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Abstract: A simplified Direct Torque Control (DTC) strategy for symmetrical six phase induction motor drives 

with ANFIS and PI controller is discussed in this paper. The coils of the six phase induction motor are 

symmetrically arranged and angle between two consecutive phases is 60
o
.  A simplified DTC technique is used 

to regulate the torque and hence control the speed. The simulation was conducted at starting, speed reversal, 

speed change, sudden load torque disturbances and faulty conditions. Comparison of the results establish the 

acceptable performance of both the ANFIS and PI controllers obtained after simulation of the Drive System in 

C++ environment.  
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I.    Introduction 
Three phase induction motors are widely used industrial motor due to their simple structure, efficient 

smooth power conversion characteristic, lower cost and ready availability of three phase power supply. These 

motors suffer from one serious disadvantage of its failure to operate due to fault in a phase that causes single 

phasing and the motors fail to produce useful mechanical power. However, an inverter fed three phase induction 

motor produce torque oscillation and requires power semiconductor devices of higher rating. The problem can 

be solved using multiphase induction machines. These machines provide additional freedom of control, lower 

rating of semiconductor switches, smooth torque profile and reliable operation in case of faults in one or more 

phases. Due to advancement of semiconductor technology, power is conveniently generated for more than three  

phases fed to higher number of phase machines. 

Application of dual three phases or multiple three phase machines was the start up journey of 

multiphase induction machines. Later on applications of 5, 6 and 7 phase motors were introduced. A review 

paper [1] describes the progress made in multi-phase induction machine drive research and development since 

its inception. The paper attempts to highlight the current and future issues involved for the development of 

multi-phase induction machine drive technology for future applications. The paper [2] describes an application 

of fuzzy logic and sliding mode controls in order to obtain a high-accuracy positioning of a 6-Phase IM rotor in 

both healthy and faulted modes. The two control strategies were completely different from a theoretical point of 

view, but the final objectives were to remove the drawbacks of the specific fault on interest. The experimental 

results obtained on a dedicated setup based on a 6-phase IM coupled with a variable mechanical load 

demonstrated functioning of the drive system to supply some mechanical load for which up to three phases can 

be removed. By injecting third harmonic current additional torque can be produced [3]. Also, increasing phase 

number to at least five (or more) enables completely independent vector control of two (or more) multiphase 

machines that are supplied from a single current-controlled voltage source inverter [4]. Vector control of a 

symmetrical six phase induction machine with a novel configuration designed in a simple way that uses only 

three current sensors is presented in [5]. Analytical equations are extracted in the paper to show that some of the 

current components which do not contribute in torque production may be eliminated as described in the 

proposed scheme. Two separate models have been used in [6] to analyze the dynamic behavior of machines for 

balanced and unbalanced excitation due to open circuit. These models are silent about the analysis of 

unbalanced condition caused by the short circuit at stator terminals. The mathematical model of a six phase six-

step voltage-fed induction motor with 30
o
 angle between the 2 sets of three phase windings is presented in [7].  

Constant V/f control was extensively studied in the early days of the multiphase variable-speed 

induction motor drive development. A drive system described in [8] using voltage source inverters with quasi 

square-wave current output for a six phase induction motor. The paper [9] is presented a Direct Torque Control 
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for a Six Phase Induction Machine drive using a PI regulator. The control scheme allows direct and independent 

electromagnetic torque and flux control, selecting an optimal switching vector. The simulation results show that 

the DTC present a good dynamics performances. A DTC-SVM scheme [10] has been presented for 

unsymmetrical six-phase IM. The decoupled torque and stator flux is achieved in the IM stator flux field 

orientation reference frame using conventional PI regulators. In this control scheme, the rotor speed and stator 

resistance are estimated by simple estimation methods. In addition, the stator phase voltages are estimated by 

using the SVPWM inverter switching times and the dc link voltage. The paper [11] presents a new configuration 

for direct torque control (DTC) of six-phase induction motor (SPIM). In it direct torque and flux control are 

applied to the six phase induction motor using matrix converter with the conventional three-phase source as its 

input. The proposed DTC scheme for SPIM benefits the advantages of both DTC and matrix converter. The 

simulation results show the effectiveness of the proposed method in both dynamic and steady state response. 

Application of DTC is shown in [12]. Their test results demonstrate that torque ripple in six phase induction 

machine is possible only if a three phase group is open circuited. 

