) in the drawn switch position. Input resistance 

changes when the range changes - the larger the measured voltage, 

the larger the input resistance. Input resistance is usually stated in 

the form Ω/V. 

For example, the selected range of the voltmeter is 60 V, and the 

internal resistance stated on the dial is 5 kΩ/V. The internal resistance for the selected range therefore 

is 300 kΩ. 

This solution is usually used for the inputs of digital voltmeters.  

The lowest voltage can be connected (i.e., the lowest range is 

incorporated) in the drawn switch position. Internal resistance 

does not change with range changes. It is usually 10 MΩ. 
Amplifiers amplify small values of the measured quantity. 

Measuring operation amplifiers are usually used. 

Operation amplifier 

It is a direct amplifier, implemented as an integrated circuit. It 

has two input clamps. One is marked with the + sign and is called 

noninverting. The other is marked with the - sign and is called inverting. Voltage brought to a 

noninverting input causes voltage of the same polarity at the output; voltage brought to an inverting 

input causes voltage of the opposite polarity at the output. All input and output voltages are linked to 

the grounding clamp, which is connected to the joint ground of two power supplies of symmetrical 

power voltages ±UB. For simplified drawings, the ground clamps and power clamps are usually omitted 

and only both inputs and the output are drawn. 

Operation amplifiers are particularly designed for operation in enclosed feedback loops. Feedback 

circuits can be formed by passive as well as active parts. They generally provide for connecting a given 

signal source (U1), operation amplifier and load. When an ideal operation amplifier is used, the 

characteristics of the measuring amplifier created in this manner are only given by the characteristics of 

the feedback circuit. 

Characteristics of an ideal operation amplifier: 

infinite amplification within the entire frequency zone 

infinite input impedance 

zero input resistance 

the static conversion characteristic U2 = f(U1) is a straight line 

zero voltage difference between both inputs 

Real operation amplifier 

has the static conversion characteristic U2 = f(U1) in the form of a straight line only within the 

range of ±UB, i.e., the input voltage is limited by the maximal value of the power voltage. 

has its input idle current of the power of 10-7 to 10-12 A. 

contrary to the ideal operation amplifier, the output voltage is not zero when the input voltage is 

zero = input voltage offset (input voltage asymmetry) 

Input 

mA 

Input 
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Inverting amplifier Summing amplifier 

(can be used as a converter from R to U) 
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 when we switch R and C, we create a derivation amplifier

11122 UUU −=  021 =+ ii , dtu
RC

u
dt
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C

R

u

−==+ 12
21 1
0  

Exponential amplifier  Current to voltage converter 

when we switch R and the transistor, we create a 

logarithmic amplifier 

( ) ( )tu
eu t 1

2 =  12 RIU −=  

Measuring rectifier 

R

U
I 1
2 =  

the circuit acts as a current power supply – the rectified 

current does not depend on the diode nonlinearity 

The basic measured quantity of digital multimeters is electric voltage. The measurements of all other 

quantities, which the given multimeter allows for, must be converted to the measured voltage using 

converters. For example, they include current to voltage converters, resistance to voltage converters, 

etc. 

U11 

U2 

_ 
 

+ 

R 
 R 

 

U12 

R 
 

R 
 

u1(t) 
u2(t) 

_ 
 

+ 

R 
 

C 
 

i1(t) 

i2(t) 

U1 
U2 

_ 
 

+ 

R1 
 R2 

 

I1 

I2 U1n 

 

U12 

 

U11 

U2 

_ 
 

+ 
R11 
 

R2 
 

R12 
 

R1n 
 

u2(t) 

_ 
 

+ 

R 
 

u1(t) 

U2 

_ 
 

+ 

R 
 

I1 

Izv 

I2 
U1 

R 
 

+ 

_ 
A 
 



 

 
29 

Methods and measurements in el. engineering 

3.1.1   Converters for measuring alternating electric quantities 

3.1.1.1   Converters for converting alternating quantities to the mean arithmetic value 

The mean value ( ) ttx
T

X

T

d
1

0

S =  of alternating signals equals zero. That is why the so-

called mean arithmetic value ( ) ttx
T

T
X d

0
SA

1

= , is defined, which actually represents the mean value 

of the given rectified signal. 

Diode rectifiers are used for analogue devices. They do not need a power supply, though they do not 

allow for measuring low voltage (the smallest range is roughly in volts and the scale is uneven) and the 

conversion error is in single-digit percentage points. 

Diode rectifier 

Theoretically, the current i2 at the output from the 

bridge rectifier is of a pulsing character and each pulse 

has the exact shape of the original half-periods of the 

alternating signal. In reality, however, the shape of the 

pulses will be affected by the diode nonlinearity and 

voltage loss in the open state. The diodes start opening 

only upon reaching a certain threshold voltage  

(0.6 V for silicon rectifying diodes) and the relation 

between the current and voltage is not linear. Thus, the ammeter connected to the current i2 does not 

have a linear scale when measuring small currents and small voltages below 1 V cannot be measured 

using these devices. 

Since the current is of a pulsing character, the value on the ammeter should change. When the ammeter 

is an analogue one, the pointer stabilizes on the mean value of the rectified signal, which represents the 

so-called mean arithmetic value. 

For digital devices, the used rectifiers are connected in more complex circuits with an operation 

amplifier. The nonlinearity impact is thus eliminated and lower voltages can be measured thanks to the 

operation amplifier. 

3.1.1.2   Converters of alternating quantities to effective values 

The effective values ( ) ttx
T

X
T

d
1

0

2

ef = of any signal are determined by effective value converters. Older 

analogue equipment uses the physical definitions of the effective values. They use thermocouples as 

converters. 

Physical definition of an effective value 

The effective value of an alternating current is equal to the direct current, which has identical thermal 

effects as the given alternating current. 

Thermocouple 

When we heat a connection of two materials with different thermoelectric potentials, we will detect 

voltage at their ends. The voltage is directly proportionate to the created temperature. It means that if 

the heat is produced by a conductor through which electric current flows, the voltage will be 

proportionate to the effective value of the measured current. 

Digital devices use mathematical definitions of the effective value and they are usually marked with the 

RMS abbreviation. 

Calculation converters of the effective value 
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Their flowchart is based on the mathematical definition: the signal is raised to the power of two – 

integrated – extracted (Root Mean Square – RMS). 

The power and the root cause the biggest error in the conversion. 

To avoid the root, the mathematical formula can be modified in the following manner: 

( )
( )

t
X

tx

T
Xttx

T
X

TT

d
1

d
1

0
ef

2

ef
0

22

ef  ==   

That corresponds to the introduction of feedback 

The next modification is based on this idea: )lnln2exp(
2

ba
b

a
−=  

M – multiplication by two 

D – difference 

I – integral 

3.1.1.3   Converters of alternating quantities to maximum values 
The simplest converter for measuring the maximum value is a rectifier with a capacitor. The capacitor 

is charged to the maximum value of the harmonic and inharmonic signals. 

To measure the maximum value of a measured signal, a converter for measuring the maximum value is 

used in connection with a direct measuring device (analogue or digital). 

The converter measures the 

maximum value (amplitude) of 

the harmonic and inharmonic 

signals. Should the signal 

include a positive direct 

component, the output voltage 

increases or decreases by this 

value based on the diode polarity and the input voltage (which means that for a signal defined as 

( )tUUtu += sin)( m0  the measured value will equal to m0nam UUU += . 

Since an error occurs due to imperfect charging of the capacitor (the 

diodes are not ideal – they experience a voltage loss even in their 

open state) and its discharging in the intervals between the charging 

impulses, it is more suitable to use, for example, feedback 

converters. 

Series, two-way rectifiers with capacitors measure the stress range 

of the alternating component of the measured signal. 

However, should we measure impulse signals (i.e., short impulses 

with a long period), then we have to use more complex converters 

or digital devices with a memory, or oscilloscopes. 

 

Apart from measurements in the field of high-frequency technology, the most desired representation of 

alternating quantities is by their effective values. 
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3.1.2   Measuring transformer 
It is a measuring converter, which does not form a part of the measuring equipment. 

• It is used for changing the size of the measured voltage or current. 

• It galvanically separates the primary (measured) and secondary (measuring) circuits. 

Measuring transformers (MT) 

The quotient of the primary current (voltage) to the secondary one is called nominal conversion p and 

is usually expressed by a fraction - for example, 100/5 A means that the current of 100 A is reduced to 

5 A. 

The following phasor diagram has been drawn for the conversion of 1/1. The given currents should be 

then equal I1 = I2, and they should be in phase, similar to voltages U1 = U2. In real transformers though, 

losses occur in the magnetizing circuit and so do voltage losses on the given resistors and dispersion 

inductances of the inductances of both windings. It means that MT cause conversion errors and phase 

errors. 

 

3.1.2.1   Measuring voltage transformers (MTV) 
When compared to ballasts, their advantage is very small consumption. 

• MT cause conversion errors. These errors are specified 

by the given accuracy class; pursuant to the given CSN 

standards, the following accuracy classes are designated for 

MTV:  0.2 – 0.5 – 1–3. These values apply to the given 

network nominal frequency. For MTV, they must fall 

within the range of 50–120% of the nominal value. 

• MT cause phase errors. We have to consider these 

errors when we measure power outputs, power factors etc. 

via the MT. 

• Because of small winding impedances, the MTV 

behave as voltage sources. The MT can be destroyed by 

large short-circuit currents upon experiencing a short circuit on the secondary clamps. That is why 

MTV should operate close to an idle state – a large resistor is connected in the secondary circuit. 

• When the voltage polarity matters (measurements conducted by power meters, electricity meters, 

phase meters), the clamp markings must be observed. The voltage goes from clamp M to clamp N; 

for voltage measurements against a network grounded node, from M to 0. 

• MT cannot be used if the core could become magnetized by a direct component of the given signal. 

 

3.1.2.2   Measuring current transformers (MTC) 
Based on the phasor diagram, it is clear again that MTC cause 

• conversion errors 

• phase errors. 

Again, the phase error is only important when we conduct our measurements using power meters, 

electricity meters or phase meters. 
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The primary voltage to 

which the given MTV will 

be connected is usually 

known. On the other hand, 

the transformed current for 

MTC does not have to be 

constant. The table shows 

how the transformer value 

error increases with 

decreasing current: 

Moreover, a number with a VA dimension is also stated on the MT. This number represents the MT 

burden, i.e., the value of the apparent power output collected from the secondary winding, under which 

the specified transformer accuracy still applies. For example, if an ammeter and a power meter current 

coil are connected in the circuit of the MT secondary winding, it must apply that (RA + RIW)  I2
2 < S. 

• When conducting measurements using MTC, the secondary circuit must not become 

disconnected until no current passes through the primary winding. When disconnected, the core is 

magnetized by the primary current until saturation. Magnetic induction is then of an almost 

rectangular behaviour and the induced voltage reaches its peak values. The insulation between the 

primary and secondary windings can experience a breakdown or injuries can be caused by electric 

current. That is why the secondary side of MTC is furnished with a shorting device. 

• When the current direction matters (measurements conducted by power meters, electricity meters, 

phase meters), the clamp markings must be observed. The current flows from clamp K to clamp L. 

• MT cannot be used if the core could become magnetized by a direct component of the given signal. 

A power meter connection with the current and voltage transformer. 

3.2 MEASURING DEVICES  
Measuring devices is a system that converts the measured quantity to a value shown on a demonstrative 

device. All measuring devices must include this part of the measuring chain. 

The basic two types of the measuring devices are analogue movements and digital apparatuses. 

An analogue measuring movement provides an output signal or value that is a continuous function of 

the measured quantity. 

A digital measuring device provides an output signal or value in a digital form, which only changes in 

increments, i.e., it is a noncontinuous function of the measured quantity. 

Electric measuring devices that include analogue measuring movements are called analogue measuring 

devices, but also electronic measuring devices. The aforementioned stipulation applies if they also 

include some additional electronic circuits. 

Digital measuring devices use digital measuring apparatuses. They are the most commonly used 

measuring devices today. 

3.2.1 Analogue measuring device 

 

Study time: 2 hours 

 

 

Objective   Upon studying this paragraph, you will know which measurements are 

conducted by which devices, i.e., 
 • magnetoelectric devices 

• electromagnetic devices 

• electrodynamic devices 

• analogue oscilloscopes 

Analogue measuring devices provide an output signal or value that is a continuous function of the 

measured quantity. 

 

Prim. 
current 

in 
% I1n 

Accuracy class of the measuring current transformers 

0.1 0.2 0.5 1 3 

Permitted errors of the current δI and angle δ 

δI δ δI δ δI δ δI δ δI δ 

% min % min % min % min % min 

10 0.25 10 0.5 20 1 60 2 120   

20 0.2 8 0.35 15 0.75 45 1.5 90   

100 0.1 5 0.2 10 0.5 30 1 60 3  

120 0.1 5 0.2 10 0.5 30 1 60 3  
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The basic part of the analogue measuring devices is formed by an analogue measuring movement. These 

apparatuses give these measuring devices their specific characteristics.  

Analogue measuring devices convert the measured electric quantity to a mechanical movement of a 

demonstrative device. 

Based on the conversion manner, individual AMD are called 

• magnetoelectric 

• electromagnetic 

• electrodynamic 

• inductive 

When the measuring converters contain electronic circuits, such measuring devices can be called 

electronic. Nevertheless, their deflection of the pointer is still a continuous function of the measured 

quantity. 

3.2.1.1   Magnetoelectric apparatus. 
The deflection of the pointer is directly proportionate to the passing current and it also reacts to polarity 

changes. It can thus only measure direct signals or a direct component of a signal. 

Ammeters with this apparatus can measure direct current from μA to tens of A. When a separated shunt 

is used (outside of the actual device), they can measure current of up to kA. 

The internal resistance of the devices decreases with the increasing range (for microammeters, it can be 

up to kΩ, for ammeters mΩ). 

Voltmeters can measure direct voltage from mV to 1,000 V. When a separated ballast is used, they can 

measure voltage of up to tens of kV. 

The device internal resistance is usually stated in the form of x V/Ω. 

Direct devices can be produced even in the highest accuracy class. Only microammeters have the best 

accuracy class of 1. 

Stand-alone magnetoelectric apparatuses cannot measure alternating electric quantities. We must 

therefore amend them with measuring converters. The most commonly used converters are bridge 

rectifiers. 

Another converter that is often used is a thermoelectric cell. Such devices then measure the so-called 

true effective value - TRMS. These devices have the disadvantage of heat converters - large inertia, can 

become easily overloaded. The frequency range of such devices is big - hundreds of kHz. 

The accuracy of alternating devices is generally lower than accuracy of direct devices since it is 

worsened by the added circuit of the measuring converter. 

The symbol of a device with a rectifier is the symbol of a device with a thermocouple is 

Galvanometers are very sensitive magnetoelectric devices for measuring small 

currents and voltages (approximately   10-8 A, 10-6 V), mostly used as zero indicators 

for direct bridges and compensators and for various special measurements. 
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Magnetoelectric apparatus 

1 – magnetically soft material 

2 – magnet 

3 – coil 

4 – pointer 

5 – coil fastener (fiber or bearing tips) 

Bm – induction in the air gap induced by the magnet 

Bz – induction caused by the current passing 

through the coil 

l – length of the thread located in the magnetic field 

The direct conductor, perpendicular to the 

direction of the vector of the magnetic induction B 

is exposed to force F = B   I   l 
One thread on one side of the revolving coil is this 

conductor. The coil has N of them on two sides. 

The coil radius represents an arm, on which these 

forces act. The kinetic moment created by the 

passing current then is 

Mp = 2 B l r N I = k  I  

The deflection of the pointer is thus proportionate to the 

size and polarity of the specific current. 

