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Abstract: - Established knowledge on specialized literature has shown that harmonic distortion present on 
voltage and current waveforms adversely affects the behaviour of electric devices including protection systems, 
resulting in their miss-operation or wrong operation. However, literature related to these topics normally presents 
studies conducted on electro-mechanical relays and less frequently on static relays; there is not much information 
available on the digital protection systems behavior under distorted waveforms conditions. This contribution 
details the results of harmonic tests conducted to three different relay generations and shows that harmonic 
distortion does not adversely affect the behaviour of modern digital relays in contrast with stablished knowledge 
found on specialized literature. 
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1   Introduction 
Widespread experience and knowledge indicate that 
electrical power systems require protection due to the 
different operation conditions appearing on each 
network component. These conditions can exceed 
normal limits of devices and may cause discontinuity 
on the service, damage to the electric equipment or 
injuries to people. That is the reason behind the 
evolution and development of protection devices; a 
complete theory around protection systems area has 
been developed [1-2]. 

The first protection relays were designed based 
on electromagnetic theory, resulting on the electro-
mechanical relays which constituted the first 
generation of protective devices. These protection 
devices worked mainly using the magnitude of 
voltages or currents or both to generate a mechanical 
movement to operate a switch, which in turn, gives an 
actuating signal to the main breaker with the purpose 
of disconnecting the power system element exposed 
to abnormal conditions. This first generation of 
protective devices were thought to work under purely 
sinusoidal conditions. As expected, under these 
operation conditions correctly operated, but with the 
proliferation of nonlinear loads a new problem 
appeared on scene: harmonic distortion. 

When a nonlinear load is connected to the power 
system, harmonic distortion appears mainly in current 
waveforms. However, it is also present, at a lesser 
extent, in voltage waveforms. It is well documented  

that harmonic distortion generates different adverse 
effects on power system components, e.g. heating, 
saturation, vibration, etc [3]. In general an abnormal 
operation condition can be tolerated in some cases 
with the appropriate selection of the device ratings 
and in some others with the use of corrective  
measures, such as elimination or attenuation of 
harmonics.  

Since the inherent design of electro-mechanical 
relays assume a purely sinusoidal wave for their 
proper operation, the presence of harmonic distortion 
on voltage or current waveforms results on wrong or 
miss-operation of this type of protection systems, as 
documented in the open literature, even though 
detailed studies are seldomly available [4-6]. There is 
no documented information on the impact of  
harmonic distortion of voltage and current waveforms 
on static relays neither on modern digital protection 
relays. 

This contribution describes the results of a set of 
different tests carried-out on three different relays; 
each of them representing one of the three 
generations of protection devices; electro-mechanical, 
static and modern digital relays, respectively. The 
results and conclusions presented in this contribution 
establish a general panorama about the impact of 
harmonic distortion on different generations of 
protection relays. 
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2   Protection relay generations 
Since the first use of protection devices until the 
present time, protection systems can be classified in 
three main generations: 1) Electro-mechanical or 
electromagnetic relays, 2) Static Relays and 3) 
Digital relays.  

Electro-mechanical or electromagnetic relays 
are those whose physical construction document most 
of protection systems theory books [1-2] and are 
based on an actuating coil that receive an induced 
magnitude of voltage or current, to generate a 
mechanical movement for the instantaneous or 
delayed contact operation. These type of protection 
relays were not designed with a processing signal unit 
and the inducing magnitude actuates directly, without 
any previous conditioning. Although these relays 
were not designed with a signal conditioning unit 
included, results presented on section IV shows that 
their inductive nature generate a natural low-pass 
filter which attenuates high order harmonics. 
However, low-order harmonics and the dc component 
affect the relay operation, as documented in the open 
literature [4-6]. In these relays, the operation curves 
or operating principles are the result of their physical 
construction. 

With the incorporation of electronics on 
protection relays, it was possible to implement signal 
processing stages to attenuate or reject undesired 
frequency components and make the relay operate 
with only fundamental frequency components. On 
static relays the filtering stages were designed based 
on analog electronics and the operation principles 
were implemented with available electronic 
technologies such as analog, digital discrete, or 
simple programmable digital systems. The use of 
digital electronics on static relays was mainly 
oriented to display measurements or operation states, 
to generate operation curves or to execute part of the 
operation logic. At this stage, the signal processing 
was completely analog and therefore with the 
disadvantages of slowness, low precision, and noise 
sensitivity associated to analog filtering.  

