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Abstract. The brushless DC motors (BLDC) are used in several applications
such as electrical cars, medical and industrial equipment, where speed control
with high efficiency is required to satisfy specifications regarding load and
tracking references variations. In this paper we propose a comparative study
between the classical PI controller and a Sliding Mode Controller (SMC) for
closed loop speed control of a trapezoidal back-EMF BLDC using a DC/DC
buck converter under various load conditions. Simulation results of speed
response, torque and current behaviors of the studied BLDC are also presented
to support the noted improvements.
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1 Introduction

The brushless DC motors are becoming more popular due to their high efficiency, their
high torque-weight ratio, noiseless operation and low maintenance cost. The BLDC
motor has a permanent magnet rotor and the stator windings are wounded in different
ways with one or multiple phases. The very common BLDC motor used is the three
phases BLDC motor with a trapezoidal back-EMF or a sinusoidal back-EMF [1].

In order to make motion control more reliable, more efficient and less noisy, the
recent trend has been to use brushless DC motors, they are also lighter compared to
brushed motors with the same rated power, the brushes in conventional DC motors
wear out over time and may cause sparking, that’s why we use the BLDC motor in
operations that demand long life and reliability, The BLDC motor is used in enormous
applications that demand very high speed with low torque such the hard drivers or with
big torque with high dynamic speed range such electrical cars.

In the industry the conventional PI controller still widely used due to his simple
control structure, however, there are other more complex control strategies like Neural
Network Control or the Fuzzy Logic Control [4] which need continuous learning,
optimization and adjustment. In other hand, there are less complex control strategies
like the Sliding Mode control [7, 8, 10]. Usually, on those control strategies, a dual
loop of the speed and current is used [3, 6, 9]. In order to simplify the complexity of the
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control algorithms we use two control loops; the inner loop controls the voltage of the
buck converter and the outer loop controls the speed of the motor.

The organization of this paper is as follows. It initially begins by the description of
the studied system structure, then the adopted control strategy for the speed control, and
finally discuss and analysis the simulated results (Table 1).

Table 1. List of symbols and abbreviations.

Nomenclature

K. Back EMF constant Vi Phase voltage applied from
inverter

F Back EMF force reference as function of ix Phase current

(0,) rotor position

0. Electrical angle of the rotor J Rotor inertia

W, Angular speed of the rotor T, Load torque

Ly Inductance of each phase p Damping constant

M Mutual inductance P Number of poles

R Resistance of each phase 0, Mechanical angle of the
rotor

SMC | Sliding Mode Control Dy, Percentage overshoot

Q,ies Measured angular speed Trsq, | Response time

Qeq Required angular speed

2 System Modeling and Description

The studied system shown in Fig. 1 is based on a three phases trapezoidal back-EMF
BLDC motor equipped with Hall, armature current and speed sensors, a three phases
power inverter, a DC/DC buck converter and a torque source for load variation.
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Fig. 1. System model under Matlab/Simulink software
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The armature winding of the BLDC motor can be expressed as follows [2, 3]:
Va = Raiy +La% +Lab% +Lca% +eq
Vo = Ryip + Ly % + Ly, e + Ly %e + ¢ (1)

. diy di di,
Ve = Ralc+LaE +Lab7f +Lcaﬁ +eq

Which can be written in the matrix form as:

Va Ra 0 0 ia La Lah Lca ia €a
wl=10 R, 0 ip | + aZ Lya Ly Ly ip | + | e (2)
Ve 0 0 Rc ic Lca ch Lc ic €q

Assuming that the windings are symmetric and the system is balanced, we have:

i, +ip+i. =0 (3)
L,=L,=L.=1L; (4)
R,=R,=R.=R (5)
Ly =Lioe =Lpe =Lpg =Ley =Lyp =M (6)
So, the matrix become:
Va R 0 O iy d Ly M M Iy e,
wl=1]1]0 R 0 i | + E Ly, M iph | + | ep (7)
Ve 0 0 R i ! M M L i e,

We put: L = L; — M, then we have:

Va R 0 O iy d L 0 O iy e,

vwl|l =10 R O ip +E 0O L O ip | + | e (8)
Ve 0 0 R][i] “lo o0 L]li] e
e, = K..0,.F(0,)

The trapezoidal back - EMF is givenby : { ¢, = K,.,.F (0, — %) 9)

e = Ke.w,.F(Oe + 2—“)

The torque equations can be deduced as:

2 2
T, = K0y F(0,).ig + Koy, F (06 - ?”) iy + Koy, F (06 + ;) i (10)



312 A. L. El Idrissi et al.

dow,
T, =7 4 Bo, + T (11)
dt
Where the function F is defined as below:

=1if0<0,<3

1= £(0, — %)% <0.<n
:—lifn§96<%“
=—1+8(0. —%)if ¥ <0,<2m

F(0.) = (12)

In the other hand, the DC/DC buck converter can be modeled using the following
equation:

Vae = &Viource ( 13)

With « is the duty cycle to be controlled.