3.2.1.2   Electromagnetic apparatus 
Electromagnetic measuring devices can be used for measuring direct as well as alternating quantities. 

When they measure alternating current or voltage, the deflection of the pointer is proportionate to the 

effective value of the measured voltage. The scale is quadratic. They can be produced with an accuracy 

class of 1, or, for laboratory devices, of up to 0.1; their consumption is greater than the consumption of 

magnetoelectric devices and their frequency range is up to 100Hz, or, for laboratory devices, up to 

500Hz.  

Electromagnetic system 

It works on the principle of drawing a ferromagnetic element in the coil, through which electric current 

passes, or on the principle of two identically magnetized ferromagnetic metal strips in the coil’s 

magnetic field pushing away, as shown in the picture.  

Electromagnetic measuring devices can be used for measuring direct as well as alternating quantities. 

The movable metal strip creates a moment that is proportionate to the given 

electromagnetic field energy  

Mp ~ Wm = 1/2  L I2 (L is the inductance of the coil), which means that 

the deflection of the pointer is proportionate to the current quadrate  ~ I2. 

When measuring a periodic signal, the deflection of the pointer points to 

the mean value of the current quadrate tti
T

T

d)(
1

~
0

2

 , i.e., the effective 

value, including the given direct component, if any. 

The scale is approximately quadratic. It can be linearized by the shape and 

mutual positions of the metal strips, though the beginning of the scale 

remains suppressed. They can be produced with an accuracy class of 1, or, for laboratory devices, of up 

to 0.1; their consumption is greater than the consumption of magnetoelectric devices and their frequency 

range is up to 100Hz, or, for laboratory devices, up to 500Hz. 

3.2.1.3   Electrodynamic apparatus 
Electrodynamic measuring devices can be used for measuring direct as well as alternating quantities. 
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Bm 
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When they measure alternating current or voltage, the deflection of the pointer is proportionate to the 

effective value of the measured voltage. The scale is quadratic. They can be produced with an accuracy 

class of 0.2; they have a higher consumption than magnetoelectric devices and frequency range of up to 

1kHz. at the most. 

An electrodynamic apparatus is the only analogue apparatus that can be used for building power meters, 

which also represents its most common usage. 

Proportionate electrodynamic apparatuses are used for measuring the power factor. 

Electrodynamic apparatus 

It works on the principle of mutual interaction between the fixed 

and revolving coils, through which electric current passes. 

Electrodynamic measuring devices can be used for measuring 

direct as well as alternating quantities. 

The moment that affects the revolving coil is proportionate to 

the given electromagnetic field energy Mp ~ Wm = ½  M  I1  I2 

(M is mutual inductance of the coils), which means that the 

deflection of the pointer (of, for example, an ammeter) is 

proportionate to the current quadrate  ~ I2. 

When measuring a periodic signal, the deflection of the pointer 

stabilizes on the mean value of the current quadrate

tti
T

T

d)(
1

~
0

2

 , i.e., the effective value, including the given 

direct component, if any. 

The scale is then approximately quadratic. It can be linearized by the shape of the coils, though the 

beginning of the scale remains suppressed. They can be produced with an accuracy class of 0.2; they 

have a higher consumption than magnetoelectric devices and frequency range of up to 1kHz. 

Electrodynamic apparatus is the only analogue apparatus that can be used for building power meters. A 

load current then flows through the fixed coil (current coil), while the current that flows through the 

movable coil via ballast Rp is proportionate to the load voltage (voltage coil). The deflection of the 

pointer is then proportionate to  ~ U  I, provided the load is powered by a direct current, and it also 

depends on the voltage and current polarity. That is why the beginnings of the current as well as voltage 

coils are marked on power meters. 

For loads powered by alternating current, the deflection of the pointer stabilizes on the mean value of 

the product of the instantaneous voltage and current values  cosd)()(
1

~ fef

0

= e

T

IUttitu
T

, which 

is the active power. The polarity of the deflection of the pointer again depends on the current and voltage 

direction. 

The current and voltage ranges can be changed on a majority of power meters. That is why the scale is 

calibrated in segments. When we take all the segments, they correspond to the product of the nominal 

voltage (value of the selected voltage range), nominal current and power factor. When the angle between 

the voltage and current is close to 90° (cos  = 0) the deflection of the pointer of the power meter is 

small and it is tempting to decrease the voltage or current range. That is why an ammeter and a voltmeter 

are, apart from a power meter, incorporated in circuits with unknown current and voltage in order to be 

able to select proper ranges and to prevent power meter overloading. 

Most power meters are calibrated for a power factor equal to one, in which case this value is not stated 

on the power meter. For special power meters, for which the power factor differs from one, its value is 

stated on the dial. 

When the apparatus has two movable coils, shifted by a certain angle, the angle is called a relative angle, 

and it works based on the equality of two kinetic moments. It does not therefore have a control moment 

and when the device is not measuring, its revolving part stops in an arbitrary position. This is the 

principle, based on which the power factor meter works. The deflection of the pointer of the device is 

I1 

I2 

 
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proportionate to the phase shift between the load voltage and the current that passes through it. We read 

the power factor, i.e., cosines of this angle, directly on the scale. 

The symbol for electrodynamic devices with an apparatus protected against external 

interferences (the apparatus 

is astatic) looks like this the symbol for ferrodynamic devices is  

The symbol for relative devices is. 

3.2.1.4   Induction apparatus 
This apparatus is used exclusively for electricity meters. The kinetic moment is directly proportional to 

the measured power and the braking moment is proportional to the disc speed. The number of the disc 

rotations recorded by the counting machine specifies the energy consumed in the circuit connected to 

the grid via the given electric meter.  

3.2.2   Analogue oscilloscope 
(Measuring converters are all electronic circuits before the deflecting screen plates here; the screen is a 

measuring as well as demonstrative apparatus.) 

An oscilloscope is an electric measuring device that allows for monitoring the time progress of a given 

voltage or the relation between two voltages on the screen. (When current is displayed, you need to 

convert it to voltage). 

An analogue oscilloscope displays, in a fluent and instantaneous manner, the given variable analogue 

quantity. It is not able to save the measured curves in a form that would be suitable for further processing.  

The screen of an analogue oscilloscope is an electron tube that generates electrons, which are deviated 

in the vertical as well as horizontal directions by voltages brought to the vertical (Y) and horizontal (X) 

deviation electrodes of the screen. 

The oscilloscope has two main inputs – vertical input Y and horizontal input X. 

When the voltage values over time are supposed to be displayed, only the Y input, to which the measured 

signal is brought, is used. After processing in the so-called vertical channel, which modifies the signal 

(by, for example, amplifying it), the signal gets on the vertical deviation electrodes of the screen. 

To get the time course of the voltage on the screen, we must move the beam that falls on the screen 

evenly from the left to the right, simultaneously with the deviation in the vertical direction, by the 

induced measured voltage. Even movement of the beam from the left to the right is ensured by the 

sawtooth voltage generated by the time base and brought to the horizontal deviation plates. Zero voltage 

of the sawtooth signal corresponds to the beam position on the left side of the screen; the maximal value 

of the sawtooth signal corresponds to the beam position on the right side of the screen. As soon as the 

beam reaches the right side of the screen, it immediately returns to the left side (the sawtooth voltage 

signal is quickly dropping to zero) and must not be seen when doing so. 

In order for the picture to be stable, the time base is repeatedly started by the trigger circuit. For internal 

triggering, the trigger pulse is always sent at the moment the displayed signal reaches the set start-up 

level. 

When the voltage from the time base is disconnected from the horizontal plates and it is replaced by the 

voltage brought to input X, the beam deviates based on this voltage and the voltage at input Y. The 

oscilloscope is then in XY mode. We can then see, for example, Lissajous curves (voltage with various 

frequencies or with the same frequency but a different phase shift is brought to the inputs), or A-V 

characteristics of the electronic elements (voltage proportional to the current passing through the 

element is brought to input Y, while the given element voltage is brought to input X). 

3.2.2.1   Multi-channel oscilloscope 
Multi-channel oscilloscopes are used for simultaneous displaying several signals (usually two, 

sometimes four). They are furnished with a standard screen with a single vertical and horizontal system, 

i.e., one bundle of electrons must draw multiple, mutually independent signals. Depending on the 

frequency of the displayed signals, the device itself or its operators choose the method for switching 

among individual channels. Due to the imperfection of the screen eye and afterglow, we can see two or 

more almost flawless traces. 
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As we have already stated, an analogue oscilloscope displays, in a fluent and instantaneous manner, the 

given variable analogue quantity. This fluency and instantaneousness are missing in the case of multi-

channel oscilloscopes. As a part of the first switching method (“chop” mode), the beam alternately draws 

short sections of multiple signals and the fluency is lost. As a part of the second switching method 

(“alternate” mode), the signal of one vertical signal is displayed during the entire duration of one cycle 

of the time base, while the signal of the other channel is displayed during the entire duration of the 

following cycle. The observer’s eye sees both signals simultaneously, even though the instantaneousness 

is lost. 

Analogue oscilloscope 

 

Vertical channel 

 

Meaning of the abbreviations in the flowchart: 

Y – vertical channel input 

P1   -  AC – DC – GND switch 

the alternating signal without the direct component is displayed in the AC position (it is used for 

displaying small periodic signals with a large direct component; otherwise the capacitor can distort the 

signal displayed at the input). 

in the DC position, the periodic signal is displayed including the given direct component or direct signal 
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in the GND position, the input is connected to zero (for setting up the time axis on the screen) 

ID   -  input divider and preamplifier 

allows for changing sensitivity step-by-step, while preserving the same input resistance. The control 

element is marked as Volt/segment with an incremental change (usually 1:2:5) and a fluent change. If 

we want to read the signal amplitude directly on the screen, the element for the fluent change must be 

in the "calibrated" position 

DL – delay line 

it guarantees that the read signal will be displayed from its start-up level 

VA   -  vertical amplifier 

additionally amplifies the input signal to a value that is sufficient for deviating the beam on the 

screen; by setting up the amplifier output voltage for the zero input signal, it allows for shifts 

along axis Y - setting up the trace position on the screen for the zero signal. 

S – screen 

two control elements on the oscilloscope panel are related to the screen control. Most of all, it is the 

“brightness” element that allows for regulating the energy of the electron beam arriving on the screen 

and thus the intensity of the trace light. Next, it is the “point” element (of “focus”), i.e., focusing (line 

thickness). 

Upon starting the oscilloscope, with no signal connected, set the trace, ideally 

to half of the vertical axis. It will be the zero-voltage spot. The same action 

can be performed with a connected signal by switching the AC – DC – GND 

switch to the GND position. 

0 V 

Based on the sensitivity switch V/d (where d is a segment – side of the square 

in the grid, approximately 1 cm), you can determine the current setup, for 

example, 2 V/d. The amplitude of the signal displayed here is then 

approximately 6.8 V. 

From the time base switch s/d, you can determine the current setup, for example, 2 ms/d. The period of 

the signal displayed here is then 20 ms. 

Time base 

The time base perimeter supplies, via a horizontal amplifier (HA), an exact triangular signal (the 

linearity of the triangle’s leading edge ensures that the displayed signal is not distorted). When the beam 

runs from left to right, the read signal is drawn on the screen. The reverse run of the beam from right to 

left must not be visible. This is followed by a waiting time, during which the time base waits for a start-

up impulse; this waiting time is often called the hold-off time. The time base is usually furnished with a 

MAGNIFIER mode, which multiplies the value of the time base. The time base must also guarantee that 

the beam is lit during its direct run, and not lit during its reverse run by the control voltage on the screen 

grid (signal u3). 

 

 

Beam run from the left side 

of the screen to the right 

Time, during which the time base 

waits for a start-up impulse 

Reverse (invisible) run of the beam 

from right to left 

the beam copies the 
signal 

dead time – the beam does not follow the 

signal 
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Horizontal channel 

Meaning of the abbreviations in the flowchart: 

X – horizontal channel input 

P3 – AC – DC – GND switch (not all oscilloscopes have it) 

in the AC position, the alternating signal is displayed without the direct component 

in the DC position, the alternating signal is displayed including the given direct component or 

direct signal 

in the GND position, the input is connected to zero (for setting up the time axis on the screen) 

ID – input divider and preamplifier (not all oscilloscopes have it) 

allows for changing sensitivity step-by-step, while preserving the same input resistance. The 

control element marked as T/segment with an incremental change (usually 1:2:5) and a fluent 

change. 

HA – horizontal amplifier 

additionally amplifies the input signal to a value that is sufficient for deviating the beam on the 

screen; by setting up the amplifier output voltage for the zero input signal, it allows for shifts along 

the X axis - setting up the trace position on the screen for the zero signal. 

TB – time base of the oscilloscope. 

The time base is controlled from the oscilloscope panel by a controlled element marked as s/d 

(time/segment), with an incremental and a fluent change. When we want to read signal values on 

the screen on the time base (f, T, ), the control element for a fluent change must be in the 

"calibrated" position. 

SPG – starting pulse generator 

All modern oscilloscopes have a triggered time base, which can 

sometimes be switched to the freely running base mode. For triggered 

time bases, the beginning of the direct run of the time base is triggered 

by an impulse derived from the measured signal. This starting impulse 

(marked as u2 on the figure) is formed by the starting pulse generator 

(SPG) at a certain level of the input signal (marked as UT on the figure), 

adjustable by a control element on the panel (marked as the TRIGGER 

LEVEL). 

The time interval tZ is the delay in the time base circuits (delay between 

the arrival of the start-up impulse and the beginning of the direct run of 

the time base). 

The delay of the delay line needs to be set with the same time interval. 

The delay is intentionally led to the vertical channel, thus making sure 

the displayed signal gets to the vertical plates of the screen only after the direct run of the time base 

has already started. Without this delay, the signal drawn on the screen would not start from the 

trigger level. 

This triggering method, when the picture is synchronized by the “TRIGGER LEVEL” is usually 

marked as "normal trigger " (TRIGGER NORM, or NORM). 
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Triggered oscilloscope time base - 

normal trigger 

The figure demonstrates that the signal 

begins to be displayed on the screen 

upon every pass of the beam from the 

same voltage level - the picture on the 

screen is stable, it does not move. 

When the signal is smaller than the 

trigger signal, the picture as well as the 

trace disappear from the screen. 

Similarly, there is no trace on the screen 

without an input signal. 

That is why it is usually possible to 

switch the time base to the "automatic 

trigger mode" (AUTO), in which the 

starting generator automatically initiates 

a trigger impulse if it is not initiated by 

the measured signal or external trigger 

signal within a certain time after the 

completion of the direct run of the time 

base. Should the synchronization be out, 

we can see a moving picture and a trace 

can be seen without a signal. It is 

possible that you may not be able to 

synchronize the picture in this mode - 

the picture on the screen is not stable, it 

is moving. 

The time base can usually use three sources of trigger pulses (TRIGGER SOURCE) - for the 

internal (INT) trigger, the trigger pulse is derived from the measured signal, for the external 

(EXT) trigger, the trigger pulses are led to a special oscilloscope input, and the third option is to 

trigger the time base by the grid frequency. 

