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ABSTRACT 

This paper is focused on Fuzzy Extreme Learning Machine (ELM) algorithm based field oriented control 
system for induction motor fed by Matrix Converter drive. The use of fuzzy ELM algorithm based ANN 
Controllers in the FOC system reduces the computation time. The controller is used to compute the 
appropriate set of switching voltage vectors for matrix converter to achieve the maximum efficiency for 
any value of operating torque and motor speed. In this paper, the Matrix Converter with field oriented 
control system is designed using MATLAB/SIMULINK toolbox. Initially, fuzzy logic controllers are used 
as current and torque controllers. ELM controller is designed to replace space vector modulation circuit in 
the conventional field oriented control system. The three inputs to the Fuzzy ELM controller are Va

*, Vb
* 

and Vc
* and the outputs of the ELM controller are voltage vectors for appropriate switching of matrix 

converter. The performance of the induction motor is tested for various reference speed and torque values. 
The speed and torque curves of the induction motor shows that the use of ELM controller reduces the 
ripples in torque and reduces the response time in the speed curve due to the fast response time of the ELM 
Controller 

Keywords:Matrix Converter, Fuzzy logic Controllers, Extreme Learning Machine Algorithm, Field 
Oriented Control, Induction Motor 

 

1. INTRODUCTION 

Recently, considerable interest has been focussed 
on the development of direct AC-AC converters for 
variable speed induction motor drives. Matrix 
Converter is one of the AC – AC converter and it 
consists of matrix of bidirectional switch elements. 
The Matrix converter is able to perform direct AC 
to AC frequency and voltage conversion without 
the need for intermediate energy storage 
components such as the DC link filter of the more 
usual rectifier – inverter arrangement. The 
converter is capable of operating at lagging, unity 
or even leading fundamental input displacement 
factor.  The converter offers the advantages of four 
quadrant operation, sinusoidal input and output 
waveforms, minimum energy storage components 
and controllable displacement factor [1]. 
 

Despite the inherent advantages of matrix 
converter, its physical realisation is not 

straightforward due primarily to the absence of 
naturally occurring freewheeling paths. 
Consequently, the timing of the switch actuation 
signals is particularly critical and protection of the 
control circuit under fault conditions requires very 
careful consideration. Most of the research is 
focussed on modulation algorithms for the matrix 
converter employing fixed switching patterns. The 
drawback of fixed switching patterns is that it can 
be created only for certain output frequencies where 
input and output frequencies are synchronized such 
as 25Hz, 50Hz and 100Hz etc. However, in general 
the input and output frequencies will be 
asynchronous, consequently the switching patterns 
may never repeat and cannot therefore be pre-
calculated. Therefore, it is necessary to calculate 
the duty cycles every sampling time in order to 
achieve voltage control in which the output 
frequency is continuously variable [2]. In this work, 
the input and output frequencies of the matrix 
converter are totally asynchronized and therefore, 
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closed loop control is employed for recalculating 
the switching duty cycles at every sampling time 
for the demanded output frequency and voltage.  
 

Despite the several advantages, the Matrix 
converter has not reached the industrial use. The 
prime reason for this is complexity in closed loop 
control. The other reasons are inefficient solutions 
for over voltage protection, questionable robustness 
of the bi-directional switch commutation at 
distributed supply voltages.  There are two types of 
closed loop control system for Induction Motor 
namely, Field Oriented Control system and Direct 
Torque Control System. This paper is focussed on 
simulation study of field oriented control schemes 
to select proper switching patterns for Matrix 
Converter using Extreme Learning Machine(ELM) 
controller. In section II, the design of field oriented 
control system is explained. In section III, the 
design of fuzzy logic controllers to replace the 
conventional PI controllers is explained. In section 
IV, the Fuzzy Extreme Learning Machine algorithm 
based ANN controller and its training methods are 
explained. In section V, the simulation details of 
the complete system with ELM controller and 
Matrix converter is explained. In section VI, the 
speed and torque characteristics of Induction motor 
fed by Matrix Converter using ELM controller is 
analysed for various reference speed and torque 
inputs.  

