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ABSTRACT: The selection of appropriate membership functions for fuzzy control systems has always
been a topic of discussion among researchers and has been generally determined by trial and error based
on the experience of the control system designer. In this study, the control performances of type-1 and
type-2 fuzzy systems with different membership functions in semi-active fuzzy control of two adjacent
three- and nine-story buildings connected using MR damper under seismic excitations are discussed.
In this study, two fuzzy systems have been used considering the type of membership function as well
as the number of defined membership functions for each input. The examined membership functions
are defined symmetrically and at the same intervals for comparison. The results of the control systems
used for the type-1 and type-2 fuzzy algorithms are examined and compared to the uncontrolled mode
by considering the triangular, Gaussian, and trapezoidal membership functions. The results obtained
from the defined performance criteria show that in general, type-2 fuzzy systems perform better than
type-1 fuzzy systems, due to the consideration of uncertainties and the use of membership functions
intermittently. Fuzzy control systems with triangular membership functions have the best performance
compared to other membership functions and the Gaussian membership function has shown close control
performance to triangular function. Also, when more membership functions are used to determine the

Keywords:

Membership Functions

Semi-active Control

MR Damper

Type-1 and Type-2 Fuzzy Control
Systems

Adjacent Buildings

degree of membership of fuzzy language values, the fuzzy system becomes less sensitive to the type of

membership function used.

1- Introduction

Fuzzy logic systems are widely used for control, system
identification, pattern recognition problems, and many
other applications from industry to academia. Membership
functions play an essential role in the overall performance
of the fuzzy system. These functions are the building blocks
of fuzzy theories and actually the fuzzification process in a
fuzzy set is determined by them. Based on this, the shape
of fuzzy functions in any specific problem is considered an
important parameter because it directly affects the fuzzy
inference system. Membership functions may have different
shapes such as triangle, trapezoid, Gaussian, etc. By reviewing
the research done, it can be concluded that the triangular
membership function is widely used due to its simplicity.
The triangular membership function consists of straight
lines, which makes it easy to use, as well as the high speed of
fuzzy system execution. In addition to triangular membership
function, trapezoidal and Gaussian functions have performed
better than other membership functions [1, 2].

In fuzzy control systems, uncertainties have always
been controversial issues among control system designers.
Using inputs without applying uncertainties is one of the
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characteristics of type-1 fuzzy systems. in type-2 fuzzy
systems, by defining the membership functions as intervals,
this problem is solved to some extent, and the fuzzy system
becomes flexible and resistant to uncertainties, and therefore
the performance of the fuzzy inference system improves [3]. In
the design of fuzzy systems, trial and error and the experience
of the system designer are generally used in choosing the
membership function. In this research, by considering a
case study and applying different seismic excitations, the
performance of the considered control systems with different
membership functions has been investigated and the effect of
using different membership functions in terms of type (to take
into account the uncertainties in the problem), number and
shape (to include the distribution of the degree of membership
of the variables) has been discussed and investigated in the
fuzzy control of buildings.

2- Methodology

In this study, to investigate the control performance of
the fuzzy algorithm with different membership functions,
two buildings of three and nine floors, which are related to
the SAC project in the California-Los Angeles region [4],
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Building 2

Building 1

Fig. 1. Model of two adjacent buildings [14] connected

with MR damper
Table 1. The performance criteria for maximum re-
sponses
criterion equation title
max|x, (1) .
1 ——————  Displacement of roof story
max|x,, (t)]
max|¥; (1) .
J2 ————"—  Acceleration of 9th story
max|X,, (t)]
max|Ve ()|
I3 —_— Base shear of structure
max|Vy, (6)]
J max|d.(t)| Relative displacement of
4 max|dy,, ()| structure
max A (t) Mini ed
Js max A, (0) inimum required gap

are considered to be connected. The finite element model
has been prepared by assuming the linear behavior of the
buildings in OpenSees software. Also, for implementing
the fuzzy logic algorithm and calculating the control force,
MATLAB software has been used in parallel with OpenSees
software. Figure 1 schematically shows the two adjacent
buildings. Also for modeling MR damper, the Bouc-Wen
model has been used in simulating the dynamic behavior of
the damper [5]. To verify the validity of the Bouc-Wen model,
the results of the hysteresis behavior of the damper modeled
in the study of Ok et al. [6] were used.