Normally used fuzzy inference system (FIS) reflects the actual process of mapping from a given input to output 

using fuzzy logic. The fuzzy system and neural networks are thought as complementary technologies. The most 

important reason for combining fuzzy systems with neural networks is to use learning capability of neural 

network which is an advantage from the view point of a fuzzy system, that additionally facilitate the combined 

system [13]. Because a neuron-fuzzy system is based on linguistic rules, we can easily integrate prior 

knowledge in to the system, and this can substantially shorten the learning process. One of the popular 

integrated systems is an ANFIS (Adaptive Neuro Fuzzy Inference System) [13]. Modern control systems are 

designed imparting artificial intelligence. This paper investigates on number and shape of membership 

functions. The study considered four membership functions of which Gaussian function appeared to be the best 

providing higher degree of accuracy according to their experiment. Adaptive Neuro-Fuzzy Inference System 

(ANFIS) is a combination of Artificial Neural Network (ANN) and Fuzzy Logic (FL) which is an effective 

method for predicting motor performance. This model is trained by the Levenberg-Marquardt (LM) training 

algorithm and performance is compared between ANFIS and Fuzzy PID control system. It also has compared 

with experimental data based on two- axis inertial stabilized platform [14]. The paper [15] proposes ANFIS 

based controller and it consists of the combination of Artificial Neural Network (ANN) and Fuzzy Logic (FL), 

which uses learning techniques to control the PMBLDC motor. The performance of ANFIS depends on only 

two factors such as number of parameters and shape of membership function. ANN is a system which processes 

information from one neuron to other neuron like biological neural connected human brain. PI controller is 

tuned by Ziegler-Nichols method. The performance of drive systems were compared with both control systems. 

Motor drive system is simulated in a C++ environment in discrete form.  

In this paper our objective is to study the functionality of an ANFIS based Direct Torque Control with 

a simplified algorithm of switching control for the symmetrical six phase induction motor. This multiphase 

machine has simplified mathematical model and reduced control system complexity. The study covers normal, 

disturbance and faulty conditions. Simulations results indicate improved performance indicate applicability of 

the drive system for industrial purposes. 

 

II. Mathematical model of the symmetrical six phase induction motor 
A symmetrical six phase induction motor requires a six phase inverter for its excitation. Let us consider 

a symmetrical six phase induction motor with star-connected stator phase coils. The rotor coils are also assumed 

star connected. The arrangement of stator coils of such a machine is shown in Fig1. The rotor is star connected 

and the machine is fed from a six phase inverter having six legs marked as 1,2,3,4,5 and 6. The motor inverter 

system of a symmetrical six phase machines shown in Fig. 2. It is to be noted that the coils of a six phase 

induction motor are symmetrically arranged and angle between two consecutive phases is 60
o
.  

 

 
 

 

 

For symmetrical six phase induction machines all the coils are identical. Mathematical modeling is 

done neglecting the flux fringing and saturation. Parameters are also considered constants. Under this condition, 

considering power invariant transformation we can write the following generalized transformation: 

Rotor Fig.1 Stator Coil Arrangement of a Symmetrical Six 

Phase Induction Motor 
Fig. 2 Inverter and six phase Symmetrical 

Induction Motor 
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Where, angle between two consecutive phases is α=60
o
 for symmetrical six phase machine.  

For control system design purpose multiphase induction machines are described in synchronously rotating dq 

arbitrary frame. The stator voltage equations of the six phase induction machine can be written as: 

𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑

𝑑𝑡
𝜓𝑑𝑠 − 𝜔𝑒𝜓𝑞𝑠                                                               (2) 

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑

𝑑𝑡
𝜓𝑞𝑠 + 𝜔𝑒𝜓𝑑𝑠                                                                (3) 

Similarly, the rotor circuit equations are written as: 

𝑣𝑑𝑟 = 𝑅𝑟 𝑖𝑑𝑟 +
𝑑

𝑑𝑡
𝜓𝑑𝑟 − (𝜔𝑒−𝜔𝑟)𝜓𝑞𝑟                                                    (4) 

𝑣𝑞𝑟 = 𝑅𝑟 𝑖𝑞𝑟 +
𝑑

𝑑𝑡
𝜓𝑞𝑟 + (𝜔𝑒 − 𝜔𝑟)𝜓𝑞𝑟                                                   (5) 

