Discrete-Time Observer Based Nonlinear Control for a BLDC Motor
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Abstract— Controlling brushless DC motors enhances their
efficiency and accuracy. Recently, the nonlinear control of these
motors has garnered significant attention from researchers. This
article presents the extraction of the nonlinear model of a brushless
DC motor and the conversion of three-phase coordinates to d-q
space, leading to the design of a nonlinear controller and a discrete-
time observer. To maximize efficiency, a linear feedback nonlinear
controller is designed to control the current along the d-axis, while
a feedback nonlinear controller is used to control the shaft angle.
The shaft position controller utilizes load torque estimation
information. The developed observer is designed in discrete time to
estimate system states and load torque. Software and processor in
the loop simulation results confirm the performance of the
observer-based control system. Additionally, the discrete-time
nature of the observer facilitates easy implementation, and the
article concludes with the results of the controller implementation
based on the proposed observer and the processor in the loop
simulation.

I. INTRODUCTION

Brushless DC (BLDC) motors have become increasingly
popular and are now a key focus of research, thanks to their
notable advantages such as compact design, high efficiency,
minimal maintenance needs, robust performance, reliability, and
a superior torque-to-weight ratio. These motors are now
commonly integrated into a wide range of industrial and domestic
technologies, including robotics, electric transportation, military
systems, aerospace, manufacturing, ventilation systems, tumble
dryers, and refrigerators. However, despite their widespread
adoption, several critical challenges remain that limit their full
potential in industrial and commercial settings. Issues such as
limited fault tolerance, electromagnetic interference, audible
noise, magnetic flux fluctuations, and torque irregularities
continue to hinder their overall reliability and lifespan. To
overcome these challenges, implementing closed-loop vector
control strategies has emerged as a promising solution for
enhancing the performance of BLDC motors [1, 2].

Linear controllers, including PID, are simple and effective
and are widely used to adjust the performance of motors,
including BLDC motors [3, 4]. A BLDC motor represents a
complex, highly coupled nonlinear dynamic system [5]. In real-
world scenarios, mechanical load characteristics—such as
friction and inertia—can vary with the nature of the applied load.
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As a result, relying solely on linear control methods often falls
short of delivering optimal performance [6]. To improve the
performance of PID controllers for BLDC motors, we can refer
to Fuzzy-PID controllers [7] and the modified firefly algorithm-
particle swarm optimization-based fractional order PID [8]. In
[9], a nonlinear control strategy for managing radial position and
motor torque in a bearingless BLDC motor is proposed, utilizing
feedback linearization theory. To address speed fluctuations in
small BLDC motors operating under varying load conditions, a
Sliding Mode Controller was introduced in [10]. Additionally,
[11] explores a discrete-time sliding mode control technique
enhanced by particle swarm optimization, aimed at improving the
performance of BLDC motors in electric vehicle applications.
Sliding mode control is a robust method for controlling uncertain
systems, particularly in power electronics systems such as
electric motors and generators [12]. When implemented on a
microprocessor with a fixed sampling interval, true sliding mode
control cannot be fully realized. Instead, a quasi-sliding mode
arises, whose characteristics are analyzed in [13]. The ideal
sliding surface becomes a finite sliding region, often represented
as a sector. The dimensions of this sector are influenced by
factors such as the sampling period and the magnitude of the
switching gains.

Using an observer to estimate non-measurable information,
including load torque, can improve the closed-loop control
system of motors [14]. If a disturbance observer is used, it is
better to design it in a discrete-time form to avoid the need to
readjust the gains during its implementation in the processor. For
example, in the design of discrete-time observers, the choice of
sampling time is considered from the beginning of the design
stage, making implementation easier [15, 16].

The purpose of this paper is to control the position of
brushless direct current motors based on the extended observer.
For this purpose, a non-linear feedback controller will be used.
The back-stepping control method is very useful when some
states are controlled by other states in nonlinear cascade systems
[17]. This is why the back-stepping algorithm is used to control
some motors, such as permanent magnet synchronous motor
speed [18]. Load torque can affect control accuracy. Therefore,
an observer will be used to estimate this variable. For ease of
implementation, the proposed observer is designed in discrete-
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time form, and at the end of the implementation, the processor
will be in the loop.