The trigger can be direct (TRIGGER COUPLING DC) - by a signal within the frequency zone 

between zero and the specified upper frequency, or alternating (AC) - via a capacitor, from a 

certain frequency - for example, 20 Hz – to the upper frequency limit, and an ascending or 

descending edge of the trigger signal, at which the base is started, can be selected. The trigger 

switch sometimes has additional positions - "alternating with supressed lf" (REJ HF) - for starting 

hf signals that contain an lf component – usually from about 20 kHz to the limit frequency, and 

"alternating with supressed hf" (REJ LF) - for starting lf signals that contain an hf component, 

approximately within the zone of 20 Hz to 100 kHz. 
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f(x) 
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Time, for which the time base 

waits for the trigger impulse 

f(x) – displayed signal 

k(x) – trigger level controlled by the LEVEL button 

located on the front control panel and marked as 

TRIGGER 

h(x) – parts of the signal visible on the screen for 

subsequent passes of the beam 

g(x) – time base voltage behaviour 

Screen size 

Beam run from 

the left side of the 

screen to the right 

Reverse (invisible) run of the 

beam from right to left 

Automatic time base, marked as “AUTO” 

f(x) – displayed signal 

k(x) – parts of the signal visible on the screen 

for subsequent passes of the beam (the beam 

starts always drawing at a different spot of the 

curve - the observer perceives it as a moving 

curve 

g(x) – time base voltage behaviour 
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High-quality time bases often have yet another setup element, very useful for stopping the picture 

formed by, for example, repeated series of several irregularly time-dismantled pulses. This element 

is the regulation of the waiting time (HOLD – OFF time, time tc from Figure 5.2). By regulating 

this time, you can set a time base frequency that is equal to the repetition frequency of the pulse 

series, thus obtaining a stable picture of a part or of the entire series of the pulses. When the 

oscilloscope is not equipped with this option, you need to use the fluent regulation of the time base 

speed (potentiometer "TB – fine"). However, the calibration of the time base speed becomes invalid 

upon a deviation from the marked position. 

Simplified flowchart of a two-channel oscilloscope 

Meaning of the abbreviations in the flowchart: 

ES – electronic switch 

alternately connects input voltages uA and uB to the vertical channel. It is controlled either by time 

base TB (in the alternating mode – s), or by an astable flip-flop circuit (in the chop mode – p). 

The remaining abbreviations are identical to the abbreviations in the vertical and horizontal 

channels of a single-beam oscilloscope (the input circuits are not shown here). 

Chop mode (CHOP) 

 

Signals uA and uB are of different frequencies. 

When the trigger level  

UT = 0 V , they will be 

displayed on the screen in chop 

mode (CHOP) in the following 

manner: 

(vertical dashed lines do not 

represent the grid, they 

demonstrate the switch times 

of the electronic switch ES) 

This switching method is 

selected for low signal 

frequencies, when the chop speed of the electronic switch is significantly higher. The chop mode is 

selected by the oscilloscope itself or by the operators, depending on the given oscilloscope model. 
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Alternate mode (ALT) 

Signals uA and uB are of different frequencies. 

When the trigger level UT = 0 V, the signals will be displayed on the 

screen in alternate mode (ALT) in the following manner: 

(based on the figure shown above, the beginning of the signal display is shifted, even though it does 

not look like it on the screen) 

This switching method is selected for high signal frequencies, when the chop speed of the electronic 

switch by the astable flip-flop circuit is slow. The chop mode is selected by the oscilloscope itself or by 

the operators, depending on the given oscilloscope model. 

3.2.2.2   Connecting measuring signals to an oscilloscope 
The input clamps of the oscilloscope are usually modified for connecting coaxial cables. Apart from a 

characteristic resistance (50 or 75 Ω), these cables also have a capacity (can be up to 100 pF/m). The 

oscilloscope’s upper limit frequency is given by the formula 
002

1

RC
fh


=


. Upon connecting a 

coaxial cable to the input of the oscilloscope, this capacity connects parallelly to the input capacity of 

the oscilloscope. This increases the total input 

capacity and reduces the oscilloscope limit 

frequencies with a coaxial cable. That is why a 

probe is usually embedded in the tip of the 

cable, thus reducing the impact of the capacity 

of the coaxial cable. A passive probe weakens 

the input signal even further, while an active 

probe preserves it. 

Upper limit frequency 

The upper limit frequency, also called the frequency 

range of the oscilloscope, is normally stated as one of 

the oscilloscope parameters. The upper limit 

frequency is the frequency that is displayed with a 

supressed 3 dB amplitude. The suppression increases 

with a greater frequency. For harmonic signals, it 

means that they can be displayed even with a 

frequency that is equal to the upper limit frequency, 

with the stipulation that we know that the amplitude is displayed with a 30 % error. For inharmonic 

signals, it means that all harmonics must fall within the oscilloscope frequency zone. 
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3.2.2.3   Example of an analogue oscilloscope  

 

3.2.3   Digital measuring devices 

 

Study time: 1 hour 

 

 

Objective    Upon studying this paragraph, you will know how to 

 • describe the function of A/D converters 

• compare characteristics of A/D converters 

Digital measuring devices convert an analogue, continuously variable electric quantity, into discrete 

data, expressed by a number. 

The basic part of digital measuring devices is formed by analogue – digital (A/D) converters. These 

apparatuses give these measuring devices their specific characteristics. It always converts voltage to a 

number. 

Conversions executed by A/D converters are burdened by the so-called quantization error, occurred 

due to the so-called quantization. 
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Quantization step 

The levels of any digitalized quantity are 

described by binary numbers. The more bits 

(number of zeros and ones) this number has, 

the more levels it is able to describe. The 

increased number of the levels means that the 

given A/D converter is able to recognize a 

smaller change in the measured quantity. For 

example, an 8-bit A/D converter with a range 

of 10 V recognizes a change of the input 

voltage by 39 mV (10 V/28 = 10/256 = 39 mV), 

while a 12-bit A/D converter with the same 

range can recognize a change of the input 

voltage already from 2.4 mV. 

The quantization error is half of the 

quantization step. 

In digital measuring devices, A/D converters are of course amended by various measuring converters 

and a demonstrative apparatus - display. 

Digital measuring devices are usually used only for one purpose, though they can measure multiple 

electric quantities – known as multimeters 

3.2.3.1   Analogue – digital (A/D) converters 

A/D converters can be 

• instantaneous 

• of integration type 

Instantaneous A/D converters compare the measured voltage with the reference voltage that changes 

incrementally. When these become equal, the conversion is terminated and the measured quantity is 

expressed by the corresponding binary number. The conversion speed of only some A/D converters 

depends on the size of the measured voltage. The conversion speed of the fastest of them is in ns; that 

corresponds to one measured value per one period of the signal with a frequency in GHz. They are used 

when we want to describe a signal by its instantaneous values. 

It sometimes happens with digital measuring devices that are powered from the grid that the input signal 

can be modulated by this power voltage with a frequency of 50 Hz, i.e., that the amplitude of the 

measured direct signal changes. It is the so-called series interference (in technical documentation, the 

SMRR – Series Mode Rejection Ratio - is often stated). When direct voltage is measured (this of course 

also applies to measuring the mean, maximum and effective values of an alternating signal), this 

oscillation would cause us trouble. That is why integration A/D converters are used. They integrate the 

measured quantity during single or multiple periods of the interfering voltage, thus eliminating the error. 

However, their conversion cannot be shorter than 20 ms. 

A/D converters 

Blocks that are used in the flowcharts of A/D converters: 

Gate  

When there is a logical 0 at the gate input, a logical 0 is also at the gate output. 

When there is a logical 1 at the gate input, the analogue value Ux passes through 

the gate. 
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Comparator  

The analogue value Ux is compared with the analogue value UR. 

When Ux < UR, there is a logical 0 at the comparator output. 

When Ux  UR, there is a logical 1 at the comparator output. 

Integrator 

The voltage ui is the integral of input voltage ux- t
x

u
CR

iu d
1




= . 

If Ux is constant, and if the RC value is stable, yje voltage ui past 

the integrator decreases faster as Ux increases. 

Astable flip-flop circuit 

 

The switching frequency between the logic levels is given by 

the internal setup of the elements of the given astable flip-flop circuit; 

no stable state. The length of the impulses as well as the period of their 

repetitions are constant. 

Monostable flip-flop circuit - one stable state 

In the case of an MFFC. the flip-flop circuit in 

the state of a logical zero waits for the impulse 

that will flip it to a logical 1. It stays in that state 

as long as it is set by its internal elements, upon 

which it returns to the initial state (log 0) - the 

length of the impulses is identical, through they 

repeat with a variable period. 

Bistable flip-flop circuit - two stable states 

In the case of a BFFC. the flip-flop circuit in 

the state of a logical zero waits for the up1 

impulse that will flip it to a logical 1. It stays in 

that state until the arrival of impulse up2, which 

returns it to the intial state (log 0) – the length 

of the impulses differ and repeat with a variable 

period. 
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Compensation A/D converter with incremental voltage 

The main unit of this converter type is a comparator, which compares the measured and reference 

voltages. 

AFFC - astable flip-flop circuit 

C - comparator 

IVG – incremental voltage generator 

G - gate 

Co - counter 

D – display 

Ux – converted voltage 

The astable flip-flop circuit sends rectangular impulses of a constant frequency to the gate input. The 

gate lets them through to the counter and incremental voltage generator for as long as the reference 

voltage led from the IVG to the comparator is lower than the converted voltage. (The voltage from the 

IVG increases by one quantization step with every impulse.) The conversion is then terminated, the 

counter reset and the entire cycle starts again. 

The number of the increments for the entire range of the converted voltage corresponds to the number 

of the converter bits. The greater the converted voltage, the greater the number of the impulses read by 

the counter. It means that the conversion time depends on the size of Ux. 

Compensation A/D converter with gradual approximation 

C - comparator 

SR – sliding register 

M - memory 

D/A – digital-analogue value converter 

Ux – measured voltage 

UR – reference voltage 

Work procedure for an approximation A/D converter: 

The sliding register gradually records ones in the memory from the highest to the lowest bits. The 

number one in the highest bit represents the highest voltage past the D/A converter. The number one in 

the lower bits always represents a half of the voltage. This voltage is compared with the converted 

voltage in the comparator. If Ux   UR, the number one remains in the memory, if Ux < UR, the one 

changes to zero. The comparison takes place as many times as there are converter bits, i.e., the 

conversion time does not depend on the size of the converted voltage. More bits will mean a more 

precise, but also slower conversion. 

Example: 

The assigned value at the highest bit of the 8-bit converter is 5 V; the consequential voltage values at 

the lower bits are 2.5 V; 1.25 V; 0.625 V; 0.313 V; 0.156 V; 0.078 V; 0.039 V. The lowest recognizable 

voltage change is thus 39 mV. The highest displayable voltage will be 9.999 V, with an error of 0.039 V. 

(The sum of all voltages is 9.96 V.) 

Let us assume that the converted voltage is 3.58 V. 

As part of the 1st step, the comparator compares 3.58 V with 5 V. Since Ux < UR, it overwrites the one 

in the memory with 0 and a zero voltage is also at the D/A-converter output. The sliding register moves 

to a lower bit and records the number one in the memory. 

As part of the 2nd step, the comparator compares 3.58 V with 2.5 V. Since Ux   UR, the number 1 

remains in the memory and 2.5 V remains at the D/A-converter output. During the next step, this voltage 

increases by 1.25 V, which means that 
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as part of the 3rd step, the comparator compares 3.58 V with 3.75 V. Since Ux < UR, it overwrites the 1 

in the memory with a 0 and the voltage at the D/A-converter output will again be 2.5 V. 

As part of the 4th step, the comparator compares 3.58 V with 3.125 V. Since Ux   UR, the number 1 

remains in the memory and 3.125 V remains at the D/A-converter output.  

As part of the 5th step, the comparator compares 3.58 V with 3.438 V. Since Ux   UR, the number 1 

remains in the memory and 3.438 V remains at the D/A-converter output. 

As part of the 6th step, the comparator compares 3.58 V with 3.594 V. Since Ux < UR, it overwrites the 

1 in the memory with a 0 and the voltage at the D/A-converter output will again be 3.438 V. 

As part of the 7th step, the comparator compares 3.58 V with 3.516 V. Since Ux   UR, the number 1 

remains in the memory and 3.516 V remains at the D/A-converter output. 

As part of the 8th step, the comparator compares 3.58 V with 3.555 V. Since Ux   UR, the number 1 

remains in the memory and 3.555 V remains at the D/A-converter output. 

The final number recorded in the memory is 01011011 and the display shows the 3.555 V value. 

Comparative parallel A/D converter 

 
Compensation A/D converters gradually compare the measured voltage with 

variously set values of the reference voltage. That defines the conversion 

time.   

Comparison parallel A/D converters compare the measured voltage with 

variously set values of the reference voltage at a single moment. The 

conversion time is thus much shorter. A disadvantage of this solution is a 

significantly higher price of such converters. Compared to a single 

comparator used for a compensation A/D converter, this solution uses as 

many comparators as there are values of the reference voltage, which we 

compare with the measured voltage. It means that for an 8-bit converter, we 

need 256 comparators, for a 12-bit converter, we need 4,096 comparators. 

Comparison of the A/D converters 

The approximation converter was explained using an 8-bit converter and we assumed that the maximal 

input voltage was 10 V. The quantization step is thus 39 mV. The reference and converted voltages were 

compared 8 times as a part of a single conversion. 

When the given quantization step is constant, the identical converted voltage of 3.58 V is compared with 

the incremental voltage 91 times (3.58:0.039). The conversion of the maximum input voltage of 

10 V will be completed after 256 comparisons. 

The comparison parallel converter will execute the conversion within a single comparison, though it 

will need 256 comparators. 

This group of the A/D converters is not resistant to series interference. 
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Integration A/D converters with double integration 

 
C - comparator 
CU – control unit 
G - gate 
C - counter 
AFFC - astable flip-flop circuit 
D – display 
Ux – converted voltage 
UR – reference voltage 
ui – voltage past the integrator 
I - integrator 

 

In the beginning of the conversion, the conversion voltage Ux is connected to the integrator. The voltage 

ui past the integrator decreases with the value of voltage Ux. At the same time, the counter is being filled 

by impulses from the astable flip-flop circuit via the open gate. As soon as the counter is filled, the 

control unit resets it and connects reference voltage UR to the integrator input. The voltage UR has an 

opposite polarity than the voltage Ux, and that is why the voltage ui past the integrator returns to zero. 

At the same time, the counter is again being filled by impulses from the astable flip-flop circuit via the 

open gate. As soon as the voltage ui past the integrator reaches zero, the control unit closes the gate. The 

read impulses correspond to the converted voltage Ux. The entire cycle repeats. 

The first integration time is derived from the interference voltage period. The interference voltage is 

usually the power supply voltage with a frequency of 50 Hz. That is why the first integration time lasts 

20 ms, or multiples of this time (usually 100 ms). These converters are thus resistant to series 

interference. 

Comparison of the A/D converters 

The slowest A/D converters are integration converters. Their conversion lasts 100–200 ms. They are 

resistant to series interference of the grid power voltage (50 Hz). They can be of up to 18-bit design 

(very accurate). 

The conversion time of the compensation A/D converters with gradual approximation is usually in 

tens of ms. They are not resistant to series interference and are usually made as 8- to 16-bit machines. 

The fastest are the comparison parallel A/D converters. Their conversion time is 0.5 ns to hundreds of 

ns. They are not resistant to series interference and are usually made as 6- to 10-bit machines. 
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3.2.3.2   Interference types 
Interference voltages can interfere with the measured voltage at the input clamps of the given DC 

voltmeter (DCV). These voltages can be direct, alternating or random. They can be added to the 

measured voltages in series (series interference – SM – series mode) or against the ground (congruent 

interference – CM – common mode). The most common interference is caused by alternating voltage 

from the power grid with a frequency of 50 Hz. 

Series interference  

can be eliminated by using a filter at the 

voltmeter input. This method is used for 

supressing interference of compensation 

A/D converters, which are not normally 

resistant to series interference at all. 

However, their speed is lost when this 

measure is applied. Integration converters 

are resistant to this type of interference. 

