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ELECTRICAL ENGINEERING 

Power monitoring system for current up to 20A 
Dejan S. Stevanovic, Miona V. Andrejevic Stosovic, Milan M. Savic 

In this paper we proposed a system for AC current monitoring in home appliances, up to 20A. 
System also measures voltage, line frequency, power factor, active power, and total imported active 
energy. The accuracy of the realized system is examined by using a set of different linear and 
nonlinear loads. In order to get better accuracy, less than 1%, calibration is performed. 

Keywords – Energy efficiency, Modbus RTU, monitoring system. 

Introduction 
An energy monitoring system in a household 

allows consumers to have significant role in energy 
management activities. This is crucial for the 
development of a smarter, more flexible and more 
eco-friendly energy system. More-over it ensures that 
investment in the grid is implemented as effectively 
and optimally as possible for the benefit of society as 
a whole. It can be implemented by using smart sockets 
or smart meters. Probably, the simplest and most 
straightforward way to monitor and control energy 
usage is by replacing traditional sockets and plugs 
with the smart ones. 

Namely, placing multiple measurement devices in 
the household enables that consumer has nearly 
instant information about current consumption of each 
appliance. Some smart sockets contain relay, so that 
turning load on and off is supported. In this paper we 
proposed a system that can be implemented at electric 
panel. Moreover, our system can be used as smart 
fuses.  

Another option to have significant role in energy 
management activities and also in reducing emission 
of C02 is using smart meter with available HAN port. 
Namely, all new power meters installed in Norwegian 
homes are fitted with an output terminal called a HAN 
port (Home Area Network) [1]. You can connect to 
the HAN port by your-self, but you need to contact 
your utility company in order to open your HAN port. 
Data retrieved from your HAN port belongs to you. 
This means that if a utility company or any other third 
party wants to retrieve data from your HAN port, it 
has to enter into an agreement with you. Also, Nor-
way plans to introduce new tariff structures in 2021, 

which will probably entail higher prices at peak load 
periods. In response to this, you can save money on 
your electricity bill by moving your consumption to 
periods when the load on the grid is lower. We believe 
that our device can give customer more accurate 
information about which load consumes more power 
at specific time and which consuming we should 
move for period when electricity is cheaper. 

System realisation 
A block diagram of our system is shown in Fig. 1. 

As can be seen from the Figure, it contains relay 
circuit, RS485 circuit, current and voltage sensor 
circuit, power measuring circuit (MCP39F521) [2], 
and MCU. We used a well-known microcontroller 
Atmega328P [3] as MCU, which character-istics meet 
all our demands. MCU communicates with power 
measuring circuit by using I2C protocol and passes 
the obtained data through RS485 to central monitoring 
system by using Modbus RTU protocol.  

RELAY RS485 MCU

MCP39F521

SCL SDA

SCL SDA

ON/OFF ON/OFF TX RX

TXRX

Current
sensor

Voltage
sensor

i(t) i(t) v(t) v(t)

Fig. 1. Block diagram of realized system. 

RS485 interface supports multiple devices on the 
same bus. This interface is currently widely used in 
data acquisition and control applications where 
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multiple nodes communicate with each other. 
Consequently, each board needs to have unique 
address (unique on the network level). Be-cause of 
that, remote monitoring computer can send re-quest 
only to specific node in a network. This address can 
be set by using jumpers in our system. The maximum 
number of nodes on the same RS485 network in our 
case is 213 [4]. The number of supported devices on 
the same network depends on IC that is used for 
RS485 interface, bound rate and distance between 
nodes. 

The load is powered via the T9A series relay, 
which has normal open (NO) and normal closed 
terminals (NC) [5]. The relay can be set to normal 
closed state, which is useful in applications where 
electrical appliance has to be always on, but on 
demand it can be turned off. Typical example of this 
usage is refrigerator in hotel rooms which needs to be 
always powered on. When customer exits the room, 
all electrical outlets and devices are disabled, except 
refrigerator which is connected via the relay board. 

As we said before, communication between 
computer and our device is done by using Modbus 
RTU protocol and QModMaster application. We use 
only four functions from Modbus RTU: write single 
coil, write multiple coil, read input registers and read 
holding registers. 

The state of relay can be controlled by using write 
single coil or write multiple coil function, while 
reading measurement results is done by using read 
input registers or read holding registers functions. 
These registers contain value of RMS voltage/current, 
line frequency, power fac-tor, active power and total 
accumulated energy, as shown in Fig. 2 QModMaster 
application runs on central computer which is used for 
reading data from each relay board. For connecting 
PC to RS485 network, a USB-RS485 bridge is used. 
Before connecting relay board on the network, it is 
necessary to set slave address of the board, by setting 
ap-propriate jumper configuration. In Fig. 2, we 
showed obtained data when using read input registers 
function. By using this function and setting number of 
register to 10 we obtain: RMS voltage/current 
(registers 1 and 2), line frequency (register 3), power 
factor (register 4), active power (registers 5 and 6) and 
active energy (registers 7 to 10), respectively. Some 
similar solutions can be found in [6]-[9]. 

Fig. 2.  Modbus application. 

Measurement results 
The accuracy of the realized system is verified by 

using a set of different linear and nonlinear loads. For 
nonlinear loads we chose LED and CFL bulbs. These 
nonlinear loads are chosen as benchmarks because 
they characterize small nominal power. Namely, the 
intention is to show that our system measures current 
in range from 0.1A to 20A with accuracy less than 
1%, having different load conditions. For linear load 
measuring we have used water kettle and different 
types of incandescent light bulbs (ILB). As reference 
measuring instrument, we have used electronic power 
meter produced by EWG electronics [10]. It fulfils the 
IEC 62052-22 standard [11], IEC 62052-23standard 
[12]. The previously mentioned standards, fulfilled by 
power meter, guaranty to us that power meter has 
good accuracy. Table I presents obtained results after 
measurements. As we can see the obtained accuracy 
(for P and IRMS) is around 2%. This accuracy is 
according to MCP39F521 specification. Namely, 
manufacturers of MCP39F521 claim that by choosing 
low-tolerance resistors at input of current and voltage 
channels (e.g. 1% tolerance), measurement accuracy 
in the 2-3% range can be achieved with zero 
calibration. As we said before our goal is to design 
system with accuracy less than 1%. To achieve that, 
we need to do calibration of MCP39F521, which is 
shown in the next section. 
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Table 1 
Measurement results 

Power Meter Our System 

No. TYPE OF LOAD URMS IRMS P (W) URMS IRMS P (W) VRMS 
Error(%) 

IRMS 
Error(%) 

P 
Error(%) 

1 LED10W 229.3 0.056 11.8 228.8 0.051 11.4 9.80 3.51 3.51 
2 CFL20W 229.3 0.138 19.08 229 0.138 19 0.00 0.42 0.42 
3 LED10W+CFL20W 229.26 0.172 30.23 228.7 0.175 30.6 1.71 1.21 1.21 
4 ILB100W 229 0.436 99.72 228.70 0.427 98.10 2.11 1.65 1.65 
5 ILB250W 228.5 1.175 268.2 227.80 1.150 263.40 2.17 1.82 1.82 
6 ILB450W 227.5 2.043 465 227.00 2.000 457.30 2.15 1.68 1.68 
7 ILB650W 226.7 2.912 660 226.20 2.860 649.00 1.82 1.69 1.69 
8 HR (HEATER) 226.3 3.545 802.4 225.7 3.481 787 1.84 1.96 1.96 
9 HR+ILB100W 226.13 3.972 897 225.3 3.905 883 1.72 1.59 1.59 

10 HR +ILB250W 225.6 4.704 1061 224.7 4.622 1041 1.77 1.92 1.92 
11 HR+ILB450W 225.2 5.55 1250 224.2 5.456 1226 1.72 1.96 1.96 
12 HR +ILB650W 224.3 6.404 1437 223.4 6.295 1408 1.73 2.06 2.06 
13 WATER KETTLE (WK) 222.6 8.067 1793 221.4 7.918 1760 1.88 1.88 1.88 
14 WK+LED10W+CFL20W 222.5 8.231 1825 221.4 8.074 1793 1.94 1.78 1.78 
15 HR+WK 220.2 11.385 2499 218.7 11.186 2450 1.78 2.00 2.00 
16 HR+WK+ILB100W 220 11.759 2585 218.3 11.573 2535 1.61 1.97 1.97 
17 HR+WK +ILB250W 219.4 12.461 2734 217.8 12.260 2676 1.64 2.17 2.17 
18 HR+WK +ILB450W 218.6 13.255 2900 217 13.065 2845 1.45 1.93 1.93 
19 HR+WK +ILB650W 218.3 14.077 3074 216.6 13.856 3098 1.59 0.77 0.77 

Calibration procedure 

When performing calibration, one compensates 
ADC gain error, component tolerances and overall 
noise in the system. The device provides an on-chip 
calibration algorithm that allows simple system 
calibration to be performed quickly. The excellent 
analog performance of the A/D converters on the 
MCP39F521 allows for a single point calibration and 
a single calibration command to achieve accurate 
measurements.  

