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Abstract—The Brushless DC (BLDC) motors are widely used 
for many industrial applications because of their high efficiency, 
high torque and low volume. However, the BLDC motor is a 
multi-variable and non-linear system, so it is difficult to get a 
satisfying result for BLDC motor using the conventional linear 
control method like normal PID controller. This paper presents 
the development and performance analysis of adaptive PID 
controller Based on Additional Error of an Inversed-Control 
Signal for Brushless DC motor drives. The adaptive PID 
controller Based on Additional Error of an Inversed-Control 
Signal have a parameter adjustment mechanism,  better solutions 
when there are variations in process parameters, learning 
capabilities and fault tolerance. This paper implements adaptive 
PID controller Based on Additional Error of an Inversed-Control 
Signal to solve the problems of non-linearity, parameter 
variations and load excursions that occur in BLDC motor drive 
systems. The performance of the traditional PID controller based 
speed control method is compared with the model reference 
based speed control for BLDC motor drive system using 
MATLAB software. Experimental results is presented to prove 
that the adaptive PID controller Based on Additional Error of an 
Inversed-Control Signal is capable of speed tracking as well as 
reduce the effect of parameter variations. 

Keywords—Adaptive PID; Single Neuron PID; Neural 
Network; BLDC; 

I.  INTRODUCTION 
Currently, the industrialized world is growing very rapidly 

and the need for accuracy and robustness has become a major 
requirement. There are many applications that require accuracy 
and able to withstand disturbances. In terms of driving, from a 
wide variety of motors, BLDC motors have been widely used 
in industrial, medical equipment, vehicles, aerospace, hard disk 
drive, because the advantages of BLDC are great effectiveness, 
advance in power factor, and low upkeep [1]-[4]. 

Meanwhile, the common controller used to set the motor is 
PI or PID. In general, a PID controller constant values or 
parameters or derived from a mathematical model of the 
system response. The BLDC drive is a nonlinear system. It is 
difficult to derive a mathematical model of the motor in order 
to obtain accurate PID parameters to be used in a conventional 
controller.  In addition, the motor parameters are usually 
unknown and changes with time. Therefore, the common 

controller cannot provide optimal performance when changes 
in working conditions of BLDC motors such as changes in load 
or motor parameters, the occurrence of saturation, or non-linear 
conditions of the motor. This is what causes researchers to turn 
to intelligent and adaptive controllers 

In recent years, researchers have developed Artificial 
Neural Networks (ANN) to control time-dependent nonlinear 
systems. The use of ANN in the control system has been 
reported in [5] - [12]. ANN-based controls are generally used 
for system identification and system controls in both open and 
closed baits of non-linear systems and control parameter 
optimization. ANN is a generalization of the mathematical 
model of a system with neurons connected as simple 
processors and has the weight gained after a certain learning 
algorithm. Perceptron multi-layer (MLP) is a simple neural 
network with a hidden layer and has the weight obtained 
through propagation learning mechanism back and has the 
ability to update the weight on line. MLP is a simple and 
powerful ANN but requires higher computing and time 
consumption so it is difficult to implement in real time. 

With a specific end goal to escalate the work methods of 
ANN-based control system, especially in accelerate the 
networks learning time, a single neuron adaptive PID control, 
which is the hybrid of neuron learning mechanism with a 
classical PID control technique, has been proposed [13]-[19]. 
Beside the structure of a single neuron adaptive PID controller 
is very simple, each PID parameters can be changed according 
to the learning outcomes online during the working process. 
With this capability, single-neuron PID adaptive controllers are 
capable of being implemented on non-linear systems.  

Researchers have proposed many artificial neural network 
update algorithms for single-adaptive neuron PID (SNA-PID) 
control systems, such as the Hebb learning rule, quadratic 
object function [14], [15], auto gain regulation [16], and 
Additional Error of an Inversed-Control Signal [19]. An 
additional error of an Inversed-Control Signal is the new 
quadratic performance function to be minimized for 
improvement the system performance parameters.  

