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Abstract: This paper proposes a hybrid control strategy that combines sliding mode control (SMC) and field-oriented
control (FOC) for speed tracking of a brushless direct current (BLDC) motor. The outer loop, based on using SMC, enables
fast response to load torque and external disturbances, while the inner loop, based on FOC with proportional—integral
(PD) controllers, ensures precise control of torque and current. In the proposed hybrid SMC-FOC strategy, a fractional
integral terminal sliding mode control (FITSMC) is selected, since it achieves faster and more accurate convergence while
avoiding the need for unbounded control effort near the origin. Moreover, space vector pulse width modulation (SVPWM)
is employed to further enhance system efficiency and reduce torque ripple. This hybrid SMC-FOC strategy was tested
on a simple, low-cost ESP32 microcontroller. Experimental results demonstrate improved speed response and robustness
compared to the conventional PI-FOC under both symmetric and asymmetric load conditions. These results suggested
that the solution is practical for applications requiring affordable yet reliable motor control.

Keywords: fractional integral terminal sliding mode control (FITSMC), field oriented control (FOC), space vector pulse
width modulation (SVPWM), torque ripple, ESP32

1. INTRODUCTION losses, and substantially reduce harmonic distortion com-

pared to conventional PWM methods [7].
1.1. Literature Reviw

Brushless direct current (BLDC) motors are widely 1.2. Motivation and Contributions
used in various applications due to their high efficiency,
compact design, silent operation, and reliability. These The motivation of this study is to enhance control
advantages make them well-suited for electric vehicles, performance by proposing a hybrid control strategy that
robotics, and industrial automation applications [1]. The combines SMC with FOC, and to validate its real-time
conventional Proportional-Integral (PI) controller has feasibility using an ESP32 microcontroller.  This ap-
been widely applied, but often demonstrates limitations, proach aims to deliver improved dynamic performance,
including increased torque ripple and slower settling torque smoothness, and stability, with practical applica-
times under varying load conditions [2], [3]. bility in resource-constrained real-time systems.
Field-oriented control (FOC) is a widely used method The main contributions of this paper are as follows:
that offers better torque and speed tracking control. In
conventional FOC, referred to as PI-FOC, PI controllers 1. Hybrid SMC-FOC Control Design: A hybrid control
are used in both inner and outer loops. However, it still strategy is proposed, FITSMC in the outer loop with FOC
faces difficulties when fast response and robust perfor- in the inner loop. The SMC-FOC combines fractional
mance are simultaneously required, particularly in imple- integral terminal sliding mode control (FITSMC) with the
mentations on resource-constrained low-cost hardware precision of FOC, enhanced through SVPWM

platforms [4], [5].

Nonetheless, the PI-FOC continues to struggle with
speed accuracy, sensitivity to disturbances, and param-
eter variations [6]. To overcome these issues, sliding-
mode control (SMC) has been applied in the outer loop
while PI controllers are still used in the inner loop. This

2. Low-Cost Real-Time Implementation: The proposed
controller is implemented on an ESP32 microcontroller,
demonstrating that advanced nonlinear control methods
can be implemented on resource-constrained, low-cost
embedded platforms without sacrificing performance.

SMC-FOC strategy offers superior disturbance rejection 3. Experimental Validation: The hybrid SMC-FOC is
and dynamic performance. Experimental results demon- tested under both symmetric and asymmetric loads using
strate that the SMC-FOC approach yields better speed a BLDC motor under symmetric and asymmetric loads.

accuracy when compared to the PI-FOC [6]. 4. Quantitative Performance Benchmarking: A compar-

ative analysis against the PI-FOC controller is conducted
using time-domain metrics and integral performance in-
dices. The results demonstrate improvements in transient
response, tracking accuracy, and reduction of speed rip-
ple.

Moreover, both PI-SMC and the incorporation of ad-
vanced modulation methods such as space vector pulse
width modulation (SVPWM) can significantly enhance
the efficiency of inverter voltage, minimize switching

1 Komarapat Nudad is the presenter of this paper.
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1.3. Paper Organization

The remainder of this paper is organized as follows:
Section 2 introduces preliminaries on the BLDC mo-
tor model and finite-time control. The proposed hybrid
SMC-FOC strategy is presented in Section 3. In Section
4, the experimental setup is described. Results and dis-
cussion are given in Section 5. Section 6 concludes this

paper.
2. PRELIMINARIES

2.1. BLDC Motor Model

2.1.1. BLDC Motor Model in abc reference frame

The electrical dynamic equations of Y-connected sta-
tor windings of a three-phase BLDC motor can be ex-
pressed in abc reference frame as follows [8]:

d
Ve = Raig + LE2

7 + eq (1)
) dip

vp = Rty + L— + e 2)
dt
) di.