Calibration can be done either by using the 
predefined auto-calibration commands, or by writing 
directly to the calibration registers. In our case we 
decided to directly write gain value into calibration 
register. In order to achieve that, we have to use some 
reference measuring unit. We will include reading 
from this unit into calculation. The new value of gain 
will be sent to relay board by using QmodeMaster 
application. Currently we can change only current and 
active power gain register at relay board. To achieve 
that, in QmodeMaster application we set function 
code to WriteMultipleRegisters (0x10) and set new 
value for current and active power gain. 

Fig. 3. Modbus calibration. 

New gain value is obtained by using equation: 

*NEW OLD
ExpectedGain Gain
Measured

= .  (1) 

Value that is calculated by this equation needs to 
be between 25000 and 65535. 

For example, if our referent measuring device is
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Table 2 
Measurements results after calibration 
Power Meter Our System 

NO. TYPE OF LOAD URMS IRMS P (W) URMS IRMS P (W) 
VRMS 
Error 
(%) 

IRMS 
Error 
(%) 

P 
Error 
(%) 

1 LED10W 228.16 0.056 11.95 228 0.053 12 0.07 5.66 0.42 
2 CFL20W 228 0.136 19 227.5 0.135 19.1 0.22 0.74 0.52 
3 LED10W+CFL20W 228 0.184 31.6 227.8 0.184 31.9 0.09 0.00 0.94 
4 ILB100W 227.8 0.442 100.7 227.50 0.441 101.70 0.13 0.23 0.98 
5 ILB250W 227.19 1.176 267.6 226.80 1.176 270.20 0.17 0.00 0.96 
6 ILB450W 226.26 2.049 463.8 225.60 2.048 468.20 0.29 0.05 0.94 
7 ILB650W 225.57 2.911 656.66 225.00 2.911 663.00 0.25 0.00 0.96 
8 HR (HEATER) 224.86 3.57 797.4 224.3 3.600 804 0.25 0.83 0.82 
9 HR+ILB100W 224.7 3.964 889 224.1 3.967 897 0.27 0.08 0.89 

10 HR +ILB250W 224.01 4.667 1050 223.5 4.683 1060 0.23 0.34 0.94 
11 HR+ILB450W 223.6 5.54 1250 222.8 5.529 1262 0.36 0.20 0.95 
12 HR +ILB650W 222.6 6.364 1415 221.8 6.363 1428 0.36 0.02 0.91 
13 WATER KETTLE (WK) 221.2 8.043 1772 220.3 8.000 1783 0.41 0.54 0.62 
14 WK+LED10W+CFL20W 221.19 8.16 1805 220.1 8.165 1823 0.50 0.06 0.99 
15 HR+WK 218.7 11.279 2466 217.5 11.300 2468 0.55 0.19 0.08 
16 HR+WK+ILB100W 218.3 11.764 2552 217 11.723 2576 0.60 0.35 0.93 
17 HR+WK +ILB250W 218 12.369 2695 216.6 12.384 2709 0.65 0.12 0.52 
18 HR+WK +ILB450W 217.2 13.163 2860 215.8 13.194 2881 0.65 0.23 0.73 
19 HR+WK +ILB650W 216.7 13.96 3023 215.4 13.990 3045 0.60 0.21 0.72 

 showing current of 2043 mA (expected value) and 
relay board is showing 2006 mA (measured value, 
showed as 2006 in the corresponding field), we need 
to adjust current gain register.  

Fig. 4. Measurements parameters after calibration. 

In Fig. 3. we see that current gain is 33679 (factory 
calibrated value). Including all this into above 
equation we get that new gain is 34300. The results 
presented in the Table II demonstrated that we 
successfully implemented calibration procedure and 
we obtained system which can measure active power 
in wide range with accuracy less than 1%. 

Conclusion 
This paper presented a current and power 

monitoring system with accuracy less than 2%. 
Measuring of voltage, current, line frequency and 
active power for household appliances gives us 
sufficient information on which we can perform some 
action. In order to obtain accuracy less than 1%, we 
additionally performed calibration of the system. 
Measuring of the system performance after calibration 
confirmed that calibration process was properly done. 

Monitoring capabilities of the system can be 
further improved by capturing values of reactive and 
apparent power.  Also, by adding WiFi and/or 
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Bluetooth capability we can reach places where 
physically adding cables for RS485 interface is not an 
option. These are goals to be achieved in the next 
period. 
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Advanced computation of the field apparent resistivity of the soil 
for driven-rod electrodes 

Slavko Vujević, Tonći Modrić, Ivan Krolo 

In this paper, analytical formulas for the computation of the field apparent resistivity of the soil 
for driven-rod electrodes are presented. General four driven-rod electrode array configuration and its 
special cases: general symmetric, Schlumberger and Wenner driven-rod electrode array 
configurations are considered. For the Wenner four driven-rod electrode array configuration, the 
percent deviation of the field apparent resistivity computed by a formula valid for point electrodes was 
investigated. The exact values of the measuring instrument reading are computed by software package 
UZEM for chosen homogeneous soil as well as radii and burial depths of the four driven-rod 
electrodes. On the basis of computed discrete values of correction functions for the Wenner four 
driven-rod array configurations, correction functions are obtained. These correction functions are 
valid only for chosen radii and burial depths of driven-rod electrodes. 

Keywords – correction function, driven-rod electrode, field apparent resistivity, geoelectrical 
resistivity sounding, point electrode. 

Introduction 
Geoelectrical resistivity sounding measurements 

use direct current or low-frequency alternating current 
to produce an electrical field in the soil. In the 
literature, such measurement methods are also called 
direct current (DC) geoelectrical sounding methods 
[1] or vertical electrical sounding [2]. These 
geophysical methods are used for the investigation of 
soil resistivity. The interpretation of the measurements 
is based on the apparent resistivity data, where the soil 
can be approximated by a horizontally stratified 
multilayer soil model [3], [4] or by several vertical 
zones, each of which is modelled by a set of 
horizontally stratified layers [5]. A horizontally 
stratified multilayer soil model is presented in Fig.1. 

 Fig.1. A horizontally stratified multilayer soil model. 

The usual procedure in the theoretical treatment of 
resistivity sounding is to assume that each soil layer is 
electrically homogeneous and isotropic. The unknown 
parameters of the horizontally stratified multilayer soil 
model are the resistivities (ρi) and the thicknesses (hi) 
of the layers. 

The apparent resistivity of the soil is equal to the 
equivalent resistivity of a volume of soil with varying 
properties [6]. It is a common procedure in the 
computation of the apparent resistivity from the 
measurement data to assume that current electrodes 
are point sources and voltage is measured between 
two other point electrodes. However, the electrodes 
are vertically driven rods and this has been considered 
in this paper. This is especially important in the case 
of small distances between the current and potential 
electrodes (driven rods). 

Four-electrode measurement methods 
Four-electrode array configurations 

The general four-electrode approach involves 
injecting current between two electrodes (current 
electrodes) acting as a point or line source and then 
measuring the voltage between two other electrodes 
(potential electrodes). General four-electrode array 
configuration is given in Fig.2, where A and B are 
current electrodes, whereas M and N are potential 
electrodes. 
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In the electrotechnical practice, methods with the 
symmetrical electrode configuration are mainly used, 
in which all four electrodes are in a straight line and 
are symmetrically distributed to the sounding point O 
(Fig.3). Special cases of the general symmetric four-
electrode array configuration are the two most 
commonly used electrode array configurations: the 
Schlumberger electrode array configuration for b << s 
(Fig.3), and the Wenner electrode array configuration 
for b = a/2 = s/3 (Fig.4), where s is the half-distance 
between current electrodes, whereas b is the half-
distance between potential electrodes. 

A B

   r

M

N

r r

r1

3

4

2

O

+ I - I

 Fig.2. General four-point electrode array configuration. 

 Fig.3. General symmetric, as well as Schlumberger four-
point electrode array configuration. 

 Fig.4. The Wenner four-point electrode array 
configuration. 

Apparent resistivity measurements are made at 
different electrode spacings, centered around a 

sounding point. Current penetrates continuously 
deeper with the increasing distance between current 
electrodes. In the Schlumberger method, electrode 
spacings are prescribed in part due to the limitations 
of the analytically based procedures used for the 
interpretation of apparent resistivity data. In the 
Wenner method, the distance between the potential 
electrodes is predetermined by the distance between 
the current electrodes. However, the new numerical 
approach used in papers [3], [4], [5] is quite general, 
so the Schlumberger and Wenner methods appear only 
as special cases of the general symmetric four-
electrode array configurations. 

Field apparent resistivity computation for point 
electrodes 

The apparent resistivity of the soil is equal to the 
true resistivity of a fictitious homogeneous and 
isotropic soil in which, for a given electrode 
arrangement and current intensity I, the measured 
voltage U is equal to that for the given 
inhomogeneous soil [1]. 

Current electrodes are taken as two-point DC 
sources on the soil surface. On the surface of a 
homogeneous soil of resistivity ρa, the voltage 
between the potential point electrodes for the general 
array configuration of the four-point electrodes (Fig.2) 
can be written as: 

(1) 







+−−⋅

π⋅
⋅ρ=

 r 
  

r 
  

r 
  

 r 
IU a

4321

1111
2

, 

where I is direct current intensity, whereas ri are 
distances between electrodes according to Fig.2. 