In this paper, a new algorithm is proposed to update the 
weight of single neurons using the new quadratic performance 
function. The inverse model of BLDC motors is used to 
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generate an estimate of the control signal based on the actual 
output signal of the BLDC motor. The difference between the 
control signal estimation and the control signal is actually 
included as an additional error function in updating the weights 
using the quadratic performance function. With the addition of 
an error function into the quadratic performance function 
resulted in a change of architectural structure of the single 
neuron adaptive PID. 

The composition of this paper is as follows. Section 2 
presents description model of the Brushless DC motor system, 
including with its mathematical representations. Section 3 
presents the conventional PID Controller. Section 4 discusses 
the development of the Adaptive PID Controller of BLDC 
Motor, including with its comparison with that of the PID 
Single Neuron. Section 5 discusses the results and analysis, 
follows by the conclusions that is presented in Section 6. 

II. MATHEMATICAL MODEL OF BLDC 
BLDC motor modeling is an important step in designing 

adaptive controllers for BLDC motor drive. BLDC motor is a 
motor without brush, so to rotate the rotor is used electronic 
commutation. Electronic commutation requires the rotor 
position information to be appropriately commuted. In general, 
Hall-effect sensors are used to detect the position of the rotor 
with a 120-degree position placement. With this distance, the 
BLDC motor commutation is done with six steps. The division 
of the commutation steps is presented on Fig. 1. 

The commutation sequence is performed according to the 
six steps in Fig 1. At the hall-effect sensor is exposed to the 
magnet of the rotor then generates a sensory signal. This 
sensory signal survives for 120 degrees every single phase of 
electric rotation. It can be seen that the sensory signal has the 
rising edge and the down edge of each phase. With two edges 
of each sensory signal, six different trigger conditions are 
found to control the motor. The sequence of turns for each 
phase is presented in Table I. The motor rotation of the forward 
or backward direction is performed by reversing the sequence. 

 
Fig.1. Back EMF and Hall-Effect sensor signals 
 
 
 

TABLE I.  SWITCHING SEQUENCE 

Directions Switching sectors 
S1 S2 S3 S4 S5 S6 

Forward a+b- a+c- b+c- b+a- c+a- c+b-

Reverse b+a- c+a- c+b- c+b- a+c- b+c-

 

Fig. 2 presents the electrical equivalent circuit of the BLDC 
motor model. The BLDC motor model is similar to a three 
phase synchronous machine with a permanent magnet mounted 
on the rotor so that some differences in dynamic 
characteristics. The voltage equation for a, b, and c phases 
based on Fig. 2 is presented at (1-3) where va, vb, vc is the input 
voltage, ia, ib, ic is the current. In upper voltage equation, L is 
the difference between self-inductance Ls and mutual-
inductance Lm. That is, L = Ls–Lm. 

 

    (1) 

    (2) 

    (3) 
 

   (4) 
   (5) 

   (6) 
 

Equation (4-6) is presented the Back EMF ea, eb, ec, where 
Kw is Back EMF constant of one phase, e is the electrical rotor 
angle and n is the rotor angular velocity. In the 3-phase 
BLDC motor, Back EMF is related to a function of rotor 
position.  

As mentioned earlier, BLDC motors have different 
dynamics with synchronous motors especially in the phase 
variables used directly without any transformation equation. 
The shape of the current and the flux are rectangular as well as 
the Back-EMF is trapezoid cause the coordinate transformation 
not necessary. Equation (7) present the output power of Pe and 
torque of the BLDC motor Te is expressed in  (8). 

 

 
Fig.2. Equivalent circuit of BLDC motor 
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   (7) 
   (8) 

 
The next step is to make the inverse model of BLDC motor. 