 

2. CLOSED LOOP CONTROL SYSTEM 

There are two types of closed loop control 
system for Induction Motor namely, Field Oriented 
Control system and Direct Torque Control System. 
The advantages of DTC system are fast torque 
response; no speed sensor is required and simple in 
structure. Whereas, the DTC system has the 
disadvantages of high torque and current ripples. 
The advantages of FOC system are simple in 
structure and high efficiency. The disadvantage of 
the FOC system is its low dynamic performance 
due to the presence of PI controllers. The detuning 
of PI controllers results in high torque and flux 
magnitude errors.  
A. Conventional Field Oriented Control System 

The Conventional Field Oriented Control 
system is shown in fig.1 [3]. FOC is achieved by 

measuring the instantaneous stator current and rotor 
speed. The measured instantaneous current is 
converted into field oriented d axis (ids) and q axis 
(iqs) components by using Clarke transformation. 
The instantaneous flux vector angle θe is calculated 
from the rotor position signal and the commanded 
slip position as in  
 

   (1) 
 
where, is the slip frequency and is given as 
 

    (2) 
 
where,  is the rotor time constant and  is the 
magnetizing current. The rotor speed is measured 
by using the position encoder. The rate of change of 
the output of position encoder(ωr) is compared with 
the reference speed (ωref) and the speed error is 
processed in the speed controller. The output of the 
speed controller is the demand torque isq

* which is 
proportional to the torque demand in the constant 
torque region. The isd and isq error processed in the 
current controllers to produce the voltage reference 
signal vsd

* and vsq
* respectively. The three phase 

voltages are produced from vsd
* and vsq

*using 
Inverse Park Transformation. These three phase 
voltages are supplied to the space vector 
modulation circuit to select the appropriate 
switching vectors for the Matrix Converter. The 
tuning and detuning of the speed and current PI 
controllers result in low dynamic performance and 
high torque ripples [4].. The selection of switching 
vectors using space vector modulation block results 
in switching errors due to the slow response of PI 
controllers. 
 
B. Field Oriented control using Fuzzy and ELM 

Controllers 
The drawback of conventional FOC system 

using PI controllers can be solved by using 
intelligent controllers. The PI controllers used for 
estimating isd

* and isq
* are replaced by fuzzy 

controllers. The ELM controller is used to estimate 
the switching vectors for matrix converter. 
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Figure 1.Conventional Field Oriented Control System [1] 

 
3. FUZZY LOGIC CONTROLLERS 

Fuzzy logic is a technique to embody human 
link thinking into a control system. A fuzzy 
controller can be designed to control the process 
using fuzzy linguistic descriptions. Fuzzy control 
system is shown in fig. 2. It consists of four blocks 
namely fuzzification, decision making, knowledge 
base and defuzzification [5].  

 
A. Fuzzy based speed controller 

Fuzzy speed controller replaces the conventional 
PI controller. Speed error is calculated by 
comparison between reference speed and speed 
signal feedback. Speed error and change in speed 
error are input variables to the fuzzy controller. 
Input variables are normalized with the range of 
membership function. The accuracy of the controller 
depends on the normalization factor [6]. The output 
variable from the fuzzy controller is isq

*. Fuzzy rules 
are generated from the input-output data pair and are 
stored in the fuzzy rule base. The fuzzy rule base is 
looked up by the fuzzy reasoning mechanism to 
generate the output variable. Centre of gravity 
method is used here to calculate the crisp value of 
the output. The membership function is shown in 
the fig.3 and fig.4. The membership function for 
output variable is shown in fig.5. The Table.1 shows 
the fuzzy rules 
 
 
 
 

 
Figure 2.Block diagram of fuzzy control system 

. 

Figure3. Fuzzy membership function for speed error 

 

 
Figure 4. Fuzzy membership function for change in 
speed error 
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Figure 5.Fuzzy membership function for output 
variable. 