It follows from (1) that the field apparent soil 
resistivity (ρa) for the general symmetric four-point 
electrode configuration can be described by the 
following equation: 

(2) 

r 
  

r 
  

r 
  

 r 

Ra

4321

1111
12

+−−
⋅π⋅⋅=ρ , 

where R = U/I is the measuring instrument reading. 
According to Fig.2 and Fig.3, for the general 

symmetric four-electrode array configuration the 
following equations are valid: 

(3) bsrrbsrr +==−== 3241 ; .

According to (3), the equation for the field 
apparent resistivity computation in the case of a 
general symmetric four-point electrode configuration 
can be written as: 
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(4) 
b
bs RaSa ⋅

−⋅π⋅=ρ=ρ
2

22

, 

which is also the final equation for the field apparent 
resistivity for the Schlumberger electrode 
configuration (ρaS). The final formula for the field 
apparent resistivity computation for the Wenner point 
electrode configuration after the inclusion of 
substitutions (Fig.4): 

(5) absrrbabsrr ⋅=+==⋅==−== 2;2 3241 , 

can be written as: 

(6) aRbRaW ⋅π⋅⋅=⋅π⋅⋅=ρ 24 .

Field apparent resistivity computation for driven-
rod electrodes 

In the resistivity sounding practice, all electrodes 
are driven rods as shown for a general symmetric and 
Schlumberger four electrode array configuration 
(Fig.5). 

 Fig.5. General symmetric as well as Schlumberger four 
driven-rod electrode array configuration. 

All driven-rod electrodes are straight and have 
circular cross-sections, while electrode radius is 
neglected in relation to its length. Therefore, driven-
rod electrodes can be considered as thin-wire 
conductors. The current electrodes and potential 
electrodes can have different burial depths and 
different radii. Let the burial depth of the current 
electrodes is c and the burial depth of the potential 
electrodes is d (Fig.5). 

The cylindrical shape of the current and potential 
electrodes can be taken into account using the average 
potential method [7], where each of the driven-rod 
electrodes and its image in relation to the soil surface 
can be represented as a unified thin-wire conductor in 
the homogeneous and unbounded soil (Fig.6). In the 
average potential method (APM), the current electrode 
and its image in relation to the soil surface can be 
presented as a line leakage current source along the 
axis of the current electrode and its image (Fig.6). 

Besides, the linear leakage current density is constant 
along the entire axis of the current electrode and its 
image. In Fig.6, the positive current electrode, 
potential electrode and their images are represented in 
the local coordinate system (u,v). 

 Fig.6. Thin-wire positive current and potential electrodes 
in the local coordinate system (u,v) of positive current 

electrode. 

The potential distribution in the homogeneous and 
unbounded soil, whose resistivity is ρa, caused by 
leakage current I of the positive current driven-rod 
electrode and its image, in the local coordinate system 
(u,v) can be written as [7]: 
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In APM, the constant potential of the driven-rod is 
approximated by the average potential along its axis 
[7]: 
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where φ(u,r) is described by equation (9), whereas the 
auxiliary function F(r) can be written as: 
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and after analytical integration [8]: 
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Using the following equation: 
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from (10) it follows that [5]: 
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In the special case when the burial depth of the 
current electrodes is equal to the burial depth of the 
potential electrodes (c = d), the auxiliary function F(r) 
takes a new form: 

(13) 
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From (1) and (8) and Fig.2, it can be very easily 
concluded that the voltage between the potential 
electrodes for the general array configuration of the 
four driven-rod electrodes, obtained by APM, can be 
written as: 

(14) 
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )[ ]4321

4321

4
rFrFrFrF

dc
I

rrrrU

a +−−⋅
⋅⋅π⋅

⋅ρ=

Φ−Φ−Φ−Φ=
, 

whence it follows that the field apparent soil 
resistivity (ρa) for the general four driven-rod 
electrode array configuration, obtained by APM, is 
described by the following equation: 

(15) 
 )F(r)rFrFrF 

dcR
4

a +−−
⋅⋅π⋅⋅=ρ

321 ()()(
4 , 

where R = U/I is the measuring instrument reading. 
According to (2), (3) and (15), the final formula for 

the field apparent resistivity computation in the case 
of a general symmetric four driven-rod electrode array 
configuration and Schlumberger four driven-rod 
electrode array configuration, obtained by APM, can 
be written as: 

(16) ( ) ( )bsFbsF
dcRaSa +−−

⋅⋅π⋅⋅=ρ=ρ 2 . 

According to (5) and (18), the final formula for the 
field apparent resistivity computation in the case of 
the Wenner four driven-rod electrode array 
configuration, obtained by APM, can be written as: 

(17) 
 aFaF 

dcRaW )2()(
2

−
⋅⋅π⋅⋅=ρ . 

Numerical analysis for the Wenner array 
configuration 
For the Wenner four driven-rod electrode array 

configuration, the percent deviation of the field 
apparent resistivity results computed by a formula (6), 
which is valid for point electrodes, in relation to the 
field apparent resistivity results computed by APM 
formula (17), which is valid for driven-rod electrodes, 
was investigated.  

According to (6), the formula for the field apparent 
resistivity computation for the Wenner four-point 
electrode array configuration can be written as: 

(18) affR pspsaWps ⋅π⋅=⋅=ρ 2; .

Table 1 
Percent deviation due to neglection of the cylindrical shape 

of the electrodes 

a [m] fps [m] fdr [m] D [%] 
0.1 0.62832 1.28666 -51.16653 

0.22 1.38230 1.85365 -25.42804 
0.5 3.14159 3.40673 -7.78286 

0.75 4.71239 4.89856 -3.80045 
1 6.28319 6.42569 -2.21768 

1.5 9.42478 9.52126 -1.01331 
2 12.56637 12.63914 -0.57572 
3 18.84956 18.89826 -0.25774 

4.5 28.27433 28.30687 -0.11493 
6 37.69911 37.72353 -0.06472 
9 56.54867 56.56495 -0.02879 

13.5 84.82300 84.83386 -0.01280 
20 125.66371 125.67104 -0.00583 
30 188.49556 188.50045 -0.00259 
45 282.74334 282.74660 -0.00115 
60 376.99112 376.99356 -0.00065 
90 565.48668 565.48831 -0.00029 

135 848.23002 848.23110 -0.00013 
200 1256.63706 1256.63779 -0.00006 

Analogously, according to (17), the APM formula 
for the field apparent resistivity computation for 
Wenner four driven-rod electrode array configuration 
can be written as: 

(19) 
 aFaF 

dcffR drdraWdr )2()(
2;

−
⋅⋅π⋅=⋅=ρ . 

Percent deviation of the field apparent resistivity 
described by (18) in relation to the field apparent 
resistivity described by (19) can be written as: 
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where the measuring instrument reading R is the same 
in both cases. Computed percent deviations for c = d = 
0.2 m are presented in Table 1. 

The high-accurate values, which can be considered 
as exact, for the measuring instrument reading R can 
be computed using software package UZEM for 
numerical analysis of earthing grids buried in 
horizontally stratified multilayer soil [7]. The software 
package UZEM uses the average potential method and 
each driven-rod electrode can be subdivided into an 
arbitrary number of thin-wire segments. The exact 
values of the measuring instrument reading R are 
computed by software package UZEM for the Wenner 
driven-rod array configuration, where distances 
between current electrodes a are given in Table 1. The 
soil is homogeneous with resistivity ρ = 100 Ωm; the 
radii of all driven-rod electrodes are equal to 5 mm, 
whereas the burial depth of the current and potential 
electrodes c = d = 0.2 m, as in previous numerical 
analysis. This means that the exact value of the 
apparent resistivity is equal to the resistivity of the 
considered homogeneous soil. It is important to point 
out that the computation of the field apparent 
resistivity using approximate formulas (18) and (19) 
does not depend on the radii of the driven-rod 
electrodes. 

Table 2 
Field apparent resistivity computed by the formula (18) and 

percent error for the Wenner four driven-rod electrode 
array configuration 

a [m] ρps [Ωm] Dps [%] 
0.1 46.75045 -53.24955 

0.22 72.40892 -27.59108 
0.5 91.23019 -8.76981 

0.75 95.67376 -4.32624 
1 97.46466 -2.53534 

1.5 98.83764 -1.16236 
2 99.33877 -0.66123 
3 99.70371 -0.29629 

4.5 99.86783 -0.13217 
6 99.92556 -0.07444 
9 99.96688 -0.03312 

13.5 99.98527 -0.01473 
20 99.99329 -0.00671 
30 99.99701 -0.00299 
45 99.99867 -0.00133 
60 99.99925 -0.00075 
90 99.99967 -0.00033 

135 99.99985 -0.00015 
200 99.99993 -0.00007 

The field apparent resistivity results computed by a 
formula (18), which is valid for the Wenner four-point 
electrode array configuration, as well as percent error 
in relation to the exact value (100 Ωm) are given in 
Table 2.  