Based on equation (8), it can be assumed that the relation 
between torque and velocity in equation (9) 

   (9) 
 

where ψ is a constant utilized for demonstrating the 
nonlinear mechanical load. The continuous form of the 
equation (1-3) is converted to a different equation up to and 
combined into equation (10), 

  (10) 
 

where , , ,  and  are constants that can be 
communicated as far as the motor parameters. To obtain the 
inverse model of the motor dynamics BLDC model, further 
modifications of equation (10) result in equation (11) 

    (11) 
 

It can be seen in (11) that the control output voltage 
variable is a non-linear function of the input variable in the 
form of motor speed i.e. prediction, current, and past. In this 
paper the prediction speed is replaced by the reference speed. 
Based on the inverse form of equation (11), the input and 
output variables are given to the Artificial Neural Network to 
obtain the inverse model of the BLDC motor. 

 

III. PID CONTROLLER 
In general, the common controllers for robust control are 

gain controls such as proportional integral (PI) or proportional 
integral derivative (PID). By block diagram, the control circuit 
PI (D) is shown in Fig 3. The reference signal or input, r(t) is 
compared with the output signal, y(t) producing an error signal, 
e(t). This error signal, e(t) is fed to the PI(D) controller and 
generates a control signal, u (t), to regulate the response output, 
y(t). The mathematical equation of proportional-integral-
derivative (PID) control is presented in equation (12). 

     (12) 
 

with Kp the proportional gain, Ti the integral time sequence, 
Td the derivative time sequence, and e(t) is the error input 
signal; i.e., e(t) = r(t) – y(t) where r(t) is the reference input 
and y(t) is the output.  

 
Fig. 3. PI(D) Control Loop 

TABLE II.  ZIEGLER-NICHOLS TUNING METHOD 

Controller Type Kp Ti Td 
P T/L   
PI 0.9T/L L/0.3  

PID 1.2T/L 2L 0.5L 
 

The main discussion on the PID controller is to determine 
the parameters of Kp, Ki, and Kd. The most widely used 
technique for determining PID parameters is the Zeigler-
Nichols method. This method relies on the graph obtained from 
the step response. At the time the system is given step input, 
the step response is generated as shown in Figure 4. Based on 
the response it can be seen that the response is identical to the 
first order response with the delay time. There are two 
parameters that can be determined that is L time delay and T 
time constant. This is generated by drawing a tangent to the 
step response at the inflection point and recording its 
intersection with the time axis and the steady state value. The 
first-order system with time delay is presented in equation (13) 

   (13) 
 

Equation (13) is a common model for a large number of 
plants in a real-time control process. To get parameters Kp, Ki, 
and Kd using Ziegler-Nichols method can be done through 
experiments by providing step input on the system so that 
obtained step response from the system. Recording system 
output signals can be sketched system step responses such as 
Fig. 4, from which the parameters of k, L, and T (or a, where a 
= kLlT ) can be extracted by the simple approach shown. More 
sophisticated curve fitting approaches can also be used. With 
L and a, the Ziegler-Nichols formula in Table II can be used to 
get the controller parameters. 

 

IV. ADAPTIVE CONTROL OF BLDC MOTOR 
In BLDC motor control, researchers have used PIDs to 

adjust the AC chopper converter output voltage with fixed PID 
parameters. However, changes in the working point of the 
BLDC motor or load changes may affect the performance of 
the controller, since the Kp, Ki and Kd values set at the 
beginning are no longer consistent with the change of working 
point or load changes. By utilizing artificial neural networks 
into the control scheme, there is an advantage of automatic and 
on-line controller parameter adjustment capabilities such as 
Kp, Ki, and Kd. Adaptation of artificial neural network 
learning based on the algorithm minimizes the function of 
system output error by adjusting PID parameters.  

 
 

Fig. 4. Response Curve for Ziegler-Nichols Method 
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One of the ANNs that have many advantages is single 
neuron network. The main advantages of this network are ease 
of implementation and low computational complexity 
compared to other networks. The learning algorithm on this 
network is based on the Heb learning algorithm. 