 

Table.1 Fuzzy rules 

      e 
ce 

NB  NS  ZE  PS  PB 

NB  NB  NS  NS  NS  ZE 

NS  NB  NS  NS  ZE  PS 

ZE  NB  NS  ZE  PS  PB 

PS  NS  ZE  PS  PS  PB 

PB  ZE  PS  PB  PB  PB 

 
B. Fuzzy current controller 

Fuzzy current controllers estimate the vsd
* and 

vsq
* values. The d-q components of the measured 

stator current(isd and isq) is compared with its flux 
and torque reference values (isd

* and isq
*). The error 

signal is applied as one of the input variable to the 
fuzzy controller and its change in error is applied as 
another input to the fuzzy controller. The output 
variable of the fuzzy controller is d-q components 
of stator vector voltage (vsd

* and vsq
*). The centre of 

gravity defuzzification method is used here to 
calculate the crisp value of the output.  
 

The output of fuzzy speed controller and fuzzy 
current controllers are used as inputs to the ELM 
controller.  
 
4. INTRODUCTION TO EXTREME 

LEARNING MACHINE 
 

In the recent past, Huang et al.,  have proposed a 
new learning algorithm called the ELM; it is a 
single-hidden layered feedforward neural networks 
(SLFNs). Hanang, G.B., et.al. [11] says that ELM 
may randomly choose and fix all the hidden node 
parameters and then analytically determine the 
output weights.   
 

Once the weights of the SLFNs have been 
randomly assigned, then SLFNs is to be considered 
as a linear system then the output weights can be 
obtained analytically through a generalized inverse 
operation of the hidden layer output matrices.  The 
activation functions used in ELM are any non-
linear activation function used in neural network 
(sigmoid, hyperbolic function etc.,), radial basis 
function, complex activation function [12], and so 
on.   
 

The proposed SLFN can have P hidden nodes 
and it can be approximated through the given N 
pairs of input / output values, namely,  , )    
x    with zero error, then we have 
 
∑ ,  ,  forj= 1, 2, …. P   (3)  
 
where (ai, bi) is the parameter associated with ith 
hidden node and I is the output weight linking the 
ith hidden node to the output node. In this paper, 
non-linear activation function, called sigmoid 
function is used. That is, 
 

,  ,   .    ,      . 
 
Hence, equation (*) can be rewritten as 

H  = T                                   (4) 
where 

 

,  ,  ,  ,      …  ,  ,
,  ,  ,  ,      …  ,  ,

.

.
,  ,  ,  ,      …  ,  ,

  (***) 
 , , … , T and  , , … , T(5) 

 
While computing,   = H# T is used as the 

estimated value of , where H# is the Moore-
Penrose generalized inverse of the hidden layer 
output matrix H [13].  The following is the formal 
ELM algorithm proposed by Huang et. Al.,[14]. 
 
A. ELM Algorithm 

Given a training set of input / output 
values  , )  x   , for i = 1, 2, …, N;  the 
activation function 

,  ,  .    ,       and the number 
of hidden nodes P.  
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Step 1: By using continuous sampling distribution, 
assign random hidden nodes by randomly 
generating parameters (ai, bi) for i = 1,2, …, N 
 
Step 2:Compute the hidden layer output matrix H 
 
Step 3:Compute the output weight  , by using the 
relation   = H# T  
 

B. FELM based optimal Switch state selection 
The switch states can be selected using Fuzzy 

Extreme Learning Machine Algorithm. The outputs 
from the fuzzy current controllers are Vds

* and Vqs
*. 

These outputs are transformed into Va, Vb and Vc 
using inverse part transformation. These inputs are 
used to select the optimal switch state by applying 
Fuzzy Extreme Learning Machine Algorithm. The 
controller action is explained in the following steps.  

i. Fuzzy variables Vao
*, Vbo

* and Vco
* are divided 

into five linguistic variables namely, Negative 
High, Negative Small, Zero, Positive Small and 
Positive high. The fuzzy membership functions 
for these variables are shown in fig. 6 

ii. These fuzzy input values are fed into ELM.  
Then, ELM structure is trained first with a set of 
training input / output data.  The fuzzy output 
data are collected according to Mamdani fuzzy 
inference system followed by max-product 
principle. Once Fuzzy-ELM is trained with 
sufficiently large number of training data set, and 
the training will be stopped at ith iteration. It is 
observed that the error is 1e-05.  This is shown 
in fig.7 

iii. The fuzzy output variable used here is switching 
vector selection for Matrix Converter.  The fuzzy 
membership function for the output variable 
(SW1)is given in fig. 8. 

iv. After training ELM, the switches to be fired are 
selected based on the fuzzy decision matrix. The 
The error performance analysis plot is shown in 
Fig.9. Switch state selection flow diagram is 
shown in Fig. 10. It can be seen that in the ELM 
method the percentage of error is less compared 
to conventional methods.  

