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Total harmonic distortion analysis of inverter fed induction motor drive using neuro fuzzy
type-1 and neuro fuzzy type-2 controllers

Introduction. When the working point of the indirect vector control is constant, the conventional speed and current controllers
operate effectively. The operating point, however, is always shifting. In a closed-system situation, the inverter measured reference
voltages show higher harmonics. As a result, the provided pulse is uneven and contains more harmonics, which enables the inverter
to create an output voltage that is higher. Aim. A space vector modulation (SVM) technique is presented in this paper for type-2
neuro fuzzy systems. The inverter’s performance is compared to that of a neuro fuzzy type-1 system, a neuro fuzzy type-2 system, and
classical SVM using MATLAB simulation and experimental validation. Methodology. It trains the input-output data pattern using a
hybrid-learning algorithm that combines back-propagation and least squares techniques. Input and output data for the proposed
technique include information on the rotation angle and change of rotation angle as input and output of produced duty ratios. A
neuro fuzzy-controlled induction motor drive’s dynamic and steady-state performance is compared to that of the conventional SVM
when using neuro fuzzy type-2 SVM the induction motor, performance metrics for current, torque, and speed are compared to those
of neuro fuzzy type-1 and conventional SVM. Practical value. The performance of an induction motor created by simulation results
are examined using the experimental validation of a dSPACE DS-1104. For various switching frequencies, the total harmonic
distortion of line-line voltage using neuro fuzzy type-2, neuro fuzzy type-1, and conventional based SVMs are provided. The 3 hp
induction motor in the lab is taken into consideration in the experimental validations. References 22, tables 3, figures 15.
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Bcemyn. Konu poboua mouka nenpsimoeo 6eKmopHO20 YNpasainHa cmana, mpaouyitini pe2yisimopu wWeUuoKocmi ma cmpymy npayiooms
epexmusno. I[Ipome poboua mouxka nocmitino 3miHOEMbCa. Y cumyayii' 3akpumoi cucmemu GUMIpAHA THEEPMOPOM ONOPHA HANPY2d
NOKA3y€e Guwyi 2apMOHIKU. B pezynmvmami iMnynsc, wo noodaemucs, HEPIGHOMIPHULL I MiCmumb OLIble 2APMOHIK, WO O0360TA€E THBEPMOPY
cmeopiosamu Oitbul 8UCOKY 6UXIOHY Hanpyey. Mema. Y yiii cmammi npeOcmagnena Memoouka npocmoposoi 6eKMopHoi MoOyaayii
(SVM) ons neiiponeuimrux cucmem muny 2. IIpodykmueHicme ineepmopa nopieHIOEMbCSL 3 RPOOYKMUGHICIIO HEUPOHEUImKOL cucmemu
muny 1, nevponeuimkoi cucmemu muny 2 ma xiacuunoi SVM 3 euxopucmanmuam mooemosanna MATLAB ma excnepumenmanvHoi
nepesipxu. Memooonozia. Hasuacmovca wabnon 0anux 86e0eHHA-6UB00Y, BUKOPUCMOBVIOUU ANIROPUMM 2iOPUOHO020 HABYAHHA, AKULL
NOEOHYE ¥ €OOI Memoou 3860POMHO20 NOWIUPEHHS NOMUIKU MA Memody HalMeHwux Keaopamis. Bxioni ma euxiowi Oami Ona
3anpoONoOHO8AHOI MEMOOUKU BKIIOUAIOMb THOPpMAayito npo Kym Ho8opomy i 3MIHY Kyma NO8Opomy AK OMPUMAHI 6XIOHI | GuXiOHI
Koeiyichmu  3anognenms. Junamiuni Xapakmepucmuku npueody ACUHXPOHHO20 OBUSYHA 3 HEUPOHEHImKUM  YNPAGIIHHAM
nopienoomsbcs 3 xapakmepucmuxamu sguuatinoco SVM. ITlpu euxopucmanni netiponeuimxozo SVM muny 2 acunxponnuii 08ucyH,
NOKAZHUKY NPOOYKMUBHOCE NO CIMPYMY 00epmaroio2o MOMeHmMY I WeUOKOCMI NOPIGHIOIOMbCS 3 NOKAZHUKAMU NPUBOOY ACUHXPOHHOO
dgueyna 3 Hetponeuimxum ynpaeninuam muny 1 ma mpaouyiinozo SVM. Ipaxmuuna winnicme. [Ipooykmuenicms acuHXpoHHO20
08U2YHA, CMBOPEHO20 34 Pe3yIbmamamu MOOeN08anH s, 00CTIONCYEMbCA 3 BUKOPUCTNAHHAM eKcnepumenmanvhoi nepesipku dSPACE
DS-1104. J[na piznux yacmom nepemuxanis po3paxogyiomuvCs 3a2abHi 2apMOHIUHI CNOMBOPeHHs NHINHOI Hanpy2u 3 GUKOPUCHANHAM
HelpOHeyimKo20 YNPAGIiHHA Muny 2, HeupoHeuimkozo ynpaeninua muny 1 i mpaouyiiinoeo SVM. Acunxponnuil 08ueyH nomyswcricmio 3
J.c. y 1abopamopii 6paxo8yemuvcs nio 4ac ekchepuMeHmansHux nepesipok. biomn. 22, tadmn. 3, puc. 15.