Analogously, the field apparent resistivity for the 
Wenner four driven-rod electrode array configuration, 
computed by APM formula (19), and percent error in 
relation to the exact value (100 Ωm) are given in 
Table 3. Of course, the measuring instrument reading 
R is computed by software package UZEM. 

Table 3 
Field apparent resistivity computed by the APM formula 
(19) and percent error for the Wenner four driven-rod 

electrode array configuration 

a [m] ρdr [Ωm] Ddr [%] 
0.1 95.73445 -4.26555 

0.22 97.09939 -2.90061 
0.5 98.92976 -1.07024 

0.75 99.45344 -0.54656 
1 99.67513 -0.32487 

1.5 99.84942 -0.15058 
2 99.91400 -0.08600 
3 99.96135 -0.03865 

4.5 99.98273 -0.01727 
6 99.99027 -0.00973 
9 99.99567 -0.00433 

13.5 99.99807 -0.00193 
20 99.99912 -0.00088 
30 99.99961 -0.00039 
45 99.99982 -0.00018 
60 99.99990 -0.00010 
90 99.99995 -0.00005 

135 99.99998 -0.00002 
200 99.99999 -0.00001 

Correction functions for the Wenner array 
configuration and for chosen driven-rod 
electrodes 
On the basis of data given in Table 2 and Table 3, 

for the formula (18), which is valid for the Wenner 
four-point electrode array configuration, and for the 
APM formula (19), which is originally developed for 
the Wenner four driven-rod electrode array 
configuration, correction functions can be obtained. 
These correction functions are valid only for chosen 
radii and burial depths of driven-rod electrodes. 
Discrete values of the correction functions for the 
Wenner four-point formula (18) and four driven-rod 
APM formula (19) are given in Table 4.  

Using these discrete values, the correction 
functions can be approximated by rational 
approximation with second-degree polynomial in both 
numerator and denominator, which can be written as: 
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Table 4 
Discrete values of the correction functions for the point 

electrodes formula (18) and the driven-rod electrodes APM 
formula (19) 

a [m] kps kdr 
0.1 2.1390169502 1.0445561136 

0.22 1.3810453656 1.0298725366 
0.5 1.0961283249 1.0108181946 

0.75 1.0452186411 1.0054956803 
1 1.0260129487 1.0032592591 

1.5 1.0117603113 1.0015080440 
2 1.0066563230 1.0008607806 
3 1.0029717382 1.0003866717 

4.5 1.0013234631 1.0001726918 
6 1.0007449898 1.0000973144 
9 1.0003312907 1.0000433183 

13.5 1.0001472891 1.0000192783 
20 1.0000671303 1.0000088008 
30 1.0000298523 1.0000039272 
45 1.0000132832 1.0000017607 
60 1.0000074843 1.0000010029 
90 1.0000033434 1.0000004627 

135 1.0000015011 1.0000002209 
200 1.0000006954 1.0000001121 

Table 5 
Coefficients of the correction functions for the point 

electrodes formula (18) and the driven-rod electrodes APM 
formula (19) 

Point electrodes Driven-rod electrodes 
p1 1 1 
p2 0.1343 -0.01272 
p3 0.03619 0.06844 
q1 0.1365 -0.01286 
q2 0.004228 0.06516 

(21) [ ]2000.1
32

2
32

2
1 ,a;

qaqa
papap

kk drps ∈
+⋅+

+⋅+⋅
== , 

where associated coefficients for both formulas are 
given in Table 5. Obtained correction functions are 
graphically presented in Fig.7 and Fig.8.  

According to (18), (19) and (21), the field apparent 
resistivity for the Wenner four driven-rod array 
configurations can be highly accurate computed using 
one of the following two formulas:  

(22) pspsaWpspsaW fRkk ⋅⋅=⋅= ρρ , 

(23) drdraWdrdraW fRkk ⋅⋅=⋅= ρρ . 

Conclusion 
In geoelectrical resistivity sounding measurements, 

it is often assumed that current electrodes are point 
sources and voltage is measured between two other 
point electrodes. However, the electrodes are 
vertically driven rods and this has been taken into 
account in this paper. This is especially important in 
the case of small distances between current and 
potential electrodes. However, for long distances be-
tween driven-rod electrodes, greater than 20 m, the 
formula valid for point electrodes can be used. 

The cylindrical shape of the driven-rod electrode 
was taken into account using the APM. APM 
formulas are originally developed for general four 
driven-rod electrode array configuration and its 
special cases: general symmetric, Schlumberger and 
Wenner driven-rod electrode array configurations. 

For the Wenner four driven-rod electrode array 
configuration, the percent deviation of the field 

Fig.7. Correction function and its discrete values for the formula (18). 
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apparent resistivity results computed by a formula 
valid for point electrodes in relation to results 
computed by the APM formula was investigated. 

The exact values of the measuring instrument 
reading are computed by software package UZEM for 
chosen homogeneous soil as well as radii and burial 
depths of the four driven-rod electrodes. On the basis 
of computed discrete values of correction functions 
for the formula which is valid for the Wenner four-
point electrode array configuration, and for the APM 
formula which is valid for the Wenner four driven-rod 
electrode array configuration, correction functions are 
obtained. These correction functions are valid only for 
chosen radii and burial depths of driven-rod 
electrodes. However, these functions can also be used 
for the other radii of driven-rod electrodes, but not for 
other burial depths of driven-rod electrodes. 
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Determination of correction functions for the 
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Different AC magnetic field shielding procedures 

Teodora G. Gavrilov, Karolina K. Kasas-Lazetic, Miroslav A. Prsa 

In this paper, the analysis of magnetic field distribution of shielded copper conductor with the 
current of 100 A RMS is presented. The impact of various shielding materials (copper, aluminium and 
zinc-coated iron tin) and the combinations of these materials on magnetic field distribution is 
investigated. The main goal of the calculations was to examine the impact that different magnetic and 
non-magnetic materials, placed around the wire, have on the magnetic field distribution outside the 
shield. The investigated materials have different conductivity values and the zinc-coated tin has a 
different permeability value as well. The magnetic field source defines the shielding screen shape and 
this shape was chosen to enable the simple model construction in order to verify calculated results by 
measurements. The base of the investigated screen shapes is a PVC tube with selected radius, 
available on market. The shielding tubes are positioned inside or/and outside the PVC tube. The 
calculation results are presented in the form of tables and diagrams of the magnetic flux density 
magnitude in the plane perpendicular to the system's axis. The calculation results show that the lowest 
magnetic flux density vector magnitude outside the shield is achieved with the combination of 
copper/zinc-coated iron tin. The numerical calculations were performed in COMSOL Multiphysics 
program package on a 2D model. 

Keywords – magnetic field reduction, shielding effectiveness, zinc-coated iron tin. 

Introduction 
The impact of electromagnetic fields has gained 

importance with the increased application of 
electronic equipment. In the environment, their 
presence is related to the increasing use of power 
electric systems, followed by high magnetic fields of 
industrial frequency. In the desired space magnetic 
fields may be reduced to acceptable levels by 
shielding. Electromagnetic shielding prevents the 
penetration of electromagnetic fields into the chosen 
space. It is the process of setting up a blockade made 
of conductive material, in order to limit the 
penetration of electromagnetic field into our 
environment [1], [2]. 

The success of shielding is best described by the 
parameter called shielding effectiveness (SE). 
Shielding effectiveness is defined as the ratio of the 
magnitude of magnetic flux density vector without 
and with the shield. The larger the parameter is, the 
lower the magnetic field outside the shield. 

In this paper, a copper conductor with an 
alternating current of 100 A RMS value, is studied. 
Due to the high current value, the conductor produces 
a strong magnetic field in its vicinity and can have 
adverse effects on nearby living beings and sensitive 
electronic devices. 

At the frequencies of 50 - 60 Hz, the magnetic 
field is quasi-static and can be observed separated 
from an electric field [3]. The reduction of the 
magnetic field is more difficult to perform than the 
electric one. It can be achieved by applying different 
shielding structures and materials. 

There are many combinations of different materials 
and structures and for that reason, shielding, as the 
process of magnetic field reduction outside the shield, 
is the subject of much research and is widely applied 
in practice. This paper analyses the impact of copper, 
aluminium and zinc-coated iron tin as shielding 
materials. 

Model 
The conductor, whose magnetic field is analysed, 

is made of copper. The cross section of the conductor 
is 10 mm2. 

In order to examine the shielding effectiveness, the 
magnetic field source is placed in the axis of the 
polyvinyl chloride (PVC) pipe. The inside diameter of 
the PVC pipe is 105 mm and the outside diameter is 5 
mm larger, i.e. it equals 110 mm. The role of the PVC 
pipe is only to facilitate the realization of the physical 
model in the future, constructed for the verification of 
calculated results by measurements. 

Multiple samples of non-magnetic and magnetic 
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pipes (copper – Cu, aluminium – Al, zinc-coated iron 
tin – Zn-Fe) were positioned inside and/or outside the 
PVC pipe. The thickness of copper and aluminium 
was 0.5 mm. The thickness of iron was 0.4 mm, while 
the thickness of zinc was 0.05 mm. Zinc is placed on 
both sides of the iron, so the thickness of zinc-coated 
iron is also 0.5 mm. 