The series mode rejection ratio (SMRR) is the quotient of interference voltage USM and value change 

ΔUX in decibels ( )dBlog20SMRR
X

SM

U

U


=  

Congruent interference  

is supressed by a device design. We can, with a certain simplification, say 

that neither of the device input clamps should be connected to the ground. 

Despite that, there are, even though they are big, impedances between the 

input clamps and the grounded box (Z4, Z5 for digital voltmeters with a 

floating input; Z4 to Z7 for digital voltmeters with a floating shield). (Floating 

screens close the analogue part of the machine.) When determining the 

common mode rejection ratio
SE

CMlog20CMRR
U

U
= , we assume that lead 

resistance R1= 0 Ω, R2= 1 kΩ. Voltage USE is that equal to the voltage loss 

on resistor R2 caused by the current passing from the interference source through this resistor and 

impedance Z4 to the ground. Using this method, the achieved CMRR is usually 120 dB for direct and 60 

dB for alternating (50 Hz) interference. For suppression using floating screens, the achieved CMRR 

amounts to 160 dB for direct and 120 dB for alternating (50 Hz) interference. 

Ux – measured voltage USM – series interference source UCM – congruent interference source 

HI (high) – input clamp that is further away from the Earth’s potential (“live”) 

LO (low) – input clamp that is closer to the Earth’s potential 

G – screen clamp  DV – digital voltmeter  DMD – digital measuring device 

R1, R2 – lead cable resistance Z3 - MD input impedance 

Z4 to Z7 – insulation impedance between the input clamps and the grounded MD box 
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Floating input Floating screen (G – guard) - electrostatic 

separation of the input  circuit and the analogue part of the digital circuits 

3.2.4   Digital oscilloscope 

An oscilloscope is an electric measuring device that allows for monitoring the time behaviour of one or 

several electric quantities, or physical quantities converted to an electric signal, on the screen. 

The beam in digital oscilloscopes is not immediately deviated by the input signal. The fluent input signal 

is instead dismantled into discrete measuring points (samples), which are digitalized, saved in the 

memory and reassembled on the screen into an overall signal picture. 

Apart from the curve, selected digital information about the oscilloscope configuration or about the 

displayed signal can also be 

displayed on the screen. 

An obvious advantage is the 

possibility to save the data that 

describe the recorded time 

behaviour and to process them 

further. 

The control manner is similar to 

analogue oscilloscopes. The 

controlled elements can again be 

divided into control in the 

horizontal and vertical direction 

and triggering (Trigger). The 

difference is that multiple 

functions are usually hidden under 

a single button. There are also some additional buttons for measuring the displayed signal (Measure), 

saving in the memory (File) and others. 

Accuracy of the amplitude display 

In order for the digital oscilloscopes to be able to display high frequency signals, the fastest A/D 

converters are used, such as comparison parallel converters. They are mostly only of an 8-bit design, 

which means that voltage values on a digital oscilloscope will be much less accurate than the values 

obtained from a multimeter. 

Sampling 

Sampling can take place in 

• real time, i.e., a sufficient number of samples is collected over a single period, 

• repeated sampling mode, i.e., a sufficient number of samples is collected over several periods. For 

this sampling method, lower sampling frequencies are sufficient, which translates into lower 

demands on the signal-processing circuits. However, this mode can only be used for periodic signals. 
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We can determine the suitable sampling mode, i.e., which signals are suitable to be displayed on the 

oscilloscope, based on the ratio between the sampling frequency and the upper limit frequency of the 

oscilloscope. 

When this ratio is at least 4, the oscilloscope can be used within the entire range for displaying individual 

phenomena. 

When the sampling frequency is smaller than the upper limit frequency of the oscilloscope (ratio smaller 

than 1), the oscilloscope for the highest frequencies can only be used for displaying periodic signals. 

Digital oscilloscope 

Signal digitalization 

The crosses on the sinusoid represent the 

collected samples, the horizontal parts of 

the incremental curve represent 

quantization levels, by means of which 

the samples are described, and the binary 

numbers that describe these levels are 

saved in the memory. 

During the sampling process, errors can 

occur due to a serious event between two 

samples along the scanned signal. Most 

of the time though, such events do not 

fade away fast enough for not being 

recorded. Another possibility of an error comes from an insufficient number of samples per period of 

the displayed signal (see sampling). 

Repeated random sampling 

Sampling frequency impulses are 

not synchronized with the 

frequency of the displayed signal 

in any way whatsoever. Multiple 

samples are collected along each 

period. These samples are then 

sequentially arranged in the 

proper order, with the stipulation 
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that the first sample is the one that is the closest to the trigger level (blue line). 

Repeated gradual sampling 

The sampling time is synchronized with the time the 

signal crosses the trigger level. Additional samples are 

then collected over time, delayed by the given time 

multiples Δt. 

Multiplexed input 

The sampling frequency stated for multichannel oscilloscopes can apply to every channel. 

When the multichannel oscilloscope inputs are connected to the sampling circuit gradually, the stated 

sampling frequency can only apply to a single channel; upon connecting another channel, the sampling 

frequency drops to half, etc. (For example, when the sampling frequency for one channel is 100 MSa/s, 

for two channels it is 50 MSa/s, …) 

Aliasing 

When the number of samples per period is 

small, the given proximation through the given 

points can be incorrect and the displayed signal 

can be completely different than the scanned 

signal. This phenomenon is called aliasing. 

A similar problem can occur even when a 

sufficient number of samples per period is 

scanned but, for some reason, we want to 

display multiple periods on the oscilloscope 

screen (the number of samples on the screen 

remains the same). 

Sample of the parameters stated in an oscilloscope offer. 

Bandwidth – frequency range Max Sample Rate – sample frequency 

Max Memory – memory size Channels – number of channels 
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3.3   DEMONSTRATIVE APPARATUS 

 

Study time: 30 minutes 

 

 

Objective    Upon studying this paragraph, you will know how to  

 • count the device constant 

• determine the range of a display 

• calculate parameters of the signal displayed on the oscilloscope 

3.3.1   Scale 

For multirange devices, only a given ordinal number can be specified by the corresponding range 

symbol. In that case, a correct value of the measured quantity needs to be assigned by calculation to the 

given deflection of the pointer. For that, we need to know the range constant. 

The range constant KR is determined as the quotient of the highest range value XR to the total number of 

segments of the scale αR 

R

R
R



X
K = . We can then determine the value of quantity XM as the product of the determined number 

of segments αΜ and the range constant
MRM = KX . 

3.3.2   Display 

The measured value is read on the display directly in the decimal system. 

The display can be, for example, of an 8-digit design; in that case the digits in all eight places can acquire 

any value, i.e., 0 to 9. 

Should the display be of a 3.5 (three and a half) digit design, then the digit of the highest power can only 

acquire a value of 0 or 1 and the number consists of a total of 4 digits (the highest displayable number 

is 1,999). 

A 4 3/4-digit display can only change the digit of the highest power from 0 to 3, and the number consists 

of a total of 5 digits (the highest displayable number is 39,999). 

3.3.3   Screen 
It is usually used for observing the shape of the signal. Apart from that, digital oscilloscopes can also 

display some other interesting values. When we want to determine a signal amplitude or frequency using 

an analogue oscilloscope, we need to calculate these parameters. 

We can see a grid on the screen. The value of a single segment (1 cm) is calculated from the set 

sensitivity V/segment (y axis) and from the set time base s/segment (x axis; we find out the value in 

seconds). We can then determine the amplitude size by multiplying the value of the given segment and 

the corresponding number of segments. The period length can then be calculated analogously. 

3.4   VIRTUAL MEASURING DEVICES 

 

Study time: 2 hours 

 

 

Objective    Upon studying this paragraph, you will know 

 • the interfaces used for data control and collection from the measuring 

device to a computer 

• options for creating virtual measuring devices 
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For classic analogue measuring devices, their functions are clearly determined by their manufacturers 

and the users can only use the functions that the given manufacturer has prepared. With the ever-

increasing performance parameters and decreasing price of computer technology, it is starting to 

penetrate even into areas, for which it was not previously designated, including the measuring 

technology area. 

3.4.1   Communication interface 
The first stage of the use of computer technology is represented by the effort to control measuring 

devices by computers. For this purpose, individual manufacturers furnish their measuring devices with 

an interface module. Two basic interfaces prevail in real life: 

 series RS 232, which is distinguished by 

• simple and cheap cables (one signal cable and one common ground conductor are sufficient for 

one-way communication), 

• standard equipment by this interface on the side of the computer (a mouse, plotters and other 

peripheries are usually connected to it), 

• relatively long distance, from which a measuring device can be controlled, with a limitation to 

two communicating counterparts (computer and one measuring device), 

• low permeability (limited transmission speed thanks to the series arrangement of the bit-by-bit 

information and necessary redundant information for transmission synchronization, standard 

max. 115 kb/s). 

 parallel interface GPIB (General Purpose Interface Bus) introduced by Hewlett Packard in 1965 

under the name of HP-IB and improved to the IEEE 488 standard in 1975; it was then improved 

further in 1987 in the ANSI/IEEE 488.1 standard, and later expanded to the ANSI/IEEE 488.2 

standard. National Instruments has developed this interface further under the GPIB name. This 

interface is distinguished by: 

• high transmission speed (over 1 MB/s), 

• possibility to be connected to one control computer and 14 measuring devices, 

• limited distance between the communicating machines (max. cable length of approximately 

20 m), 

• existence of a standardized protocol for machine control, accepted by all manufacturers that 

equip their machines with this interface 

• necessity to additionally equip the computer with this interface module (card or converter of the 

existing Centronics or RS 232 interface) 

 USB interface 

• successor of the PC serial and parallel ports, 

• possibility to connect up to 127 devices using a HUB, 

• USB1.1 speed 8-12 Mb/s, USB2.0 speed 480 Mb/s. The transmission speed decreases with the 

growing number of the connected active devices, 

• distance 

 Ethernet interface has been a newly used alternative with the following options: 

• measuring device connection to a standard medium of a local computer networks (coaxial cable, 

twisted twin-core cable) at the measuring location via a standard input to this network 

• possibility to configure measuring devices and to process the measured data at a different 

location of a local computer network anywhere from the Internet 

• high permeability of this interface (normally 10/100 Mbits/s, speed is also defined - 1 Gb/s) 

• unlimited distance 

• option to use standard protocols known from communication among computers (TCP/IP) 

• not many measuring technology manufacturers have been furnishing their machines with this 

interface so far 
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• standard service programs are modified for use with the RS232 or GPIB interface so far 

The function of the measuring devices in this case is usually limited to only reading the measured data 

and transmitting them via the interface to a computer where they are processed. Only the input circuits 

and data memory have been used from the given measuring devices, which has led to the virtual 

measuring devices. 

3.4.2   Virtual devices 
The basis of a virtual device is a computer add-on with a measuring card and the creation of a suitable 

program for the computer, which executes all the activities of a measuring device. 

The philosophy of virtual measuring devices is very progressive since it allows for creating machines, 

the functions of which exactly correspond to the given user requirements, while preserving the 

performance parameters of classic measuring technology. The price of the measuring devices created in 

this manner is usually lower than the price of classic analogue measuring technology. Furthermore, 

another measuring device can be created or the characteristics of the existing one modified by program 

changes at any time. 

Apart from hardware means in the form of computers and additional cards, software plays an ever-

increasing role for connections between measuring devices and computers via an interface or when 

creating virtual measuring devices.  At our department, we work with the LabWindows and LabView 

development environment developed by the American company National Instruments, which has been 

one of the leaders in the field of measuring technology based on computer technology components. 

3.4.3   Architecture of measuring cards 
A/D converters – they allow for incoming analogue quantities, usually in the form of voltage, and their 

conversion to a number 

They usually start with an input multiplexer - they gradually connect signals from individual channels. 

The signal is subsequently amplified by a program-controlled measuring amplifier, sampled and 

converted to a number using an A/D converter. 

Moreover, the card can also house: 

D/A converters – they convert a number to an analogue quantity – usually voltage 

two-value inputs and outputs – they allow for two-value control or the testing of two states – usually 

input and output at the TTL levels – usually a multiple of eight bits (port) 

counters and timers – they allow for generating a rectangular signal at TTL levels of given parameters 

or for reading such a signal from the outside 

Normally specified parameters of A/D converters 

input range 0 to 5 V, 0 to 10 V, -2.5 V to +2.5 V, -5 V to 5 V (single-polarity or double-polarity) 

number of the input channels (1, 2, 4, 8, 16) – common or differential ground 

amplification (1, 2, 5, 10, 20, 50, 100, 200, 500) 

output word width (8, 12, 14, 16, 22, 24 bits) 

sampling speed (50 kHz to 1 MHz) 

Usage limits of the A/D converters 

they are mostly due to the limited sampling frequency – the peak of a classic architecture of an 

approximation converter is near 1 MHz, the top oscilloscopes today boast 10 GSa/s 

3.4.4   VXI busbar  
It was first introduced in 1987. 

VXI busbar – architecture 

Chassis with a maximum of 13 positions are used - so-called VXI mainframe 

position 0 is used for: 

single-panel PC (embedded PC) - keyboard and monitor are also connected here 

GPIB – VXI converter – classic, full-fledged PC with a GPIB interface card is connected via this 

converter 
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Measuring devices in the form of slide-in modules are used at the remaining positions - they de facto 

only consist of circuits and converters, connection spots for the measured signal, they do not have a 

front panel 

VXI busbar – advantages 

Uses fast 32-bit VME busbars – which means a high permeability and exact timing. In order not to lose 

the advantage of this speed, faster conversion cards are also used. 

Thanks to the high integration used, the average time between malfunctions is longer and repair time 

shorter. 

There is an alliance of manufacturers of this technology - a unified, relatively free industrial standard is 

being developed; the recommendations of this alliance are becoming binding. 

There is a software layer that allows for an effective use of this hardware. 

Flowchart of data collection from a digital measuring device (DMD) to a computer (PC) 

Flowchart of data collection by a virtual measuring device, created on a computer 

Flowchart of data collection by a virtual measuring device, with signal modification executed 

outside of the computer 
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4.   MEASURING ACTIVE QUANTITIES 

 

Study time: 1 hour 

 

 

Objective    Upon studying this paragraph, you will  

 • know how to measure voltage and current  

• know how to select proper measuring equipment in relation to the 

measured signal  

• know recording equipment  

• know how to measure power 

• know how to measure frequency, periods and phase shifts 

4.1   MEASURING CURRENT  
Ammeters are basic devices for the direct measurements of electric current. They can be either analogue 

or digital measuring devices. 

In order for ammeters to cause no method errors, they would 

have to have zero internal resistance. We can only get, more 

or less, close to this ideal situation. 

Comparator of direct and alternating current utilizes the 

physical definition of the effective value and it is used for an 

exact definition of the effective value. 

Comparator of direct and alternating current 

The comparison of direct and alternating currents takes place in two steps: 

The alternating current Ix~, the effective value of which we are seeking, is connected. By changing the 

auxiliary voltage Up, we balance the comparator in a way that the zero indicator shows zero 

Next, the direct current IN= is connected and, by properly changing it, we once again balance the 

comparator (the voltage Up must not change). 

The effective value of the current Ix~ is then equal to the current IN=. 

A tong-test ammeter is a measuring current transformer with an openable magnetic circuit. The 

conductor, in which we measure the current, represents one thread of the primary winding. Considering 

the principle of this method, we can only measure alternating currents. The secondary winding must 

thus be followed by a measuring converter for the mean, effective or maximum value and, subsequently, 

an analogue or digital device. This way we can measure the current without interrupting the current 

circuit. 