The flux linkage expressions are written as 

𝜓𝑑𝑠 = 𝑙𝑙𝑠 𝑖𝑑𝑠 + 𝐿𝑚 (𝑖𝑑𝑠 + 𝑖𝑑𝑟 )                                                                 (6) 

𝜓𝑑𝑟 = 𝑙𝑙𝑟 𝑖𝑑𝑟 + 𝐿𝑚 (𝑖𝑑𝑠 + 𝑖𝑑𝑟 )                                                                 (7) 

𝜓𝑞𝑠 = 𝑙𝑙𝑠 𝑖𝑞𝑠 + 𝐿𝑚 (𝑖𝑞𝑠 + 𝑖𝑞𝑟 )                                                                   (8) 

𝜓𝑞𝑟 = 𝑙𝑙𝑟 𝑖𝑞𝑟 + 𝐿𝑚 (𝑖𝑞𝑠 + 𝑖𝑞𝑟 )                                                                   (9) 

In stationary reference frame α-β the voltage equations in stator and rotor side are: 

𝑣𝛼𝑠 = 𝑅𝑆𝑖𝛼𝑠 + 𝑝𝜓𝛼𝑠                                                                                  (10) 

𝑣𝛽𝑠 = 𝑅𝑆𝑖𝛽𝑠 + 𝑝𝜓𝛽𝑠                                                                                   (11) 

𝑣0s = 𝑅𝑆𝑖0s + 𝑝𝜓0s                                                                                   (12) 

𝑣αr = 𝑅𝑟 𝑖αr + 𝑝𝜓αr                                                                                    (13) 

𝑣𝛽𝑟 = 𝑅𝑆𝑖𝛽𝑟 + 𝑝𝜓𝛽𝑟                                                                                  (14) 

Where the flux linkages can be written as;  

𝜓𝛼𝑠 = 𝑙𝑙𝑠𝑖𝛼𝑠 + 𝐿𝑚 (𝑖𝛼𝑠 + 𝑖𝛼𝑟 )                                                                    (15) 

𝜓𝛽𝑠 = 𝑙𝑙𝑠 𝑖𝛽𝑠 + 𝐿𝑚 (𝑖𝛽𝑠 + 𝑖𝛽𝑟 )                                                                    (16) 

𝜓𝛼𝑟 = 𝑙𝑙𝑠 𝑖𝛼𝑟 + 𝐿𝑚 (𝑖𝛼𝑠 + 𝑖𝛼𝑟 )                                                                   (17) 

𝜓𝛽𝑟 = 𝑙𝑙𝑠 𝑖𝛽𝑟 + 𝐿𝑚 𝑖𝛽𝑠 + 𝑖𝛽𝑟                                                                               (18) 

Where, 𝐿𝑚 =
𝑛

2
𝑀 and M is the maximum value of the stator to rotor mutual inductances in the phase-variable 

model. The torque equation used for simulation model in general is written as: 

𝑇𝑑 =  
6

2
𝑃𝑝(𝜓𝛽𝑟  𝜓𝛼𝑟 − 𝐿𝑚 𝑖𝛼𝑠/𝐿𝑟 − 𝜓𝛼𝑟  𝜓𝛽𝑟 − 𝐿𝑚 𝑖𝛽𝑠 /𝐿𝑟)                          (19) 

With Tl as load torque, J as inertia coefficient and B as friction coefficient at motor mechanical speed 

ω𝑚 , the torque balance equation is given by 

Td=Tl+J
 𝑑ω𝑚

𝑑𝑡
+ 𝐵ω𝑚                                                                                                      (20) 

The state space representation of the system for simulation is described below in matrix form with two 

stator currents and two rotor flux linkages as state variables. 

𝑑
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Where,  𝜎 =
1−𝐿𝑚

2

𝐿𝑠𝐿𝑟
 and 𝑣𝛼𝑠  and 𝑣𝛽𝑠  are the equivalent two phase voltages. 