Different shielding models, including the PVC 
pipe, as the base and different shielding materials are 
shown in Fig.1. 

First, the situation where the materials were 
positioned inside the PVC pipe was explored. After 
that, the procedure was repeated, but with the 
materials positioned outside the pipe. Finally, the 
situations with different combinations of materials 
inside and outside the pipe were analysed. 

 Fig.1. Different shielding models analysed in the paper. 

Problem solving in COMSOL Multiphysics 
software package 

The cable is very long, compared to the wire 
diameter, so the two-dimensional analysis is 
sufficient. Thus, the calculation of the magnetic field 
distribution is per-formed numerically, applying 
COMSOL Multiphysics computer software package, 
i.e. its AC / DC module and submodule 2D, Magnetic 
Fields (MF) - Frequency Do-main simulation. 

To determine the distribution of the magnetic field 
using this software package, it is first necessary to de-
fine the geometry of the model and the materials used 
in the system. In order to solve the problem, it is 
necessary to define the most suitable network of finite 
elements. 

The observed system consists of a copper 
conductor with current, modelled as a circle, 
concentric circles representing a PVC pipe and the 
pipes of appropriate materials. The surrounding air is 
also modelled as a circle, but with a much larger 
radius. 

For the calculation in COMSOL, it is necessary to 
de-fine the materials for all elements of the system, 
with their electrical and magnetic characteristics. The 
applied materials, as well as their electrical and 
magnetic parameters, are shown in Table 1. The role 
of iron permeability is described in [4]. 

Table 1 
Electrical and magnetic characteristics of materials 

Material σ [S/m] εr μr 
Air 1∙10-6 1 1 
PVC 1∙10-6 4 1 
Copper 59.98∙106 1 1 
Aluminium 35.5∙106 1 1 
Zinc 16.9∙106 1 1 
Iron 5.59∙106 1 800 

The diameter of the circle representing the air 
should be large enough for the magnetic field to 
disappear at its boundaries. The program does not 
allow the air to have zero conductivity, but it should 
be modelled as having very low conductivity, other 
than zero. 

The input data is the conductor current, 100 A 
RMS. In order to model the observed structure, it is 
necessary to discretize the space to a finite number of 
elements of simple shape. The software package 
divides the area of interest into triangles of different 
sizes. In order to avoid overloading the computer, but 
to continue at the same time to be as accurate as 
possible in determining the magnetic field 
distribution, the constructed network is denser in the 
vicinity of the conductor than in the area far from it. 

After forming the network, the program solves the 
corresponding complex partial differential equations 
for the complex magnetic vector potential [5], 

(1) .A j A Jωμσ μΔ − = −
  

 
When magnetic vector potential is defined at all 

corresponding points of the network, its values enable 
the numerical determination of all quantities of 
interest; induced electric field and magnetic field. In 
this case, the quantity of interest is complex magnetic 
flux density vector [5], 

(2) .B A= ∇×
 

 
In order to enable a comparison of the efficiency of 

different shielding systems, a new coefficient should 
be introduced. The coefficient also enables a good 
estimation of a magnetic field distribution inside 
particular parts of interest. The coefficient is named 
the “shielding effectiveness” (SE) and it is defined as 
[6], 

(3) .without the shield

with the shield

B
SE

B
=  

Results of the calculations 
The results obtained applying the computer 

software package COMSOL Multiphysics, are 
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presented using tables and graphs. The graphs show 
the dependence of the magnetic flux density 
magnitude on the distance from the conductor axis. 
The interval of the observed distance is from the outer 
surface of the shield to 500 mm from the PVC pipe. 

The first set of results refers to the situations when 
the shielding materials are positioned inside the PVC 
pipe. The second set concerns the results for the 
situation where the shielding materials are placed 
outside the PVC pipe. Finally, we compared whether 
the magnetic flux density vector magnitude outside 
the shield is more or less reduced for the case where 
the materials are placed inside or outside the PVC 
pipe. 

The shielding effectiveness was calculated for each 
observed situation (materials placed inside and/or 
outside the PVC pipe, combinations of different 
materials); on the distances of 0 mm, 100 mm, 
200 mm, 300 mm, 400 mm and 500 mm from the 
PVC pipe. 

Shielding materials placed inside the PVC pipe 

The influence that the shielding materials placed 
inside the pipe exert on magnetic flux density vector 
magnitude was analysed. The calculated dependence 
is presented in Fig. 2. 

 Fig.2. Magnetic flux density magnitude outside the shield 
(shielding materials placed inside the pipe). 

In the situation when copper is placed inside the 
pipe, the magnetic flux density vector magnitude is 
the lowest, due to its highest conductivity value, as 
can be noticed in Fig. 2. So, when the shielding 
material is placed inside the PVC pipe, copper is the 
best solution, while zinc-coated iron tin is the worst. 

The shielding effectiveness for situations when 
materials are placed inside the pipe is also calculated 
and the results are given in Table 2. 

Since very similar results were expected in all 
distances from the PVC tube axis, the values in Table 
2 are presented in the form of nine decimal places. 
From Table 2 it can be concluded that the impact of 
the distances from the PVC tube axis is negligible. 

Table 2 
Calculated SE (materials placed inside the pipe) 

x (m) Cu Al Zn-Fe 
0 2.465593343 1.667092862 1.068183474 
0.1 2.465673339 1.667146992 1.06405632 
0.2 2.465673333 1.667146992 1.06405631 
0.3 2.465673319 1.667146975 1.0640563 
0.4 2.465673315 1.667146992 1.064056298 
0.5 2.465673328 1.667147015 1.070994478 

The calculated results from Table 2 also show that 
the shielding effectiveness is the largest when copper 
is applied as the shielding material. Analysing the SE 
for each material, the results are also approximately 
independent of the distances from the PVC tube and 
the differences could be neglected. 

Shielding materials placed outside the PVC pipe 

The second set of calculations was performed for 
the case when copper, aluminium and zinc-coated iron 
tin were placed outside the PVC pipe. The magnetic 
flux density magnitude outside the shield is in this 
case also reduced, as it is shown in Fig. 3. 

 Fig.3. Magnetic flux density magnitude outside the shield 
(shielding materials placed outside the pipe). 

Again, it can be seen from the graph (Fig.3) that 
the copper shield reduces the magnetic field the most, 
while the field is the strongest when zinc-coated iron 
is placed outside the PVC pipe.  

The calculated SE, for situations when materials 
are placed outside the pipe, is given in Table 3. 

Table 3 
Calculated SE (materials placed outside the pipe) 

x (m) Cu Al Zn-Fe 
0 2.55106837 1.711605829 1.068183473 
0.1 2.552212833 1.712355932 1.069098829 
0.2 2.55343551 1.713176241 1.071661874 
0.3 2.557916725 1.716182842 1.06653564 
0.4 2.556475592 1.715215924 1.070160874 
0.5 2.555791991 1.714757329 1.070994465 
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The results from Table 3 confirm what can be seen 
from the Fig.3; the highest SE is obtained in the case 
where the shield is made of copper. In this case, the 
distances from the PVC tube axis do not affect the 
calculated SE. 

It would be interesting to compare the 
corresponding results for the cases when the shielding 
materials are placed inside or outside the PVC tube. 
The difference in these cases is only the thickness of 
the PVC pipe; hence almost the same results can be 
expected for both shielding material placements. For 
that reason, the numbers in Table 3 are also presented 
in the form of nine decimal places. The comparison of 
the situations when the shielding materials are placed 
inside and outside the pipe is shown in Fig.4. 

The same shielding material, regardless of whether 
it is positioned inside the PVC pipe or outside it, 
decreases the magnetic flux density vector magnitude 
in the same way. 

 Fig.4. Influence of shielding materials position on 
magnetic flux density magnitude outside the shield. 

Following this comparison, it can also be 
concluded that copper placements inside or outside the 
PVC tube result in the lowest magnetic flux density 
vector magnitudes outside the shield. The worst 
solution is zinc-coated iron tin, placed inside or 
outside the PVC pipe (the “Zn-Fe” curves on the 
graph almost match the “only PVC” curve). 

Shielding materials placed inside and outside the 
PVC pipe 

The combination of materials inside and outside 
the PVC pipe also gives lower magnetic flux density 
vector magnitude outside the shield in comparison to 
the situation when there is no shield (Fig.5). 

The reduction of the magnetic field outside the 
shield depends on the conductivity and the 
permeability values of all combined shielding 
materials. 

 Fig.5. Reduction of magnetic field outside the shield, 
depending on the combination of materials inside and 

outside the PVC pipe. 

As it can be notices in Fig.5, the copper shielding 
inside, and zinc coated iron outside is the combination 
which gives the minimal values of magnetic flux 
density vector magnitude. 

From Fig.5 it can also be concluded that the worst 
combination is when zinc-coated iron is positioned 
both inside and outside the PVC pipe. This is the 
consequence of the zinc-coated iron tin lowest 
conductivity value. 