There are also tong-test machines that can measure alternating as well as direct current. In that case, a 

Hall probe is installed in the tongs. Such machines need a power supply. 

4.2   MEASURING VOLTAGE 
Voltmeters are basic devices for direct measurements of electric voltage. They are either analogue or 

digital measuring devices. 

Should voltmeters cause no method errors, they would have to have infinite internal resistance. We can 

only get, more or less, close to this ideal situation. 
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Voltage compensators represent another option for measuring direct 

voltage. They use compensation measuring methods. The measured 

voltage UX is compared with the known voltage UN. The voltages are 

compared using galvanometer (zero indicator). When both voltages are 

identical, the current is zero and the galvanometer shows zero. It derives 

from the above, that the compensator does not load the measured object 

when the compensator is in a balanced state. The measuring is thus free 

of consumption - the method error is zero. We can say here that the input resistance of the compensator 

is infinite. Thanks to this feature and also thanks to the fact that this method can be used for simple 

measurements of even very low voltages, various modifications of compensation circuits are still used. 

4.2.1   Measuring effective values by analogue measuring devices. 
AMP deviations of the pointer are caused by the physical effects of the flowing current. Since the 

effective value is proportional to the quadrate of the measured quantity, the machines, the pointer 

deflection of which is proportional to the current quadrate, will directly measure the effective value, 

regardless of the current shape. 

This principle is used in electromagnetic (ferromagnetic) and electrodynamic systems. Standard 

operation machines have an accuracy class of 1.5 and more and they have high consumption. Yet another 

problem is their frequency range. The range of electromagnetic operation machines is 100 Hz, i.e., the 

inharmonic signal with a basic frequency of 50 Hz can contain the second harmonic, at the most, thus 

ensuring that the measured effective value is accurate. 

The most common analogue measuring devices and multimeters use the magnetoelectric system. 

However, this system can only measure direct signals - its deflection of the pointer is proportional to the 

current and also reacts to polarity. Nevertheless, since the system has low consumption and is accurate, 

the issue of alternating signals is addressed by a rectifier. The magnetoelectric system installed past the 

rectifier measures the mean arithmetic value. This value, however, is not interesting, and the scale needs 

to be calibrated for effective values.  

This issue represents the biggest problem of these machines. The value of the quotient of the effective 

and mean arithmetic values (form factor kt) is different for every signal shape. Since the most commonly 

expected signal is a sinusoidal signal, measuring devices with a rectifier have their scales calibrated for 

the effective value only for the sinusoidal signal, i.e., for form factor kt = 1.11.  

For any other signal shape – rectangle, saw, distorted sinusoid – the given value does not represent the 

effective value! When we divide this value by the sinusoid form factor (kt = 1.111), we get the real 

arithmetic mean value of any signal. 

 

Measuring inharmonic signals using machines with a rectifier 

We measure a rectangular signal with an amplitude of 1 and duty cycle of 

50%. The duty cycle is the ratio between the positive part of the given 

period and the period, expressed either free of any units (in our case 0.5) 

or in percentage points. 

Measuring devices with a rectifier determine the mean arithmetic value 
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However, the value on the scale or display represents the effective value for a sinusoidal signal, i.e., the 

device multiplies the mean arithmetic value by 1.11. The effective value displayed in this manner is Uef 

= 1.11. 

The actual effective value of this signal is 

( ) 1
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The difference between the actual effective value and the value read on the machine with a 

rectifier is 11 %. 

To be able to measure effective values of even inharmonic signals, magnetoelectric measuring devices 

with a thermocouple are made. The thermocouple output voltage is proportional to the heat incurred due 

to the passage of the measured current. The deflection of the pointer of such devices is thus proportional 

to the effective value within a wide frequency range (approximately 100 kHz). When we bring an 

oscillating signal to such a device, it measures the effective value of the entire signal, i.e., including the 

direct component. The ideal accuracy of such devices is 1.5; their disadvantage is a high inertia and the 

fact they can become easily overloaded. 

 

4.2.2   Measuring effective values by digital measuring devices. 

The converter between the measured quantity and its displayed value is an analogue-digital (A/D) 

converter. In most cases, slow integration converters are used. They convert the average value of the 

measured voltage for a certain time interval into a number. We can thus say that they will correctly 

convert only direct voltages. 

Cheaper digital multimeters utilize the same solution for measuring alternating signals as analogue 

magnetoelectric machines - a rectifier is prepended.  And again, the effective value is only accurate for 

a sinusoidal signal. More expensive machines process the signals based on the mathematical definition 

of the effective value - it is raised to the power of two, upon which its integral is executed and the square 

root of this number is calculated. This procedure is also used in the effective value indication – Root 

Mean Square (RMS). Digital multimeters marked in this way measure the effective value of alternating 

signals regardless of the signal form. 

Multimeters generally allow for measuring direct (the range is usually marked as DC) and alternating 

signals (the range is usually marked as AC, sometimes RMS). We measure the effective value of the 

alternating component on the AC range. When we measure an oscillating signal, a capacitor for the 

given AC range must be added, which will filter out possible direct values. There are multimeters with 

an AC + DC range (sometimes marked as TRMS); on this range, we measure the effective value of the 

entire periodic signal, including its possible direct component. 
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A/D converters convert voltage to a number. When we want to measure electric current, we have to 

convert it to voltage. The easiest way to do this is to include a known resistor between the input current 

clamps and to measure the voltage for the A/D converter on it. That, however, means that the input 

resistance of the ammeter will not be zero. 

That is why a current-voltage converter with an operation amplifier is added to the current input in the 

case of better multimeters. 

Yet another common quantity measured by multimeters is 

resistance. Similar to R-U converters, an inverting amplifier can 

be used. 

Clamps marked V, Ω – COM – A – mA are the input sockets of 

the given multimeter; individual switches from the diagram are, 

in reality, represented by a single revolving switch. 

4.3   RECORDING MEASURING DEVICES 

They record signals of the measured quantities in the form of  

• data,  

• diagrams, 

• printed numerical values. 

4.3.1   Digital recorder 
Records in the form of data require signal sampling and digitalization and the subsequent saving of 

usually instantaneous values of the time behaviour of the monitored circuit quantity in the computer 

memory or in the memory of the so-called recorder of transition processes. 

It is a method that allows for any operations with the saved data, including their drawing on paper. 

Digital oscilloscopes can also be used as digital recorders. 

4.3.2   Analogue recorders 
Records in the form of diagrams are usually recorded on paper by a recorder pen. The pen can be, for 

example, a highlighter or a heated tip writing on thermosensitive paper. There are, of course, more 

options available. 

When the recorder records time behaviour on paper, which rolls out with a selected, constant speed, the 

corresponding grid is pre-drawn on the paper. 

It is also possible to record relations between two quantities – known as plotters. 
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One of the analogue apparatuses can be used as a converter between the given electric quantity and the 

movement of the recorder pen. When this arrangement is used, the recorders are called directly-

recording plotters. Since friction occurs at the location the recorder pen meets the paper, the apparatus 

must be of a robust design, providing a sufficient motion moment. That is why electricity consumption 

is high and accuracy is not good either. 

The most accurate analogue recorder is the so-called 

compensation recorder. It is basically an automatically-

balanced voltage compensator. Since it usually includes an 

operation amplifier, its input resistance is large (low 

consumption) and the corresponding errors are around 0.1 %. 

Since the conversion in question is a conversion of an electric 

quantity to a mechanical movement, fast changes cannot be 

recorded (single-digit Hz values). 

The signal recorded in this manner is only meant for a visual 

inspection and the subsequent archiving of the processes in the 

monitored circuit. 

Compensation recorders compare the size of the measured voltage Ux with a part of the voltage Uref, 

which is delimited by the potentiometer rider (the rider is also a recorder pen). When the voltages differ, 

the voltage at the operation amplifier output turns the little motor until the voltages on the operation 

amplifier input and output are equal. 

4.4   MEASURING POWER 

In circuits powered by a direct power supply, power is consumed by the given load 

 IUP = .  (1) 

When measuring power of an alternating current, the 

instantaneous power is equal to the product of the 

instantaneous current and voltage values 

p(t) = u(t) i(t) 
Since the value is variable, we define active power (P), 

reactive power (Q) or apparent power(S). 

Apparent power is determined from the product of the 

voltage and current effective values  

IUS =  (2) 

(we can see from time behaviour p(t) that it is the 

maximum value of the alternating component of this behaviour). 

Active power is the mean value from the product of the instantaneous voltage and current values 
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The following formula applies to harmonic voltage and current behaviours with effective U and I values 

and with phase shift  

 cos= IUP , (4) 

the following formula applies to reactive power 

sin= IUQ  (5) 

and apparent power is their vector sum 
22
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4.4.1 Measuring active power 

4.4.1.1   Measuring active power of direct current 
We can see from equation 1 that this power can be determined from the measured current and voltage. 

The voltmeter and the ammeter can be connected in two different ways. 

 

 

Figure1 Figure 2 

The method error arises from the given connection. When we consider a subsequent method error 

correction, it basically does not matter if we connect the voltmeter before the ammeter or vice versa, 

Both connections are completely equal. Nevertheless, from a practical point of view, it is more 

convenient to connect the voltmeter past the ammeter since voltmeters (contrary to ammeters) always 

have their nominal resistance stated on their scale and we do not have to therefore try to determine it by 

yet another measurement. However, when we do not consider corrections of the results, the situation is 

different (for example, in the case of fast, indicative measurements). In that case, the measuring results 

can be burdened by a relatively significant method error and it is advisable to select a more suitable 

connection.  

Considering the calculation of errors caused by the inaccuracy of the measuring equipment, we must 

realize that power measurements executed in this manner represent indirect measurements (the 

measured quantity must be calculated from the given ammeter and voltmeter values) and since the result 

is given by the product of the measured quantities, the final relative error will be equal to the sum of the 

partial relative errors. 

Direct measurements of active power are executed using power meters. 

Analogue power meters work on the principle of an electrodynamic apparatus since such a system is 

able to execute multiplications. 

Analogue multiplications can also be executed by, for example, modulation multipliers. This principle 

is used in some electronic converters that convert power to direct current or voltage. These values can 

be measured using direct analogue or digital machines, or they can be, upon being converted to 

numerical values, stored in memory. Electronic power meters, which display the measured values 

directly on an analogue scale or display, work on a similar principle. They can also use Hall multipliers. 

Modulation multiplier 
Also called a multiplier with an amplitude-width 

modulation or TDM (Time Division Multiplier). The error 

of such a multiplier is in tenths of a percent within a 

frequency band of up to approximately 10 kHz. 

An astable flip-flop circuit (AFFC) 

generates an alternating rectangular 

signal (T1 = T2). The width modulation 

(WM) circuit changes duration times T1 

and T2 based on u1(t), while preserving 

period T. The amplitude modulation (AM) circuit changes the amplitude of the rectangular signal based 
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on u2(t). The integration unit (I) determines the mean value of the signal modified in this manner, which 

is proportional to the product of the instantaneous values of u1(t) and u2(t). 

 
Hall multiplier 

Should the surface of the plate made 

of a semiconducting material be 

exposed to magnetic field with 

induction B, and should current i be 

passing through the plate, the Hall 

voltage uH  ~ k  i  B appears on the 

remaining edges. 

This phenomenon can be used for 

measuring magnetic fields as well as power. The voltage uH   needs to be integrated in order to get the 

direct value that is proportional to active power P. 

The current as well as voltage coils (of the current and voltage circuit) can be connected, similarly to 

the ammeter and 

voltmeter measurements, 

in two different ways. 

Internal resistances of the 

coils cause a 

measurement method 

error. To select a proper 

connection and to 

calculate the method 

error, the same aforementioned stipulation applies, with the exception that the ammeter is replaced by a 

current coil and the voltmeter by a voltage coil of the power meter. 

Since the measurements are direct, the power meter error is calculated from the power meter accuracy 

class. When doing so, we need to realize that the accuracy, given by an accuracy class, is valid under 

the given reference conditions. 

4.4.1.2   Measuring single-phase active power 

The measurements of alternating active power in a single-phase network are based on equation 3. This 

corresponds to direct measurements executed by power meters (electrodynamic or electronic), 

connected pursuant to Figure 3 or 4. Once again, we need to consider the given method error as well as 

the error caused by the given machine accuracy. 

An ammeter connected in series with a current coil and a voltmeter connected in a parallel way to the 

voltage coil need to be added to the circuit pursuant to Figure 3 or 4. It is due to the fact that the full 

deflection of the power meter pointer corresponds to the connection of the nominal voltage, nominal 

current and active load (for power meters calibrated for cos = 1). When the load character is different 

(cos « 1), we will attempt to reduce the current or voltage range, which can cause the destruction of 

the power meter. 

B 

i 

uH 

B ~ iz 

I ~ uz 

Z 

uH ~ k  uz iz 

uz 

iz 

W 

R =      U 

UR 

UpW 

W 

R 

IR 

InW 
I 

UR =      U 

Figure 3 Figure 4 



 

 
64 

Methods and measurements in el. engineering 

4.4.1.3   Measuring three-phase active power 
Active power in a three-phase system is given by the sum of the 

powers in individual phases 

 

where U1, U2, U3 are the phase voltages, I1, I2, I3 are the currents 

of these phases and 1, 2, 3 are the angles between the 

corresponding voltages and currents. 

When measuring three-phase active power, the network in which we conduct the measurements can be 

of several different configurations. 

1. The power supply network is general: 

a) has a neutral conductor available = four-conductor network 

b) does not have a neutral conductor available = three-conductor network 

A general network means general phase voltages and general angles between them.  

A special case is a symmetrical network, i.e., a network in which the individual phase voltages are 

identical and angles between them are 120°. There is delta voltage between the phases. Its phasors form 

an equilateral triangle. The delta voltage is 3 times greater than the phase voltage. 

2. The load is  a) general 

b) symmetric 

Pursuant to Blondel’s theorem, we must correctly measure the active power of the load by at least (n-1) 

power meters in an n-conductor system. The measurements are correct for general voltage systems and 

general loads even when the current behaviour is not sinusoidal. The measurements are burdened by a 

method error caused by the electric consumption of the measuring systems and by an error given by the 

given equipment accuracy. 

General voltage system, general load, four-conductor network: 

 

• the voltage coils of the power meters must be 

connected to the phase voltage. That is available.  

• Pursuant to the Blondel’s theorem, we must use at least 

three power meters. The value showed on each power 

meter is equal to the power in the given phase and the 

sum of the values represent the total three-phase power 

(Figure 5). 

Symmetrical voltage system, symmetrical load, four-

conductor network: 

• the voltage coils of the power meters must be 

connected to the phase voltage. That is available. 

• When the voltages and loads are symmetrical, the 

powers in all phases are identical. 

Only a single power meter is thus used and the measured 

value is multiplied by three. 

General voltage system, general load, three-conductor network: 
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• the voltage coils of the power meters must be 

connected to the phase voltage. That is not available. If we 

want to use three power meters, a so-called artificial 

neutral must be created (Figure 6). It is created by the 

connected ends of the voltage coils of the three power 

meters. The values showed on the power meters do not 

correspond to the power in the individual phases, though 

their sum provides the total three-phase power. 

• pursuant to Blondel’s theorem, two power meters are 

sufficient for the measurements. This connection is called 

an Aron connection and it can be used for symmetrical as 

well as asymmetrical (general) voltage systems, and 

symmetrical as well as asymmetrical (general) load, 

however, always for three-conductor networks. 

Figure 6 

Symmetrical voltage system, symmetrical load, three-conductor network: 

• when the voltages and loads are symmetrical, the powers in all phases are identical. A single 

power meter is sufficient. However, if we want to create an artificial neutral, we need two more 

resistors with a resistance that is equal to the resistance of the voltage coil of the used power 

meter. We multiply the value on the power meter by three. 

