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ABSTRACT 

 The paper presents a methodology for developing adaptive speed controllers in a permanent-magnet brushless 

DC (BLDC) motor drive system. A proportional-integral controller is employed in order to obtain the controller 

parameters at each selected load. The resulting data from PI controller are used to train adaptive neuro-fuzzy 

inference systems (ANFIS) that could deduce the controller parameters at any other loading condition within 

the same region of operation. The ANFIS controller is tested at numerous operating conditions with hysteresis 

current controlled position determination. Paper also provides MATLAB developed PMBLDC motor model and 

simulation of PI speed controller in comparison with ANFIS controller. The BLDC motor drive system with PI 

controller exhibits higher overshoot and settling time when compared to the designed ANFIS controller.  
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I. INTRODUCTION 

The Permanent Magnet Synchronous Motor (PMSM) has  a  sinusoidal  back  emf  and  requires  

sinusoidal  stator  currents  to produce constant torque while the permanent magnet brushless dc 

(PMBLDC) motor has a trapezoidal back emf and requires  rectangular  stator  currents  to  produce  

constant  torque [1]. The system is becoming increasingly attractive in high-performance variable-

speed drives since it can produce torque-speed characteristic similar to that of a permanent-magnet 

conventional dc motor while avoiding the problems of failure of brushes and mechanical 

commutation. The PMBLDC motor is becoming popular in various applications because of its high 
efficiency, high power factor, high torque, simple control and lower maintenance. BLDC motor is one 

type of synchronous motor, which can be operated in hazardous atmospheric condition and at high 

speeds due to the absence of brushes. 

Pragasan Pillay and R.Krishnan in 1985-1990 [2]-[4] have investigated that the PMSM a sinusoidal 

back emf and requires sinusoidal stator currents to produce constant torque, while the BLDC motor 

has a trapezoidal back emf and motor requires rectangular stator current to produce constant torque. 

Bhim singh, B P singh and K Jain [5] have proposed a digital speed controller for BLDC motor and 

implemented in a digital signal processor (DSP). Later in 1998, the rotor position and the speed of 

permanent magnet have been estimated using Extended Kalman filter (EKF) by Peter Vas [6]. 

Jadric.M and Terzic .B [7] have proposed that the hall effect sensor are usually needed to sense the 

rotor position which senses the position signal for every 60 degree electrical. The mathematical model 

of the BLDC motor has been developed and validated in MATLAB platform with proportional-

integral (PI) speed controller [8]. Host of efforts has attempted and solved the problem of non 

linearity and parameter variations of PMBLDC drive [9]-[13].  
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The draw-backs of Fuzzy Logic Control (FLC) and Artificial Neural Network (NN) can be over come 

by the use of Adaptive Neuro-Fuzzy Inference System (ANFIS) [18]-[19]. ANFIS is one of the best 

tradeoff between neural and fuzzy systems, providing: smooth control, due to the FLC interpolation 

and adaptability, due to the NN back propagation. Some of advantages of ANFIS are model 
compactness, require smaller size training set and faster convergence than typical feed forward NN. 

Since both fuzzy and neural systems are universal function approximators, their combination, the 

hybrid neuro-fuzzy system is also a universal function approximator. The non-linear mapping in a 

neuro-fuzzy network is obtained by using a fuzzy membership function based neural network. 

Using the developed model of the BLDC motor, a detailed simulation and analysis of a BLDC motor 

speed servo drive is obtained. Closed loop control of PMBLDC motor drive consisting of PI speed 

controller and hysteresis current controller is simulated and later compared with the ANFIS controller. 

II. MODELLING OF PMBLDC MOTOR 

Fig.1 describes the basic building blocks of the PMBLDCM drive. The drive consists of a speed 

controller, a reference current generator, a pulse width modulated (PWM) current controller, a 

position sensor, the motor and a current controlled voltage source inverter (CC-VSI). The speed of the 
motor is compared with its reference value and the speed error is processed in PI speed controller. The 

output of this controller sets the torque reference. A limit is put on the speed controller output 

depending on permissible maximum winding currents. The reference current generator block 

generates the three phase reference currents (ia
∗, ib

∗, ic
∗) using the limited peak current magnitude 

decided by the controller and the position sensor. In addition to the PI speed controller, a hysteresis 

controller is employed for current control. 
 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Block Diagram of PMBLDC Motor Drive 

 

The reference currents have the shape of quasi-square wave in phase with respective back emfs to 

develop constant unidirectional torque. The PWM current controller regulates the winding currents (ia, 

ib, ic) within the small band around the reference currents (ia
∗, ib∗, ic

∗). The motor currents are 

compared with the reference currents and the switching commands are generated to drive the inverter 

devices.  