Shielding effectiveness, defined in (3), is also 
calculated for each combination of shielding 
materials, for all chosen distances from the wire axis 
of 0 m, 0.1 m, 0.2 m, 0.3 m, 0.4 m and 0.5 m. The 
results are given in Tables 4, 5 and 6. 

Table 4 
Calculated SE (materials placed inside and outside the 

PVC pipe) 

x (m) Cu, Cu Cu, Al Cu, Zn-Fe 
0 4.692582822 3.766036432 6.250453452 
0.1 4.694685714 3.767685457 6.255809487 
0.2 4.696934756 3.769490407 6.270807092 
0.3 4.705177764 3.77610577 6.24081104 
0.4 4.702526837 3.773978287 6.26202402 
0.5 4.701269501 3.772969221 6.266901759 

Table 5 
Calculated SE (materials placed inside and outside the 

PVC pipe) 

x (m) Al, Cu Al, Al Al, Zn-Fe 
0 3.802705655 2.891780618 1.919019702 
0.1 3.804409835 2.8930469 1.920616899 
0.2 3.806232378 2.894432844 1.925221362 
0.3 3.812912223 2.899512502 1.916012177 
0.4 3.810764003 2.897878896 1.922524789 
0.5 3.809745101 2.897104077 1.924022374 
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Table 6 
Calculated SE (materials placed inside and outside the 

PVC pipe) 

x (m) Zn-Fe, Cu Zn-Fe, Al Zn-Fe, Zn-Fe
0 2.844049537 1.975447857 1.508156997 
0.1 2.845887907 1.976419539 1.509449384 
0.2 2.847251258 1.977366357 1.513068122 
0.3 2.852248111 1.980836582 1.505830447 
0.4 2.850641131 1.97972056 1.510948877 
0.5 2.84987894 1.979191231 1.512125815 

Table 7 shows a comparison of the calculated SEs 
for all combinations at the distances of 0 m, 0.3 m and 
0.5 m. 

Table 7 
Comparison of calculated SE (materials placed inside and 
outside the pipe) on 0 m, 0.3 m and 0.5 m from the shield 

0 m 0.3 m 0.5 m 
Cu, Cu 4.692582822 4.705177764 4.701269501
Cu, Al 3.766036432 3.77610577 3.772969221
Cu, Zn-Fe 6.250453452 6.24081104 6.266901759
Al, Cu 3.802705655 3.812912223 3.809745101
Al, Al 2.891780618 2.899512502 2.897104077
Al, Zn-Fe 1.919019702 1.916012177 1.924022374
Zn-Fe, Cu 2.844049537 2.852248111 2.84987894 
Zn-Fe, Al 1.975447857 1.980836582 1.979191231
Zn-Fe, Zn-Fe 1.508156997 1.505830447 1.512125815

Based on the data from Table 7, it can be 
concluded that the calculated shielding effectiveness 
of the combinations of materials ranked from the 
highest to the lowest SE is the following: 
1. Cu, Zn-Fe; 2. Cu, Cu; 3. Al, Cu;
4. Cu, Al; 5. Al, Al; 6. Zn-Fe, Cu;
7. Zn-Fe, Al; 8. Al, Zn-Fe; 9. Zn-Fe, Zn-Fe.

As a consequence of the different conductivity 
values of the examined shielding materials, it can be 
concluded that the combinations of copper and 
aluminium provide better shielding than the 
combinations of these materials with zinc-coated iron 
tin (except the combination Cu/Zn-Fe). 

Conclusion 
Observing the results of calculations for the 

situations where shielding materials are placed inside 
and/or outside the PVC pipe, it is shown that the 
lowest magnetic flux density vector magnitude is 
obtained in the case when copper is placed inside and 
zinc coated iron is placed outside the pipe. This is also 
confirmed by the calculations of the shielding 
effectiveness. Additionally, it has been shown that the 

distance from the shield does not affect the SE value. 
Summarizing the presented calculations, we can 

conclude that different geometries and different 
shielding material combinations have a significant 
impact on shielding effectiveness. The most effective 
ones can be applied in many specific situations when a 
magnetic field needs to be reduced in a particular 
space that requires shielding. The form of shield 
depends on the magnetic field source geometry as 
well as the geometry of the space which requires the 
magnetic field reduction. 
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Finite element analysis of inter-turn fault in  
a brushless direct current drive 

Jawad Faiz, Ahmad Jafari 

The key problems in condition monitoring and fault diagnosing brushless direct current motors 
(BLDCs) include: 1) establishing a model that takes into account the influence of various nonlinear 
and complex factors to reveal the short circuit (SC) of winding; 2) exploring the relationship between 
different factors and magnetic field, to detect the SC fault in the early stage, and 3) proposing post-SC 
measures. This paper simulates a healthy and SC faulted BLDC motor including its drive. To do this, 
the Maxwell and Simplorer software are coupled to study the drive of BLDCs with more details. 

Keywords – brushless direct current motor, short circuit fault, finite element method, drive. 

       ___________________________________  

Introduction  
Brushless direct current (BLDC) motors have 

higher efficiency, higher power factor and higher 
torque compared to conventional electrical motors. To 
enhance reliability of the motor applications, on-line 
condition monitoring and fault diagnosis are essential 
[1].  

Generally, a series of mathematical equations can 
model an electrical machine and solution of the 
equations can predict its performance. These 
equations can be simple algebraic or differential 
equations, linear or non-linear and/or combination of 
them depending on the modeling type and complexity. 
The accuracy level of this prediction depends on 
applied simplifying assumptions in developing the 
equations. A combination of geometry, time, electric 
and magnetic phenomena in an electrical machine 
must be considered. By including all these phenomena 
in the modeling enhances the model precision. 
However, this complicates the model. Therefore, 
several models have been so far introduced based on 
the required accuracy level and goal. Each model has 
a particular aim and based on it a number of 
simplifying assumptions are applied. It means that 
some existing phenomena in the machine are not 
included in the model. Previously, powerful 
computations tools were not available and the models 
required more simplifying assumptions to be able to 
solve the governing equations of the models.  
However, nowadays the real conditions of the 
machine may be included for modeling it with 
maximum accuracy.  

There are many fault diagnosis methods usable in 
BLDC motors [3]. Search coil sensor [4] uses 
magnetic field variations which induces voltage in the  

coil. However, it is not a general technique to apply to 
different types of BLDC motors. The parameters of the 
motor can be estimated [5] by measuring inverter 
voltage, dc current and rotor angular speed. Inter-turn 
fault may be also diagnosed by input impedance [6]. 
Some techniques identify the faults with the 
application of wavelet transform [7], neuro-Fuzzy [8] 
and adaptive neuro Fuzzy inference system (ANFIS) 
[9]. Stator input current frequency pattern can also be 
generally utilized for inter-turn fault identification 
[10-12].  

Simulations of a healthy BLDC motor and the 
motor with short-circuit (SC) fault including its drive 
are presented in this paper. For more precise and more 
details study of the motor, the Maxwell finite element 
(FE) software is coupled to the Simplorer software. 

Modeling of the motor 
In analytical methods, magnetic equivalent circuit 

(MEC) of the machine is considered and by the help of 
KVL and KCL, the differential equations of the 
machine are developed based on a series of variables. 
These equations are then solved to determine the 
electrical machine performance. Estimation of the 
magnetic field and flux are taken to be a secondary 
matter. However, in FE method (FEM) the field 
equations are solved in the defined elements through 
interpolation using numerical techniques, magnetic 
field and flux densities are obtained in the whole 
structure of the machine. Therefore, considering the 
capability and precision of the FEM, it is used here for 
modeling the machine.   

In the FEM, magnetic circuits are modeled by 
small meshes. Then, it is assumed that the field is a 
simple function of its position within the meshes and 
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interpolation of the results is possible. If the number 
of elements is large, the required computation time for 
estimation of the field distribution will be too long. 
An appropriate compromise between the finer meshes 
for high accuracy and required processing sources 
must be made to achieve a reasonable computation 
time. 

The FEM is very flexible method, particularly for 
design of a novel machine with new configuration. 
However, the long computation time reduces the 
attractiveness of the FEM application in modeling. 
The FE can model the machine in details and this is 
generally ideal in the final stage of the design. The 
accuracy of the FEM is such that it can be used to 
validate the simulation results obtained by other 
methods, similar with the experimental results. Fig, 1 
presents the proposed BLDC motor simulated by 
Maxwell software and Table 1 summarizes its 
specifications. 

Motor meshing 
A set of boundary conditions is imposed for the 

simulation purpose. Precision of the obtained results 
from the FEM mainly depends on the accuracy of the 
meshing of different regions particularly the air gap. 
After making the geometry of the motor, meshing 
process begins. In this part, the machine is simulated 
by three different meshing with 4800, 15000 and 
37000 number of meshes. Since, there is no 
considerable difference between the output 
waveforms, the low number of meshes is used to 
achieve shorter computation time. Of course, in the  

Table 1 
Specifications of simulated BLDC motor. 

