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calculated on the basis of randomly selected individuals from the main group. They use crossover 
operators, mutations, progressive mutation. In the next step of the program, additional individuals 
are evaluated, i.e. values of quality of index are assigned to them. Individuals (with number of 
input population) are selected to a new population by the selection operator from enlarged group 
of individuals on the basis of the quality of index, afterward the cycle starts from the beginning. 
The application checks the termination condition before each loop and continues to operate until 
a number of cycles reaches the value, which was set up in advance. After completing the program, 
the population is being viewed for individual with the lowest fitness function. The individual is 
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Fig. 2. The applied evolutionary algorithm
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Fig. 3. Time characteristic: a – time characteristic of rotational speed nref ; 
b – time characteristic of load torque T
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– Kp – proportional gain of PI regulator,
– Tp – coefficient dependent on integral time of PI regulator Tp = f (TI),
– 1/s – operation of integration.

Fig. 4. Reference time characteristic of control system nref and real without interference nRLV

Fig. 5. PI controller model with the introduced interfering signals

The study was conducted by selecting the input signal of the PI controller, multiplying by 
the interference signal and adding it to the input signal. Then the input signal of the regulator 
of known type and amplitude of the interference signal were obtained. Additive signals are 
introduced as follows:

– random number – random numbers in the range of [0,1],
– uniform random number – random numbers in the range of [–1,1],
– chirpsignal – a sinusoidal signal of variable frequency; lower frequency of this signal 

is set to 0.1 Hz, the upper frequency is set to one of three, i.e. 10 Hz, 100 Hz, or 1 kHz; 
change in frequency followed linearly for a period of 0 to 5 seconds (until the end of 
simulation),

– sine wave – sinusoidal signal of known amplitude and frequency; the frequency range 
was set at the values (Tab. 1).
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The amplitudes of the additive interference signals are determined as 0% to 200% of content 
of additive interfering signals in the input signal of the PI controller (Tab. 1). The analysis were 
performed for a variety of interfering signals and for a variety of points of entry an interfering 
signals.

3.1. The impact of the additive random number signal 
on the quality of the regulation

The influence of an additive random number interfering signal on the input signals of 
individual controllers separately and all together has been studied. Researches on the influence 
of interfering additive signal entered on the input of the current controller in the track of the 
magnetic flux were made.

The impacts of additive interfering signal introduced at the input of the current controller 
in the track of the magnetic flux were analyzed (Fig. 6 and 7). The value of the reference signal 
RLV, which the value of the index MAPEOUT is equal to MAPEOUT = 6.47%, corresponds to the 
ideal case without interference introduced.

Fig. 6. Characteristics of the output indicator MAPEOUT PI1 and MAPEOUT PI3 according to MAPERN index value 
for the random number signal placed on the current input of regulator in the track of the magnetic flux

An impact of additive interference signal (Fig. 6 and 7) is smaller if there are disturbances in 
the track of magnetic flux regulator. In addition, value of the index MAPEOUT PI3 is smaller than 
the reference level RLV. This is due to non-optimal controller settings of the stream. Sub-optimal 
settings stem from the method of optimization. MAPEOUT index values for regulators in the track 
of the speed controller grow much faster and are resemble each other.

The value of the interference in the output signal increases with increasing content of addi-
tive interference in the input signals of controls (Fig. 8). The content of interference in the output 
signal is low until the value at MAPERN < 40%. The increase in additive signal random number 
above the 40% in input signals dramatically increases the content of interference in the output 
signal.
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3.2. The influence of additive uniform random number signals 
on the quality of the regulation

The influence of an additive uniform random number interfering signal on the input signals 
of individual controllers separately and all together have been studied. Researches on the influ-
ence of interfering additive signal entered on the input of the current controller in the track of 
the magnetic flux were made.