Kniouosi cnosa: npocTOPOBO-BEKTOPHA MOAYJIAINif, HelipOHewiTKUI THII 1, HelipOHeYiTKMIl THI 2, ACHHXPOHHUII IBUT'YH, IOBHE
rapMoHiiiHe CiOTBOpEHHs.

1. Introduction. Space vector modulation (SVM) is a
technique for managing the pulse width modulation method
used to regulate the inverter-fed induction motor (IM). At
the turning points, which are caused by space vector
instants, the pulse width modulated voltage source inverter
is used. In compared to the straightforward sinusoidal
approach, switching times are reduced and current and
torque ripple are decreased [1]. For both linear and non-
linear modes of operation, the digital implementation is a
technique utilized in transient simulation. SVM is a method
for implementing optimum bus voltage utilization and
support for the harmonic spectrum utilized in current
applications is explained in [2]. To reduce ripple in torque
and current, the adaptive neuro fuzzy interference system
based on maximum power point tracking is presented for
IM driving in MATLAB/Simulink and is confirmed using
an experimental setup utilising the hardware D-space
(1104) is discuss in [3]. The type-2 fuzzy logic direct
torque control technique is implemented because of the
replacement of proportional-integral controllers. Using the
control technique, the reaction improved in both transient
and steady state conditions. Under various operating
conditions, it also reduces torque ripple and flux distortion
in contrast to the regular direct torque control [4]. Instead

of using filters to reduce torque ripple like standard
propositional integral controllers, adaptive neuro fuzzy
interference system current controllers are employed for an
indirect vector of an inverter driven IM. The performance
of the drive is simulated under various operating conditions
[5] To reduce switching losses and output voltage
distortion from the created SVM algorithm, the proposed
method uses variable frequency modulation to voltage
source inverter fed IM [6]. Instead of a proposal integral
controller with no filter, a neuro fuzzy torque controller is
employed to eliminate torque ripple. The SVM approach is
also suggested, although information is required to
calculate the sector and angle [7]. For the error inside the
boundary, an n-level voltage source inverter fed with
current error space vector hysteresis is used as the current
controller. The advantage of the hysteresis controller is that
it transitions from linear to over modulation smoothly. It
has also been confirmed by experimental validation with
steady and transient performances. [8]. For the voltage
source inverter fed IM drive, type-2 fuzzy-based
methodology has been used. The technique has been
compared to traditional SVM for performance and is
independent of switching frequency. [9]. The adaptive-
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network-based fuzzy inference system based SVM is not
required to predict the switching frequency or required
training error when using the SVM method. This is the
reason why, in contrast to other optimization strategies like
genetic, neural and fuzzy [10]. The development of a
technology known as constant switching frequency torque
control can be used to manage torque in both steady state
and dynamic conditions. For calculating the torque ripple
and angular velocity, it employs flux error vector-based
SVM [11]. Fast switching frequency is implemented using
the artificial neural network SVM based fed voltage source
inverter, which leads to dynamic operation of the IM drive
under linear region to square wave. [12]. SVM based on
neuro fuzzy and three-level inverter fed voltage source
used to implement improved constant and dynamic
performance of the IM drive. The suggested method
generates an output with the proper duty ratios by changing
the input space-vector angle. The neural network with a
specific integrated circuit chip is used to easily implement
the SVM algorithm. [13, 14].The recommended artificial
neural network with SVM-based voltage source inverter
fed IM drive estimate a variety of outputs without regard to
switching frequency [15]. The five-layer network fed into
the neuro fuzzy SVM-based inverter produces output that is
trained duty ratios from input from V and V. Simulation
and experimental validation can be used to estimate the
total harmonic distortion (THD) computation for various
switching frequencies [16]. For a wind turbine with a
doubly fed induction generator, use SVM. The method is
used for minimizing the harmonic distortion of stator
currents under various wind speed [17].