Due to the non-aligned vibrations of the buildings based
on their different dynamic characteristics, to prevent the
collision of adjacent buildings, the fuzzy rules used in this
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Fig. 3. Comparison of type 1 and type 2 FIS2 systems
with different membership functions

study have been determined based on the equalization of the
movement of the two buildings during an earthquake. The
fuzzy inference rules used in this research were adapted from
the study of Abdeddaim et al. [7] in 2016. Type 1 and type
2 fuzzy controllers with membership functions and different
fuzzy rules are considered.

3- Results and Discussion

The performance criteria used to evaluate the control
performance of fuzzy systems are shown in table 1. the
performance of fuzzy systems with different membership
functions in terms of shape and number are shown in Figures
2 and 3. As observed, in the FIS1 system, type 1 fuzzy systems
with triangular and Gaussian membership functions have
performed better than type 1 fuzzy systems with trapezoidal
membership functions, which is more obvious in the three-
story building. In type 2 fuzzy systems, the situation has been
different because the difference between using triangular and
trapezoidal membership functions becomes more limited
when we use interval membership functions. These results
show that when there is uncertainty in the selection of the
membership function and the knowledge of the fuzzy system
designer to determine the type of membership function is
limited, the use of type 2 fuzzy systems accommodates the
uncertainties well.

4- Conclusions

According to the results obtained from the dynamic
analyzes performed on benchmark buildings connected with
MR dampers, it is concluded that the fuzzy systems used
to calculate the damper voltage have a good performance
and improve the response of the buildings under seismic
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exitations. Also, based on the comparison of type 1 and type
2 fuzzy systems, in general, type 2 fuzzy systems that use
interval membership functions have a better performance in
reducing the responses of buildings compared to type 1 fuzzy
systems. Also, the designed fuzzy systems have shown better
control performance in far-field earthquakes compared to
near-field earthquakes.

By examining the evaluation criteria used to compare
different membership functions, it is clear that fuzzy
systems with triangular membership functions performed
best compared to other membership functions in improving
the performance of buildings against earthquakes. Gaussian
membership functions have also shown a close performance
to triangular membership functions. Also, by examining the
results obtained for two fuzzy systems with different numbers
of fuzzy sets, it has been observed that in the fuzzy system
with a larger number of fuzzy sets, the sensitivity of the fuzzy
system to the selection of the membership function decreases.
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Fig. 2. Bouc-Wen model for Magnetorheological
damper [12]
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Table 1. Parameters used in the dynamic model of MR damper

a, =1.0872e5 N/cm Cop = 44.0 Ns/(cmV) y=3 cm™!
a, = 4.9616e5 N/(cmV) n=1 B=3cm!
Coq = 440 Ns/cm =1.2 =50 s"1
1500 I
1000 input voltage =10V
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Fig. 3. Hysteresis behaviour of MR damper
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Table 2. Details of FIS1 fuzzy systems
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FIS1 trimf’
FIS1 trapmf’
FIS1 gaussmf”
FIS1 gbellmf’
FIS1 trimf T2°
FIS1 trapmf T2’
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! Triangular Membership Function

2 Trapezoid Membership Function

3 Gaussian Membership Function

4 Bell Membership Function

5 Triangular Membership Function Type-2
¢ Trapezoid Membership Function Type-2
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Table 3. Details of FIS2 fuzzy systems
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Table 4. Fuzzy inference rules for FIS1 fuzzy system
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Table 5. Fuzzy inference rules for FIS2 fuzzy system
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Table 6. Linguistic variables for input value of FIS1 system

S8 Sl it sals
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ZE Sho
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Table 7. Linguistic variables for output value of FIS1 system
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Table 8. Linguistic variables for input value of FIS2 system
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Table 9. Linguistic variables for output value of FIS2 system
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Fig. 4. Input variable details of fuzzy systems
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Table 12. the performance criteria in the three-story structure for different control systems