 

III. Direct torque control of symmetrical six phase induction machine 
Direct Torque Control of Induction Machines requires flux error, torque error and flux position for its 

implementation. For this reason actual value of flux and torque need to be calculated. The actual values are 

calculated sensing the physical variables such as phase voltages and currents. From the actual values of phase 

variables the stationary two phase quantities are calculated using transformation in (1).  
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3.1 Stator flux calculation 

It is normal practice for DTCof induction motors is to use rotor flux as reference and actual value. The actual 

values of stator flux components are calculated using the following equations: 

𝜓𝛼𝑠 =   𝑣𝛼𝑠 − 𝑅𝑆𝑖𝛼𝑠  𝑑𝑡                                                                                         (22a) 

𝜓β𝑠 =   𝑣β𝑠 − 𝑅𝑆𝑖β𝑠 𝑑𝑡                                                                                          (22b) 

The actual rotor flux components are given by: 

𝜓𝛼𝑟 =  
𝐿𝑟

𝐿𝑚
 𝜓𝛼𝑠 − 𝜎𝐿𝑠𝐼𝛼𝑠                                                                                        (23a) 

𝜓𝛽𝑟 =  
𝐿𝑟

𝐿𝑚
 𝜓𝛽𝑠 − 𝜎𝐿𝑠𝐼𝛽𝑠                                                                                        (23b) 

Magnitude of actual rotor flux is calculated as: 

𝜓𝑟 =  𝜓α𝑟
2 + 𝜓β𝑟

2                                                                                          (24) 

 

3.2 Angular position of flux vector 

The sector is determined from position of rotor flux position. 
The angular position 𝞱of the stator flux vector is calculated as: 

𝜃 = 𝑡𝑎𝑛−1 𝜓𝛽𝑟

𝜓𝛼𝑟
                                                                                                  (25) 

 

3.3 Torque calculation by the controller 
The controller calculates the developed torque using only the stator variables those can be measured and is given 

by the following equation: 

𝑇𝑒𝑑 =
 3

2
𝑃𝑝 𝜓𝛼𝑠𝑖β𝑠 − 𝜓β𝑠𝑖𝛼𝑠                                                                                                          (26) 

 

3.4 Voltage Vectors and Switching Table 
For a symmetrical six phase machine distinctly we have six voltage vectors shown in Fig.3. The six voltage 

vectors are calculated based on six bit digital system with upper switches “ON=1” and lower switches “ON=0” 

thus generating binary number converted to decimal values as indicated below the switching table. Switching 

Table 1 is required for DTC operation. 

 

 
Fig.3 Voltage Vectors of a Symmetrical Six Phase Induction Motor 

 

DTC Switching Table 1 
Δψ ΔTe Sector1 Sector2 Sector3 Sector4 Sector5 Sector6 

-1 or 0 

-1 5 6 1 2 3 4 

0 7 0 7 0 7 0 

+1 3 4 5 6 1 2 

+1 

-1 6 1 2 3 4 5 

0 0 7 0 7 0 7 

+1 2 3 4 5 6 1 

1,2,3,.. are voltage vectors.  Digital values of voltage vectors are V1=49;  V2=56; V3=28; V4=14; V5=7; 
 

3.5 Reference Values Generated by the Controller 
In this study we consider only operation in the base speed region and reference flux is assumed 

constant. The reference torque is calculated from the speed error using an ANFIS type controller that provides 

promising result. The sensing, axes transformation, error processing, sector searching and switching logic 

generation are done to implement the DTC control scheme as shown in Fig.4 below. 
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Fig. 4 Control Circuit Block Diagram 

 

IV. Simulation results 
The drive system was simulated in computer program C++ software using code block. The ANFIS and 

PI controllers are tuned under different operating conditions and plotting the curve using Origin 8.0 software 

package. The six phase machine performance were tested under starting condition, speed reversal, speed 

variation, load torque change and fault condition. 

 

4.1 Starting transient 

The motor performance tested from rest condition with load torque 0.5 Nm and reference speed 1432.4 

rpm for ANFIS and PI controller. The motor drive with ANFIS reach the set speed at 0.36sec  and with PI 

controller reach the set speed at 0.97sec shown in Fig.5(a) and Fig.5(b). From Fig.5 (a) of ANFIS controller 

observed that there is no overshoot, undershoot or oscillation and taken less time to compare with PI controller 

of Fig.5 (b). The torque characteristics much better in ANFIS controller and variation of developed torque 

higher in PI controller which depicted in Fig.5(c) and Fig.5 (d).  Both the controller the rotor flux profile are 

very similar shown in Fig.5 (e) and Fig.5 (f). 