 
 
 
 
 

 
Figure 6.Fuzzy membership function for one of the 
input variables Vao

* 
 
 

 
Figure 7.ANN error signal output 
 
 

 
Figure 8.Fuzzy membership function for output 
variable 

 

 
 

Figure.9.Performance analysis plot 
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5. SIMULATION MODEL 
 
The complete block diagram shown in fig. 11 

is simulated in the MATLAB/SIMULINK.  The 
instantaneous staor current is transformed into its d-
q components in the d-q model block using clarke 
transformation. The speed error is processed in the 
fuzzy speed controller block. The flux error and 
torque are processed in the fuzzy current 
controller1 and fuzzy current controller2 blocks 
respectively. The output of the current controllers 
produce the d-q axis stator voltages. The d-q 
voltages are conveted into Vao

*, Vbo
* and Vco

* by 
inverse park tranformation. This voltage along with 
three phase input current acts as input to the ELM 
controller which produces the switching voltage 
vector for Matrix Converter. When the reference 
speed is changed the ANN controller optimizes the 
weight and hence the speed of the induction motor 
follows the reference speed. The simulation results 
shows the torque speed characteristics of Induction 
motor for various input parameters.  

 
Figure 10.Switch state selection flow diagram 

 
 
 

 
Figure 11.Complete block diagram of fuzzy-ELM system 
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6. SIMULATION RESULTS 
 

The speed characteristic of Induction Motor is 
shown in Fig. 12. The initial speed command is 
0rpm and change in speed of 300rpm is applied at 
0.1msec. The motor speed reaches the reference 
speed of 300rpm at 0.4msec. It can be observed that 
the overshoot is very less compared to the 
conventional controllers. The starting torque is very 
high which is 800nm and settles at the torque value 
of 300nm at 0.1msec. When the speed reaches the 
steady state value of 300rpm at 0.4msec the torque 
settles at 0nm. At 1msec, change in speed command 
of 1500rpm is applied. The speed curve reaches the 
steady state value of 1500rpm at 2.3msec. The 
torque value shoots to 300nm and reaches 800nm at 
2.3msec. When the motor speed reaches the steady 
state value of 1500rpm at 2.3msec, the torque curve 
continues to stay at 800nm. When the change in 
speed command of 0rpm is applied at 3msec, the 
torque value drops to 500nm at 3msec. The motor 
speed reaches the reference speed command of 
0rpm at 4.6msec. The torque characteristic of the 
motor is shown in Fig. 13. There is ripple in the 
torque characteristics whereas it is less compared to 
the conventional system. The motor takes significant 
time to reach the reference speed command due to 
the slow response of the flux observer in the model. 
The overshoot at each change in speed command is 
significantly less compared to the conventional 
system. This is because of the quick response of 
Extreme Learning Machine Controller.  

 
Figure 12.Motor Speed characteristic 

 

 
Figure 13.Motor Torque characteristic 

7. CONCLUSION  
 
The Extreme Learning Machine Controller 

is successfully implemented along with fuzzy speed 
and current controllers in the field oriented closed 
loop control system. It can be seen from the 
analysis and results that the switching vectors for 
matrix converter is selected perfectly by the 
extreme learning machine algorithm and hence the 
speed control of Induction motor is achieved with 
less overshoot and torque ripples. The 
implementation of fuzzy speed and current 
controllers eliminate the unwinding effect of PI 
controllers in conventional system. Even though the 
time taken by the speed curve to reach the steady 
state value is significantly less, it can be improved 
by improving the flux observer model in the 
system. The quick response of the extreme learning 
machine controller is based on the non-linear 
network optimization obtained through deepest 
descent method and least square estimations used 
for both back-propagation and hybrid learning 
techniques with error accuracy 1e-04.  The 
advantages of the proposed method are: i). the 
deterministic and probabilistic approaches are used 
together to determine the switching state vector for 
the matrix converter  ii).it guarantees to achieve a 
local optimum and closely to the global 
optimization.  
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