PGAs (g)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
FIS1 Trimf I 0.839 0.680 0.707 0.732 0.763 0.783 0.797 0.809 0.818 0.826
12 0.984 0.899 0.858 0.888 0.906 0916 0923 0936 0940 0.942
13 0.878 0.799 0.817 0.827 0.850 0.866 0.876 0.881 0.886 0.890
J4 0.876 0.760 0.802 0.818 0.845 0.862 0.873 0.884 0.892 0.896
FIS1 Trapmf 11 0.863 0.706  0.747 0.761 0.784 0803 0.816 0.828 0.836 0.843
12 1.034 0923 0.894 0918 0934 0939 0945 0947 0.948 0.950
13 0.865 0.798 0.827 0.847 0.866 0877 0.883 0.888 0.890 0.894
J4 0.910 0.790 0.847 0.858 0.875 0.890 0.899 0907 0912 0915
FIS1 Gaussmf  J1 0.821 0.684 0.709 0.732 0.762 0.782 0.797 0.809 0.819 0.828
12 1.019 0.907 0.860 0.887 0.903 0912 0922 0933 0939 0.942
13 0.864 0.802 0.821 0.833 0.852 0867 0.875 0.881 0.886 0.890
J4 0.860 0.770  0.809 0.821 0.845 0.861 0.873 0.885 0.893 0.899
FIS1 Gbellmf I 0.848 0.694 0.729 0.750 0.777 0.795 0.810 0.823 0.832 0.839
12 0.994 0903 0.871 0901 0917 0923 0930 0942 0946 0.948
13 0.872 0.799 0.818 0.837 0.861 0873 0.880 0.886 0.890 0.893
14 0.880 0.778 0.827 0840 0.863 0878 0.889 0.899 0907 0911
FIS1 Trimf T2  J1 0.783 0.682 0.709 0.733 0.753 0.769 0.782 0.791 0.798  0.805
12 1.024 0938 0904 0918 0926 0932 0945 0947 0950 0.953
13 0.865 0.812 0.827 0856 0.871 0.880 0.886 0.891 0.894 0.901
J4 0.825 0.767 0.803 0819 0.835 0846 0.856 0.862 0.866 0.871
FIS1 Trapmf T2 Jl 0.791 0.685 0.712 0.732 0.753 0.768 0.781 0.789 0.797 0.802
12 1.030 0932 0900 0917 0926 0932 0940 0942 0947 0.951
13 0.882 0.826 0.826 0.845 0.862 0.875 0.882 0.886 0.890 0.898
J4 0.842 0.769 0.804 0.821 0.836 0.847 0.856 0.862 0.867 0.870
FIS2 Trimf I 0.810 0.678 0.709 0.735 0.765 0.784 0.799 0.810 0.820 0.827
12 0.971 0.893 0.861 0.893 0916 0918 0925 0936 0940 0.944
13 0.881 0.805 0.820 0.841 0.865 0.877 0.882 0.887 0.891 0.894
J4 0.855 0.762 0.799 0.819 0.848 0.861 0.873 0.883 0.889 0.896
FIS2 Trapmf I 0.807 0.685 0.717 0.742 0.768 0.788 0.803 0.815 0.825 0.832
12 0.988 0905 0.875 0902 0915 0922 0929 0941 0944 0.948
13 0.840 0.802 0.823 0846 0.869 0878 0.883 0.888 0.892 0.895
J4 0.869 0.765 0.813 0.831 0.853 0.868 0.880 0.889 0.896 0.902
FIS2 Gaussmf  J1 0.802 0.669 0.705 0.733 0.763 0.783 0.798 0.810 0.819 0.827
12 0.985 0.896 0.860 0.889 0.905 0915 0923 0935 0.938 0.943
13 0.888 0.810 0.827 0.840 0.862 0873 0.880 0.886 0.890 0.894
14 0.832 0.757 0.798 0816 0.842 0859 0.871 0.883 0.889 0.896
FIS2 Gbellmf 1Bl 0.810 0.684 0.716 0.742 0.769 0.788 0.803 0.815 0.824 0.832
12 0.973 0904 0.879 0904 0917 0924 0929 0941 0944 0.947
13 0.854 0.797 0.818 0.845 0.867 0.877 0.883 0.888 0.891 0.896
14 0.849 0.763 0.814 0834 0.855 0870 0.881 0.890 0.896 0.902
FIS2 Trimf T2 ]l 0.784 0.657 0.688 0.715 0.742 0.760 0.773 0.785 0.794 0.801
12 0.972 0.894 0.873 0902 0916 0923 0935 0941 0943 0.947
13 0.868 0.796 0.813 0.840 0.864 0876 0.882 0.888 0.891 0.895
J4 0.823 0.734 0.781 0.801 0.823 0.837 0.848 0.856 0.862 0.868
FIS2 Trapmf T2 Jl 0.782 0.659 0.691 0.716 0.742 0.760 0.774 0.785 0.794 0.802
12 0.981 0905 0.876 0903 0916 0923 0936 0941 0944 0.947
13 0.862 0.797 0816 0.841 0.865 0.877 0.882 0.888 0.891 0.894
J4 0.824 0.735 0.785 0.803 0.824 0.838 0.848 0.857 0.863 0.869
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Table 13. the performance criteria in the nine-story structure for different control systems