 
 

 

 

 
 

(a) Starting Speed with ANFIS Controller 

 

(b) Starting Speed with PI Controller 

(c)Developed Torque at Starting with 

ANFIS Controller 
(d)Developed Torque at Starting with 

PI Controller 
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Fig.5 Starting performance of six phase direct torque control of symmetrical six phase 

 induction motor with ANFIS and PI controller 

 

4.2 Speed reversal 

Both the drive systems were tested for speed reversal. The motors were running at steady state and set 

speed command was applied from +954 rpm to -954 rpm. The drive with ANFIS controller required 4.5 sec and 

PI controller take more time to reach reference speed of -954 rpm which presented in Fig.6 (a) and Fig.6(b). The 

torque characteristics with ANFIS controller is better than PI and less variation with ANFIS controller also 

shown in Fig.6(c) and Fig.6 (d). The rotor field angle for the controller depicted in Fig.6 (e) and Fig.6 (f). 

 

 
 

 
 

 

 

 

 
 

 
Fig. 6 Speed reversal characteristics with ANFIS and PI controller 

 

4.3 Sudden load torque change 

The drive performance was tested for sudden load torque change. The motor was running with a set 

speed of 1432 rpm and load torque 0.5 Nm. At time t=1.5 sec the load torque was suddenly increased from 0.5 

to 3.0 Nm for both the controllers. Both the drive systems overcome the sudden load change without any speed 

oscillations as shown in Fig.7 (a) and Fig.7 (b). Also the torque characteristics are shown in Fig.7(c) and Fig.7 

(d).No speed oscillation is observed. Slip speed for load torque disturbance with ANFIS controller are presented 

in Fig.7 (e) 

(e)Rotor flux profile with ANFIS 

Controller 
(f)Rotor flux profile with PI 

Controller 

(a)Speed reversal with ANFIS 

Controller 

 

(b) Speed reversal with PI Controller 

 

(c)Torque characteristics for speed reversal 

with ANFIS Controller 

 

(d)Torque characteristics for speed 

reversal with PI Controller 

 

(e)Rotor field angle for speed reversal with 

ANFIS Controller 

 

(f)Rotor field angle for speed reversal with 

PI Controller 
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Fig. 7 Effect of sudden load torque disturbance with ANFIS and PI controller 

 

4.4 Speed variation 

Both the drive system running at steady state at a speed of 955 rpm. At time t=1.0 sec the new set speed 

was adjusted to 1432 rpm for both the controller. The drive with ANFIS controller taken to less time to reach the 

reference speed which presented in Fig.8 (a) and Fig.8 (b). The developed torque also fast in stable condition 

compare with PI controller depicted in Fig.8 (c) and Fig.8 (d). The Rotor flux profile for both the controllers are 

identical as shown in Fig.8 (e) and Fig.8 (f).  

 
 

 

 

 
 

 

 
Figure 8: Drive performance at speed variation with ANFIS and PI controller 

 

4.5 Performance with asymmetrical operation (one phase open due to fault) 

The drive system were tested under fault conditions created one of six phases open at t=1.5sec for the 

controller. The speed response for ANFIS and PI controller is identical and no change in speed due to opening 

„a‟ phases (ie. Va=0) which is shown in Fig.9 (a) and Fig.9 (b). The shape of the developed torque curve is also 

unaffected due to sudden fault condition as depicted in Fig.9 (c) and Fig.9 (d).This indicates the advantages for 

multiphase machines for reliable operation. The phase voltages for both controller presented in Fig.9 (e) and 

Fig.9 (f) 

(a)Speed for load torque disturbance 

with ANFIS Controller 
(b) Speed for load torque 

disturbance with PI 
(c) Torque characteristics for load torque 

disturbance with ANFIS Controller 

(d) Torque characteristics for load torque 

disturbance with PI Controller 
(c)Slip speed for load torque 

disturbance with ANFIS controller 

(a)Speed variation with ANFIS 

Controller 

 

(b)Speed variation with PI 

Controller 

 

(c)Torque characteristics for speed 

variation with ANFIS Controller 

 

(d)Torque characteristics for speed 

variation with PI Controller 

 

(e)Rotor flux profile with ANFIS 

Controller 
(f)Rotor flux profile withPI 

Controller 
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Fig. 13 Performance test with one of six phases open with ANFIS and PI controller 

 

V.  Conclusion 
From the starting condition, we have observed that ANFIS controller based six phase induction motor‟s 

speed and torque responses are faster than PI controller and these are controlled as well. Speed reversal time by 

ANFIS torque control is better than PI. The machine with ANFIS controller can provide faster response and 

controlled accurately during normal and abnormal conditions like parameter changes and fault conditions. 
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