• The use of an Aron connection is more frequent (Figure 7). 

 

 

 

 

 

Aron connection 

When conducting measurements using three power meters in a three-conductor network pursuant to 

Figure 6, the total power is given by the sum of the powers measured by individual power meters
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For the currents in a three-conductor network, it applies that 0321 =++ iii which means that

( )213 iii +−= . By further modifying the equation for the total power, we arrive at the Aron connection 
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For a symmetrical power supply and symmetrical load, the Aron connection can also be used for 

measuring reactive power. 

Deflections of the pointer of the power meters are proportional to the following equations: 

( ) sin30sincos30cos)30cos( S131W +=−= IUIUP

( ) sin30sincos30cos)30cos( S232W −=+= IUIUP  

Upon subtracting these two equations, we get 

( )  sin3sin
2

1
2sin30sin2 fSS2W1W ===− IUIUIUPP which means that after 

multiplication by 3 we get the reactive power for a symmetrical power supply and symmetrical load 

from the difference of the values on the power meters 

( )2W1Wc 3 QQQ −= . 

4.4.2   Measuring reactive power 

4.4.2.1   Measuring reactive power in a single-phase network 

Based on equations 4 and 5, there is a 90° shift between the active 

and reactive powers. It means that if we turn the voltage on the 

power meter voltage coil by 90° in relation to the load voltage, the 

power meter will measure reactive power. 

When the voltages before and past the shift unit are not equal, the 

determined power must be recalculated. 

When the shift unit consumption is only active, the method error 

will be zero. The error given by the equipment accuracy class will 

consider a possible voltage conversion constant (indirect 

measurement).  

When a symmetrical, three-phase power supply is available, we can utilise the fact that the shift between 

the phase voltage of, for example, the first phase and the delta voltage between the second and third 

phases is exactly 90°. This will exactly apply only to symmetrical power supplies. However, the 

measured power will be 3  times bigger. Analogue and electronic varmeters execute the quotient on 

their own and they thus show the correct value. 

The equipment data error given by the accuracy class must be divided 3 . The division is already 

incorporated in the error in varmeters. 
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4.4.2.2   Measuring reactive power in a three-phase network 

• The usual connection for measuring reactive power in a three-phase network is based on the 

consideration stated for single-phase 

measurements. For a symmetrical power supply 

and a general load, three power meters are used. 

The values showed on the power meters divided 

by 3  correspond to the powers in individual 

phases and their sum divided by 3 provides the 

total three-phase power. 

• To turn the voltage by 90° in the case of a 

general power supply and general load, the shift 

unit needs to be used for all power meters. 

• For a symmetrical power supply and a 

symmetrical load, we can use the Aron connection 

even for measuring reactive power. 

The sequence of individual phases must be known for all measurements and the input and output clamps 

of the current and voltage inputs must be correctly connected. 

The total error of the measured reactive power is given by the sum of the absolute errors of individual 

devices. When measuring reactive power in accordance with Figure 11, this sum is divided by 3 , while 

for the Aron connection, it is multiplied by 3 .  

Multisystem varmeters (analogue and electronic) have their total error stated. 

For a symmetrical power supply and an asymmetrical 

load, a modified Aron connection (sometimes called a circuit 

with an artificial connection of voltage coils) is used for 

measuring reactive power. The modification is again based on 

the assumption that the power meter coil voltage needs to be 

shifted by 90° (for the Aron connection). It means that the 

voltage coil of the first power meter must be reconnected from 

delta voltage u13 to phase voltage u2 and the voltage coil of the 

second power meter must be reconnected from delta voltage 

u23 to phase voltage u1. Since no neutral conductor is 

available, we need to create an artificial neutral by inserting a 

resistor of a size that is identical to the resistance of the voltage 

coils of the used power meters (RnW). The following formula is used for calculating reactive power

( )2W1W3 QQQ −= . 

Should the currents or the voltages in the measured circuit not correspond to the ranges of the power 

meter that is available, we can use measuring current or voltage 

transformers. 

When the voltage polarity and current direction matter 

(measurements conducted by power meters, electricity meters, 

phase meters), the clamp markings must be observed. The 

voltage goes from clamp M to clamp N, while the current flows 

from clamp C to clamp L. 

Figure 12 
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4.4.3   Measuring apparent power 
Apparent power is measured indirectly. It is calculated from the given current and voltage. When 

determining the given method error, we are in the same situation as when measuring impedance - we 

can only estimate the error, not calculate it. 

4.4.4   Measuring power factors  
To measure a power factor, we can use a cos - meter 

(power factor meter). It can be an electromagnetic 

proportional machine or an electronic machine. It is 

connected as a power meter.  

4.4.5   Possible solutions of the electronic power converters 

Power converter with 

analogue signal 

processing 

Power converter with digital 

signal processing 

4.5   MEASURING FREQUENCY AND PHASE SHIFT 

A frequency meter is a device for measuring frequencies of periodically variable quantities. 

A resonance frequency meter or deflection frequency meter (also called oscillometer) is used for 

technical frequencies (high-voltage circuits). It is based on the principle of the mechanical resonance of 

the pointers that oscillate due to the alternating magnetic field of the coil. 

4.5.1   Universal counters 
For wide frequency bands, electronic digital frequency meters are used – universal counters. They work 

on the principle of counting impulses, shaped from the measured signal over a known time interval 

(direct frequency measurements), or of counting impulses of a built-in generator of an exact frequency 

over one or multiple periods of the measured signal (the frequency is determined indirectly using the 

given time period measurements). 
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The signal frequency can also be read on an analogue or digital oscilloscope (for the analogue one, we 

of course must make sure that the grid calibration is valid). The accuracy of the reading will of course 

be better in the case of a digital oscilloscope. The frequency can also be determined upon displaying 

XY by a comparison with a known frequency. 

The shaping circuit converts every 

period into a single impulse. (The 

moment the impulse is created 

depends on the given trigger level). 

The number of impulses over a 

known period gives us the measured 

frequency. (The frequency unit is 

Herz, which is defined as a number 

of periods per one second.) 

When measuring periods or low frequencies, the gate opens for the period time of an unknown frequency 

and the impulses of a known frequency are counted. 

Universal counter 

The main circuit element in the flowchart is the gate G. We bring the measured and known frequencies 

to its inputs via a switch. In the first 

position (1,3), the machine will measure 

the period of signal x – the gate opens for 

the time that corresponds to the measured 

period and the impulses of the given 

known frequency generated by an 

oscillator are counted. In the second 

position (2,4), the machine will measure 

the frequency - the gate opens for the time 

that corresponds to the known period T0 

and the impulses derived from the given 

unknown frequency are counted.  

A universal counter is usually formed by two identical channels A and B, which contain, apart from 

input amplifiers, signal shapers and trigger circuits with an adjustable trigger level, with the stipulation 

that the leading or descending trigger edge of the input signal can be selected. Universal counters allow 

for accurate measurements of 

 - frequencies 

 - periods 

 - time intervals 

 - impulse widths 

 - edge steepness 

 - ratio of frequencies 

Universal counters are machines that are generally very accurate. It is because the known frequency is 

derived from the crystal resonance. The usual error of the time base is around 10-4–10-5, while the error 

with crystal thermostatisation is about 10-7–10-8. The basic frequency of a crystal oscillator is usually 

1÷10 MHz; when a division is applied, the gate can open for up to 10 s. The display has 8 to 10 digits. 

ID – input divider  SC –shaping circuit 

G – gate  C – counter 

S – screen FD – frequency divider 

O - oscillator 

ID SC G C S 

FD O 
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Lissajous curves  

We bring the voltage of one signal to one pair of the deflection planes, and the voltage of the other 

signal to the other pair. When the frequencies of both signals are 

identical, the screen displays an oblique line segment, which can 

become of an elliptic or even circular shape, depending on the 

mutual phase shift of both signals.  

1

2arctan2

2

1arcsin

2

1arcsin
X

Y

Y

Y

X

X
===  

When the main axis is oblique under a 45° angle, the measured 

phase shift can be 0 <  <90° or 270° <  < 360°, which means that this method does not 

unambiguously recognize the quadrant, in which the angle  lays, and that is why other information 

about the measured voltages needs to be used as well. The maximum overall accuracy is ± 5%. 

For different ratios of the frequencies, the curves are more complex and the measured frequency 

can be calculated from the formula
x

n
nx
n

n
ff =  

Where fx is the measured frequency (brought to the vertical panes – input Y) 

 fn the known standard frequency (brought to the horizontal panes – input X) 

 nx the number of contact points with the vertical edge of an imaginary 

circumscribed rectangle 

 nn the number of contact points with the horizontal side of the circumscribed 

rectangle 

 
fx = 200 Hz for fx = 150 Hz 

fn = 100 Hz for fn = 100 Hz 

4.5.2   Measuring phase shifts 

Phase meters are machines for measuring phase differences (shifts) between two periodic circuit 

quantities of the same frequency. 

The phase difference between two different electric quantities - voltage and current - is called the power 

factor. Power factor analogue meters work with an electrodynamic proportional apparatus. 

The phase difference between two identical electrical quantities can be monitored and read on a two-

channel analogue or digital oscilloscope. The accuracy of the reading will of course be better in the case 

of a digital oscilloscope. The phase difference can also be measured in the XY display mode. 

Single-purpose digital phase meters include a converter that converts the phase shift to the corresponding 

impulse length and a counter, which converts this length to time. The machine then calculates the phase 

shift from this value and from the given period duration time. 

More expensive universal digital counters allow for measuring the phase shift directly in degrees. 

Y1 Y2 
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Measuring phase shift using universal counters 
When measuring the phase shift 

using a universal counter, we 

actually measure the given 

impulse width using a phase shift 

converter. We bring the signal 

simultaneously to both inputs of 

the universal counter (we thus 

need to have a counter with two 

inputs). We set one of the inputs 

(A) in a way that it is started by 

the ascending edge of the measured impulse of the counting of internal impulses. The other input (B) 

stops the counting by the descending edge of the measured impulse. 

This is how we determine the impulse length that is proportional to the phase shift of two signals. To 

acquire the phase shift itself, we also have to measure the length of the signal period and to calculate the 

phase shift accordingly. 

4.5.3   Frequency analyser 
Frequency analysers provide information about individual frequency components (harmonic), which the 

measured signal consists of. 

There are basically two ways to do that: 

• using analogue or digital filters, fixed or tuneable. This method, and especially the heterodyne 

principle, is used with frequency analysers with a wider frequency band - up to tens of GHz. 

• by calculating the Fourier transform. This method is based on signal sampling and digitalization.  

When calculating using the fast Fourier transform, we get not only the amplitudes of individual 

harmonics, but also their phases. Apart from that, other mathematical operations can also be 

conducted with the saved samples. The main circuit for this analysis method is an A/D 

converter, which is also a circuit that limits the frequency range of the frequency analyser 

implemented in this manner - approximately to 100 kHz. 

Frequency analysers are made as stand-alone machines with an output to a screen, recorder or printer, 

as slide-in units to oscilloscopes, or as slide-in cards to computers, complemented by the proper 

software. 

5.   MEASURING PASSIVE QUANTITIES 

 

Study time: 2 hours 

 

 

Objective    Upon studying this paragraph, you will know how to 

 • measure resistance  

• measure impedance 

The methods for measuring the parameters of resistors, coils and capacitors depend on the fact if their 

respective size depends on the work point setup (for example, the size of the current, frequency, etc.). 

If it does not, the simplest measurement method is to use an ohmmeter for measuring resistance and 

impedance meters (or RLC meters) for coils and capacitors. 

If it does, the most common measuring method is Ohm’s law. For impedances, the ammeter and 

voltmeter are amended by a power meter for determining the active component of the impedance. 

Resistor size 

The resistor measuring method will depend on the resistance size 
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• when the value of the measured resistance is comparable to the resistances of the lead 

cables or contact resistances of the clamps, it is a small resistor. 

• when the ratio between the stray leakage currents and the current passing through the 

measured resistor is comparable with the required relative measurement error, it is a large 

resistor. 

• resistors with resistance in between these two extremes are medium resistors 

5.1   OHMMETER MEASUREMENTS. 
The lowest ohmmeter range of digital ohmmeters is usually 100 Ω. That is why their accuracy will be 

low when measuring small resistances not only due to the impact of the lead cable resistance and contact 

resistances (see the example). 

The impact of the lead cable resistance and contact resistances can be limited for multimeters, which 

allow for relative measurements. 

The more accurate digital multimeters usually allow for four-conductor measurements of small 

resistances. 

Ohmmeters  

are measuring devices that measure resistance directly in Ohms. In most cases (with the exception of 

relative analogue ohmmeters), they form a part of multimeters. 

A magnetoelectric apparatus is usually used for analogue multimeters. The value of the measured 

resistance is converted to electric current and read on the given nonlinear scale with a range of several 

decades. The reading is relatively inaccurate, the accuracy class of a multimeter used as an ohmmeter is 

around one percent of the length of this scale (not of the value of the range), at the most. That is why we 

need to know the length of the scale (it is usually stated in the corresponding manuals or machine 

descriptions) and to directly calculate the error of the displayed value in millimetres when conducting 

the measurements. Next, looking at the scale and particular deflection of the pointer, we need to estimate 

the equipment error in Ohms. 

For digital multimeters, resistance measurements are converted by a resistance-voltage converter to 

voltage measurements. The measurements are thus much more accurate than analogue measurements. 

The most accurate digital machines can be used for measuring even small resistances since they usually 

allow for a four-conductor connection of the measured object. 

Resistance measurement example 

Measure the internal resistance of a current input with a range of 10 A of a MX 24 multimeter. 

Method 1 

Connect an ammeter with an accuracy of ± (1+ 0.1) % along the given range to a circuit with a current 

of 5 A. Connect a voltmeter with a resistance of 10 MΩ and accuracy of ±0.05 % + 3 dig along the range 

of 200 mV (Metex, 4 and ½ digit display) to this circuit in a parallel manner. The voltmeter will measure 

159.4 mV. 

The calculated resistance of 31.88 mΩ is not burdened by any method error, only by an equipment error. 

𝛿2V = ±
3

19999
∙ 100 = ±0.015 % 

𝛿uV = ± (|𝛿1| + |𝛿2| ∙
𝑋R

𝑋M
) = ± (0.05 + 0.015 ∙

199.9

159.4
) = ±0.07 % 

𝛿uA = ± (|𝛿1| + |𝛿2| ∙
𝑋R

𝑋M
) = ± (1 + 0.1 ∙

10

5
) = ±1.2 % 

𝛿uR = ±(𝛿uV + 𝛿uA) = ±(0.07 + 1.2) = 1.27 % 

∆uR= ±
𝛿uR ∙ 𝑅

100
= ±

1.27 ∙ 31.88

100
= ±0.4 mΩ 

The internal resistance was measured with an accuracy of 1.27 % and its value is (31.9 ± 0.4) Ω. 



 

 
73 

Methods and measurements in el. engineering 

Method 2 

The Metex multimeter was used as an ohmmeter. The lowest range is 200 Ω with an accuracy of 

±0.2 % + 10 dig. 

When a relative measurement is not used, the result will be burdened by an error of the lead cables. 

Even though the machine has a relatively high number of digits displayable on the display (19999), it is 

still not sufficient for measuring a resistance of 32 mΩ (hundredths of an ohm are displayed - 199.99 Ω). 
We would probably see a number at the last digit, however, it is obvious based on the given accuracy 

that the error is 10 dig, i.e., at the penultimate digit. If we use a calculation, the error would be 312 %. 