The PMBLDC motor is modeled in the three-phase abc frame. The general volt-ampere equation for 

the circuit shown in the Fig.2 can be expressed as: 

anaaan epRiV ++= λ                          (1) 

bnbbbn epRiV ++= λ                                  (2) 
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cncccn epRiV ++= λ                                        (3) 

Where, Van, Vbn and Vcn are phase voltages and may be defined as: 
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Fig.2 Inverter circuit with PMBLDC motor drive 

 

The phase back emf ean can be expressed as 
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Where, 
b r

E = K  ω and ean can be described by E and normalized back emf function fa(θr) an a r
[e = E f ( )]θ .  

Where Va0, Vb0, Vc0 and Vn0 are three phase and neutral voltages with respect to the zero reference 

potential at the mid-point of dc link (0) shown in the Fig.2. R is the resistance per phase of the stator 

winding, p is the time differential operator, and ean, ebn and ecn are phase to neutral back emfs. The λa, 

λb and λc are total flux linkage of phase windings a, b and c respectively. Their values can be 

expressed as: 

)( cbaSa iiMiL +−=λ                                                              (6) 

)( cabSb iiMiL +−=λ                                 (7) 

)( bacSc iiMiL +−=λ                                (8) 

Where, ‘Ls’ and ‘M’ are self and mutual inductances respectively. 

 

The PMBLDC motor has no neutral connection and hence this results in, 

0=++ cba iii                        (9) 

Substituting (9) in (6), (7) and (8), the flux linkages are obtained. 

 

( ),

( ),

( )

a a S

b b S

c c S

i L M

i L M an d

i L M

λ

λ

λ

= +

= +

= +

                                  (10) 

 



International Journal of Advances in Engineering & Technology, Sept 2011. 

©IJAET                                                                                                          ISSN: 2231-1963 

215 Vol. 1, Issue 4, pp. 212-223  
 

By substituting (10) in volt-ampere relations (1)-(3) and rearranging these equations in a current 

derivative of statespace form, gives,  

))(/(1 anaanSa eRiVMLpi −−+=           (11) 

))(/(1 bnbbnSb eRiVMLpi −−+=               (12) 

))(/(1 cnccnSc eRiVMLpi −−+=               (13) 

 

The developed electromagnetic torque may be expressed as  

rccnbbnaane ieieieT ω/)( ++=                     (14) 

Where, ‘ωr’ is the rotor speed in electrical rad/sec. Substituting the back emfs in normalized form, the 

developed torque is given by 

})()()({ crcbrbarae ifififKT θθθ ++= (15) 

The mechanical equation of motion in speed derivative form can be expressed as: 

( / 2 )( ) /r e L rp P T T B Jω ω= − −                  (16) 

Where, ‘P’ is the number of poles, ‘TL’ is the load torque in N-m, ‘B’ is the frictional coefficient in 

Nm/rad, and ‘J’ is the moment of inertia in kg-m2. The derivative of the rotor position (θr) in state 

space form is expressed as: 

rrp ωθ =                                                                                                     (17) 

The potential of the neutral point with respect to the zero potential (vn0) is required to be interpreted 

properly to avoid the imbalance in applied phase voltages. 

 

This can be obtained by substituting (4) in (1) to (3) and adding them together to give 

0 0 0 0
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Substituting (9) in (18) results in 

0 0 0 0

0 0 0 0

3 ( )
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a b c n an bn cn

n a b c an bn cn

V V V V e e e

V V V V e e e

+ + − = + +

⇒ = + + − + +
     (19) 

The set of differential equations viz. (11),(12), (13), (16) and (19) defines the developed model in 

terms of the variables ia, ib, ic, ωr, and θr for the independent variable, time. 