Once programmable digital systems became 
suitable enough for digital signal processing 
applications, full digital relays became available. 
These type of relays just make use of an analog pre-
filtering stage, commonly constituted by a low-pass 
filter to eliminate the dc and high frequency 
components, avoiding aliasing effect during 
digitalization of voltage or current signals. 
Subsequent signal processing was fully digital and 
was carried-out with fast, high precision, noise 
immune, advanced algorithms to extract the system 
frequency component and to generate the operation 
principles by means of mathematical or logical 

expressions. These type of relays can incorporate 
different protection functions on a single unit, several 
measurement, control or registering functions, in 
addition to having multiple analog input channels and 
multiple programmable digital inputs and outputs. 
 
Early electro-mechanical relays and static relays are 
still in use and in many situations work together with 
digital relays. At present, however, it is more 
common the use of modern digital protection relays 
due to the operation advantages described previously. 
In spite of the apparent superiority of digital 
protection relays, the current open literature on 
protection relays [1-2] is based principally on electro-
mechanical relays and documents miss-operation of 
protection systems in the presence of harmonic 
distortion [4-6]. However, the open literature does not 
establish if the arguments are still valid for modern 
digital protection relays. With the purpose of 
extending the current knowledge on the harmonic 
distortion impact to modern digital protection relays, 
different set of tests are reported in this contribution 
with three different protection relays representing, 
each of them, a relay generation (electro-mechanical, 
static and digital, respectively). The set of tests 
conducted are detailed in Section III and the results 
presented in Section IV. 
 
3   Tests procedure 
A set of tests were designed with the purpose of 
testing the three generations of relays (electro-
mechanical, static and modern digital) under the 
presence of harmonic distortion on measured signals. 
Since there are many types of protection relays and 
protection functions and some of them use voltage, 
current or both as input signals,  and taking into 
account that each generation of relays applies the 
same processing technique to all the input signals, 
independently of the protection function, thus it is 
enough to take a representative protection function to 
be used to evaluate the protection system behavior 
under the presence of harmonic distortion. The 
protection function selected to carry-out the harmonic 
tests is the time-overcurrent or inverse time 
overcurrent function (function number 51, according 
to the standard C37.2 [7]). This function was selected 
because is one of the most commonly used to protect 
different power system elements. 

To conduct the necessary tests to evaluate the 
relays behavior under the presence of harmonic 
distortion, an electro-magnetic transient simulator 
PSCAD/EMTDC [8] was used to simulate and 
generate the necessary signals to be applied to the 
relay. This simulator has the option of generating an 
output file with the results of the simulation in the 
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COMTRADE standard format [9]. The file with the 
results of the simulation is imported with the software 
of a relay test equipment [10], and sent to each relay 
under test [11-13]. The relay test equipment can 
measure the operation time for each conducted test. 
 
3.1   Tests without harmonic distortion 
To evaluate the relay behavior under the presence of 
harmonic distortion, a reference study consisting on 
the relay behavior without harmonic distortion was 
selected. To test the relay behavior without harmonic 
distortion on the current waveforms it was necessary 
to create a set of test signals with different levels of 
fundamental frequency current waveforms, such as 
the waveform shown on Fig. 1. 

It can be seen from Fig. 1 that a sinusoidal 
three phase current waveform is created with two 
sections having different amplitudes. The first section 
has a fixed amplitude of 0.5 A rms (below the pickup 
setting of the time-overcurrent relay, in this case 1 A 
rms) and the second section will take different values 
of amplitude from 1.5 to 10 A rms on each test. These 
values must be above the pickup setting of time-
overcurrent relay in order to trip the relay. The relay 
operation time is measured for each amplitude value 
of the second section. The operation time is measured 
from the point where the waveform changes from 
section 1 to section 2 (when the pickup is reached for 
the first time), to the time when the relay tripping 
occurs. 
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Fig. 1. Current waveforms without harmonic distortion. 

 
The results obtained with the tests described 

above are used to build a relay operation curve. If 
these tests are repeated with different values of the 
time dial setting, it is possible to build a complete 
family of inverse time curves. These tests without 
harmonic distortion serve as a reference to compare 
the results obtained adding harmonic distortion to the 
current waveforms. 

