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The wheeled mobile robots have recently become a better choice for repetitive tasks and
especially in the agricultural field, but the existing constraint remains in its electrical
motor, either in its consumption or its control. Therefore, we will focus on the Brushless
Direct Current Motor (BLDCM) included on the robot wheels. Hence, the objective of this
paper is to provide a model of BLDCM to have both maximum torque and a reduced torque
ripple. Indeed, it is important to give a mathematical model that correctly represents the
motor in three phases reference frame. To reduce the complexity of the model, we have
used the extended park reference frame, which provides a biphasic representation in order
to control the current using Proportional Integral Controller (Pl Controller). The angular
velocity of the motor is controlled using two types of regulators; ones called Pl Controller
and the other is Fuzzy Logic Controller (FLC) to compare its performance. The motor is
attached to an inverter, which is controlled using a Full-Wave offset method. The modeling
machine is done and validated using MATLAB Simulink Library. The simulation results
of the modeling system are evaluated to have the profile of the wheel speed rotating freely,

and the energetic efficiency of the BLDCM during functioning.

1. INTRODUCTION

Over the past ten years, there has been an increasing interest
in agricultural mobile robots [1, 2]. A mobile robot is a
wheeled vehicle able to move towards a path previously
planned autonomously. The high technological developments
have allowed the development of propulsion systems within
the wheels of the mobile robot. A particular interest is
dedicated to these machines due to their high demand for the
optimization of consumed energy [3, 4]. The driven wheels are
powered by motors, that can be brushed, powered by Direct
Currents (DC), or brushless using Alternating Current (AC)
[5]. The progress of power electronics and informatics, as well
as the appearance of high-performance magnets, the Brushless
Direct Current Motor (BLDCM), has been established in
power systems and especially in the driven wheels. This type
of motor is characterized by many benefits; it has good
compactness, reduced weight and volume, high torque, good
thermal transfer condition, and high efficiency [6, 7]. All these
reasons make BLDCM the best choice for applications,
requiring high power density, and efficiency such as mobile
robot navigation. Furthermore, this type of motor is offering
the main advantages of being easily commendable through the
direct coupling of the magnetic flux and torque.

Theoretically, the BLDCM works by the same way as the
conventional Direct Current Motor (DCM). However, its
collector is replaced by an electronic commutator. If we
consider the direct current generators in a Brushless Direct
Current Motor (BLDCM), the commutation of windings is not
done mechanically as before, but electronically, using a
complex system called a controller attached to the inverter.
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The inverter transforms the direct current into the three-phase
current using variable frequency and then supplies the coils of
the motor successively to create a rotary field, then the rotation
that we are looking for [8-10]. In order to model the motor,
some authors, build the model of BLDCM using the principle
of Hall effect sensors, when these sensors are located to the
rotor shaft [11, 12]. Other authors, chose to design the motor
by using the park reference frame to transform triphasic to a
biphasic assumption [13, 14], others, use Clark transformation
to model the motor [15, 16]. To control the motor, among
approach found in literature, the torque control strategy is
based on finding optimal current flowing through the BLDCM.
This technique is used to optimize the torque by minimizing
its ripples using the extended park reference frame [6, 17, 18].
The direct torque control which is a popular control strategy in
the industrial and academic field, due to the absence of Pulse
Width Modulation (PWM), dynamics, rapidity and good
current [19-21]. Other authors use the field-oriented control
(FOC) [19, 22]. Some authors use the Proportional Integral
Derivative Controller (PID Controller) to control the motor
this technique, enable to regulate the angular velocity [23, 24].
Others, chose to use the hybrid Fuzzy Logic Controller (FLC),
that switches between Fuzzy Logic Controller (FLC) and
Proportional Integral Controller (PI Controller) to control the
motor angular velocity [25].

The remainder of this paper is organized as follows. In
section II, we start by modeling de BLDCM which is
characterized by its trapezoidal back-electromotive force
(back-EMF). Voltages are adjusted correctly using the inverter
controlled by the Full-Wave offset method. in three phases
reference frame, these voltages are projected in the biphasic


https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.540119&domain=pdf

frame using the extended Park transformation. in the section
111, the approach of proportional and integral controller is
developed to regulate current in Park reference frame, to
finally control the angular velocity of the motor thought
Proportional Integral Controller and Fuzzy Logic Controller.
The use of this controllers is for seeking two raisons;
maximize torque and minimize torque ripples. This leads to
the section IV, that includes the comparison between the
obtained angular velocity using the both controllers, in terms
of performance and efficacity, then, obtaining the wheel linear
speed while rotating freely (without slipping) and the profile
of the energetic efficiency of the motor. Finally, we conclude
this paper by a conclusion and a future work.

2. MOTOR SYSTEM MODELING
2.1 The modelling hypothesis

The Brushless Direct Current Motor (BLDCM) modeling is

conditioned by the following simplifying hypothesis:

e The three-phases stator are symmetric, this means that
their resistances R and inductances L are equal in the
three phases;

e The induction field distribution created by the magnet
is purely trapezoidal;

e The Electromotive Forces (EMFs) in the gap are
trapezoidal distributed;

e The Magnetic Circuit is assumed to be unsaturated,
which allows flux to be expressed as a linear current
function;

e The Magnetic circuit is assumed to be perfectly
laminated; this means that the hysteresis effect and the
Foucault currents are neglected;

e Skin effect and temperature effect are all neglected.

