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Abstract—This paper proposes a method for direct torque control
of Brushless DC (BLDC) motors. Evaluating the trapezium of
back-EMF is needed, and is done via a sliding mode observer
employing just one measurement of stator current. The effect of
the proposed estimation algorithm is reducing the impact of
switching noise and consequently eliminating the required filter.
Furthermore, to overcome the uncertainties related to BLDC
motors, Recursive Least Square (RLS) is regarded as a real-time
estimator of inertia and viscous damping coefficients of the BLDC
motor. By substituting the estimated load torque in mechanical
dynamic equations, the rotor speed can be calculated. Also, to
increase the robustness and decrease the rise time of the system,
Modified Model Reference Adaptive System (MMRAS) is applied
in order to design a new speed controller. Simulation results
confirm the validity of this recommended method.

Index Terms— Brushless DC Motor, Direct Torque Control,
Model Reference Adaptive System, Sliding Mode Observer

I. INTRODUCTION

Synchronous motors are gaining much attention compared
with induction motors [1-6]. Brushless DC (BLDC) motors are
classified as synchronous AC electric motors, which play a
significant role in contemporary applications, such as: industry,
transportation, visual and sound equipment in medical
applications, with a large variety of power ranges. Preferable
speed-torque features, great dynamic response, long life cycle,
noiseless action, and broad speed dimensions are the
advantages of BLDC motors compared with brushed DC and
induction motors.

One of the most ubiquitous control drives of BLDC motors
is Direct Torque Control (DTC), which has been presented in
[7,8]. It is worth mentioning that the conventional DTC method,
which has been presented for Permanent Magnet Synchronous
Motors (PMSMs), cannot be employed for BLDC motors. The
DTC in BLDC motors is simple with high dynamic torque
responses and low sensitivity to parameter variations.

BLDC motors operate in either a constant current region or
a constant power region. The raising in phase current and
consequently output torque can devastate the control drives
algorithm in a constant torque region. However, in a constant
torque region, the BLDC motor’s back-EMF is less than the DV
voltage of the inverter, which can prevent phase current rises.
Therefore, in this study the simulations are based on the
constant torque operating region.

Commutation has to be done at exact rotor positions for
efficient performance. Hence, six discrete rotor positions
should be considered to feed BLDC motors with rectangular
phase currents. Although Hall sensors are the best type of

sensors for BLDC motors due to soft starting, it has several
drawbacks, such as: cost, sensitivity to the temperature, and
unreliable performance in industrial areas. To overcome these
problems diverse approaches have been addressed in articles [9-
16]. For example, the proposed methods for folding trace
technique of Magnet Resistors as well as shielding for Hall
effect sensing element [17] could enhance bandwidth for
advanced current controlling schemes. Other approaches
include mechanisms based on integration and third harmonics
of back-EMF, flux and terminal voltage calculation, and
discovery of freewheeling diodes.

For BLDC motors, sensorless operation is one of the
effective methods in speed-dependent back-EMF. However,
this method has its own drawbacks, such as low performance in
low speed BLDC motors, and position error at the estimated
commutation point.

Extended Kalman Filter (EKF) and sliding mode algorithms
are presented in [18-23]. The drawbacks of EKF are: noise
influence, complicated configuration, and computation
implementation adversity. In contrast, sliding mode observers’
advantages, such as: being appropriate for piecemeal designing,
being suitable for non-smooth systems, having firmness against
parameters variation, converging in the shortest possible time,
and reducing the observation error, has made it an efficient
popular method [24]. Therefore, sliding mode observer is
employed in the current study. The Recursive Least Square
(RLS) is used to estimate the rotor inertia and the viscous
damping coefficient [19] so that, the load torque can be
estimated. Next, the rotor speed is calculated based on the
estimated load torque using mechanical dynamic equations.
Finally, measured stator currents, estimated back-EMF, and
rotor speed are used to calculate electromagnetic torque.