2. Mathematical modelling of IM. Using direct-
quadrature (d-q) stationary references, a mathematical model
of a three-phase squirrel cage IM was developed [18].
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where o = (I—Lfn / L,L,) is the leakage coefficient; iy, iy
are the stator currents of d-q axis; Ry, R, are the stator and
rotor resistances; Vy, V. are the stator voltage of d-g axis; Ly,
L, are the stator and rotor inductances; vy, ¥y are the rotor
fluxes of d-q axis; L,,, @, p are the magnetizing inductance,
rotor speed and number of poles; B is the damping
coefficient; J is the moment of inertia; 7,, 7; are the
electromagnetic and load torques.

3. Mathematically modulated two level inverter.
Variable speed drives use pulse width modulation, which
is regulated using a method known as space vector. The
states of a two-level inverter are flipped using these
various vectors. The connection diagram of two level
inverter and space vector diagram is presented in Fig. 1.
Choosing the ¥ and V7 vectors results in a voltage that is
zero. The remaining vectors V) to Vs are chosen to
provide the induction machine with the necessary voltage.
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Fig. 1 Two level inverter (@) and space vector diagram
with active vectors ()

The reference voltage V,.; which has a constant
value, is created by combining the nearest two active
vectors V, and V., with zero vectors (V, and V). By
merging two active vectors, effective vectors can be
employed to achieve the desired results. The block
diagram of proposed SVM based inverter control using
neuro fuzzy type-2 (NFT2) is shown in Fig. 2.
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Fig. 2. Proposed SVM for inverter control using NFT2

counter

The following can be inferred from mentioned
concept of the necessary mean voltage and unit sample
time for the reference vector:

Vref =, + TV, )/ T
where T, T, represent the V-V sector’s active times.
While the equation are being equated, along the
direct axis is
Viep cosaly =V T + (Ve cos(/3)T, - 3
As the equation are being equated along the quadrature
axis:

O

Vref sinaly =Vy T + (Ve Sin(ﬁ/3))T2 > ©))

where V. is the magnitude of each active vector; V. is
the angle of 60° sector with respect to the sector’s
beginning V-Vs;

in(7z/3—
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where T is the sampling period; T is the duration of zero
vector and M is the modulation index and is given by V,/V..
The ripple value decreases to zero when time is divided
uniformly.

4. Modified NFT2 based SVM. In order to develop
a NFT2 system, the IF-THEN rules are used which have
antecedent and consequent sections with type-2 fuzzy
values. Uncertainties in fuzzy sets of Gaussian type-2 can
be connected to the mean and standard deviation.
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A fuzzy inference system’s hardware implementation
comprises of implementing the fuzzification, fuzzy
inferences, and defuzzification discussed in [19]. The duty
ratios are generated using a NFT2 based SVM that has
been trained in the under modulation zone. The switching
frequencies are 3 kHz and 15 kHz. The training data for
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5. Results and discussions. In the direct torque control
concept, using a proportional integral speed controller causes
a loss of decoupling with respect to parameter fluctuations
[21]. The performance characteristics of an IM have been
studied using proportional integral, neuro fuzzy type-1
(NFT1), and NFT2 SVM-based controllers in a different
operating condition, i.e. steady state and step change.
The command speed of the 3 hp IM is 157 rad/s (1500 rpm).
The parameters of the IM are shown in Table 1.