A. Single Neuron Adaptive (SNA) PID Controller 
The adaptive PID control algorithm of a single neuron is 

derived from an incremental PID algorithm by adding 
parameter changes using a neural network. There are three 
connected weights and have the same function as the three 
incremental PID algorithm coefficients. In the third 
incremental PID algorithm the coefficients are fixed after the 
value is set, whereas in a single adaptive neural algorithm PID 
the third values of weights can be adjusted on-line according to 
the optimal value of the objective function. By utilizing a 
single auto-tuning PID control neuron, control can be done 
independently of adaptive. 

Block diagram of the SNA-PID controller system is shown 
in Fig. 5. The inputs of the state convertor are the difference 
between the reference input r(k) and the actual output y(k) of 
the plant. While the outputs of state convertor can be written as 
follows: 

  (14) 
    (15) 

 (16) 
 

with the error at time k is e(k) = r(k)  y(k) , the error at 
time k 1 is e(k 1), and for k 2 is e(k 2), respectively. 

The outputs of the state convertor are then inputted to the 
single neuron acting like a PID, with the weights matrix of the 
neuron is defined as W = (w1, w2, w3)T. The output of the 
neuron, with the gain K can be written as: 

 
 (17) 

 
Using the gradient descent algorithm and the chain rule, the 

single neuron connection weights are updated by: 

 (18) 

 (19) 
 

where the learning rate for each weight updating. As for the 
unknown system, the term y(k+1)/ u(k) is unknown, thus a 
function sgn[ y(k +1) / u(k)] can be used instead. 

 
Fig. 5. Block diagram of single neuron adaptive PID controller system 
 

The control signal is then calculated through: 

  (20) 
With 

   (21) 
And 

  (22) 
 

B. Improved Single Neuron Adaptive PID Controller Based 
on Additional Error  of an Inversed-Control Signal 
In the classical SNA-PID controller system, there are some 

problems such as slow learning speed, easily to be trapped in a 
local minimum, limitation condition, and difficulty to tuning 
gain K. To overcome the drawbacks of the classical SNA-PID 
controller system, an improved novel architectural structure of 
a single neuron adaptive PID controller system as can be seen 
in Fig. 6 is proposed. In this novel controller system, the 
quadratic performance function that used to update the neuron 
connection weights is changed by an additional error function 
generated by the difference between the input control signal of 
the plant and the inverse-control signal from the actual output 
from the plant. 

In the improved single neuron adaptive PID (ISNA-PID) 
controller based on additional error  of an inversed-control 
signal , the weights of the neuron such as in (22) are now 
updated by: 

 

      (23) 

 

      (24) 

 

    (25) 

To provide an additional error function of  
into the quadratic performance function, an inverse model of 
the BLDC motor is put in the architectural structure of the 
controller system. Inverse model is constructing using a neural 
network that represents the inverse of the system dynamics 
after a completion of training. 

 

 
Fig. 6. Block diagram of the novel architectural structure of an improved 
single neuron adaptive PID controller system 
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Fig. 7. Specialized method of training inverse model 
 

Figure 7 shows the utilization of ANN as an inverse model 
that consists of one input layer with 7 neurons, one hidden 
layer with 5 neurons, and one output layer one neuron, 
respectively. The output of the inverse model is given as: 

where  is the prediction of the control input, and  
represents the inverse map of the forward model.  

The input signals used to train and test the network consists 
of pseudo random multistep signals in the range 0 to 1, which 
is sampled at every 1 dimensionless time interval. The input 
variable, u(k), and output variable, y(k), are also scaled to be in 
the range between 0 and 1. 

Backpropagation learning method that was introduced by 
Rumelhart is implemented for the training the neural network. 
The purpose of this back-propagation algorithm is to minimize 
a defined loss function based on the network output error. 
Minimization of the defined loss function is conducted by 
updating the network parameters in the negative gradient 
direction of the loss function. The recursive updates of the 
network parameters have the following form: 

  (27) 
 

where E is the defined loss function or the performance 
index to be minimized, α is the learning rate, with α > 0 and v 
is the network parameters or the connection weights between 
neuron, to be updated to minimize E.  