Ve = Rgte + Ld—tc + e. 3)

where v,, v, v are the phase voltages, i, %y, %, are the
phase currents, and e, e, €. are the induced back elec-
tromotive forces (EMFs). Here, R, denotes the stator re-
sistance, and the inductance L is defined as: L = L,— M,
where L, is the stator inductance and M is the mutual in-
ductance.

These electrical equations are based on the following
assumptions: There is no change in the rotor reluctance
with angle; the stator resistances of all phases are equal;
the stator inductances of all phases are equal; the mutual
inductance between phases is equal; and the stator cur-
rents are symmetric.

The relationship among the electrical rotor angle, elec-
trical rotor speed, and mechanical rotor speed is given by
the following.

do, P
= We = S Wm

dt -2

“4)

where w, is the electrical rotor speed and P is the number
of poles.

The motor torque resulting from the electromagnetic
force is given by [8]:

®)

7(6(12'@ + €bib + ecic)
Wm

On the mechanical side, the motor dynamics is governed
by:

dwm
dt

Jm + Bmwm = Tm - TL (6)
where J,,, is the inertia, B,, is the friction coefficient, and
Ty, is the load torque.

Assumption 1: The load torque 77, (¢) is bounded by

a positive number A,,q4, i.€. |TL(#)| < A [ ]
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2.1.2. BLDC Motor Model in dq reference frame

To enable independent control of magnetic flux and
motor torque [9], the BLDC motor equations are trans-
formed from abc reference frame into dq reference frame.
This transformation is accomplished using Park Transfor-
mation.

In dq reference frame, the electrical dynamic equa-
tions are given by:

di
vg = Rgig + Lﬁ

T welig 7
. dig .
vy = Rgig + LE +weliqg + eq ®)

where vg4 and v, are stator input voltage, ¢4 and ¢, are sta-
tor current, e, = Kypwyy, is the back EMF in dq reference
frame.

Thus, the BLDC motor model is described by:

dig _ R.. P 1

g = it gemiat pud ©)
di R, . P K
d—; = ffzq > —Wmld — Lb W + I Vg (10)
dwy,, B, 1 1
TR S iy ()

Notably, the electromagnetic torque from Eq. (5) can
be expressed in dq reference frame as:

T, = Ky, (12)
where K is the motor torque constant.
2.2. Finite-Time Control
Consider the nonlinear system given by:
5(t) = f(t,s(t)), s(0) = so (13)

where s € R™ is the system state, and f : RT x D — R"
is locally Lipschitz continuous with f(¢,0) = 0,¢ > 0.

Lemma 1: [10] Assume that there exists a continu-
ously differentiable, positive definite function V' (s) on an
open neighborhood U of the origin such that:

V(s) < —AV(s), Vs € Uy (14)

where v > 0 and 0 < o < 1. Then, the origin is finite-
time stable, and the reaching time is finite and satisfies
the following inequality:

1t
(1 —a)

3. HYBRID SMC-FOC STRATEGY

In this work, the hybrid SMC-FOC strategy is pro-
posed for motor speed control. As shown in Figure 1, our
control structure consists of four crucial components: an
outer loop control, an inner loop control, the Park/Clarke
Transformation, and the SVPWM module. The outer
loop control utilizes FITSMC for robust speed regulation,
while the inner loop control uses FOC for precise current
and torque control.

tr(s0) < V1i=(s0) m (15
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Fig. 1: Hybrid SMC-FOC strategy.

3.1. Outer Loop Control: SMC

In the outer loop, FITSMC is used to ensure that
the rotor speed w,, (t) follows the reference rotor speed
w! (t) despite the existence of the unknown load torque
Tr.

Since the cross-coupling terms gwmiq and gwmid in
Eq. (9) and (10) are eliminated by the inner-loop con-
trol design, as described in the next section, and given
that the electrical time constant L/R, is much smaller
than the mechanical time constant J,,,/B,,, the current
dynamics are significantly faster than the mechanical dy-
namics. Therefore, only Eq. (11) is used to describe the
motor speed dynamics.

Define the speed tracking error as:

ew(t) = Wi (t) — wi(), (16)

The FITSMC is defined by a sliding variable as follows
[11]:

¢
s(t) = eu(t) + c/ eg/P(r) dr a7
0

where ¢ > 0 is the integral gain, and p, g are positive odd
integers satisfying p > g > 0.

Remark 1: [10] If the system is on the sliding sur-
face: s(t) = 0,Vt > to with initial tracking error
ew(to) = ewo, the tracking error e, (t) converge to zero
in finite settling time ¢4 given by:

B |ew0‘1—Q/P

ts(ewo) = a—a/) m (18)

To find T,,,, the following reaching law is chosen:
$ = —esgn(s) (19)

where € > 0 determines how fast it reaches the sliding
surface.
By differentiating Eq. (17), we have:

$=é, +ceg/p

= [}, — tm] + cel/? (20)
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By substituting $ from Eq. (19) and w,,, from Eq. (11)
into Eq. (20), we obtain:

B, 1 1
—esgn(s) = [w:n - (—mem + ETm - JmTL)]

+cel/? 1)

Solving for T,,,, we obtain:

T =Jm [wfn +cel/P 4 e sgn(s)}

+ Bowm + 11, (22)

Since all quantities on the right-hand side of Eq. (22) are
known except 17, the control law in Eq. (22) cannot be
implemented.