Model Reference Adaptive System (MRAS) is a closed loop
control system and its parameters can be adjusted to decrease
the error between actual models and reference models [25, 26].
In this paper, MIT role is employed to design the MRAS. The
MRAS is used instead of a PI controller, in order to gain better
speed and torque responses.

II. BLDC MOTOR
The sharp distinction between brushed DC motors and
BLDC motors is the procedure for commutation. In common
DC motors, brushes and mechanical commutators are
responsible for commutation, while in BLDC motors, an
electronic switching converter performs the commutation.
BLDC motors as AC synchronous motors are designed such



that permanent magnets are located on the rotor surface, and the
stator is wire-wounded. The exciting process in BLDC motors
is because of the permanent magnets as a constant flux source
which is called rotor flux. The rotor is the rotating part of a
motor and it needs a rotating field, which is provided by stator
windings. Hence, by employing the right switching pattern, the
perfect rotating field can be supplied. The ideal waveform of
back-EMF and currents in BLDC motors with three-phase and
120° conductivity is presented in Fig. 1 [11-13].
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Fig. 1. (a) Structure of drive system in BLDC motor , (b) back EMF
arrangement creation of reference current

The equations of BLDC motors can be depicted as follows:
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In order, w4, us, and u. are the voltages of each phases, while i,
i», and i. are their respective currents. The back-EMF
waveforms of phases are named e, e, and e.. R and L are
symbols of the resistance and the inductance per phase, and M
shows the mutual inductance per phase. The electromagnetic
torque is achieved by:

Voltage Vector Selection Table

1
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where w, presents the motor speed. Furthermore, the dynamic
motion is obtained by using the following equation:
d 1
—w, =—(T,+T, +Bow. 3
dt ¥ J ( e L r) ( )
where B is the damping coefficient, J is the motor shaft and load

inertias, 77, is the mechanical torque.

III. DTC IN BLDC MOTORS DRIVE

DTC stands for Direct Torque Control. The history of this
control method goes back to 1986, when Takahashi and
Noguchi presented this method. The strength of DTC is its
ability to control electromagnetic torque and flux linkage
simultaneously. Therefore, DTC is the appropriate choice when
exact torque control is necessary for BLDC motors. The look-
up table in [7] shows the six voltage space vectors which are
used to implement DTC. A suitable voltage space vector should
be chosen for employing DTC in BLDC motors. Since the
torque of BLDC motors should be limited to the hysteresis band
by turning off/on transistors, the switching losses are not
significant. As noted earlier, the electromagnetic torque
quantity plays an important role in the DTC algorithm,
especially in a constant torque region. Thus, the final form of
the electromagnetic equation in the stationary reference frame
is eventuated as [7, 8, 13, 14]:

P1 . . 3P . .
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T2
where 6. and w. are the electrical rotor position and speed,
kq(0e ), ka(@.), ey, €sa , isq and izq are back-EMF coefficients,
back-EMFs, and stator currents in the stationary reference
frame (dg-axes) respectively.

The general configuration of DTC, which is performed in
BLDC motors, is demonstrated in Fig.2, which shows several
parts such as: a speed controller, an electromagnetic torque
estimator, a comparator block for torques, and a switching
table. Based on the error between the actual and the reference
speed, the reference torque can be calculated. Switching
commands, which are instructed to inverters, are based on the
hysteresis controller results.
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Fig. 2. The general configuration of in BLDC motors drive



TABLE ]
SWITCHING MODES TABLE FOR DTC, INCREASING TORQUE (T1I), DECREASING TORQUE (TD) UNCHANGES FLUX (F)