Table 1

Parameters of the IM
Motor power 2.2 kW (3 hp), 400 V
Number of the poles p 4
Inverter switching frequencies, kHz 3 and 15
DC link voltage, V 150
Modulation index 0.86
Stator resistance R, 0.55
Stator inductance L,, mH 93.38
Rotor resistance R,, Q 0.78
Rotor inductance L,, mH 93.36
Magnetizing inductance L,,, mH 90.5
Moment of inertia J, kg-m? 0.019
Damping coefficient B 5.107

5.1 Inverter line-to-line voltage and harmonic
spectrum switching frequency of 3 kHz.

For DC link voltage 150 V the fundamental line
voltage increased by 0.56 % in NFT2 as compared with
conventional based SVM (see Fig. 4,a,c) and 0.44 %
increased as compared NFT1 based SVM (see Fig. 4,b,¢).
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NFT2 interference system obtained simulating the
conventional SVM [20]. Typically, training takes from
0 to 5 min each epoch on a 1.8 GHz Pentium Dual Core
computer, with a training error of less than 0.0002.
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Fig. 3. Structure of NFT2 Takagi-Sugeno system

The input variables € (space vector) and 6’(change of
space vector) each have a number membership function
of 5 and 5, respectively (see Fig. 3). So, there are we have
25 rules (5-5 = 25). For two input variables, Bell shape
membership functions are employed. As a result, NFT2
are 105 fitting parameters overall. Because the premise

parameters are 30 (5-3+5-3 = 30) and the consequent
parameters are 75 (3-25 =75).
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Fig. 4. Inverter line to-line voltage and harmonic spectrum
at switching frequency of 3 kHz
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In comparison to NFT1 SVM and conventional SVM,
the 5" and 7" harmonics are decreased in NFT2 SVM.
Comparing NFT2 based SVM to NFT1 based SVM and
conventional SVM, the THD was also lowered (see Table 2)

Table 2
THD comparison at 3 kHz
Conventional NFT1 | NFT2
No Parameter SVM based | based
SVM SVM
Fundamental line
1 voltage (peak), V 135.8 136 136.6
2 |5™ harmonic, % 2.13 1.98 1.87
3 7™ harmonic, % 1.86 1.55 1.1
4 |THD, % 17.29 16.31 14.32

5.2 Performance of IM (switching frequency 3 kHz).

1. Operation during steady state. IM steady state
torque ripple decreased from 2.2 N-m to 1 N-m in NFT2
based SVM as compared to conventional based SVM (see
Fig. 5,a,c). Similarly, torque ripple reduced from 2.2 N-m
to 2 N-m in NFT2 as compared with NFT1 based SVM
(see Fig. 5,b,c). The speed response reaches early in
NFT2 based SVM compared with NFT1 and conventional
based SVM (see Fig. 5,c¢). SVM technique and fuzzy logic
control are used in two distinct direct torque control
methods, which are described in [22].
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Fig. 5. IM performance at 3 kHz during steady state operation

2. During step change operation. When compared to
conventional SVM, an IM is operating during a step change,
the torque ripple is reduced from 17.5 N-m to 15 N-m in
NFT2 based SVM (see Fig. 6,a,c). Similarly as compared
to NFT1 based SVM, torque ripple reduced from 17 N-m
to 15 N-m (see Fig. 6,b,c).
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The torque ripple reduced by 16.66 % in NFT2
based SVM. When compared to NFT1 and conventional
SVM, the stator current increased by 33.33 % in NFT2
based SVM (Fig. 6,c). The quick response arrives before

time (see Fig. 6,¢).

5.3 Inverter line-to-line voltage and harmonic
spectrum at switching frequency of 15 kHz.

The fundamental line voltage increased by 0.87 % in
NFT2 as compared with conventional SVM (see Fig. 7,a,c).
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Fig. 7. Inverter line-to-line voltage and harmonic spectrum
at switching frequency of 15 kHz

Similarly, in NFT2 based SVM the fundamental line
voltage increased by 0.65 % as compared with NFTI

based SVM (see Fig. 7,b,c). For a 150 V DC inverter,
NFT2 based SVM reduces the 5™ and 7" harmonic as
comparing with conventional and NFT1 based SVM, the
overall THD was similarly lower (see Table 3).

