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Abstract. This paper proposes a sliding-mode variable structure controller (SMC) based on
a disturbance observer for BLDC motors. The SMC exhibits strong insensitivity to turbulence,
effectively suppressing disturbances in the BLDCM system. To further enhance performance, a
novel variable exponent reaching law is designed, significantly reducing chattering. Additionally,
a disturbance observer is integrated to eliminate steady-state errors, improving control precision.
Simulation results demonstrate that the proposed SMC achieves superior control performance
for BLDCM, along with excellent robustness against external disturbances.

1. Introduction

BLDCM combine the advantages of both DC and AC motors. They exhibit excellent
speed regulation characteristics and high operating efficiency, similar to traditional DC motors.
Additionally, BLDCMSs inherit the high reliability, simple structure, and easy maintenance of
AC motors. These superior characteristics have led to their increasingly widespread adoption in
industrial applications [1-3].

A BLDCM control system typically employs PID controllers. However, PID controllers
exhibit poor regulation capability when facing parameter variations and external disturbances,
making them inadequate for servo system requirements. Alternative approaches such as neural
networks and model reference adaptive control suffer from structural complexity and significant
computational demands, resulting in high hardware requirements and implementation challenges
[4,5]. Similarly, fuzzy control methods are limited by interdependent fuzzy rules and heavy
reliance on operator expertise, often yielding unsatisfactory performance [6-9].

Sliding mode variable structure control (SMVSC) demonstrates strong robustness against
parameter variations and external disturbances, making it particularly suitable for brushless
DC motor applications [10]. While its discontinuous switching mechanism provides excellent
disturbance rejection, this characteristic simultaneously introduces undesirable chattering effects
that limit practical implementation. Previous studies have employed various approaches to
mitigate this issue: an exponential convergence law was shown to effectively reduce chattering,
though it only guarantees convergence to a neighborhood of the origin rather than exact
convergence [11]. Alternative methods combining intelligent control with variable structure
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control have demonstrated improved chattering suppression [12-16], yet these approaches fail
to address load torque variations. To overcome these limitations, this paper proposes a novel
SMVSC speed controller integrated with a disturbance observer. This combined approach not
only maintains the system’s robust performance but also compensates for torque variations,
thereby enhancing the motor’s speed regulation capability.

2. BLDC Mathematical Model

The BLDCM employs a star connection without a neutral line. During normal operation,
it functions with two-phase conduction, resulting in six distinct operating states. The motor
exhibits trapezoidal back-EMF waveforms characterized by a flat-top width of 2/37 electrical
angle. For analytical purposes, we make the following assumptions: (1) the magnetic circuit
operates in the unsaturated region, (2) hysteresis and eddy current losses are negligible, and (3)
stator windings maintain perfect symmetry. Under these conditions, the three-phase winding
voltage balance equation can be expressed as:

Uq p 0 0] |ig n m m| |ig €q
up| = [0 p Of |ip| +D |m n m| |ip| + |ep (1)
U 0 0 p| | m m n| | éc

Where:p is the resistance of the stator phase winding;u,,up,u. are the stator phase winding
voltages; eq,ep,e. are the stator phase winding counter electromotive force; i,,ip,i. are the stator
phase winding current; n is the self-inductance of the phase winding; m is the mutual inductance
between the windings of each two phases; D is a differential operator D = d/dt .

It is obtained because the three-phase stator windings are connected using a star connection:
lg + 1+ =0 (2)

then
mip + mic = —Mmig (3)

The joint equations (1),(2),(3) are obtained:

Uq p 0 0] |2a n—m 0 0 iq €q
up| = |0 p 0| |ip| +D 0 n—m 0 | + |ep (4)
Ue 0 0 p| |2 0 0 n—m| |ic €ec

Simplification of equation (4) gives the motor voltage balance equation:

di
u = Hew—l-p’i%-n/dfz (5)

Where:p'is the motor phase resistance; u, i are the motor terminal voltage and phase current,
w, H, are the motor angular velocity and reverse electromotive force coefficient, n’ is the phase
inductance.
The torque balance equation for a brushless DC motor is

dw

Te_,fi:B
w—l—Jdt

= Croia = Qui (6)
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Where:Q¢, J are the torque coefficient and the moment of inertia,T;, T, the load torque and
electromagnetic torque, is the motor damping factor.
The differential equation model of the brushless DC motor is derived from the above equation:

dw _ B (Qt) . ].

a s Tt g -
di Qs p. 1
- Wl T T

Derivation of the first equation in Eq. (7) yields

d?w dw di
ew_ g™ av
T e a @y 8)
From(6)
J dw B
i=——+—w+1T; 9
Qi dt Q¢ ©

Substituting the second equation in (7), (9) into (8) yields

n'J d*w pJ Bn dv By P

@ﬁ: (Qt+ Qt) (E—FHe)w—{—u—@Ti (10)

Order 1 = w, z2 = w ,Obtain the equation of state of the brushless DC motor power system.

T1 = T3,
_(BY +QiQs) (p'J + Bn')
12 = — n'J 1 — n'J Z2 (11)
(Bp' + Q:Qs) Qe P’
Ty Y Tt J

In brushless DC motor control systems, the regulation of motor speed is accomplished through
precise modulation of the PWM inverter’s output average voltage by the implemented controller.