Quantity Value Quantity Value 
Supply voltage 
(V) 36 Opening width 

(mm) 2 

Rated torque 
(Nm) 5.5 Air gap width 

(mm) 1 

Rated speed (rpm) 360 Rotor outer 
diameter (mm) 55 

No. of slots 15 PM thickness 
(mm) 

3 

No. of poles 10 Residual flux 
density (T) 

1.2 

Stator outer 
diameter (mm) 100 No. of 

turns/phase 
135 

Stator inner 
diameter (mm) 57 Phase resistance 

(mΩ) 
435 

Yoke height (mm) 3.7 Self-inductance 
(mH) 

1.48 

Tooth width (mm) 7.1 Mutual 
Inductance (mH) 

0.34 

faulty part and also the air gap finer meshes are 
required to enhance the accuracy. Fig. 2 presents the 
meshing of the motor. 

Fig.1. Simulated motor by Maxwell software. 

Fig 2. Motor meshing. 

Fig.3. Winding of motor. 
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Fig.4. Control block diagram of BLDC motor. 

BLDC motor winding 
There are different methods for electrical machine 

winding. Two-layer concentrated winding is 
employed. in BLDC motor. Here, there are 5 coils in 
each phase. Fig. 3 shows this winding. So far, 
geometry of the motor has been considered. Then, 
simulation of the drive of the motor is presented. 

Simulation of drive using Ansys Simplorer 
Since the BLDC motor is not useable without drive 

circuit. For more precise simulation of the motor, the 
drive is simulated by Ansys Simplorer. By connecting 
two software, Maxwell and Simplorer, simulation of 
the motor is done more precise to consider the drive of 
the faulty motor.   

There are different controllers to be used in the 
BLDC motor over constant-torque and/or constant-
speed regions. They include proportional integral (PI) 
controller and hysteresis band controller.  The PI   
controller is often used for speed control and the 
applied voltage to the power electronics switches is 
pulse-width-modulation (PWM). Fig. 4 presents the 
control block diagram of the motor. 

Fig. 5 shows the designed drive in Simplorer. This 
drive has six power electronics switches and it 
controls the speed in such a way that the reference 
speed is given to the drive by operator and the speed is 
read from Hall effect sensors by feedback and it 
operates at the reference speed by the PI controller. 

Simulation of healthy motor 
Following simulation of the BLDC motor and its 

drive, two softwares are coupled. Fig. 6 presents the 
developed electro-magnetic torque of the healthy 
BLDC motor. Fig. 7 shows the back electro-motive-
force (emf) of the BLDC motor in which the peak 
voltage is 12.9 V. To obtain the voltage waveform, no 

current passes the motor, its shaft rotates, and the 
voltage is read. 

Fig. 8 shows the air gap magnetic flux of the 
motor. The peak flux is approximately 0.68 Wb. Fig. 9 
shows the phase voltage and Fig. 10 exhibits the 
current of the motor respectively. As seen, the 
waveforms are symmetrical.  

Comparison of the predicted waveforms with the 
results reported in [12] indicates the correctness of the 
simulations. The BLDC motor with turn-to-turn fault 
is simulated in the next section. 

Simulation of BLDC motor with inter-turn 
     fault 

Turn-to-turn fault for 3, 6, 9 and 18 short-circuit 
turns are modelled using the Maxwell FE software.  
To apply the modelling separated coils for SC turns is 
considered and the proposed coil in Simplorer is SC 
with no resistance to achieve real conditions. Fig. 11 
shows the modelled motor with 6 SC turns. In fact, 
when an inter-turn fault occurs in the BLDC motor, the 
resistance of the SC turns current path tends to zero. 
Bearing this in mind, in the simulation studies, the 
fault is imposed on the winding without any extra 
resistance to emulate a real inter-turn fault condition. 
To do so, the faulty part of the coils are separated 
from other parts and identifies as an independent coil 
in the Maxwell software as shown in the Fig. 11 in 
which the faulty part has been colored in the red on 
the right hand side. The faulty part has been then 
shortened in the Simplorer software to emulate the 
practical conditions. 

Fig. 12 presents the current waveform in the case 
of 6 SC turns fault. As expected, waveform is 
disturbed and the current is increased to supply the 
load. Fig. 13 shows the current waveform. This fault 
increases and distorts the current waveform.
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Fig.5. Designed drive by Simplorer. 
. 

Fig.6. Electromagnetic torque of healthy BLDC motor. 

Fig.7. Back-emf of healthy BLDC motor. 
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Fig.8. Air gap magnetic flux in healthy BLDC motor. 

Fig.9. Phase voltages in healthy motor. 

Fig.10. Phase currents in healthy motor. 
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Fig.11. Modeled BLDC motor with 6 SC turns. 

Fig.12. Phase current waveform for winding with 6 SC turns fault. 

Fig.13. Current waveform of winding with 6 SC turns in p.u. 
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Conclusion 
In this paper, a FEM-based approach was presented 

to model the BLDC motor using Maxwell and 
Simplorer software. The modelling procedure for 
healthy and faulty BLDC motor was also introduced. 
The simulation results indicated that inter-turn faults 
fluctuate the current waveforms and eventually, it 
might damage the motor drive system. The current 
waveforms can be used to diagnose the turn-to-turn 
fault of the motor. 
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Computer integrated laboratory for teaching  
electronics at undergraduate level 

Marko A. Dimitrijević 

There are several approaches to implementation of computer assisted laboratory for basic 
electronic education. Trying to keep the advantages of the available concepts such as classical 
individual work, remote access laboratory, virtual laboratory, and similar, a concept for a teaching 
laboratory for basic electronics at introductory undergraduate level is proposed. It allows virtual 
laboratory work, but at the same time keeps the physical experiment while substituting the majority of 
the instruments by virtual ones. The realization of a laboratory with the mentioned properties has one 
drawback, it is quite expensive, so the proposed solution uses low-cost acquisition hardware. The 
computer is used here practically in all phases of the work starting from the access and authorization, 
documentation, student-teacher interaction, measurement control, etc. The results to be presented 
here are mostly related to the virtual instrumentation and the physical laboratory work. 

Keywords – basic electronics, learning technologies, virtual labs. 

Introduction 
Introduction of computers into educational process 

is neither new nor an obsolete subject. In fact, thanks 
to several advanced new technologies it becomes 
more and more attractive, feasible, and affordable at 
the same time. That equally applies to ordinary 
educational process such as university teaching and to 
continuing education of engineering staff. Among the 
technologies that enabled blooming of the subject one 
should inevitably mention the development of the 
Internet. It brought us several new procedures referred 
to as e-learning, distance learning, remote learning, 
collaborative learning and similar. That, not only 
allowed for an easy and inexpensive access to the 
knowledge as such and better and faster student-
teacher interaction, but introduced the possibility for 
new concepts such as virtual laboratories, mainly 
based on simulations. 

In addition, several software packages, to mention 
only the LabVIEW (described in [1] and [2]) as an 
example, enabled development of what is now called 
virtual instrumentation that simplified completely the 
subject of instrumentation. Thanks to this kind of 
software and accompanying hardware, practically 
every conceivable electronic instrument may be 
synthesized and made available to students at 
incomparably low price. 

Typically, technically based education fields need 
to comprise not only theoretical knowledge and 

scientific background, but also practical learning 
units. Electrical and electronic engineering are 
probably the broadest and most dynamic engineering 
disciplines covering everything from submicron-scale 
transistors to national-scale power grids and 
telecommunication networks. This is why most of the 
solutions offered in the literature for computer-
assisted experimental work are related to electronics. 

Looking for the concepts to be implemented, one 
must face several opportunities and probably as many 
obstacles. Among the most important is the fact that at 
the first year, the students’ technical background is so 
limited that one cannot count on any familiarity with 
measuring instruments and circuit protoboards. On the 
other side, the aspiration is to have as complex 
experiments as necessary, the limits being imposed by 
the curriculum goals. To tackle these obstacles 
practical presence of the students in the laboratory is 
necessary and, of course, help by a tutor present in the 
laboratory is indispensable. 

The main attention here will be paid to the real 
experiments. In that way, the concept of Computer 
Integrated Laboratory (CIL) for electronics was 
developed. In this concept real experimental setup is 
used but based on virtual instrumentation. All the 
advantages of classical experiments are preserved at 
the lowest price. From the functionality point of view 
the experiments were designed to be as close as 
possible to the classical ones. 

In this concept, the lecturer and the teaching 
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assistant play an important role. Besides the tutoring 
in the laboratory, their major activities now include 
preparation of the software packages, modifying, 
upgrading, and updating the existing experiments, and 
continuous evaluation of the teaching and learning 
outcomes. 

The concept is under development since the year 
2004, and this is third incarnation of CIL for 
electronics [3]. 

In the following the CIL will be reviewed from 
conceptual, hardware and software point of view. 
Examples of experiments will be also described. 

Review of the solution 
Basic electronics is taught as introductory course. 

That means that only basic electricity laboratory work 
was offered to the student previously. The goal of the 
laboratory work is to give possibility to the students to 
experimentally verify the theoretical lessons 
concurrently as they advance. That means that all 
students present in the laboratory within a week are 
doing basically the same experiment. Table 1 contains 
the complete list of the experiments that are 
implemented and conducted within current curriculum 
in CIL [4]. 