Sectors
Fst Tst
o1 02 03 04 05 06
R TI 2(001001) V3(011000) V4(010010) V5(000110) V6(100100) V1(100001)
TD V5(000110) V6(100100) V1(100001) V2(001001) V3(011000) V4(010010)
Hysteresis control is responsible for correlating real G ) Y e (8) a ©)
ref

quantities with the commanded torque. To have an appropriate
performance, a template for switching is necessary based on
flux and torque error, Fy, Ty respectively. In DTC, both torque
and flux are regularly controlled. However, the flux control is
not considered in designing the DTC for BLDC motors.
Therefore, in switching look-up table, Fy is set as zero
permanently. Consequently, the only effective factor is torque
error, which is the discrepancy between the actual and the
commanded electromagnetic torque quantity. The number
assigned to Ty (the torque error) is based on the hysteresis
controller output. For states which the real torque takes less
extent than the reference torque in the hysteresis band, Ty is
named "TI" (Increasing Torque). In other cases, it is specified
as "TD" (Decreasing Torque). The proper functioning of DTC
is expected if the switching table is applied correctly.

IV. MMRAS SPEED CONTROLLER

In this paper MRAS, as one of the most noteworthy adaptive
control approaches, is proposed [11]. Fig. 3 depicts the general
formation of the system. Three parts are combined together to
shape the feedback of the system in the following order:
processor, controller, and adaption loop. The compared result
of the desired model output (yrr) and actual system output (y)
determines the parameters of the controller. The MIT rule is the
name of the method which is offered to process error (e) in
terms of finding controller parameters [27-29]. Fig. 4 illustrates
that the plant of the system is eventuated from speed control,
and it can be equivalent to a second order system as presented
in equation (5).

y(s) a
G, )_u(s) s> +bs +c ©)
where @ = R/L+B/J, b = RB/LJ, ¢ = kofa/LJ and s is Laplace
operator.
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Fig. 3. Modified model reference adaptive system
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Fig. 4. Block diagram of close loop speed controller
The following equation represents the reference model in the
same way as equation (5):

u(s) s*+bs+c’

where y..r and u are the output of the model reference and the
reference signal respectively. Parameters a/, b’ and ¢’ are
constants that should be adjusted to obtain the desired model
reference.
The control law of the MMRAS control is:
u'=6u -0 @)
where e relies on y-y.;, and ©; and O, are the adjustable
parameters. Substituting (7) in (5), the relation between y and
Vrer1s achieved as [21]:
ab, ab,
u+ 2 y ref
8§ +bs +(c +ab,)

s> +bs +(c +ab )

®)

The MIT rule is applied to minimize the loss function:
. 1
J(Q):(E) e’
In the loss function, e is a customizable controller parameter.
To minimize the loss function, the following equation is
employed:
do dj Oe
@Y _ — = 9
a - s e 2
Adaption gain is the name of y. [28]. When calculating
sensitivity, which is derivative of controller parameters, the
following equations are achieved:

de a

5_[s2+bs +(C+392)]u (10)
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The amount of the output control is low in the steady state.
So, the a©; is insignificant and equations (10) and (11) can be

rewritten as:
e a
e
06, \s’+bs+c

ﬁz_(LJe 3
06, s> +bs +c (13)

Considering (12) and (13), the adaption laws are given as:

(12)
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de, a

dt }/[s2+bs+cje (5)



V. OBSERVER TECHNIQUE

Sliding mode observer is known as a favorable observer of
non-linear category observers, and is discussed in detail in [30].
The quality of this method returns to its capability of damping
the estimator error quickly. Subsequently, estimates of the
observer reconcile with the real outcome of the system. The
following equations can be obtained for the BLDC motor (16):

di,, R ; 1 1

dt L L L
diy R, 1, .1

dt L
de (16)

Tsq
dt
de,,
d
In situations where the electrical and the mechanical time
constants are greater than the sampling period, variations of the
back-EMF can be negligible within each sampling period [20].
Hence,

de,, [dt =0 de,, Jdt =0

Defining x;=iy, X2=is, X3=es; and xs=e, the state-space
equations of the system given in (6) can be written as follows:

X, =—-ox, +0,(—x;+u,)
X,=—-ax,+a,(-x,+u,)

X, =0

. 17
x,=0 a7
Y1 =X,

Vo =X,

In (17), ui=us, and ur=usq are the input variables, y; and y»
represent the output variables, and a;=R/L and a,=1/L are the
system parameters.