3. Sliding mode variable structure controller design based on disturbance observer
3.1. Convergence law based sliding mode control
Consider the following nonlinear affine system

&= f(z)+ b(x)u + d(t) (12)

In the system formulation, the state and control vectors are respectively defined as x € R"
and u € R" | where f,b,and d(t) represent the smooth uncertain vector field and the bounded
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system perturbation. The sliding mode switching surface is subsequently defined according to
the following expression:

s =gx (13)

For the affine system under consideration, where g denotes an n-dimensional row vector, the
control input is determined according to the following formulation:

i) = {uj(x) si(x)>0

u; (z)  si(x)>0 (14)

In the phase plane representation, the system state trajectory is compelled to asymptotically
converge toward the predefined sliding manifold when operating outside this surface, and is sub-
sequently constrained to maintain motion along the sliding manifold until ultimate convergence
to the equilibrium point is achieved.

The exponential convergence law, originally proposed and developed by Professor Weibing
Gao in the late 20th century, has been extensively adopted in domestic and international
applications for characterizing state trajectory behavior during the reaching phase of sliding
mode control systems. However, this methodology exhibits inherent limitations as its switching
band constitutes a finite region wherein system trajectories asymptotically approach but
cannot achieve complete convergence to the origin, instead demonstrating persistent chattering
phenomena in proximity to the equilibrium point. To mitigate these oscillatory effects, an
enhanced variable exponent convergence law is herein proposed.

$ = —ks — als|sgn(s) (15)

The exponential component is observed to exhibit rapid asymptotic decay to zero as the
sliding manifold is approached, where the —a|s|sgn(s) term governs the variable-velocity phase
dynamics, while the magnitude-dependent |s| term results in progressive attenuation of the
corresponding control action in the variable structure control formulation.Ultimately, asymptotic
convergence to the origin is guaranteed, thereby completing the convergence law-based control
design.

§ =g = slaw (16)

where slaw is the convergence law (15) Substituting equation of state (12) into (16) yields the
control inputs

w = —[gb(@)] (g () + gd(t) + slaw] (17)

3.2. Sliding mode variable structure controller design based on disturbance observer

This paper presents the design of a speed controller capable of maintaining precise velocity
tracking performance under parametric variations and torque disturbances, with simultaneous
disturbance observation implemented for effective disturbance rejection. The controller generates
voltage output signals, through which motor speed regulation is accomplished, with the complete
system architecture illustrated in Figure 1.
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-

Figure 1. Structure control system architecture

For the object model (7), let the system instruction speed be , then the tracking error of the
system is
e=w'=w (18)

Substituting equation (18) into equation (7) yields

i'l = X2,
. (B +@QQs)  (p'J+Bn)
e BRIy S (19)
(Bp' + Q:Qs) . @ P’
2P T ts) e 2ty Lo,
+ n'J . n/Ju + g
Where: 1 =e,z9 = é. So
0 T2
@)= | (B +@Q) @I+ Bw)
n'J ! n'J 2
Q: ]
b(z) = |0 — Xt
@=|o -2
d(t) = [0 (Bt Qi) . pIT]T
n'J gt
order .
g=1[g 1]

Substituting the above equation into equation (17) gives the control inputs u. To achieve
reduction of steady-state error, system perturbations must be observed and subsequently
compensated through feed-forward control utilizing the observed values, thereby enabling
elimination of residual steady-state error. In the present study, a disturbance torque
observer is constructed through utilization of the system’s torque current and rotational speed
measurements. From the torque equation of a brushless DC motor, it can be written as

dw

T =
Qyi Jdt

+ Bw (20)
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The design observer is

B Qi de

— Bw— Qi — J—

7 dt

T, = 21
Gs+1 (21)

Where G represents a positive constant, a first-order filtering component is incorporated into
the observer structure to attenuate high-frequency noise induced by velocity differentiation in
the numerator. The observation error is guaranteed to converge to zero exponentially, with the
convergence rate being governed by the time constant 1/G.

4. Control System Simulation

The parameters of the prototype chosen for the actual simulation are as follows: The phase
resistance of the stator is 2.3Q2 ,phase inductance n = 6.8mH, H. = 0.95, f = 0.001N - S, B =
0.0001,Q; = 0.93,J =3 x 103K g - m?2.

The controller is validated through MATLAB/SIMULINK.Where: @1 = 0,00742,Q2 =
0,95023,Q3 = 0.4,Q5 = 2,473, Q¢ = 10,1/G = 0.019, ¢; = 500.

To evaluate the performance of the proposed disturbance observer-based variable structure
controller, a comparative analysis was conducted with a conventional PID controller. As demon-
strated in Figure 2, the speed response characteristics of both controllers were examined under
a sudden load variation from 20N - S to 100N - S within 0.1s. The variable structure controller
exhibited superior transient performance, characterized by faster settling time and reduced oscil-
lation amplitude compared to the conventional PID controller, thereby validating its enhanced
disturbance rejection capability and improved overshoot suppression. Furthermore, as illustrated
in Figure 3, the controller maintained stable speed regulation despite a parameter variation from
2.3Q2 to 4.50) in phase resistance, confirming its robustness against system parameter uncertain-
ties.
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Figure 2. Speed response curve contrllledFigure 3. Speed response curve under
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5. Conclusion

This paper presents the design of a disturbance observer-based variable structure controller
for brushless DC motor systems, which demonstrates superior speed regulation performance
and enhanced robustness. Through the implementation of a disturbance observer, system
perturbations are effectively estimated and compensated, thereby achieving optimal control
performance. The effectiveness of the proposed control scheme is rigorously verified through
comprehensive simulation studies.
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