The impacts of additive interfering signal introduced at the input of the current controller in 
the track of the magnetic flux were analyzed (Fig. 9 and 10). The value of the reference signal RLV, 

Fig. 7. Characteristics of the output indicators: MAPEOUT PI2, MAPEOUT PI4 and MAPEOUT PI5 according 
to MAPERN index value for the random number signal placed on the current input of regulator 

in the track of the speed and torque

Fig. 8. Characteristics of the output indicators: MAPEOUT for the case, when introduced additive interfering 
with the input signals of all controllers
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which the value of the index MAPEOUT is equal to MAPEOUT = 6.47%, corresponds to the ideal 
case without interference introduced.

As in the previous case, the effect of additive interference introduced into the input signals of 
regulators PI1 and PI3 is smaller than the input signals of regulators PI2, PI4, PI5 (Fig. 9 and 10). 
One input signal is slightly reduced (MAPEOUT PI3), this is related to the method of optimization.

Fig. 9. Characteristics of the output indicators: MAPEOUT PI1 and MAPEOUT PI3 according to MAPEURN index 
value for the uniform random number signal placed on the current input of regulator in the track 

of the magnetic flux

Fig. 10. Characteristics of the output indicators: MAPEOUT PI2, MAPEOUT PI4 and MAPEOUT PI5 according 
to MAPEURN index value for the uniform random number signal placed on the current input of regulator 

in the track of the speed and torque

The value of interference in the output signal increases with increasing content of additive 
interference in the input signals of controllers, as in the previous case (Fig. 11). The content of 
interference in the output signal is low until the MAPEURN < 90% (curvature of curve). Increase 
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in content of the additive signal random number above the 90% of the input signals dramatically 
increases the content of interference in the output signal. A disturbing uniform random number 
signal has less impact on the speed of slip-ring induction motor than previously tested random 
number interfering signal.

3.3. The impact of the additive chirp signal in the range 
of 0.1 Hz to 10 Hz on the quality of the regulation

The additive effect of interfering signals on the input signals of individual controllers sepa-
rately and all together have been studied.

Fig. 12.Characteristics of the output indicators: MAPEOUT PI1 and MAPEOUT PI3 according 
to the MAPEC10 index value for the chirpsignal in the range of 0.1 Hz to 10 Hz placed 

on the current input of regulator in the track of the magnetic flux

Fig. 11. Characteristics of the output indicators: MAPEOUT for the case, when introduced additive interfering 
with the input signals of all controllers
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Effect of additive interference introduced into the input signals of regulators PI1 and PI3 
is less than the input signals of regulators PI2, PI4, PI5 (Fig. 13). The impact of additive in-
terference introduced to the input of the flux regulator slightly decreases. The indicator values 
MAPEOUT PI1 initially decrease, and after crossing the MAPEC10 = 50% start to rise. At the point 
MAPEC10 = 100% value of the index MAPEOUT PI1 intersect the reference level value RLV. Since 
there are points where the MAPEOUT PI1 < RLV, and therefore controller parameters PI1 are not 
optimal, as controller parameters PI3.

Fig. 13.Characteristics of the output indicators: MAPEOUT PI2, MAPEOUT PI4 and MAPEOUT PI5 according 
to MAPEC10 index value for the chirp signal in the range of 0.1 Hz to 10 Hz placed 

on the current input of regulator in the track of the speed and torque

Fig. 14. Characteristics of the output indicators: MAPEOUT for the case, when introduced additive interfering 
with the input signals of all controllers
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3.4. The impact of the additive sine wave signal 

Content of interference in the output signal increases with increasing content of additive 
interference in the signal input of the regulators. The content of interference in the output signal 
is low until the MAPEC10 < 80%. The increase of the additive chirpsignal in the range of 0.1 Hz 
to 10 Hz above the 80% of the input signals dramatically increases with the content of distortion 
in the output signal. Chirpsignal interfering signal in the range of 0.1 Hz to 10 Hz, has a much 
better impact than previously tested signals. The research was carried out also for the same signal 
but with different parameters. The upper limit is set at 10 Hz frequency (presented studies and 
conclusions), 100 Hz and 1 kHz. It was observed that the system is more sensitive to low frequency 
noise, so in order not to blur the conclusions of this research, we abandoned the presentation of 
the study for two signals of higher frequency limits.