The sliding mode observer is proposed as:
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Fig. 5. Block diagram of sliding mode observer

The gains of the observer must be determined so that the
inequality S-S <0 is satisfied. To achieve the optimal gains of
the observer, the NSGA-II is employed. Fig. 5 demonstrates the
configuration of the sliding mode observer. There are several
factors, such as unsteadiness, dynamics of the motor, and
environmental changes that prevent us from considering

parameters B and J as constants. To diminish the repercussions
of these fluctuations, the Recursive Least Square (RLS)
technique is used. Equation (22) shows the motion control:

y®)=¢ )6t (22)

where y = (d/dt),, p(t) =@, (T, -T,) and e:[é l]
J J

The RLS rules are [18, 22]:
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py=L=KO9 OPE-D 25)

A
where A is named the forgetting factor. Hence, B and J are

estimated by (23-25). It can be seen in Fig. 6, that B and J are
parameters which are used in load torque estimation. By
determining load torque, rotor speed in (3) will be specified.
Another parameter is weighting factor K, which is multiplied in
estimated load torque to recognize a robust system.

Speed Controller

Js+ B

Fig. 6. Speed observer block diagram

Now all necessary parameters are identified to calculate
torque as follows:

f3P1

. :__(Z)_(é"i“’ +é,i,) (26)

e

And for electrical position of the rotor, the following
equation is used:
. d ;5
o =—0 27
=6, @7)
VI. SIMULATION RESULTS
Table 2 shows the parameters of the motor used in

simulation.

TABLE 2

THE HANDLED BLDC MOTOR PARAMETER IN SIMULATION

Parameter Value Unit
Number of Poles 2 [pole]
DC Link Voltage 300 [V]

Rated Speed 1500 [rpm]
Phase Resistance 0.4 [Q]
Phase Inductance 13 [mH]

Load Torque 3 [N.m]
Moment of Inertia 0.004 [kg.m?]
Torque Constant 0.4 [V/(rad/sec)]

Damping Constant 0.002 [N.m/(rad/sec)]

The real and estimated back-EMFs in d-q frame are shown
in Figs 8 and 9 in order. As can be observed, the estimated back-
EMEF is in accordance with the actual one. Hence, it proves the



superior performance of the sliding mode observer rather than
employing look-up table and position sensors.
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Figure. 8. Back-EMF (¢, ), (a) Real value, (b) Estimated value

80 T T T T T T T T T

60

40

20

Back EMF (V)

=20

NI

80 L L L L L L L L L

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)
(@
100 T T
80 - g
60 -
40

20

Back EMF (V)
-

20 F
a0 -
60 1
-80 1
-100 . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec)

Fig. 9. Back-EMF (e, ), (a) Real value, (b) Estimated value

Figs. 10(a) and 10(b) depict the identified parameters B and
J which confirm the efficiency of the RLS method.
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Fig. 10. Identified parameters, (a) Viscous damping coefticient, (b)
moment of inertia

The estimated load torque is illustrated in Fig. 11 (a), and the
estimated electromagnetic torque is presented in Fig. 11(b).
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Fig. 11. (a) Estimated load torque, (b) Estimated electromagnetic torque in
steady state mode
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Based on the estimated and measured parameters, the PI and the
MRAS speed controllers are compared in Fig. 12. The
overshoot of the PI speed controller is damped completely by
employing the MRAS controller.

VII. CONCLUSION

This paper has proposed an innovative plan to control
brushless DC motor drives with no position sensor. In this plan,
DTC also has been used due to its advantages. Another
algorithm applied here is the RLS, which is used to assess some
parameters of the speed observer in order to calculate the rotor
speed. To satisfy the need for back-EMF estimation, a sliding
mode observer is utilized. The proposed scheme can estimate
the speed from standstill to the steady state. Simulation results
have proven the success of the proposed approach.
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