3.2   Tests with harmonic distortion 
To evaluate the relay behavior under the presence of 
harmonic distortion, a set of tests were designed 
where the second section of the test current 
waveforms shown in Fig. 1 are added with a selected 
harmonic, from the second to the thirteenth, at 
different percentages of the corresponding harmonic. 
An example of the resulting current waveform is 
shown in Fig. 2, where the first section of the test 
current waveform is purely sinusoidal with a 
magnitude of 0.5 A rms, and the second section is 
composed by a fundamental sinusoidal current with a 
magnitude of 1.5 A rms, added with the selected 
harmonic percentage, e.g. fifth harmonic with fifty 
percent of the  fundamental component. 

The operation times obtained for each test are 
used to evaluate the relay behavior under the 
presence of harmonic distortion for each selected 
harmonic. The results obtained are compared with 
those obtained from tests without harmonic distortion  
to measure the impact of harmonic distortion for each 
relay representing each generation of protective 
devices. The section IV presents the results obtained 
from all tests described previously and their 
corresponding interpretation. 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-5

0

5

ia
 (A

m
ps

) Section 1 Section 2

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-5

0

5

ib
 (A

m
ps

)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-5

0

5

ic
 (A

m
ps

)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
-5

0

5

ia
bc

 (A
m

ps
)

time (seg)  
Fig. 2. Current waveforms with fifty percent of fifth  

harmonic. 
 
3.3   Relay characteristiscs 
The three selected relays were an induction disc type 
electro-mechanical overcurrrent relay with extremely 
inverse characteristics [11], an static overcurrent 
relay where very inverse characteristics were selected 
[12], and a modern digital overcurrent relay with very 
inverse characteristics [13]. 

Different generations of protection devices, built 
with different technologies, present differences in 
characteristics. Even when the last generations of 
relays emulate the behavior of early devices, settings 
of the three protection relays are not exactly the 
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same, as shown in Section IV. This does not represent 
a problem since the evaluation of harmonic distortion 
impact on each relay is made by comparing the 
reference relay behavior without harmonic distortion 
with the results generated on itself when harmonic 
distortion is added to the voltage or current signals. 
 
4 Effect on relay operation 
In this section the results from the tests conducted on 
each relay are presented and analyzed separately to 
finally compare the results among the three protection 
relays and establish the conclusions. 
 
4.1   Electro-mechanical relay 
The electro-mechanical relay selected to represent the 
first generation of protection devices is an 
overcurrent relay with protection functions 50 
(instantaneous) and 51 (inverse time) and with 
extremely inverse characteristics in the case of 
function 51. 

The tests were conducted using function 51, so 
function 50 was disabled. The selected relay 
adjustments were a time delay of 0.5s and a tap of 1 A 
rms (which corresponds to a 1 A rms pickup setting 
according to the relay’s  manufacturer literature). 

Figures 3 to 5 show the results for the tests with 
third, fifth and seventh harmonics, respectively. 
These test were more detailed conducted than for the 
rest of harmonics, e.g. up to the thirteenth, since these 
are the most common harmonics present in the power 
system. Table 1 shows some of the results obtained 
for the rest of considered harmonics up to the 
thirteenth. 
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Fig. 3. Inverse time overcurrent electro-mechanical relay 
behavior with third harmonic in the current waveforms. 
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Fig. 4. Inverse time overcurrent electro-mechanical relay 
behavior with fifth harmonic in the current waveforms. 

 
It can be seen from Figures 3 to 5 that the effect 

of increasing the percentage or value of the harmonic 
on the current signal is to shift the operation curve to 
lower operation times and make the curve less 
inverse. For a higher harmonic order, the impact in 
the relay behavior becomes less important. This can 
be noticed in the lower differences observed between 
the operation curves with and without harmonic 
distortion for the seventh harmonic, as compared with 
the fifth and the third. Results shown in Table 1 
confirm this fact for other higher order harmonics.  
 
4.2   Static relay 
The second generation of relays (static) is represented 
by the three phase overcurrent static relay, with 
functions 50 and 51 (instantaneous and inverse time, 
respectively) and with the possibility of selecting 
different families of curves. 
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Fig. 5. Inverse time overcurrent electro-mechanical relay 

behavior with seventh harmonic in the current waveforms. 
 

The inverse time overcurrent function (51) was 
enabled and a very inverse family of curves was 
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selected. A time delay of 0.5 s and a current pickup of 
1 A rms were chosen.  