By using the bound of T, the FITSMC is designed as
follows:

T =dJdm [w:;l +cel/P 4 e sgn(s)}
+ Biwm + Apas sgn(s) (23)

Let k = € + Ayaz/Jm be the FITSMC gain. Conse-
quently, the FITSM is given by:

T = JIm [w; +cel/?P 4k Sgn(s)] + Bmwm (24)

Theorem 1: Under the assumptions of bounded
torque load, the FITSMC given in Eq. (24) ensures that
the tracking error converges to zero in a finite time, pro-
vided that &k > Aaz/ I [ |

To prove Theorem 1, consider the following candidate
Lyapunov function [11]:

1
V, = 552. (25)



The derivative of V' (s) is given by

i, B,, 1 1
o[ (G v g 5]

—l—ceff/p)

By substituting 7,,, from Eq. (24) into Eq. (26), we have:

Vs:

(26)

. 1 T
Ve=s (—k‘sgn(s) — TL> = —kls| — J—Ls 27

Im

From Assumption 1, —ILs < |ILg| < Bumaz|s|. Con-
sequently,
. A
V., < — (k _ Pmaz |S| _ _7‘/;1/2 (28)
m
Amag

where v = /2 (k — B
According to Lemma 1, v > 0, or equivalently, the
controller gain k must satisfy k > A4,/ Jr to guaran-
tee finite reaching time ¢,., which is given by Eq. (15).
Moreover, the settling time ¢,, given by Eq. (18), is
also finite. Consequently, the convergence time—equals
the sum of ¢, and ¢,—is also finite. |

3.2. Inner Loop Control: FOC

In the inner loop, FOC with two PI controllers and a
decoupling method is used for controlling the direct-axis
current ¢4 and quadrature-axis current 74, such that they
track the reference currents 4; and iy, respectively, given
by:

ig =20 (29)
i Tn
q K,

= Il et/ vk sen(s)| + —wn,  (30)

K| ™ “ K

Define the speed tracking error as:
eq =1iy(t) —ia(t) 31
eq = ig(t) —iq(t) (32)

The PI controllers, combined with the decoupling
method, can be designed as:

v = vy — L5 Wi (33)

/ P
Vg = v + L—wniqg + Kywm (34)

2

where v;l and v(; are the outputs of the PI controllers:

t
vy = Kpeq + K; /O eq(T)dr (35)

t
v; = K,eq + Ki/ eq(T)dr (36)
0
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where K;, > 0 and K; > 0 denote the proportional and
integral gains. For simplicity, the same gains are applied
to both ¢4 and 7, control loops.

Thus, the current dynamics are now described by:

di R, . 1 .
AR A 37)
di R, . 1
TR AR A G8)

Figure 2 illustrates the block diagram of the PI control
loop for 44. The structure for ¢4 is similar. For brevity,
only the PI controller design for the ¢, loop is shown.

. / .
iy +__ e X K Vg 1 i
pt Ls+ R,

Fig. 2: Block diagram of PI current control loops

To design the PI controller for the ¢, loop, consider the
following open-loop transfer function:

_Kp—f—Ki/S_Kp S+Ki/Kp
Gorls) = TR~ T ( s+ R./L (39)

By choosing K; /K, = R,/L, we have:
K

G ==t 40
or(s) s (40)
Thus, the closed-loop transfer function for ¢, is given by:
I‘I(S) — GOL(S) — Kp (41)
I7(s) 14+ Gor(s) Ls+ K,
By choosing a large K,/ L, we obtain:
I K,/L

ti(s) _ »/ ~1 (42)
I7(s) s+ K,/L

and the transient response time of i, is very short.

Consequently, both current loops can be made suffi-
ciently fast by proper tuning of the PI controller gains.
Therefore, the current dynamics in the inner loop are
significantly faster than the mechanical dynamics in the
outer loop.

4. EXPERIMENTAL SETUP

As shown in Figs. 3 — 5, all experiments were con-
ducted on a Gimbal BLDC2804 motor equipped with
Hall sensors and driven by an SVPWM-based three-
phase inverter, under the control of an ESP32 micro-
controller. Speed and position feedback were obtained
from an AS5600 encoder, while phase currents were mea-
sured using an ACS712 current transducer. Motor speed,
torque estimates, and phase currents were logged to a host
PC for post-processing in MATLAB, enabling quantita-
tive comparison between the hybrid SMC-FOC and con-
ventional PI-FOC under both symmetric and asymmetric
loading conditions.