Table 1 
List of the laboratory experiments 

Name Short description 

Operational amplifier 
Static and dynamic transfer 

function, saturation 
waveforms 

Single Stage Amplifier 
Amplitude characteristics of 
common source and common 

drain MOSFET amplifiers 

Negative Feedback 

Influence of negative 
feedback on amplitude 
characteristic, input and 

output resistance of 
amplifier, noise and on 
nonlinear distortions 

Oscillators 
Frequency characteristic of 

Colpitts, Pierce and the Wien 
oscillator. 

Audio frequency power 
amplifier 

Characteristic of AB and B 
class power amplifiers 

Full wave rectifier and 
voltage regulator 

Full wave rectifier, capacitive 
filter, and voltage regulator 

waveforms and output 
characteristics 

CIL utilizes benefits of computerized instruments. 
The expansion of low-cost personal computers in past 
three decades induced the development of 
measurement and acquisition equipment. Most new 

implementations of legacy instruments like 
oscilloscopes, AVΩ-meters and circuit analyzers are 
fully computerized. New types of standalone 
instruments and measurement apparatus are equipped 
with adapted operating systems and acquisition 
software. Besides the standalone instruments with 
computer interface, there are number of acquisition 
modules that can be connected with PC using specific 
software. The complete measurement system consists 
of a PC, an acquisition module and software. The 
software is referred to as virtual instrument, and the 
whole concept as virtual instrumentation. 

Hardware implementation of the laboratory 
The experiment setup consists of measuring unit 

and breadboards with circuits under experiment 
(Table I). 

The measuring unit, in this case, was implemented 
using low-cost Analogue Discovery 2 multifunction 
module that allows measurement, visualization, 
generation, recording and control of mixed-signal 
circuits of all kinds [5]. The module has two 
differential acquisition channels with 1MΩ 
impedance, ±25V range, 14-bit resolution and 
100MS/s sampling rate. The signal generation is 
supported through two channel arbitrary waveform 
generator with ±5V range, 14-bit resolution, and 
100MS/s sampling rate. The module supports digital 
signal manipulation, too. External signals or devices 
under test (DUT) can be connected to the module 
using breadboard or BNC adapters, providing 
possibility of quick and easy reconfiguration of circuit 
topology and selection of connecting points, which is 
required in some exercises. Two programmable power 
supplies are used as DC voltage generators for power 
supply. Maximum DC output voltage is limited to 
±5V. This voltage is adequate for power supply, 
polarization and measurement of static characteristics 
of semiconductor devices and properties of basic 
electronic circuits. 

The measuring unit, in this case, was implemented 
using low-cost Analogue Discovery 2 multifunction 
module that allows measurement, visualization, 
generation, recording and control of mixed-signal 
circuits of all kinds [5]. The module has two 
differential acquisition channels with 1MΩ 
impedance, ±25V range, 14-bit resolution and 
100MS/s sampling rate. The signal generation is 
supported through two channel arbitrary waveform 
generator with ±5V range, 14-bit resolution, and 
100MS/s sampling rate. The module supports digital 
signal manipulation, too. External signals or devices 
under test (DUT) can be connected to the module 
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using breadboard or BNC adapters, providing 
possibility of quick and easy reconfiguration of circuit 
topology and selection of connecting points, which is 
required in some exercises. Two programmable power 
supplies are used as DC voltage generators for power 
supply. Maximum DC output voltage is limited to 
±5V. This voltage is adequate for power supply, 
polarization and measurement of static characteristics 
of semiconductor devices and properties of basic 
electronic circuits. 

 Fig.1. The breadboard with full-wave rectifier (left) and 
voltage regulator (integrated circuit in the upper middle 

position of the board).  The measuring unit is connected via 
IDC connector, positioned at the right side of the board. 

 Fig.2. Complete measuring setup. Analog Discovery 2 is 
connected with breadboard with integrated OPAMP. 

The breadboard which is unique for each 
experiment is connected to measuring unit, i.e., 
Analogue Discovery 2 module (Fig.1. and Fig.2.). The 
module’s acquisition channels are connected to circuit 
using differential method. Differential method was 
used in all experiments, in order to decrease noise and 
increase the CMRR what becomes important when 
precise measurement of small voltage (or current) 
values is required. The measurement of currents can 
be performed only indirectly, by transforming current 

into voltage using shunt resistor. 

Virtual instruments 
Virtual instruments are implemented using 

National Instruments LabVIEW developing 
environment, which provides for simple software 
realization and testing. Virtual instruments consist of 
device driver and application with graphic user 
interface. 

Analog Discovery 2 is supported through the 
software development toolkit for programming with 
Python, C++, and LabVIEW (Fig.3.). 

The user interface of the virtual instruments 
consists of visual controls and indicators. It provides 
basic functions for measurement. Visual controls – 
knobs and switches – provide control of analogue 
signal generation. The indicators – gauges and graphs 
– show measured values. All measured values are
placed in a table, and after the measurement process in 
appropriate file. Basic electronics is taught as 
introductory course. That means that only basic 
electricity laboratory work was offered to the student 
previously. The goal of the laboratory work is to give 
possibility to the students to experimentally verify the 
theoretical lessons concurrently as they advance. That 
means that all students present in the laboratory within 
a week are doing basically the same experiment. Table 
I contains the complete list of the experiments that are 
implemented and conducted within current curriculum 
in CIL [4]. 

User interface also provides controls for data 
manipulation and saving measured values. 

The laboratory integrates various virtual 
instruments that are implemented: scalar network 
analyzer, oscilloscope, spectrum analyzer and 
frequency meter. As illustration, operation of two 
virtual instruments will be described in detail. 

Operational amplifier 

There are several configurations of operational 
amplifier circuit implementation considered here: 
inverting and noninverting amplifier, circuits for 
derivative computation and integration, summing and 
subtracting. Two waveform generators of the module 
were used as arbitrary waveform generators (sine, 
triangle and square) with fixed frequency and 
amplitude.   

The phases of both generated signals can be 
changed from 0 to π radians, using visual controls 
within the graphic interface of the virtual instrument. 
Both, generated signals and signal acquired from 
tested circuit output are shown in the graphic of 
interface of the virtual instrument (Fig.4.). 
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The main window of the virtual instrument 
consists of two panels for adjusting the parameters of 
the input signals (signal generators  g1v  and  g2v ) and 
two oscilloscope panels for input and output signals 
(Fig 4). 

 Fig.4. Virtual instrument for OPAMP experiment. Upper 
oscilloscope shows input signals. Both signals have same 
amplitude and frequency, but different phases. The panels 

for adjusting the parameters of the input signals, located at 
the left side of user interface, can define the waveform of 
the signal (sinusoidal, triangular and rectangular) and its 

phase [4]. 

The panels for adjusting the parameters of the 
input signals can define the waveform of the signal 
(sinusoidal, triangular and rectangular) and its phase. 
The phase of the signal is given in degrees and can be 
set with a potentiometer or entered as numerical data. 

The amplitudes of the input signals are set to the 
optimal values for individual applications of the 
operational amplifier. The generator (in the upper left 
part of the panel) is connected so as to excite the 
inverting input, while the generator (in the lower left 
part of the panel) excites the noninverting input of the 
amplifier. The oscilloscope panels show the 
waveforms of the signals from the generator that are 
fed to the circuit input (in the upper panel) and the 
signal at the circuit output (in the lower panel). The 
panels are synchronized. 

Full-wave rectifier and voltage regulator 

The virtual instrument allows insight into voltage 
waveforms at the output of the rectifier, capacitive 
filter and at the voltage regulator, current-voltage 
characteristics, and measuring DC and AC output 
voltage (Fig.5.). Desired circuit configuration can be 
selected using switches P1 and P2 on breadboard (Fig. 
1). The input voltage is obtained from power grid, 
after proper transformation using separate insolation 
transformer. 

The voltage waveforms can be observed on the 
oscilloscope panel in the upper left corner of the 
virtual instrument. The output DC voltage-current 
characteristic is shown on the panel in the lower left 
corner.  

The values of DC current, DC voltage and AC 
voltage component are displayed on analogue and 
numerical indicators in the upper right part of the 
main window. The measured value of load resistance 
is displayed numerically in the center of the window. 

Fig.3. Customized virtual instrument (VI) for Analog Discovery 2 acquisition control.  This VI is nested in all virtual 
instruments that perform some type of voltage or current measurement. It provides precise acquisition control: sample 

rate, number of samples, coupling, attenuation, etc. 
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All measured values can be entered in the table and 
saved for further offline analysis. 

Conclusion 
A description of the state of development of a 

system implementing computer in an electronic 
laboratory is given. It was successfully implemented 
to a graduate level basic electronics course. This is 
third version of the computer integrated laboratory for 
electronics, which is under development since 2004. 
This particular version is adopted according to the 
curriculum of the Basic electronics course. Six 
experiments are implemented within the laboratory. 

The experiments are employed using low-cost 
multi-functional module, breadboards specific for 
each experiment and software part implemented as 
virtual instruments. This approach to laboratory 
practice allows students to concentrate on the 
properties of electronic circuits, while the 
measurement technique itself is pushed into the 
background. 
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