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Abstract

Motor Brushless Direct Current (BLDC) has become the preferred
choice in various engineering applications. However, BLDC motor
control involves high complexity, and motor performance depends on
the control algorithms used. This research discusses the use of
sensorless control methods, specifically the Sliding Mode Observer
(SMO) for rotor position and speed estimation in BLDC motors within
the context of Field-Oriented Control (FOC), validated through
simulations using Matlab/Simulink. Simulation results indicate that
SMO provides rapid dynamic response to current changes, albeit
with slight delays at high speeds. Rotor position estimation with SMO
is also reasonably accurate in both steady-state and transient
conditions, affirming the iveness of SMO in sensorless control for
BLDC motors. SMO can be experimentally implemented to enhance
sensorless control in BLDC motors by reducing the cost of installing
Hall sensors while maintaining comparable performance.
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1. Introduction

The utilization of Brushless Direct Current (BLDC) motors is progressively widespread across various engineering
applications, including robotics, electric vehicles, household appliances, power tools, and Unmanned Aerial Vehicles
(UAVs). BLDC motors offer several advantages, such as high efficiency, elevated operating speed, a favorable torque-
to-weight ratio, minimal maintenance requirements, and responsive dynamics [1]. Nevertheless, the control of BLDC
motors involves intricate processes, and the performance of the motor is contingent on the chosen control algorithms

[2].

Commonly used control methods for BLDC motors include trapezoidal scalar control and field-oriented control
(FOC). Trapezoidal control has drawbacks such as torque ripple, limited speed range, and high noise [3]. FOC
addresses these limitations by improving efficiency and maximizing torque per unit current [2]. Sensored FOC uses Hall
sensors for accurate measurements [4][5], while sensorless FOC estimates rotor position using measurable system
parameters [6-9].

The use of Hall sensors in BLDC motors to determine commutation angles poses several problems, including
sensitivity to high temperatures, expensive sensor costs, installation difficulties, and sensor mounting errors [10].
Sensorless control, using Back Electro Motive Force (BEMF) as a reference, can overcome some of these issues [11].

In general, sensorless operations can be classified into two main categories: low-speed estimation and medium
to high-speed estimation. In low-speed estimation, determining the rotor position involves the application of high and
low-frequency injection methods, utilizing the specific effects of the motor in question [12][13].

On the other hand, for medium to high-speed operations, the commonly used estimation methods are Model
Reference Adaptive System (MRAS) [14], extended Kalman filter (EKF) [15], Back-EMF estimation [16], and sliding
mode observer (SMO) [17][18]. In research conducted by [19], SMO was developed within a stationary reference frame,
replacing the sign function with saturation to reduce vibrations. Nevertheless, the inclusion of low-pass filtering remains
crucial to dampen high-frequency noise.

Among the mentioned methods, SMO stands out as a viable option due to its ability to be implemented and offer
robustness against uncertainties in parameters and measurement noise. In the context of FOC for BLDC motors, this
paper proposes the utilization of the Sliding Mode Observer (SMO) for estimating rotor position and speed.

The Sliding Mode Observer (SMO) is employed to estimate the current, back-EMF, and position/speed of BLDC
motors. This study introduces the SMO approach, which involves estimating both current and back-EMF to determine
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the position/speed of the BLDC motor rotor. Additionally, Field-Oriented Control (FOC) outcomes obtained with Hall
sensors serve as a benchmark for evaluating motor performance when employing SMO. The characterization of BLDC
motor parameters is carried out using the STM32 Nucleo-F401RE board, ensuring a high level of simulation accuracy.
The suggested control approach undergoes simulation in Matlab/Simulink to verify its effectiveness across different
operating conditions.

2. Research Method

This research focuses on testing Sensorless Field-Oriented Control (FOC) with responses approaching the
performance of a Brushless Direct Current (BLDC) motor using Hall sensors. FOC with the Sliding Mode Observer
(SMO) method is employed for current, rotor position, and speed estimation. Subsequently, simulation tests are
conducted to assess the performance of the responses generated by the BLDC. The response results present the
performance of the BLDC using SMO and FOC, compared to the BLDC's performance when using Hall sensors. This
study specifically emphasizes the analysis of the output performance of the sensorless BLDC using SMO and FOC.
Literature studies are carried out in determining control design specifications and component specifications in a
sequential and systematic manner. The flowchart guiding the research can be seen in Figure 1.
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Model design
BLDC motors
N
Planning Planning
Field Oriented Control Field Oriented Control
using a Hall sensor
h 2
Performance response comparison
Planning BLDC with FOC SMO
Sliding Mode Observer g
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Figure 1. Research Stages

2.1 Mathematical Model of BLDC Motor

The development of a mathematical model for Brushless Direct Current (BLDC) motors assumes that the motor
operates as a balanced three-phase system [20]. Therefore, the Equation 1 describing the machine are obtained in the
abc reference frame, as outlined in reference [21].