The influence of the additive disturbing signal of given frequencies (Table 2) and with 
specified amplitudes (Table 1) was analyzed. The effects of the additive interference signals at 
the inputs of individual controller separately and all together, in the path of the magnetic flux 
path and speed have been studied.

TABLE 2

The values of interference frequency

No. Frequency [Hz]
1. 
2.
…
5.
6.
7.
…
14.
15.
…
19.
20.
…
27.
28.
…
36.
37.

1
2
…
5

10
15
…
50
60
…

100
150
…

500
1000

…
5000

10000

Sinusoidal signal is characterized by, inter alia, amplitude and frequency. Presented char-
acteristics (Fig. 15-20) are a three-dimensional arrangement, the axis was determined by the 
frequency of the test interference signal (f ) and the content of the disturbing signal in the input 
signal of the test controller (MAPESW). The scale of the frequency axis is a logarithmic scale.

The impact of interfering frequency sinusoidal signal and the value of the indicator MAPE 
of this signal in the input signal of the controller PI1 (Fig. 15) are shown. The highest values of 
the indicator MAPE OUT PI1 are the values at low frequencies in the range of 10-100 Hz.
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Fig. 15.Characteristics of the output indicator MAPEOUT PI1 according to the MAPESW index value for the inter-
fering additive signal introduced into the current controller input in the track of the magnetic flux

Fig. 16. Characteristics of the output indicator MAPEOUT PI2 according to the MAPESW index value for the inter-
fering additive signal introduced into the current controller input in the track of the speed

The impact of interfering frequency sinusoidal signal and the value of the indicator MAPE 
of this signal in the input signal of the controller PI2 (Fig. 16) are shown. The highest values 
of the index MAPEOUT PI2 are the values for the low frequency range up to 100 Hz. The signifi-
cant values of interference in the output signal MAPEOUT PI2 can be noticed for the input values 
MAPESW > 60%.

The impact of interfering frequency sinusoidal signal and the value of the indicator MAPE 
of this signal in the input signal of the controller PI3 (Fig. 17) are shown. The parameters of 
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this regulator are not optimal. The indicator values MAPEOUT PI3 vary around the value of the 
reference level for the whole research area. Interference placed on the input of regulator PI3 has 
a negligible effect on the output signal.

The impact of interfering frequency sinusoidal signal and the value of the indicator MAPE 
of this signal in the input signal of the controller PI4 (Fig. 18) are shown. The highest values of 
the indicator MAPEOUT PI4 are the values for the low frequencies up to 100 Hz, as in the case of 

Fig. 17.Characteristics of the output indicator MAPEOUT PI3 according to the MAPESW index value for the inter-
fering additive signal introduced into the current controller input in the track of the magnetic flux

Fig. 18.Characteristics of the output indicator MAPEOUT PI4 according to the MAPESW index value for the inter-
fering additive signal introduced into the current controller input in the track of the torque
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value of the index MAPEOUT PI2. Significant values of the contents of interference in the output 
signal MAPEOUT PI4 can be noticed for the input values MAPESW > 70%.

The impact of interfering frequency sinusoidal signal and the value of the indicator MAPE 
of this signal in the input signal of the controller PI5 (Fig. 19) are shown. The conclusions are 
as for the case when the introduced additive interfering signals at the input of regulator PI4.

Fig. 19.Characteristics of the output indicator MAPEOUT PI5 according to the MAPESW index value 
for the interfering additive signal introduced into the current controller input 

in the track of the speed

Fig. 20.Characteristics of the output indicator MAPEOUT PI1-OUT15 according to the MAPESW index value 
for the interfering additive signal introduced into the current controller input in the track 

of the magnetic flux and the speed and torque