3 Control Strategy

Our study will be focused on the dynamic of BLDC speed according to the load
variation. As shown in Fig. 2, two control loops are used, the inner loop controls the
voltage of the buck converter and the outer loop controls the speed of the motor.

PIspeed | Vdcref Link voltage PI
controller controller
rpm_ref ——as= '
' | SMC speed Vdc m

controller

rpm

BLDC 3 phase Buck PWM

~etp——| power
motor inverter converter Generator

Fig. 2. Control strategy block diagram.

The BLDC motor parameters tested in simulation are defined in the following
Table 2:
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Table 2. The parameters of the BLDC motor

J | Rotor inertia 0.01 kg/m?
Ly | Inductance of each phase 0.1 mH

M | Mutual inductance 0.01 mH
R | Resistance of each phase 02 Q

p | Number of poles 4

pm Maximum permanent magnet flux linkage 0.0175 Wb
Py| Rated power 3 KW

3.1 PI Controller

The speed regulation is based on controlling the output voltage of the DC/DC buck
converter using a PI controller. The proportional coefficient Kpw and the integral
coefficient Kiw have been calculated using Tune function in Matlab and chosen value
are respectively 0.1 and 15.

The results of the PI controller in Fig. 3 show the overshoots of the speed when the
speed reference changes, also we notice that the speed drops significantly when we add
aload of 5SNm at T =1 s.
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Fig. 3. The speed variation using a PI control

The PI controller track the speed reference but the response of the BLDC motor
isn’t as fast as desired.

3.2 Sliding Mode Control

In order to improve the speed response of the BLDC motor we propose a sliding mode
control, which will be replacing the PI controller of the outer loop.
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The sliding surface can be defined as:
SQ = Qmes - Qreq (14>
The sliding surface derivative is then given by:

dSQ o dees . ereq o

dr - dt dt

—Ko.sign(Sq) (15)

From (8), (10), (11), (13) and (15), the referred V,. voltage is given by:
Vdc_req = K1 Qpes + KzSigl’l(SQ) (16)
With K| and K, constants to be chosen in order to insure system stability.

As shown in the Fig. 4, using SMC the speed reference tracking has been improved
compared to the PI controller.
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Fig. 4. BLDC speed response using Sliding Mode Controller

4 Comparative Analysis of Simulation Results

In this section, we compare the performance of the proposed SMC controller under the
same conditions as the traditional PI controller. From Fig. 5 the response of the sliding
mode control is much better than the PI control, and the drop of the speed when we add
a load to the system is significant in the PI control and it’s negligible in the SMC.
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Fig. 5. Comparison between the PI and the sliding mode control

Table 3 shows the performances of the SMC controller in comparison with the
conventional PI controller.

Table 3. Comparison between the response of the PI and the sliding mode control to the
variation of the speed and load.

500 rpm 1500 rpm Adding load of Decreasing to
=5 N.m 800 rpm
Conventional PI | Do, = 22.8% Do, =5.5% The speed drop Dg, = 8.6%
controller Trs g =93 ms |Trsq =987 ms | by 4.9% Trs ¢, = 95 ms
Sliding mode Dy, = 5.6% Dy, =0.5% The speed drop | Dg, = 1.7%
controller Trs ¢ =31 ms | Trs 4 = 64 ms by 0.75% Trs ¢, = 47.5 ms

In this study, the current is not controlled, there are two loops, the inner loop is
dedicated to regulate the voltage and the outer loop is dedicated to regulate the speed,
the current reach a maximum of 100 A in both controllers, and the average of the
current is under 50 A, despite of the non-control of the current, the value of the current
in the phases of the motor still tolerable (Fig. 6).

In both cases, as can be seen from Fig. 7, the motor generates the same amount of
torque, which makes the SMC controller a very good option to have a good result

acting only on the buck converter.
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Fig. 7. The torque variations when SMC controller vs the conventional PI

5 Conclusion

In this paper, a particular attention was paid to speed variations of a BLDC motor.
A closed loop speed control is carried out using PI and sliding mode controllers.
A model of the studied system has been also developed under MATLAB/SIMULINK
environment and simulation results with comparative analysis have been presented.
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