Notably, in all experiments, the signum function in
the hybrid SMC-FOC is replaced with a smooth approxi-
mation using the hyperbolic tangent function, defined as
tanh(s/e), e = 0.6, to mitigate chattering effects.

Fig. 3: Experimental setup

|

(a) Symmetric load

(b) Asymmetric load

Fig. 4: Motor and encoder under symmetric and asym-
metric loading conditions

AS5600
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12C: SDA(21), SCL(22)

ESP32

Analog 36, 39 I

SimpleFOC
(Current Sensor, FOC, SVPWM, Drive)

1

BLDC Motor

12C: SDA(21), SCL(22)
PWM: 25, 26, 27, 33 (EN)

Fig. 5: System overview on ESP32-based motor control

5. RESULTS AND DISCUSSION

The proposed hybrid SMC-FOC controller was tested
on an ESP32 platform under two loading conditions: (1)
symmetric load at 1,000 RPM and (2) asymmetric load
at 200 RPM. Although the experiment was conducted for
10 seconds, only the first 3 seconds are presented in Figs.
6 and 7 for clarity. The speed and torque measurements
were acquired in real-time and plotted at a sampling in-
terval of 0.1 seconds.

The following time-domain metrics and integral per-
formance indices were used:

937

Percent overshoot

Rise time (10% — 90% criteria)
Settling time (2% criteria)
Steady-state error

Integral square error (ISE)

Integral absolute error (IAE)
Integral time absolute error ITAE)

A AN i i

.1. Motor Responses under Symmetrical Load

The motor responses under the symmetric load are
shown in Fig. 6. The proposed SMC-FOC controller
achieved faster and smoother speed response with lower
speed ripple compared to the conventional PI-FOC.

Furthermore, the torque response of the SMC-FOC
exhibited a less steep transient and lower steady-state
torque than that of the PI-FOC, indicating improved
power efficiency.
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Fig. 6: Responses under symmetric load.

As summarized in Table 1, all time-domain metrics
and integral performance indices for the proposed SMC-
FOC showed notable improvements over those of the
PI-FOC.

Table 1: Performance metrics under symmetric load

Metrics PI-FOC SMC-FOC
Overshoot (%) 5.13 0.97
Rise Time (s) 0.6349 0.6328
Settling Time (s) 1.2202 0.9301
Steady-State Error (RPM) -5.03 -0.99
ISE 238,248.13  198,528.88
IAE 543.63 362.66
ITAE 982.85 243.41

5.2. Motor Responses under Asymmetrical Load

The motor responses under asymmetric loading con-
ditions at 200 RPM are illustrated in Fig. 7. The hy-
brid SMC-FOC had more accurate speed tracking with
a very small overshoot and shorter settling time. Specif-
ically, the speed response exhibited a sharp rise to the
target speed with a small steady-state error. Whereas, the
PI-FOC exhibited a significant overshoot and prolonged
oscillations.



Moreover, the SMC-FOC produced a lower ini-
tial torque spike and reduced steady-state torque ripple
compared to the PI-FOC, indicating improved control
smoothness and reduced mechanical stress.

Speed Response at 200 RPM (Asymmetrical Load)

= ZS e T~ =

(N R Target
- = =PIFOC
SMC-FOC

0 0.5 1 1.5 2 25 3
Torque Response at 200 RPM (Asymmetrical Load)

= T 3
n - = =PI-FOC
' SMC-FOC

0 0.5 1 1.5 2 25 3
Elapsed Time (s)

Fig. 7: Responses under asymmetric load.

As shown in Table 2, the SMC-FOC reduced over-
shoot from 69.38% to 2.32%, and settling time from 9.16
s to 0.15 s, while also improving all integral performance
indices. These results highlighted the improvements in
dynamic response, tracking accuracy, and speed ripple
reduction of the SMC-FOC strategy under asymmetric
load.

Table 2: Performance metric under asymmetric load

Metric PI-FOC SMC-FOC

Overshoot (%) 69.38 2.32

Rise Time (s) 0.0498 0.1000

Settling Time (s) 9.1621 0.1500
Steady-State Error (RPM) 2.60 -1.17

ISE 8,001.72 1,460.65
IAE 122.58 24.98
ITAE 331.58 68.49

6. CONCLUSION AND FUTURE WORK

The proposed hybrid SMC-FOC strategy with
SVPWM, implemented on the ESP32 platform, delivered
noticeably lower speed ripple, higher speed accuracy, and
more robustness than the baseline PI-FOC under both
symmetric and asymmetric load conditions. Future work
will focus on adaptive control, on-the-fly gain tuning, and
validation over a broader range of operating speeds and
loads.
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