PGAs (g)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
FIS1 Trimf n 0.944 0.865 0.860 0.868 0.876 0.883 0.891 0901 0.907 0914
12 1.168 1.009 0958 0966 0.969 0974 0.976 0975 0.976 0977
J3 1.151 1.061 1.027 1.021 1.017 1.014 1.012 1.010 1.008 1.007
J4 0.961 0.898 0.901 0904 0.908 0912 0916 0917 0919 0.920
FIS1 Trapmf 11 0.934 0.866 0.867 0.875 0.886 0.894 0.905 0913 0.921 0.926
12 1.176 0998 0.981 0987 0981 0975 0977 0979 0.980 0.980
13 1.140 1.055 1.024 1.020 1.018 1.015 1.013 1.011 1.010 1.010
J4 0.955 0.907 0.908 0910 0918 0921 0924 0926 0.929 0.931
FIS1 Gaussmf  J1 0.949 0.866 0.863 0.871 0.879 0.886 0.896 0905 0911 0918
12 1.183 1.010 0961 0967 0.968 0973 0977 0976 0977 0978
13 1.149 1.062 1.030 1.024 1.019 1.015 1.012 1.010 1.009 1.007
J4 0.966 0.902 0907 0907 0911 0914 0918 0920 0.923 0.923
FIS1 Gbellmf Al 0.944 0.872 0.867 0.877 0.886 0.893 0.903 0912 0919 0924
12 1.179 1.005 0967 0976 0976 0977 0979 0978 0.979 0.980
J3 1.156 1.060 1.027 1.023 1.019 1.016 1.013 1.011 1.010 1.009
J4 0.973 0.907 0910 0913 0919 0922 0926 0927 0929 0931
FIS1 Trimf T2  J1 0.877 0.822 0.824 0.833 0.841 0850 0.861 0.868 0.875 0.881
12 1.135 0971 0975 0978 0974 0976 0976 0977 0977 0978
J3 1.126 1.043 1.021 1.016 1.014 1.012 1.009 1.008 1.007 1.006
J4 0.903 0.857 0.86¢4 0.865 0.870 0.873 0.875 0877 0.880 0.882
FIS1 Trapmf T2 J1 0.877 0.821 0.822 0.831 0.840 0.849 0.860 0.867 0.873 0.880
12 1.137 0.967 0981 0984 0980 0978 0975 0975 0976 0977
J3 1.138 1.039 1.017 1.019 1.013 1.011 1.009 1.008 1.008 1.007
J4 0.897 0.854 0.863 0864 0.867 0870 0.872 0875 0.879 0.881
FIS2 Trimf A 0.938 0.868 0.860 0.866 0.874 0.880 0.890 0.900 0.906 0913
12 1.164 1.012 0964 0971 0971 0977 0979 0977 0978 0979
J3 1.150 1.054 1.025 1.022 1.018 1.014 1.012 1.010 1.009 1.008
J4 0.957 0.898 0.903 0902 0.906 0911 0915 0916 0918 0919
FIS2 Trapmf Al 0.939 0.870 0.859 0.866 0.874 0.880 0.892 0901 0.908 0915
12 1.171 1.013 0969 0974 0975 0977 0978 0976 0977 0978
J3 1.144 1.051 1.025 1.020 1.017 1.014 1.012 1.011 1.010 1.009
J4 0.962 0.903 0.901 0903 0.909 0913 0915 0917 0919 0.920
FIS2 Gaussmf  J1 0.949 0.874 0.861 0.868 0.875 0.881 0.891 0902 0.907 0914
12 1.168 1.011 0962 0968 0972 0976 0979 0978 0.979 0979
13 1.149 1.058 1.029 1.022 1.018 1.015 1.012 1.010 1.009 1.008
J4 0.965 0.904 0.905 0904 0.907 0912 0916 0917 0919 0.920
FIS2 Gbellmf I 0.933 0.869 0.856 0.865 0.872 0.880 0.891 0901 0.907 0913
12 1.190 1.016 0971 0976 0974 0977 0979 0978 0.979 0979
J3 1.134 1.051 1.026 1.020 1.017 1.014 1.012 1.010 1.009 1.008
J4 0.963 0.900 0.901 0903 0.907 0912 0915 0917 0919 0921
FIS2 Trimf T2  J1 0.908 0.842 0.829 0.836 0.842 0.848 0.860 0.869 0.874 0.880
12 1.179 1.015 0969 0975 0974 0977 0976 0978 0979 0.979
J3 1.133 1.050 1.024 1.020 1.017 1.014 1.012 1.010 1.009 1.008
J4 0.931 0.870 0.873 0.872 0.875 0.879 0.882 0.885 0.886 0.888
FIS2 Trapmf T2 J1 0.905 0.840 0.828 0.835 0.842 0.848 0.860 0.868 0.874 0.880
12 1.180 1.016 0970 0975 0975 0978 0977 0978 0979 0.979
J3 1.132 1.050 1.025 1.020 1.017 1.014 1.012 1.010 1.009 1.008
J4 0.927 0.869 0.872 0.871 0.875 0.8380 0.882 0.885 0.887 0.888
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Table 14. J5 performance criteria for different control systems