Ua Rs 0 0 ia L—N 0 0 ia €a
Ub| = R¢ Ollip|+| 0 L-N 0 T ip|+|en (1)
Uc 0 0 Rl 0 0 L—N Ic €c

Where U, ¢, iaper » and e, p . represent the phase voltage, phase current, and the electromotive force (EMF)
waveform of the phase, respectively, with the EMF waveform modeled as a trapezoidal function. Ry stands for stator
resistance, while L and N denote the self-inductance and mutual inductance, respectively. Equation 2 depicts a model
that relies on a trapezoidal EMF waveform. However, in the context of implementing Field-Oriented Control (FOC) to
regulate the BLDC drive, a sinusoidal EMF waveform is obtained. Therefore, to enhance the precision of the BLDC
motor model, it is recommended to utilize the a-B reference frame within the stationary reference frame, as suggested
in Equation 2 [22].
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di, )

Lg (—) = —Ri, —e, + U,
dt
dig , )

Ls <E) = _Rslﬁ - eg + UB

Where
eq = —wePpy Sin(0)

eg = wePpy cos(B)

Where i,, ig, Uy, Ug,and e,, ez are the phase currents, phase voltages, and back-EMF in the stationary reference
frame, respectively, R; is the stator phase resistance, L, is the stator phase inductance, Yy, is the flux linkage of the
permanent magnet, w, is the electrical angular velocity, and 8 is the electrical rotor position. From the back-EMF function
in (1), it is evident that the back-EMF signal includes data on rotor speed and position. Therefore, once the back-EMF
signal is estimated using the observer, information about the rotor's speed and position can be obtained.

The Equation 3 for electromagnetic torque (7,) in the dq coordinates is determined by

3 ) . .
T, = > P(Lq.iq = Lgiq) = (CLwy, — Rig) 3)

The formula for electromagnetic torque (T,) in a synchronous motor in dq coordinates involving the number of
poles (P), direct-axis inductance (L,), and quadrature-axis inductance concerning the magnetic field (L) is derived from
mathematical analysis and modeling of the synchronous motor in the dq coordinate system. In this equation, the direct-
axis current (i;) represents the component of current that flows along the direct axis of the motor, which affects the
direct-axis inductance, while the quadrature-axis current (i;) represents the component of current that flows along the
guadrature axis, affecting the quadrature-axis inductance. The factor of 3/2 is associated with the transformation from
a three-phase system to the dqg coordinates. Additionally, the mechanical load (C,) and stator resistance (R,) also
contribute to the overall electromagnetic torque.

2.2 Field-Oriented Control

Field-Oriented Control (FOC) is a technique employed to regulate a Brushless Direct Current (BLDC) motor by
aligning the motor's torque and flux through the conversion of current from the stationary frame to the rotating frame.
This process entails the detection of two-phase currents in the motor, followed by the application of Clark and Park
transformations to convert these currents into the d and q frames [23].

The Clarke transformation is utilized to convert three-phase currents (i, ; .) from the stationary coordinate system
into two-phase currents (i, ig) in the rotating coordinate system. These two-phase currents are then used as inputs for
the Park transformation. Meanwhile, the Park transformation is employed to convert the two-phase currents (i, ig)
obtained from the Clarke transformation into two-axis currents, namely the direct axis (d) and quadrature axis (q),
enabling independent control of the motor's torque and flux. In the d-q frame, the d component represents the magnetic
flux generated by the permanent magnet field, while the g component represents the flux generated by the current
flowing through the motor winding's field coils.

Subsequently, the d and g-axis currents are compared to the reference flux and torque values. In the case of
BLDC motor, where the flux remains constant due to the magnet, the reference flux is considered zero when controlling
a BLDC. The system's torque reference is derived from the output of the speed controller and transformed into a g-axis
current with the application of a scaling factor [24]. Figure 2 presents a simplified flowchart of the Field-Oriented Control
(FOC) process for a BLDC motor.

iar ih: ic Clarke I‘a’; [B Park id; [ Pl Ud, Uq Inverse Ua., U,E Inverse UtIJ UbJ Uc
: Transform C Transform > Controller — Park —> Clarke —>
Transform Transform

Figure 2. Flowchart of FOC
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2.3 Sliding Mode Observer