As it can be seen on Figs. 1 and 2, the three 
phase current signals are symmetrical in amplitude 
(equal amplitudes for phase a, b and c) and in phase 
(phase shift of 120 degrees between phases a, b and 
c), which means that no unbalanced conditions on 
three phase current signals are present. Further 
studies will include unbalanced conditions. 

Figures 6 to 8 show the results of the tests 
conducted with the static relay. It can be seen that the 
increasing percentage magnitude of the added 
harmonic to the current signals generates a shift in the 
operation curve to shorter times, e.g. the higher the 
percentage of the harmonic present on current 
waveforms, the higher the shift in the operation 
curve. It can be also observed that for higher 
harmonic orders present on current waveforms, the 
shift in the operation curves is smaller for the same 
harmonic magnitude.  
 
4.3   Modern digital relays 
Finally, the last generation of protection relays 
(digital relays using digital signal processing 
techniques to filter and process current and voltage 
waveforms), is represented in this study by a three 
phase multi-functional relay including, among many 
other functions, the inverse time overcurrent function 
(51) with the possibility of selecting among 10 
different families of curves and a wide range of 
values for the settings [13]. 
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Fig. 6. Inverse time overcurrent static relay behavior with 

third harmonic in the current waveforms. 
 

The very inverse curve was selected for this 
relay. The rest of the settings for the inverse time 
overcurrent function were a pickup of 1 A rms and a 
time delay of 0.5 s. 
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Fig. 7. Inverse time overcurrent static relay behavior with 

fifth harmonic in the current waveforms. 
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Fig. 8. Inverse time overcurrent static relay behavior with 

seventh harmonic in the current waveforms. 
 

The results of the tests conducted with the 
modern digital relay are shown in Fig. 9. The results 
show that there is no significant changes in the 
overcurrent response when an harmonic is added, 
even when the percentage magnitude reaches values 
as high as 75 percent. In the case of the response to 
the presence of third harmonic on current waveforms, 
Fig. 9 shows that the responses almost completely 
overlap, which means that this harmonic has a 
minimum impact on the behavior of the digital relay.   
 
 4.4   Scope of results 
Since the harmonic distortion impact on the operation 
of protection systems is evaluated, and harmonic 
analysis is related directly with periodic signals, the 
results presented in this contribution apply to the 
operation of the power system under non-sinusoidal 
steady state conditions. The behavior of protection 
systems  during transient disturbances is a matter of 

Proceedings of the 5th WSEAS Int. Conf. on Instrumentation, Measurement, Circuits and Systems, Hangzhou, China, April 16-18, 2006 (pp322-327)



100 101
101

102

103

104

Multiple of pickup

O
pe

ra
tio

n 
tim

e 
(m

se
g)

Digital relay SEL-351

 
Fig. 9. Inverse time overcurrent function behavior of a 

digital relay with third harmonic in the current 
waveforms. 

 
further studies. More detailed results about modern 
digital relay behavior under the presence of harmonic 
distortion on current waveforms is presented in [14]. 
 
5   Conclusions 
From the results presented on this contribution it can 
be concluded that the three generation of relays: 
electro-mechanical, static and modern digital have 
different behavior under the presence of harmonic 
distortion in voltage and current waveforms. 

The electro-mechanical relays are subjected to a 
shift in the operation curves to shorter operation 
times in presence of harmonic distortion, and a 
change in the curve slope makes less inverse the 
characteristic. The shift in the curve can generate a 
faster operation of the relay in the presence of 
harmonics generating a miss-operation and wrong 
coordination of the relay. The change in the slope of 
the curve can cause that curves of coordinated 
protection relays overlap, affecting the right operation 
and the coordination of devices when harmonic 
distortion is present in voltage and current 
waveforms. 

For the case of the static relay, the effect of the 
presence of harmonic distortion on waveforms is 
reflected in a shift in the operation curves, generating 
a miss-operation and wrong coordination of the relay.  

The modern digital relay shows that the impact 
of harmonic distortion on operation curves is 
negligible due to the use of an efficient digital 
filtering within the relay. It can be concluded that 
modern digital relays are not affected by the presence 
of harmonic distortion and this is in contrast with the 
established knowledge on specialized literature which 
affirms that protection relays are adversely affected 

by the presence of harmonics and it was shown that it 
is not applicable to modern digital relays. 

The three types of relays reject or does not 
respond in significant form to high order harmonics, 
above the thirteenth. 
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