The performance index to be minimized is given by, 

   (28) 
Where 

                        (29) 
 

And the partial derivatives of E is given by, 

 

        (30) 

V. RESULTS AND DISCUSSION  
In this section, experiment results are presented to validate 

the effectiveness of the proposed ISNA-PID. Speed response 
characteristics for constant load condition, varying load 
conditions and varying set speed conditions of Brushless DC 
motor are obtained for the proposed controller and compared 
with PID controller (PID), and Classical SNA-PID. 

The parameters of the BLDC motor are given as follows: 
the stator resistance  = 79 , the inductance of the  stator  = 
12 × 10 3 , the maximum of each phase winding permanent 
magnet flux  = 0.0271 , the inertia  = 0.48 × 10 3   

2, the viscous friction coefficient  is zero, poles of the 
permanent magnet  = 4. 

In order to prove the tracking capability of the proposed 
ISNA-PID controller speed, two input speeds of the BLDC 
motor (i.e., step and sine wave) are used for the experiment.  .  

The first experimental results are shown in Fig. 8. The 
conditions provided are without load conditions and reference 
speeds at 1000 rpm. Speed response performance is shown in 
Table III. In the table it can be seen that the proposed ISNA-
PID controller has better time domain and performance 
specifications than other controllers. Vital parameters such as 
overshoot and steady state error are much smaller and better for 
the proposed controller. 

The second experiment is performed by providing an 
unexpected loading to see the performance of the ISNA-PID 
controller in the event of disturbance. The nominal load torque 
is applied to the motor at 0.005 seconds. As can be seen from 
Fig. 9, ISNA-PID performance is favorable. The performance 
parameter of the speed response is shown in Table IV. From 
these outcomes, it is ascertained that the proposed controller is 
able to perform better under sudden change in load conditions 
also.  

In the third experiment, BLDC motors were given a sinus-
speed reference input. This is done to see the ability of ISNA-
PID in tracking reference. Fig. 10 illustrates the sine reference 
speed and the actual sine speed response of the BLDC motor. 
The high tracking accuracy is observed in Fig. 10. From the 
results, it is clear that the proposed controller has high tracking 
accuracy. 

 

TABLE III.  RESULT OF PERFORMANCE PARAMETERS FOR NO LOAD  

Parameters PID SNA-PID ISNA-PID 
Rise Time (s) 0.0011 8.88 x 10-4 7.79 x 10-4 
Settling Time (s) 0.0037 0.0053 0.0019 
Overshoot (%) 21.5635 4.595 2.3298 

 

TABLE IV.  RESULT OF PERFORMANCE PARAMETERS FOR UNEXPECTED 
LOADING  

Parameters PID SNA-PID ISNA-PID 
Error Steady State (RPM) 48.21 3.43 0.14 
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VI. CONCLUSION  
In this paper, an improved single neuron adaptive (ISNA) PID 
controller is proposed for speed control of BLDC motor. 
ISNA-PID is developed based on an additional error function 
derived by the difference between the input control signal and 
the inversed control signal through an Inverse Neural Network. 
Experiments with set point and speed tracking control of 
BLDC motor are presented. The simulation results show that 
the ISNA-PID controller system outperformed the classical one 
with faster convergence speed, improve dynamic response 
speed and decreases the overshoot value. As a conclusion, the 
new method to speed control of BLDC motor can improve the 
performance parameter of the speed response of BLDC motor. 

 
Fig. 8. Steady-state operation speed response of controller under 1000 rpm 
reference speed commands no load. 

 
Fig. 9. Speed response of controller under 1000 rpm reference speed 
command with load at 0.005s. 

 
Fig. 10. Steady-state operation speed response of ISNA-PID controller under 
sine wave reference speed command no load. 
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