The Field-Oriented Control (FOC) technique requires accurate rotor position information, which can be computed
from the motor's back-EMF signal [25]. Back-EMF estimation, utilizing phase voltage and phase current measurements
without neutral point connection, is incorporated into the SMO as depicted in Figure 3. The SMO, robust against
parameter uncertainties, provides rotor position and speed estimates for precise control signals. The SMO ensures the
accuracy of the system state estimation, regardless of measurable or unmeasurable conditions. This enhances the
effectiveness of the FOC technique in dealing with parameter uncertainties and produces optimal control. The design
of the SMO involves creating two observers: one for estimating current and another for estimating speed.
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Figure 3. Flowchart of FOC

2.3.1 Current Observer
To design a current observer in MATLAB, the following equation is obtained:

Tae+1y=Igey + sampling time * Iy qpient o) 4)

Equation 4 reflects the observation in the SMO, where the estimation of the current at the next iteration (K + 1)
is calculated by adding the product of the sampling time and the current gradient igradient(k) at the current iteration to
the estimation of the current at the previous iteration. This provides the system with the ability to dynamically adjust its
current estimation based on the latest information of the current gradient, enabling a quick response to changes in the
electric motor's conditions.

u(k) =k + sign(lgey — Igo) (5)

Equation 5 generates the control signal (u) used in the Sliding Mode Observer (SMO) control. This control
signal aims to guide the estimated current [ towards the correct direction or closer to the actual current, enabling the
system to follow desired dynamics. The sign function returns the sign of each element in a vector. Specifically, if an
element is positive, the result is 1; if negative, the result is -1; and if zero, the result remains zero. Therefore, sign(f, —
1)) produces a vector with elements that reflect the signs of the current differences in Equation 6.
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-1, x<-1
sat(x){ x, —-1<x <1 (6)
1, x=>1

Equation 7 is used in the Sliding Mode Observer (SMO) to update the current estimation at each time iteration,
enabling the system to effectively track and respond to changes occurring within the motor system. Subsequently, the
value of the control signal (u) is logged into the '‘BackEMFCommandLog' data for the back EMF observer.

Uswp' [xRs u
? (k) (k) (k)
Lyragient (k) = I Ts L (7)

2.3.2 Back-EMF Observer

The back-EMF signal obtained from the current observer in Equation 8 is stored in 'BackEMFCommandLog' in
MATLAB using the notation BackEMFCommandLog(i,1:2) = u;, denoted as e.;. To model the estimation process and
the Butterworth filter on the back-EMF control voltage, the formula indicates the current time iteration, and the matrix
element e, represents the filtered back-EMF. The values e, and e;,,, are respectively logging Back-EMF and Back-
EMF after the transposed filter.

eLpf(k) = 000015705 * e(’:l(k) + 000015705 * eél(k_l) + 0.99968 * eL’pf(k_l) (8)

The estimation of electrical speed w,,, defined as the difference between the electrical angles at iteration (k),
can be formulated according to Equation 8 as follows:

Wiy = By = Bu-1) 9)

In Equation 9, é(k) represents the estimated rotor angle at iteration k, and é(k_l) represents the estimated rotor
angle at the previous iteration. The rotor speed estimation W, is obtained from the difference between the current and
previous rotor angles, reflecting how fast the rotor moves between two consecutive samples. This speed information is
used to regulate the current vector in the rotor coordinates, allowing precise and efficient control of torque and flux in
sensorless FOC, achieving performance comparable to using a Hall effect sensor.

To ensure that the speed values remain within the range of —x to m, phase wrap-around compensation is applied
using an if-else condition. This approach adjusts w,, to compensate for phase shifts, ensuring that the speed estimation
remains consistent and accurate within the specified range.

Wipr(o) = 0.00015705 * Wy + 0.00015705 * W_ 1) + 0.99968 * Wy r(i—1) (10)

Equation 10 represents a first-order Butterworth filter program for the estimation of electrical speed. The
Butterworth filter is utilized to filter out noise or rapid fluctuations in the electrical speed estimation, providing a smooth
response to changes in electrical speed. Where wy, ¢, is the output result of the Butterworth filter at iteration k, W, s,
is the electrical speed at the previous iteration, and Wy, -1y is the filter output at the previous iteration. To address the
impact of speed changes on the electrical angle, which may occur due to significant changes in electrical speed, an
equation is needed to correct the previously estimated electrical angle.

The estimation of the electrical angle (B) plays a crucial role in achieving the desired performance. In BLDC
motors, the accuracy of angle estimation is key to optimizing control and producing a fast and stable response. As an
effective solution, the Sliding Mode Observer (SMO) method is employed to obtain real-time angle estimates. The
equations involve the use of Butterworth filter results on the Back-EMF control voltage.