III. SPEED CONTROL 

 3.1 PI Controller 
PI controller is widely used in industry due to its ease in design and simple structure. The rotor speed 

ωr(n) is compared with the reference speed ωr(n)
∗ and the resulting error is estimated at the nth 

sampling instant as : 

ωe(n)  =  ωr(n)∗ −  ωr(n)          (20) 

 

The new value of torque reference is given by: 

T(n)  =  T(n − 1) +Kp{ωe(n)− ωe (n− 1)}+ K1{ωe(n)}         (21) 

 

Where ωe (n − 1) is the speed error of previous interval, and ωe(n) is the speed error of the working 

interval. Kp and K1 are the gains of PI speed controller. By using Ziegler Nichols method the Kp and 

KI values are determined.  

3.2 ANFIS Controller 

In this section basics of ANFIS and development of ANFIS controller are given.  ANFIS uses the 

neural network’s ability to classify data and find patterns. It then develops a fuzzy expert system that 

is more transparent to the user and also less likely to produce memorization error than a neural 

network. ANFIS keeps the advantages of a fuzzy expert system, while removing (or at least reducing) 

the need for an expert. The problem with ANFIS design is that large amounts of training data require 

developing an accurate system. The ANFIS, first introduced by Jang in 1993, is a universal 
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approximator and, as such, is capable of approximating any real continuous function on a compact set 

to any degree of accuracy [14]-[16]. ANFIS is a method for tuning an existing rule base with a 

learning algorithm based on a collection of training data. This allows the rule base to adapt. 

As a simple example, a fuzzy inference system with two inputs x and y and one output z is assumed. 

The first-order Sugeno fuzzy model, a typical rule set with two fuzzy If–Then rules can be expressed 
as [17]: 

 Rule 1: If x is A1 and y is B1, then f1=p1x+q1y+r1 

 Rule 2: If x is A2 and y is B2, then f2=p2x+q2y+r2 

The resulting Sugeno fuzzy reasoning system is shown in Fig. 3. Here, the output z is the weighted 

average of the individual rules outputs and is itself a crisp value. The corresponding ANFIS 

architecture is shown in Fig. 4. If the firing strengths of the rules are w1 and w2 , respectively, for the 

particular values of the inputs Ai and integral of Bi, then the output computed as weighted average, 

  

  (22) 

  
 

Let the membership functions of fuzzy sets Ai and Bi, are µAi and µBi . 

Layer 1: Each neuron “i” in layer 1 is adaptive with a parametric activation function. Its output is the 

grade of membership function; an example is the generalized bell shape function. 

 

      (23) 

 

 
 

Where [a,b,c] is the parameter set. As the values of the parameters change, the shape of the bell-shape 
function varies. 

Layer 2: .Every node in layer 2 is a fixed node, whose output is the product of all incoming signals.  

       Wi = µAi(x) µBi(y), i=1,2                   (24) 

Layer 3: This layer normalizes each input with respect to the others (The i
th
 node output is the i

th
 input 

divided the sum of all the other inputs). 

 

   (25) 
 

 

 
 

 
Fig.3 Two-input first-order Sugeno fuzzy model with two rules 
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Fig.4 Equivalent ANFIS architecture 

 

 
Layer 4: This layer’s ith node output is a linear function of the third layer’s ith node output and the 

ANFIS input signals.  

    (26) 

     

Layer 5: This layer sums all the incoming signals.  

 

   (27) 

 

 

3.3 Reference Current Generator 

The magnitude of the three phase current (I∗) is determined by using  reference  torque (T∗) and the 

back emf constant (Kb) as I∗ = T∗ ⁄ Kb. Depending on the rotor position, the reference current 

generator block generates three-phase reference currents (ia
∗, ib

∗, ic
∗) by taking the value of reference 

current magnitude as I∗,  − I∗ and zero. The reference current generation is detailed in Table 1. 