Table 3
Comparison of THD at 15 kHz
Conventional NFT1 NFT2
No Parameter 0 Si/MO based based
SVM SVM
Fundamental line
1 voltage (peak), V 137.2 137.5 138.4
2 [5™ harmonic, % 1.2 0.2 0.14
3 |7™ harmonic, % 0.47 0.31 0.06
4 |THD, % 2.95 2.42 1.66

5.4 Performance of IM (switching frequency 15 kHz).

Operation during steady state. When compared to
conventional SVM, the torque ripple caused by an IM
operating in steady state is reduced (1.5 N-m to 0.5 N-m)
by 66.665 % in NFT2 (see Fig. 8,a,c). Similarly, in NFT2
based SVM, the ripple in torque reduced (0.8 N-m to
0.5 N'm) by 0.375 % as compared with NFT1 based SVM
(see Fig. 8,b,c). The ripple in the stator current was also
reduced by 0.37 %, and the speed response arrived earlier
(see Fig. 8,¢).
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6. Experimental validation. A dSPACE DS-1104 is
employed to carry out the NFT2 based SVM algorithm in
real time. The initial development of the control algorithm
takes place in MATLAB/Simulink. By using MATLAB’s
real time workshop, automatic C code generation for real
time implementation is accomplished. The experimental
setup is shown in Fig. 9.

— e -

Fig. 9. Experimental setup

6.1 Line—to-line voltage at 3 kHz. The THD value also
reduced in NFT2 based SVM as compared with NFT1 based
SVM and conventional SVM (Fig. 10-12, where 1 div is 50 V).

Fig. 10. Conventional SVM

Fig. 11. NFT1 based SVM

Fig. 12. NFT2 based SVM

6.2 Speed response of IM drive. Finally, Fig. 13-15
present the speed response reaches early in NFT2 based
SVM as compared with NFT1 based SVM and conventional
based SVM. The performance of IM drive improved under

steady state operation and step change operation.
2BB53S

" Fig. 15. NFT2 based SVM

7. Conclusions. A dynamic response of the induction
motor (IM) has been seen while comparing the recommended
neuro fuzzy type-2 (NFT2) space vector modulation (SVM)
based controller to the conventional based SVM and neuro
fuzzy type-1 (NFT1) based SVM controllers.

The performance of NFT1 controllers based SVM IM
drive under various operating conditions with switching
frequency at 3 and 15 kHz examined. The fundamental line
voltage is 0.14 % increase in NFT1 based SVM as compared
with conventional SVM. The 5™ 7™ harmonic components
are reduced by 7.04 %, 16.66 % respectively in NFT1 based
SVM as compared with conventional SVM. The total
harmonic distortion (THD) in NFT1 based SVM reduced by
5.66 % as compared with conventional SVM.
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Similarly, IM drive operates under 15 kHz operation
the fundamental line voltage is increased by 0.21 % as
compared with conventional SVM. The 5™, 7" harmonic
components are reduced by 83.33 %, 34.04 % respectively
in NFT1 based SVM as compared with conventional SVM.
The THD in NFT1 based SVM reduced by 17.96 % as
compared with conventional SVM.

The experimental implementation of the IM drive with
conventional SVM, NFT1 and NFT2 controllers based SVM
examine at switching frequency 3 kHz using dSPACE DS-
1104. The inverter line voltage V, THD value reduced by
23.1 %, 9.65 % in NFT2 SVM by as compared with
conventional SVM, NFT1 SVM respectively. The inverter
line voltage V,. THD value is reduced by 18.9 % in NFT2
SVM by as compared with conventional SVM. The inverter
line voltage V., THD value is reduced by 23.1 %, 9.65 % in
NFT2 SVM by as compared with conventional SVM, NFT1
SVM respectively.

The dynamic performance of IM drive improved
with NFT2 based SVM as compared with NFT1 and
conventional based SVM.
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