PGAs (g)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIS1 Trimf 0461 0498 0.553 0.604 0.640 0.665 0.683 0.704 0.718 0.731
FIS1 Trapmf 0479 0509 0.565 0.612 0.656 0.680 0.699 0.713 0.726 0.738
FIS1 Gaussmf 0.458 0501 0.557 0.608 0.644 0.668 0.687 0.707 0.723 0.734
FIS1 Gbellmf 0463 0505 0.564 0.614 0.650 0.674 0.692 0.713 0.727 0.740
FIS1 Trimf T2 0488 0.501 0.550 0.593 0.624 0.647 0.666 0.681 0.696 0.708
FIS1 Trapmf T2  0.481 0496 0550 0.593 0.623 0.644 0.665 0.679 0.693 0.705
FIS2 Trimf 0.453 0.498 0.556 0.608 0.648 0.667 0.687 0.707 0.722 0.734
FIS2 Trapmf 0.453 0496 0.554 0.609 0.642 0.667 0.685 0.707 0.722 0.734
FIS2 Gaussmf 0460 0.497 0.558 0.608 0.643 0.668 0.688 0.707 0.722 0.734
FIS2 Gbellmf 0.455 0500 0.554 0.607 0.642 0.666 0.686 0.705 0.720 0.733
FIS2 Trimf T2 0.447 0483 0.534 0.585 0.619 0.644 0.664 0.680 0.694 0.706
FIS2 TrapmfT2 0445 0484 0535 0586 0.619 0.642 0.664 0.680 0.695 0.706
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Fig. 5. Average improvement percentage of FIS1 type 1 and type 2 fuzzy systems
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Fig. 7. Comparison of type 1 and type 2 FIS1 fuzzy system with different membership functions
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Table 15. Average percentage improvement of evaluation criteria for control systems in three and nine-story

structures
3-story 9-story

JrS i J1 J2 J3 J4 J5 J1 J2 J3 J4
trimf-FIS1 22.45 8.07 14.3 1491 37.42 10.89 0.52 -3.28 8.46
trapmf-FIS1 20.13 5.69 13.66 11.97 36.23 10.13 -0.15 -3.17 7.71

gaussmf-FIS1 22.56 7.76 14.29 14.85 37.13 10.58 0.3 -3.38 8.1
gbellmf-FIS1 21.03 7.26 13.92 13.27 36.58 10.02 0.02 -3.43 7.44
trimf-T2-FIS1 23.96 5.64 13.16 16.5 38.45 14.67 0.83 -2.62 12.55
trapmf-T2-FIS1 23.92 5.81 13.28 16.25 38.72 14.8 0.69 -2.69 12.77
trimf-FIS2 22.63 8.03 13.56 15.14 37.21 11.05 0.3 -3.22 8.54
trapmf-FIS2 22.16 7.31 13.84 14.34 37.3 10.96 0.12 -3.12 8.38
gaussmf-FIS2 22.93 8.11 13.51 15.57 37.13 10.76 0.28 -3.31 8.32
gbellmf-FIS2 22.17 7.38 13.85 14.46 37.32 11.13 -0.18 -3 8.43
trimf-T2-FIS2 25.02 7.54 13.87 17.66 39.45 14.12 -0.02 -2.96 11.59
trapmf-T2-FIS2  24.94 7.27 13.86 17.53 3943 14.19 -0.07 -2.96 11.63
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