In the second part of the article, the mathematical model of
the motor will be discussed. In the third part, the controller and
observer used in this research are described and presented, and
the simulation and implementation results will be presented in the
fourth and fifth parts. Finally, the conclusion will be presented in
the sixth section.

II. MOTOR MODEL

In [20], a discrete model of a brushless motor is introduced.
The model of the motor in the form of a vector matrix in the state
space is as follows:
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The list of symbols is presented in Table 1.

TABLE L LiST OF SYMBOLS USED IN THE MOTOR MODEL

Abbreviation Parameter
Coil resistance
Inertia
Coefficient of friction
Self-inductance

Number of motor poles
Flux
Sampling time
Angular velocity

| Q7| ||| ==

Angle

iy Motor currents in dq coordinates

Equations (1) to (3) represent the currents converted from
three-phase abc state to dq0 state. Equation (4) describes the
angular velocity, and equation (5) is the mechanical angle of the
motor in discrete state.

III. CONTROLLER AND OBSERVER DESIGN
A. Shaft Angle Controller
To control the angle of the motor shaft, we use a feedback
controller. In this case, we will have three subsystems for

control. The first stage starts with the innermost subsystem. In
this step, to reach the desired angle, we define the error function

as:
e=6,-6 ©)

To check stability, we first consider the function (7) as the
Lyapunov function:
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The control input from the first subsystem can be calculated
as:
©, =ke +6, (8)

The second step of the back-stepping method begins with the
introduction of the error function:

e,=0, -0 )
The Lyapunov function includes the error functions of the

first and second stages:
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The control input of the second stage contains the desired
value i, as:
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Tracking error in third stage is introduced as:
e, =i, i, (12)

By defining the error function according to the above
equation, the Lyapunov function of the third step is given by:
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The control input of the third stage is the same control input
applied to the motor to control the shaft angle, which obtains the
desired value V., from the Lyapunov function of the third stage:
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We calculate the discrete form of the controller equation:
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The gain coefficients k ,k,,k, of the feedback controller

are adjusted to achieve the desired value of the position.
According to the presented Lyapunov stability theory, the
controlling coefficients should be positive & ,k,,k, >0.

B. d-Axis Current Controller

According to the mentioned principles and the desire to
maintain torque without reducing it and eliminating the
interference effect, the current component in the d direction
should be zero to create maximum efficiency. For this purpose,
we use a linear feedback controller. Equation (16) represents the
current state equation in the d axis:

d . V
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The above state equation is a nonlinear equation of the motor
states. Using the linear feedback controller theory, we remove
the nonlinear parts and then design the controller for the

linearized system. The nonlinear part of the above equation is
included p i,@ which we control by removing it and using a

-pi,@ (16)

simple controller:

Vy=Ri,-Pwi,6 —k,i, 17)

The linearizer feedback controller equation (17) is applied to
system equation (16). The gain range of the linear feedback
generator is as k, > 0. According to the linearizer feedback

controller designed in equation (17), it can be seen that no

derivative or integration operation has been done, so its discrete
form is as follows:

V,(k)=Ri, (k)~Pak)i,(k)~k,i, (k) (18)

C. Load Torque Observer

To design the discrete-time observer, the system model
considered for the observer should first be written in discrete-
time form:
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Now we need to design the extended discrete-time observer
for this discrete-time system. The discrete form is designed as
follows:
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With the design, it is necessary to check the stability of the
observer using the dynamics of the observer error. To check the
dynamics of observer error, the difference between the actual
and estimated value should be calculated. Assuming a discrete
system in the form:

{x(k +1)=AX (k) +Bu(k)+L(y (k)= (k))
y(k)=Ci(k)

To properly determine the matrix L, it is necessary to check
the dynamic error of the observer:
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According to the explanations provided in the observer
design section using pole placement, for the stability of a
discrete system, it is necessary to place all the eigenvalues of the

matrix A =4 —LC inside the unit circle.