Method 3 

An accurate, 6 and ½ digit multimeter was used as the ohmmeter. The lowest range is 150 Ω with an 

accuracy of ± (0.02 + 0.005) %. 

When a two-conductor connection was used, the measured resistance was 79 mΩ, while for a four-

conductor connection, the value was 36 mΩ. The value of 36 mΩ is the value that is not burdened by 

any method error; it is only measured with an equipment error of 20 % [(36 ± 7) mΩ]. 

Conclusion: 

It is clear based on the measurements that the most accurate method is method 1, i.e., determining the 

internal resistance of an ammeter from the current measured by this ammeter and from the voltage loss 

on the ammeter. 

Digital RLC meters  

The basic circuit is usually a Z – U converter. Instead of resistor R2, the measured impedance (such as a 

coil represented by a series combination of its resistance Rx and inductivity Lx) is connected to the R-U 

converter. Assuming an ideal operation amplifier, it applies that 

X

2

1

1

Z

U

R

U
−= . If the real component 2ReU

is in phase with voltage 1U and if the imaginary component 2ImU is perpendicular to 1U , then

2

1

1
2

1

1
XXX ImRe U

U

R
jU

U

R
LjRZ −−=+=  . 

The measurements take place with the current and frequency given by the corresponding RLC meter. 

The usual current size is in hundreds of milliamperes; better RLC meters allow for selecting from among 

multiple frequencies – for example, 200 Hz and 1 kHz. 

Measuring small resistances 

When measuring small resistances, we need to eliminate the impact of the lead cable resistances and 

contact resistances, the size of which can be comparable with the size of the measured resistance. This 

can be achieved by a four-conductor connection of the measured resistor RX. The initial two-conductor 

connection is modified in a way that the power circuit is separated from the measuring circuit. Since the 

voltmeter has a big internal resistance, the current passing through the lead cables (Rp1, Rp2) to the 

voltmeter is much smaller than the current flowing to the measured resistor.  
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 That is also why the voltage losses on these resistors are negligible compared to the loss on the measured 

resistor. Nevertheless, the measured resistor needs to be connected in the same way as shown on the 

four-wires connection diagram - the measuring circuit is closer to the measured resistor, the power 

circuit is on the outer side. 

mX

pxpV
X R

I

UUU

I

U
R +=

++
== 21

2W(2 wires) connection of the measured 

resistor 

 4W(4 wires) connection of the measured resistor 

5.2   OHM’S LAW 
This represents an indirect resistance measurement by calculation from the measured voltage and 

current. The voltmeter, ammeter and resistor can be connected in two different ways (see the Method 

error chapter). The method error arises from the connection. The total equipment error is calculated 

based on the rules for indirect measurements. When measuring impedances, determining the errors is 

more difficult. 

To measure large resistances, a connection with the voltmeter connected to a power supply is used. To 

eliminate the leakage current (the measured resistance is close to the insulation resistance of the 

conductors) and since the measured current is very small (down to picoamperes), the entire circuit needs 

to be shielded and grounded. 

Measuring large resistances 

5.2.1   Measuring inductor parameters 
The parameters of inductors, as coils with a ferromagnetic core, depend on the given current and 

frequency. Thus, they cannot be measured using RLC meters. Moreover, inductor resistance cannot be 

additionally measured using direct current either.  

The most common measuring method uses an ammeter, 

voltmeter and power meter. 

The connection point of the voltmeter and voltage coil of 

the power meter is chosen based on the given coil 

impedance - in this case, we expect a small impedance. 

Nevertheless, a method error will occur here anyway. Its 
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size depends on the size of the internal resistances of the voltmeter and the voltage coil of the power 

meter. 

The power meter is used here for determining the active resistance of the coil. Should we disregard the 

method error, we can calculate resistance RX from the value showed by the power meter
2I

P
xR = . If it 

is not possible to disregard the method error, we deduct the loss on the power meter coil, which causes 

the error, from the measured power (in the case of the stated circuit, the coil is a voltage coil). 

5.3   SERIES COMPARISON METHOD 
The method is particularly suitable for exact measurements of small resistances when a digital 

multimeter cannot be used. However, we need to have a resistance standard with a size of the same 

power as the measured resistance. 

When measuring impedances, this method is also suitable for higher frequencies. 

The reference resistance standard and the measured unknown resistance 

are, in this case, connected in series to a direct voltage power supply. 

We can calculate the size of the measured resistance from the voltage 

losses on the resistors RX, RN pursuant to the formula

N

x
NX

R

R

U

U
RR = . 

The best way to measure the voltage losses is to use two identical 

voltmeters. Should it apply that RX and RN « RV, the method error can be 

disregarded. The maximal possible measurement error is given by the 

sum of the given relative errors URnURxRnRx  ++=  (indirect measurement). 

This method can also be used for measuring impedances. The VV unit is the so-called vector voltmeter, 

i.e., a voltmeter that can measure not only the given voltage value, but also its phase shift in relation to 

a selected reference voltage.  

For measured voltages, it applies that: 

N
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XX

X
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U

LjR

U
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After modification: 
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5.4   SUBSTITUTION METHOD 
The method is particularly suitable for accurate measurements of the real resistance value of two 

resistors of the same nominal values. 

It differs from the comparison method by the use of a resistance decade instead of a resistance standard. 

The value of the decade changes until the voltages on both elements (decade and unknown resistor, 

measured by the same voltmeter) are identical. The method error is zero. The measurement error is given 

by the decade accuracy (we can disregard the voltmeter accuracy since it will show the same deflections 

of the pointer). 

5.5   RESONANCE MEASUREMENT METHODS  
They are used for measuring the inductivity of coils that are designed for applications that utilize 

frequencies from hundreds of kHz up. The same principle is used for Q-meters, which allow for 

measuring not only inductivity and capacity, but also the quality coefficient of coils Q and the loss of 

resistance of capacitors. 

A parallel circuit, formed by the measured coil and a capacity decade, is connected to the voltage of a 

selected frequency. When resonance is achieved (by changing the capacity), a minimal current will flow 
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into the parallel circuit. We can indicate the current by an ammeter or 

voltmeter, which measures the voltage loss on resistor R. The machines 

must of course have a frequency range that allows them to make the 

measurements at a selected high frequency. The inductivity of the 

measured coil can be calculated
N

2X

1

C
L


=


 and is based on equality of 

reactances XL a XC 

The resonant frequency can be determined from the Thomson relation: 

Nx

r
2

1

CL
f


=


 

5.6   BRIDGE METHODS 
The bridge methods are currently used only for very accurate measurements. In that case, the 

Wheatstone bridge is used for measuring resistance mean values, while the Thomson bridge is used for 

measuring small resistance values. There are also alternating bridges of the Wheatstone type, however, 

due to issues with shielding and long balancing procedures, their use is slowly diminishing. 

A basis of a bridge is formed by an electric circuit formed by two resistance (direct measuring bridge) 

or impedance dividers (alternating measuring bridge). One of the dividers of the alternating measuring 

bridge can be replaced with a divided transformer winding or autotransformer. In that case, the 

measuring bridge is called a transformer measuring bridge. 

The machine also includes a source of the excitation signal and the so-called zero indicator (such as a 

galvanometer). Upon connecting the measured element, the circuit is balanced by changing the 

adjustable resistances, impedances or transformer branches in the given bridge circuit in a way that the 

zero indicator indicates a zero current or voltage. The resistance or impedance of the measured element 

is then determined based on the set resistance or impedance values. 

Wheatstone bridge 

The direct bridge consists of four ohmic resistors connected pursuant to 

the picture. A direct power supply is connected between points (feeding 

diagonal) and a balance indicator is connected between points BD (so-

called measuring diagonal). When the bridge is balanced, points B and D 

are equipotential and no current flows through the measuring diagonal. 

The balance condition of the Wheatstone bridge is given by formula 

R1 · R4 = R2 · R3. We can thus determine one unknown resistance if we 

know the others. The measurement accuracy is given by the sum of the 

relative accuracies of the used resistors (indirect measurements). 

In order for a measuring bridge to measure with the calculated accuracy, it must be sufficiently sensitive. 

Sensitivity is generally defined as the ratio between the change of the input quantity and the change of 

the measured quantity. Thus, for example, the bridge voltage sensitivity is
1R

U
C BD
mU




= . It means that 

even upon a small change of the measured resistance (or decade R2), a legible change of the measuring 

diagonal must occur. 

Thomson bridge 

It is currently used only for very accurate measurements of 

small resistance values.  

The same balance condition applies. 

Furthermore, if R3/R4 = R´3/R´4, then resistance R5, which 

represents the contact resistances and resistances of the lead 

cables, does not have any effect at the balanced state. 
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Alternating bridge 

The balance condition of the alternating Wheatstone bridge is 

given by formula 3241 ZZZZ = . To determine the parameters 

of the measured impedance, this condition needs to be divided 

into real and imaginary components, which means that it must 

be fulfilled for both of them.  

The alternating bridge shown here is a Schering bridge for 

measuring capacitors. The capacity is calculated from the 

values of elements
1

3
4
R

R
CCx = , the loss of resistance of the 

capacitor
4

3
1
C

C
RRx = . 

It is a frequency-independent bridge since none of the formulas include frequency. The balancing of the 

components is independent - there is no common element for balancing the real and imaginary 

components. 

Transformer measuring bridge. 

The following applies in the state of equilibrium 
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6.   CHARACTERISTICS OF FEROMAGNETIC MATERIALS 

 

Study time: 1 hour 

 

 

Objective    Upon studying this paragraph, you will know how to 

 • measure magnetic quantities in the air  

• measure magnetic characteristics of ferromagnetic materials 

The basic objective of magnetic measurements is to determine magnetic quantities, such as the magnetic 

field intensity H, magnetic induction B or magnetic flux  in the air or in ferromagnetic materials, and 

also to determine magnetic characteristics upon direct or alternating magnetising (relation B = f (H)), 

determining the relation between permeability μ and the magnetic field intensity, etc. 

We do not know how to measure any magnetic quantity directly; we always have to convert it to an 

electric quantity, i.e., voltage and current. To do so, we use converters that utilize either the relation 

between intensity and current (Ampere's circuital law) or between electric voltage and magnetic flux 

(induction law). 

When measuring characteristics of ferromagnetic samples, we measure the size of the magnetic 

induction and the size of the actual magnetic field intensity. No method that would allow for measuring 

both quantities in a ferromagnetic material directly is currently known. We derive the size of the 

magnetic induction from the size of the induced voltage in the winding that closely surrounds the given 

sample upon induction changes; the magnetic field intensity is derived from the size of the tangential 
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component of the field above the sample surface. In some cases, we can determine the field intensity 

from the given magnetization current, which flows through the excitation winding on the sample. 

We measure the characteristics of ferromagnetic materials using either closed or open samples. 

When we base our measurements on the demagnetised state of the sample (H = 0, B = 0) while applying 

direct magnetizing, the work point of the magnetized ferromagnetic material will move along the initial 

magnetization curve when we start monotonously increasing magnetic intensity. 

If we start reducing the intensity when it reaches its maximum, we will not move along the initial 

magnetization curve anymore. Instead, we move to the main hysteresis loop. 

Magnetic quantities 

The Ampere's circuital law of total current: 

 = lHI d , 

intensity for a homogeneous field 









=

m

A

l

IN
H  

N(-) – number of threads,  

I(A)– electric current,  

l(m) – length of the center magnetic line of force). 

Induction law: 
t

I
LN

t
Nui

d

d

d

d
−=−=


;  

i.e., to induce voltage ui, magnetic flux  must be changing. 

The following formula applies to the relation between magnetic flux and induction 

( )2m,Wb;T −=
S

B


, 

which means that induction is basically the flux density. The following formula applies to the relation 

between induction and intensity 

HB r = 0 . 

Relative permeability in the vacuum and approximately also in the air μr is equal to one. Since 

( )17

0 mH104 −− =   is a constant, the relation in these two environments is )(HfB = linear. It means 

that if we determine B, we can calculate H, and vice versa. The relation in all other environments is 

)(HfB =  nonlinear.  

Not only this relation is nonlinear, but its instantaneous values also depend on the previous state. 

It means that when a material is magnetised for the first time (or after being demagnetized), we move 

along the so-called initial magnetization curve (red line) when we start increasing the current. 

Induction from the point 

where the relation )(HfB =

becomes linear is called 

saturation induction. When 

we start reducing the intensity 

at this point, we will get to the 

main hysteresis loop (blue 

line). The value of induction, 

which remains in the material 

at zero intensity, is the so-

called remanent induction 

𝐵R. The value of intensity, which remains in the material at zero 

induction, is the so-called coercive force. The coercive force HC 

determines the magnetic field intensity that is needed for 

cancelling magnetic induction in the given sample. It is one of the most important characteristics of 
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ferromagnetic materials, based on which ferromagnetic materials are classified as magnetically soft or 

magnetically hard. (It is not related to mechanical characteristics at all!). 

If the current is coming back from a lower value than the saturation induction, we will get to the so-

called normal hysteresis loop. 

We can measure the characteristics of magnetic materials using direct or alternating magnetization. 

Direct magnetization occurs when the change speed of the magnetic field intensity that affects the given 

ferromagnetic material does not have a noticeable impact on the shape of the measured characteristic 

(we will get a static hysteresis loop). Alternating magnetization occurs when the magnetic flux in the 

given ferromagnetic material periodically changes with a frequency that is higher than 10 Hz (we will 

get a dynamic hysteresis loop). Magnetization at a frequency lower than 10 Hz is quasi-static. 

During alternating magnetization, Eddy currents affect the 

ferromagnetic material, due to which the distribution of the 

magnetic induction through the cross-section of the 

measured sample becomes uneven and the phasors of the 

magnetic induction and magnetic field intensity become 

mutually time-shifted. 

Closed samples form a homogeneous magnetic circuit with 

a constant cross-section, uninterrupted with any air gap 

(such as a toroid), or with a gap filled with another material. 

Magnetic flux in such a sample is only closed by a given 

ferromagnetic material. A great advantage of the closed 

samples is the fact that we can calculate the magnetic field intensity in the sample from the given 

magnetizing current, number of threads of the magnetization winding and the average length of the 

magnetic lines of force. 

N1(-) - number of threads of the excitation (magnetization) winding 

N2(-) - number of threads of the measuring winding 

lS(m) - mean line of force length 

S(m2) - cross section of the sample 

Open samples are usually in the shape of rods or straps. Magnetic 

flux during the measurements closes outside of the sample 

through the air. In this case, the magnetic field intensity cannot 

be determined by a calculation from the magnetization current 

and it is thus determined by measuring the tangent component of 

the field intensity above the surface of the sample. For these 

samples, it is very difficult to achieve a homogenous0 

distribution of the flux within the entire volume of the sample. 

6.1   MAGNETIC CONVERTERS 

6.1.1   Measuring coil. 
To convert a magnetic quantity to an electric one, the formula 

t
Nui

d

d
−=  is used, i.e., the voltage will be inducted in the coil when 

magnetic flux changes occur (induction). In an alternating field, this 

condition is automatically fulfilled. In a direct field, a change must be 

induced somehow (by, for example, turning the magnetic field off, 

removing the coil from the field, or turning the coil). The coil can thus 
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measure a direct as well as alternating field, in the air as well as in magnetic materials (in the air, we use 

a self-supporting coil of known dimensions, we wind the coil on the magnetic material). 

In order to be able to calibrate MD measuring devices in Wb or in T, the MD must measure (integrate) 

the mean value. 

In an alternating field, we use a machine with a rectifier (magnetoelectric or digital). Using the value it 

shows, we can calculate the mean arithmetic value since the following formula applies to the relation 

between the mean arithmetic value and the maximal flux value 
TT

tu
T

U m
C

Tt

t

i





=== 

+

−

+
4

d
2

d
2 m

m

1

1

2/

SA . 