Oy = By + atan (Wyyr(ey/ (100 * 1)) (11)

In Equation 11, é(k) is the variable used to store the estimated electrical angle of the motor. The term
atan (W ¢/ (100 + ) is added to @(k) to compensate for the phase shift é(k). This adjustment helps to correct any

delays introduced by the filtering process. In this way, the estimated electrical angle after compensation will remain
within a valid and expected range, avoiding discontinuities or errors caused by phase shifts.
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3. Results and Discussion

Replicating the configuration illustrated in Figure 4 within the Matlab/Simulink environment serves as a validation
for the SMO system. The regeneration of voltage components in the SMO involves space vector modulation, utilizing a
low-voltage BLDC motor and the specified parameters in Table 1. This methodology guarantees a comprehensive
assessment of the performance of the SMO system.

Table 1. BLDC Motor Specifications

Symbol Parameter Value
p Number of pole pairs 2
Rs Phase resistance 0.7Q
Ls Synchronous 0.23 mH
inductance
m Permangnt magnet 59.2 mWb
flux linkage
Ke Machine electrical 928 Vims/kRPM
constant
F Friction 15.28 yN.m.s
I Inertia 25.69 pN.m.s
N Max Speed 1644 RPM

The Nucleo F401RE board facilitated the acquisition of motor parameters, as depicted in Table 1. Consequently,
the precision of motor modeling in Matlab and Simulink simulations is notably high. In the FOC control strategy, the id
current's reference value is established at zero. Within the Field-Oriented Control (FOC) strategy, the reference value
for id current is set to zero, while a proportional-integral (Pl) speed controller regulates the Id and Iq current references,
as well as speed control. This approach ensures accurate representation and control of the motor system.
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Figure 4. Field-Oriented Control System Block with Sliding Mode Observer

The simulation results for several constant speed variations with reference speeds set at 250, 500, 1000, and
1644 RPM, in accordance with the motor characteristics. Figure 5 displays the dynamic response of FOC with a Hall
sensor on BLDC. For the rotor position response in FOC with SMO, in Figure 6, it is observed that the rotor position
response experiences a delay of about 0.002s compared to FOC with a Hall sensor. This is because SMO requires
estimating the rotor position based on mathematical models and voltage and current measurements. This estimation
process takes extra time and is susceptible to disturbances or noise.
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Figure 5. Id, theta, Speed Response on FOC is Censored to Changes in Speed Variations

In the speed response, theta angle, and Id value, there is also a delay in response due to the connection with
rotor position identification. In FOC with SMO, the response indicates convergence to the actual speed, which takes
less time at low speeds and becomes slower when the motor is given a high RPM reference. The speed, theta angle,
and Id value responses exhibit similar response characteristics to the FOC response when provided with a Hall sensor.
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Figure 6. Comparison of Rotor Position Response on FOC with Hall Sensor and FOC with SMO
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For the rotor position response of FOC with SMO, it is observed in Figure 6 that the rotor position response

experiences a delay of approximately 0.002s compared to FOC with a Hall sensor. This delay is due to the fact that the
SMO requires rotor position estimation based on a mathematical model and measurements of voltage and current. This
estimation process takes extra time and is susceptible to disturbances or noise.
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Figure 7. Theta, Id, and Speed Response at FOC with SMO to Changes in Speed Variations

In the context of position estimation, the Sliding Mode Observer (SMO) exhibits tracking accuracy that closely

aligns with the actual position under both steady-state and transient conditions. The results presented in Figure 7
underscore the efficacy of the SMO, demonstrating a significant enhancement in the dynamic response of speed
estimation, with performance comparable to Hall sensor-based control as illustrated in Figure 5. Phase delay
compensation is typically employed to mitigate errors in speed estimation. Based on the outcomes, the proposed SMO
proves to be suitable for experimental implementation in the sensorless control of BLDC motors.

4. Conclusion

In this study, the Sliding Mode Observer (SMO) was tested on a low-voltage Brushless DC (BLDC) motor using

Matlab/Simulink with Field-Oriented Control (FOC). SMO provides fast dynamic responses to changes in current,
although speed convergence is faster at low speeds. Sensorless control maintains stability even with small changes in
current. In position estimation, SMO demonstrates accurate tracking compared to FOC with a Hall sensor in both steady-
state and transient conditions. The research results affirm that SMO is effective and suitable for experimental
implementation in sensorless control of BLDC motors.
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