 

Table 1 Reference Current Generation 

Rotor Position Signal 
 

Reference Currents 

Ia
∗ Ib

∗ Ic
∗ 

0° - 60° I∗ -I∗ 0 

60° - 120°                    I∗ 0 -I∗ 

120° - 180°                  0 I∗ -I∗ 

180° - 240°                -I∗ I∗ 0 

240° - 300°                                  -I∗ 0 I∗ 

300° - 360°                                 0 -I∗ I∗ 

 

3.4. PWM Current Controller 
 

The PWM current controller contributes to the generation of the switching signals for the inverter 
devices. The switching logic is formulated as given below. 

If ia < (ia*)          switch 1 ON and switch 4 OFF 

If ia > (ia*)          switch 1 OFF and switch 4 ON 

If ib < (ib*)          switch 3 ON and switch 6 OFF 

( )i ii i i iw f w p x q y r
− −

= + +

1 1 2f w f w f
− −

= +
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If ib > (ib*)          switch 3 OFF and switch 6 ON 

If ic < (ic*)           switch 5 ON and switch 2 OFF 

If ic > (ic*)           switch 5 OFF and switch 2 ON 

IV. SIMULATION RESULTS 

In this section the set of equations representing the model of the drive system developed in section 2 

is simulated with PI Speed controller. The results are observed for the motor presented in Appendix (3 

phase, 2.0 hp, 4- pole 1500 rpm, 4 A) using developed Simulink model in MATLAB. Figure 5-11 

show simulated results for the transient and steady state responses for PI controller.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 Stator Current of BLDC Motor. 

 

 

 

 

 

 

 

 

Fig. 6 Trapezoidal back EMF of BLDC Motor 
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Fig. 7 Reference Current Waveform of BLDC Motor 

 

 

 

 

  

 

Fig. 8 Phase voltage (van) 

    The shapes of the simulated current and back emf validate the accuracy of the developed model.  In 

Fig.9 shows the Torque and Speed waveforms for moment of inertia 0.013kg-m
2
. It reaches the steady 

state torque and speed suddenly at time 0.03seconds. From these figures it is inferred that increasing 

the moment of inertia ploys an important role in settling time. 

 

 

 

 

 

 

 

Fig. 9 Torque and Speed Waveforms when moment of inertia =0.013 kg-m2 
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Fig. 10 Torque and speed waveforms for Step Change in Moment of Inertia at 0.5sec. 

Fuzzy membership functions can take many forms, but simple straight-line functions are often 

preferred. Triangular membership functions are often selected for practical applications and different 

membership functions are tried for the minimum mean root square errors (MRSE). A set of modified 

membership functions were derived through training the ANFIS by using data obtained from PI 
controller as illustrated in Fig.11 and Fig.12. 

ANFIS controller is designed with two inputs (speed error and change in speed error) and one output 

and shown in Fig.13. Fig.14 shows the stator currents awhile Fig.15 and Fig.16 show the torque and 

speed responses respectively for ANSFIS controller. 

 

 

 

 

 

 

 

 

 

Fig.11. Membership Functions Obtained After Training for Speed Error 

 

 

 

 

 

 

 
 

 

 

 
 

Fig.12. Membership Functions Obtained After Training for Change in Speed Error 
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Fig.13. Architecture of ANFIS 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 14 Stator Current ANFIS controller. 

 

 

 

 

 
 

 
Fig. 15 Torque Response -ANFIS Controller 

 

 

 

 

 

 

 
 

 
Fig. 15 Speed Response – ANFIS Controller 

 

 

V. CONCLUSION 
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ANFIS served as a basis for constructing a set of fuzzy if-then rules with appropriate membership 

functions to generate the stipulated input-output pairs. The performance of the developed MATLAB 

based speed controller of the drive has revealed that the algorithms developed to analyze the behavior 

of the PMBLDC motor drive system work satisfactorily in software implementation. Using neuro-

fuzzy controller error can be reduced and train the membership functions to get the improved speed 
characteristics. It is found that the ANFIS controller shows reduced overshoot and settling time in 

both start-up and loaded change conditions and hence robust response. 
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APPENDIX 

Rating:    2.0 hp 

Number of Poles:  4 

Type of connection:  Star 

Rated speed:    1500 rpm 

Rated current:   4A 

Resistance/phase:   2.8 Ω 
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Back EMF constant:   1.23V sec/rad 

Inductance (Ls + M):   0.00521 H/phase 

Moment of Inertia:  0.013 Kg-m
2
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