The maximum magnetic induction value can then be calculated as 
NSf

U

NSf

U
B


=


=

44,44

namSA
m  

(Unam is the value from the MD with the rectifier). 

6.1.2   Rogowski coil. 
It is a coil with a large number of threads, wound from a thin wire 

(diameter of 0.05 – 0.08) on a strap made of a noninductive and 

nonmagnetic material (shaped into an arc or flexible). The coil 

winding is usually of a two-layer design – it starts in the middle of 

the strap, coils towards the edge, back to the other end and back to 

the centre. The outlets are next to each other. The magnetic flux 

created by a coil created in this manner is proportional to the 

magnetic voltage UM, which is proportional to the intensity between points A and B ( =

B

A

dlHUM ). 

Rogowski coils can be used for measuring direct as well as alternating fields in the air. 

6.1.3   Ferromagnetic probe. 

 This is designated for measuring very weak direct as well as 

alternating fields (up to 10-5 A.m-1) in the air. 

Coils with the same number of threads are wound on two 

magnetically soft plates in a way that the alternating magnetic 

fluxes are 180 degrees out of phase. If the probe is not in the 

magnetic field, the voltage induced in the outer coil is zero. 

For the outer, direct magnetic field H0, the equilibrium becomes 

disrupted and alternating voltage is induced in the outer coil. Its 

amplitude is proportional to the field H0. 

6.1.4   Hall probe. 
If the surface of a plate made of a semiconducting material is 

exposed to magnetic field with induction B, and if current i passes 

through the plate, the Hall voltage uH ~ k  i B appears on the 

remaining edges. 

6.2   MEASURING MAGNETIC CHARACTERISTICS OF FERROMAGNETIC 
MATERIALS 

To measure magnetic characteristics, samples must be created from the given ferromagnetic materials. 

The most convenient are closed samples. If it is not, for some reason, possible to obtain a sample in the 
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shape of a toroid (closed sample), the measuring can be executed using an open sample. However, the 

measuring process is then more complicated. 

All of the measurements and diagrams stated here apply to closed samples. A coil with N1 threads is an 

excitation coil, which excites magnetic flux in the sample. A coil with N2 threads is a measuring coil 

and the voltage induced in it corresponds to the given flux change over time. Both coils are evenly 

wound along the entire perimeter of the sample. The measuring coil is wound first. 

6.2.1   Initial magnetization curve and static hysteresis loop (direct magnetization). 

During the magnetization current incremental 

change ΔIM, the magnetic intensity ΔH 

incrementally changes – for a closed sample, 

formula 
l

NI
H M 1

=  applies, where N1 is the 

number of threads of the magnetization coil, IM is 

the magnetization current and ls is the average 

length of the magnetic line of force in the sample. 

If ID is an integration device, then the 

magnetization current incremental change ΔIM will result in an incremental change of the induced 

voltage ui, from which we can calculate the given induction change U
NS

CR
B 




=

2

.  

The entire curve is given by the sum of all the increments. (R, C are the integrator parameters, S is the 

cross-section of the sample in m2, N2 is the number of the threads of the measuring coil and ΔU is the 

voltage past the integrator. The relation for the induction change is derived from the voltage past the 

integrator and from the induced voltage BSN
CRt

N
CR

tu
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ti
C

U i 

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==  222
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1 
). 

When reducing the magnetization current ΔIM after reaching the saturation point, we get a static 

hysteresis loop. 

6.2.2   Alternating characteristics. 
The results of alternating measurements depend on the nonlinearity of the characteristics as well as on 

the used frequency. 

The nonlinearity of the relation between induction B and intensity H causes a deformation of the 

behaviour of B as well as H over time.  

If we ensure a sinusoidal behaviour of the magnetization current (the resistance inserted in the 

magnetization current circuit must be greater than the reactance of the magnetization winding R » 

  L1), the B behaviour will be close to a rectangle, i.e., it will include harmonic components.  

Compliance with the requirement for the sinusoidal behaviour of B is harder to ensure. It must be ensured 

that the inserted resistance of the measuring devices is negligible compared to the reactance of the 

magnetization winding R «   L1. The behaviour of H will then be inharmonic. 

In both cases we can measure the relation between the maximal values – amplitude characteristics 

Bm = f(Hm), or the relation between the first harmonics – apparent characteristics B1 = f(H1) (we measure 

the induced voltage by a selective voltmeter, tuned to the first harmonic). 
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6.2.2.1   Measuring amplitude characteristics for sinusoidal H 
For closed samples, the intensity can be calculated 

from the formula
sl

IN
H Mm1

m


= , where N1 is the 

number of threads of the magnetization coil, IMm 

is the maximal value of the magnetization current 

(since current is usually measured using standard 

ammeters calibrated in effective values, we must 

actually calculate the maximal current value from 

the measured value!) and ls is the average length 

of the magnetic line of force in the sample.  

For open samples, the intensity would be measured by a Rogowski coil or Hall probe on the surface of 

the sample. 

The maximal induction is calculated from the formula 𝐵m =
𝑈2nam

4.44∙𝑓∙𝑆∙𝑁2
,  where U2nam is the value from 

the given voltmeter with a rectifier! f is the power supply frequency, S is the cross-section of the sample 

and N2 is the number of threads of the measuring coil (for the derivation, see the measuring coil). 

The induction for open samples is measured identically. 

6.2.2.2   Measuring amplitude characteristics for sinusoidal B 
The intensity will be inharmonic for a sinusoidal induction. This is achieved by making sure that the 

inserted resistance of the measuring devices is negligible compared to the reactance of the magnetization 

winding. That is why the magnetization current measurements are converted via a mutual inductivity 

etalon to voltage measurements. 

 

The intensity for closed samples can be 

calculated from the formula 𝐻m =
𝑁1∙𝑈2nam

4.44∙𝑓∙𝑀∙𝑙s
, 

where N1 is the number of threads of the 

magnetization coil, U2nam is the value from the 

voltmeter with a rectifier! f is the frequency of 

the power supply, M is mutual inductivity and l 

is the average length of the magnetic line of 

force in the sample. 

6.2.2.3   Determining amplitude permeability 

 

The amplitude permeability values can be calculated from the equation 
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m0

m
A

H

B


=


  

Sometimes we are only interested in the maximum permeability. It can be determined from the induction 

and intensity values at the contact point of the tangent led from the beginning to the amplitude 

characteristic. 

The initial permeability can be determined from the given line direction marked μini. It can also be 

measured at the point with the intensity of 0.4 A  m-1. 

6.2.2.4   Illustration of the dynamic hysteresis loop. 
The most common method is 

displaying it on an 

oscilloscope. For this purpose, 

input X is connected to the 

resistor in the magnetization 

circuit (current to voltage 

conversion) and the induction 

(axis Y) is scanned on the 

capacitor of the integration 

member. 

The integrator is used because a voltage, which is proportional to the flux derivation (induction) over 

time, is induced at the output of the measuring coil. That is why if we want to bring induction to axis Y, 

we must integrate the induced voltage. The time constant RC must be correctly selected, thus preventing 

distortions of the hysteresis loop in its vertexes. 

6.2.2.5   Measuring losses during alternating magnetizing 
The power metric method is used for this purpose in the area of technical frequencies. 

In this circuit, the power meter measures not only losses in the given ferromagnetic material, but also 

losses in the actual voltage coil and on the voltmeter. Thus, it means that if the power measured on the 

power meter is P´, the losses can be calculated ( )W
V

2

2

nW

2

2

2

1
Fe

R

U

R

U
P

N

N
P −−= . 

The voltmeter is connected in a way that 

allows for setting up the required induction 

in the sample (for the required Bm, we can 

calculate U2nam and we can set it up on the 

voltmeter V from power supply U~). 

To measure losses of the transformer 

lamination, we use an Epstein frame. We 

cut strips of the defined sizes from the given 

material and we arrange them into a square, 

making sure they form a closed magnetic circuit. This circuit also forms the core of the coils with known 

number of threads N1 and N2. The subsequent connection corresponds to the power metric method. 

(Small Epstein frame: the size of the strips is 250 x 30 mm and their total weight is 0.5 to 1.5 kg;  

N1 = N2 = 4 × 175 threads.) 

6.2.2.6   Digital data processing 
Yet another option is to scan the voltage samples u1 and ui and to save them in a digital form. Next, the 

H(t) and B(t) time behaviours are calculated. From these behaviours we can subsequently determine all 

of the aforementioned characteristics. 
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7.   EMC – ELECTROMAGNETIC COMPATIBILITY 

 

Study time: 1 hour 

 

 

Objective    Upon studying this paragraph, you will know 

 • possible interference sources  

• some protection methods against interference 

7.1   INTERFERENCE WHEN MEASURING DIRECT SIGNALS 

7.1.1   Impact of thermoelectric voltages 
This becomes evident when measuring low voltages (μV). It occurs at fixed connection locations of 

measuring equipment where there is a contact between two different metals with non-zero 

thermoelectric voltages or on switches that warm up due to a passing current or due to friction during 

switching operations. The impact of thermoelectric voltages can sometimes be eliminated by two 

measurements conducted for both polarities of the given direct current or by a sufficiently long heating 

of the entire circuit - the temperatures at individual circuit locations equalize and stabilize. 

7.1.2   Contact resistances 
They occur in dismountable connections. They depend on the given contact material, quality of the 

contact surfaces, pressure and passing current. The contact resistance of carefully implemented plug 

boxes can be 0,5  10
-4

  of good rotary switches 10
-3

 to 10
-4

 Ω and of clamps 10
-2

 to 10
-4

 Ω. 

7.1.3   Leakage currents 
When measuring low voltages, we can obtain such an insulation resistance that allows us to disregard 

the leakage currents. When higher voltages are used, the entire equipment must be well insulated and 

shielded. 

7.2   INTERFERENCE WHEN MEASURING ALTERNATING SIGNALS 

Similar to direct measurements, the problems here are caused by contact resistances and leakage 

currents. However, the main problem here is represented by interference fields. 

One of the basic methods for supressing interference fields is shielding. Two basic approaches are used 

for shielding: 

• shielding of the interference source. We strive to limit and close the area from which the interference 

comes, and to eliminate its spread outside of the closed area. We install the power and signal 

conductors via interference filters, which are supposed to prevent the penetration of undesirable 

signals from the shielded area. We use this method for shielding various motors, thyristor rectifiers, 

regulators, etc. 

• We protect the sensitive and particularly input parts of the equipment by shielding. The objective of 

the shielding is to prevent all signals from entering the circuit, with the exception of the required 

signal. 

Undesirable signals can penetrate through capacity or inductive couplings. Depending on the manner of 

their penetration, we recognize electrostatic shielding (against capacity couplings) and magnetic 

shielding (against inductive couplings). Resistance couplings are prevented by the appropriate 

installation of the conductors. 

Every individual case must be analysed thoroughly and separately. First of all, we need to identify the 

given interference sources and receivers and possible stray couplings. Imperfect and incorrect shielding, 

based on incorrectly understood problems, can worsen the situation and cause new problems. 
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7.2.1   Shielding against electric fields 
Electrostatic shielding is used for supressing the impact of undesirable capacities. Shielding covers are 

made of electrically nonconductive materials. Their effectiveness does not depend on the material 

conductivity or its thickness - it can be a thin foil or even a net. When there is an element enclosed in 

the cover, its value changes. All elements and conductors that transmit signals that could be subject to 

interference must be inside of a shielding cover. The actual shielding must be connected to a suitable 

potential, usually on the side of the signal source (i.e., when the signal source is grounded, the shielding 

must be connected to the ground as well). 

Correct connection of electrostatic shielding of a coaxial cable 

Example of capacity couplings and electrostatic shielding 

Ungrounded source u1 with interference voltage 

against the ground ur1 and a measuring system with a 

differential input (ua and ub) connected to the ground 

(for example, via power cord). The stray capacities 

are marked C1 to C4. The shielding of the connecting 

cable can be connected in four different ways: 

A – with a common clamp 2 on the side of the 

measuring instrument 

B – with a ground clamp 6 on the side of the 

measuring instrument 

C – with a ground clamp 5 on the side of the source 

D – with a common clamp 1 on the side of the source 

For example, in case A, the interference current from ur1 passes through 1-2-3-C4-5 at the 1-2 section, 

together with the signal. 

Only the D variant is suitable. 

7.2.2   Shielding against magnetic fields 
The shielding of the shielded conductor, grounded on one side, has a good shielding effect against an 

electric field, however, only a small or even no effect against a magnetic field. 

When we have a circuit that is sensitive to an alternating magnetic field, it can be shielded by inserting 

it in an enclosed cover, which prevents penetration of interfering fields to the shielded area. 

The cover can be formed by a magnetically conductive material – in that case, it is ferromagnetic 

shielding, which is effective even against direct magnetic fields (Earth’s magnetic field, permanent 

magnet field). The induction lines of the external field are mostly closed by the shielding cover with a 

high magnetic conductivity. The magnetic field induction inside of the cover is weak or non-existent. 

The effectiveness increases with increasing material permeability and its thickness. It works against 

direct fields and also alternating fields with lower frequencies. 

When the cover is formed by an electrically conductive material, it is electromagnetic shielding. The 

shielding effect is caused by induced vortex currents in the wall of the cover, which, pursuant to Lenz’s 

law, suppresses the field by which it has been caused. The effectiveness increases with the increasing 

conductivity of the shielding cover material, its thickness and field frequency (for example, for a 

frequency of 600 kHz, a sufficient copper cover thickness is 0.6 mm, while for 50 Hz, it would be 

approximately 6 cm.) 

When designing new equipment, we strive to comply with the principles that will help us to make such 

equipment insensitive to external magnetic fields, while also making sure the equipment itself does not 

become one of their sources: 

We place sensitive circuits as far from interfering magnetic fields as possible (for example, network 

transformers). 
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We install sensitive conductors in a way that the given induced voltage is as low as possible, i.e., in a 

parallel way with the magnetic lines of force. The induced voltage is proportional to the loop surface 

and its orientation to the interference source (the induced voltage in a loop with a surface of 10 cm2 in 

a magnetic field with a frequency of 50 Hz and magnetic induction of 10-5 T is in the area of 10-5 V). 

The power conductor to the given load will not represent a source of an interfering magnetic field if we 

implement it using twisted conductors. It is also suitable to use coaxial cables for large signals - it is not 

shielding, but a compensation of the magnetic field that occurs due to the passing current (the shield of 

such conductors works as a return conductor). 

Example of the connection of a sensitive analogue 

output and a power supply device. 

A coaxial cable is used for powering the logic TTL 

circuits. It is connected on both ends (the shielding is 

used as a return conductor), thus preventing radiation 

caused by the connection phenomena (magnetic field 

compensation). The analogue input is connected using 

a shielded coaxial cable, the shielding of which is 

connected to the ground only on the input side. 

The field that explores the relations of mutual impacts of electrotechnical systems, including their 

impacts on the human body, is called electromagnetic compatibility. 

7.3   EMC – ELECTROMAGNETIC COMPATIBILITY STANDARDS 

Field that explores the definitions and terms related to EMC and that addresses the given standardisation. 

International Electrotechnical Commission – IEC – a commission that, apart from other things, issues 

EMC-related standards known as IEC standards…. 

CENELEC – European Committee for Electrotechnical Standardization – issues EMC-related standards 

valid for the European Union. Mostly adopted IEC standards marked as EN…. 

IEC or EN standards marked as CSN IEC, CSN EN, etc. are adopted in the Czech Republic.  

u1 ~ 

5 V 

+5 V + 
TTL power supply 

analog. input 