IV. NUMERICAL SIMULATION RESULTS

The simulation results of the loop model are presented in this
section. The load torque is estimated using the proposed
discrete-time observer. Considering an arbitrary position, the
back-stepping controller for proper positioning in the presence
of the TL load and the linearizer feedback controller for zeroing
the direct current d, with the aim of creating maximum
efficiency for the motor model, are applied. The sampling time
is 5 milliseconds, and the values of motor parameters are listed
in Table 2.

TABLE II. MOTOR PARAMETER VALUES
Value Symbol Motor Parameters
1.02 R Coil resistance
0.004 J Inertia
0.0049 b Friction coefficient
0.0086 L Self-inductance
4 P Number of bridges
0.07 A Flux

Figure 1 shows the estimation of load torque using continuous
and discrete-time observers. It can be seen that this variable was
estimated with appropriate accuracy and in a short period of time.
The difference between the estimation made using the
continuous-time observer and the discrete-time observer is
evident. Therefore, considering that in the implementation stage,
the information of the discrete-time observer should be used, it is
better to use the same observer in the design and simulation stage
and adjust the controller gains based on the discrete-time
estimation.

In the following, by using continuous-time and discrete-time
estimation information and by applying feedback and linear
feedback controllers, the position and speed of the motor shaft
and the current in the direction d in Figures 2 to 4 and the control
signals issued in Figures 5 and 6 have been drawn. In these
figures, the effect of using discrete-time estimation in output
control and the difference of control signals in the case of using
continuous-time estimation and discrete-time estimation is
evident.
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Figure 1. Estimation of Load Torque Using Continuous-Time and Discrete-

Time Observers
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Figure 2. The Angular Position of the Shaft by Applying the Backstepping
Controller Based on Continuous-Time and Discrete-Time Observers
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Figure 3. Angular Speed of the Shaft by Applying Backstepping Controller
Based on Continuous-Time and Discrete-Time Observers
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Figure 4. d-Axis Current by Applying Linearizer Feedback
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Figure 6. Control Signal Vd Issued by Linearizer Feedback Controller

V. PROCESSOR IN THE LOOP SIMULATION RESULTS

Simulating the processor in the loop requires the
discretization of continuous equations and the design of the
discrete-mode controller and determining the appropriate
sampling time to connect the processor with the operating
system. It is a communication protocol to implement UART. By
placing the controller code on the processor and communicating
with MATLAB software, the results are as follows.By applying
the voltage signal issued by the feedback controller based on the
observer that is drawn in Figure 7, the angular position of the
shaft follows the desired position as seen in Figure 8. Also, by
applying the voltage signal issued by the linear feedback
controller that is drawn in Figure 9, the current in the d direction
converges to zero as seen in Figure 10. According to Figure 10,
it can be seen that the d-axis current has moved away from the
zero value and then this error has been compensated and
controlled. This behavior is not observed in the simulation, and
this problem is due to the absence of a delay in applying the
controller signal to the system dynamics. By making the

communication delay time smaller, the amount of divergence in
the error will be smaller.
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Figure 7. Angular Position of the Shaft by Applying the Backstepping
Controller Based on the Discrete-Time Observer in the Simulation of the
Processor in the Loop
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Figure 8. The Vq Control Signal Issued by the Discrete-Time Observer-Based
Feedback Controller in the Processor-in-the-Loop Simulation
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Figure 9. d-Axis Current by Applying Linearizer Feedback Controller in
Processor-in-the-Loop Simulation
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VI. CONCLUSION

In the case of external disturbances such as load torque and to
achieve precise control of BLDC motors, a solution is using an
extended state observer. It is better that the observer is designed
in discrete-time form in the design stage so that there is no need
to readjust the controller gains in the implementation stage. In
this paper, the feedback linearization was used to control the
current, and the back-stepping method based on the discrete-time
observer was used to control the angular position of the shaft. The
simulation results showed the difference caused by the use of
continuous-time and discrete-time observers. Also, a difference
was observed due to the communication delay between the
results of the processor simulation in the loop and the computer
simulation. In general, the proposed control method is able to
control the current and the position of the shaft and does not need
to readjust the gains in the implementation phase.
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