The BLDCM transfer the chemical effect due to the
enthalpy inside battery into a mechanical position or torque
generated by the rotor as shown as follows (Figure 1):

Electronics Linear mechatronics

r Voltage/Current Force/Speed —l
Chemical effect n:ii:;:':s
Enthalpy Torque/Speed

Figure 1. Chart of the energetic transfer from the battery to
the motor motion

The modeling of the motor is divided into three phases; the

motor modeling, the inverter modeling and the controller
design, as described in the following Figure 2 and detailed in

the paragraphs as follows:

‘ Controller

Inverter

Battery

Figure 2. Motor connection devices

Angular
velocity/Torque
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2.2 Machine modeling in a fixed reference frame with
respect to the stator

As BLDCM is to be characterized by its trapezoidal back-
electromotive force (back-EMF), this means that the mutual
inductance between stator and rotor is not sinusoidal. Then, it
is difficult to transform the equations specific to BLDCM to
another reference frame system, for example, the park
transformation frame presented by two axes direct and
quadratic (d, q) [26-29].

The general dynamic model of the BLDCM can be defined
in the three-phase reference frame as shown in Eqns. (1), (2)
and (3).

di
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V, =Ri L— 1
b =Riy +L—>+e, (1)
. dic
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These expressions present the relation between the voltages
and the current, taking into account the back-electromotive
force (back-EMF).
where,

V., V,, V.2 Voltages between the end of the phase winding
and the middle of the Direct Current voltage source.

iq, ip, i.: The stator phase currents.

€4, €y, €.. The back-electromotive forces (back-EMF) in
the stator phases.

®,,,: The maximum flux produced at the stator.

p: The number of pole pairs.

©: The mechanical position of the rotor.

The electrical position of the rotor is obtained directly from
the mechanical position of the rotor. Which is measured using
a sensor placed on the rotor shaft. The relationship between
the two quantities is given in Eq. (4).

0, = po 4

The transformation from the triphasic reference frame (a, b,
¢) to a biphasic frame with the help of the Park reference frame,
is only possible if we have opted for the Clark transformation.
And from this last transformation, we pass directly to the Park
reference frame via the extended Park transformation using a

passage matrix P(6,) presented in Eqns. (5), (6), (7).



17 cos(@, +u) sin(6, +u)
P(6e) = E(— sin(@, + u) cos(6, + u)) )
k= %\/tra(@e)i +tra(0,); (6)
o tra(0,)%
u=tan 1(—m)_09 (7)

in which,
0, is the electrical angle between the two axes q and d.
w is the angular velocity of the BLDCM.
tra(0,)q, tra(@,)z are the projections of the trapezoidal

function as shown in Eq. (3) at the Clark reference frame (o
P).

k and p present the compensations of the variables after
transformation (d, q).

Hence the electrical equations in Park's reference frame are
presented in Eqns. (8) and (9).

Vo= R+19K g Yl L+ (8)
=R+ Dlat Lo+ pols+20i
V—(R+1dk)‘ +1L diq+< L +d“>'
@ =T kae) T tagy TP O T )t g,
pw
+ 577 Pn
where,

Va, V: Voltages projected at Park’s reference frame.
(d, g): Symbols refers to the direct and quadratic axis.
Lg , Lq: Direct inductance and quadratic inductance.

The conversion of electrical energy into mechanical energy
for the BLDCM is obtained from the kinetic theorem as
presented in Eqns. (10) and (11).

dw
Cem — Cr =fvw+]ﬁ (10)

Cem = ; (eqiq tepe, +ecec) (11)
where,

J: The inertia of the rotor,

C.n: The motor torque provided by the stator,

C,: The load resistance torque,

f,: The viscous friction coefficient.

Let C,,, be in Park's reference frame as presented in Eqg.
(12).

3

Com = Zp iq(pm (12)

The proposed mathematical modeling of the BLDCM, using
trapezoidal back-EMF, is simulated using the MATLAB-
Simulink Software.

2.3 Inverter modeling and control

2.3.1 Inverter modeling
The Brushless Direct Current Motor (BLDCM) must be
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powered at a specific frequency by each three-phases voltage
inverter, to work at a particular angular velocity [30].

The choice of the inverter, is linked to the output power of
the inverter, which is the power absorbed by the BLDCM.

Figure 3, shows the schematic of a three-phases inverter
connecting to its load, in which a,, @, , and a5 refer to the
switch states of the phases a, b and c. We consider that the
motor is star coupled.

If (a1 2,3=1), we obtain ( a7, 3=0).
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Figure 3. Brushless Direct Current Motor inverter scheme

The expression of the reference voltages at the terminals of
each stator phases of the motor and the common neutral point
is expressed in Eq. (13), in which V,,,, V},,, V,, are the stator
phase voltages between the neutral point while the connection
is star coupling, and the end of the phase winding. V. is the
inverter supply by a battery.

Van Vd a
()= 54(2)

4 Ven 3 a3

2 -1 -1
LA = (—1 2 —1)

-1 -1 2
We can model the inverter by the previous equation, having
as inputs the switching signals and the Direct Current (DC)

voltage supplied by the battery, and at the output the supply
voltages of the three phases of the motor.

(13)

2.3.2 Inverter control

The autopilot control of the BLDCM involves being able to
impose a desired current form the phases of the motor
according to the rotor position. This is achieved by the full-
wave offset control. Then, the output voltages are generated
by commuting the arm switches to the desired voltage
frequency. Each switch is controlling for 120°. There is a 60°
"hole" between controlling two switches in the same sequence
(disjoint control). There are six 60° electrical intervals (called
sectors) of operation depending on the position of the rotor
detected by the signals given by the 6-sectors sensors. In each
sector, only two phases of the machine are powered, except
during switching. The controls of the switches in one branch
are offsetting by 120° from an adjacent branch's switches. As
shown in Figure 4.

ay @y

@ sy

a3

a3 3

Figure 4. Full-wave offset control of BLDCM



However, since the matrix A presented in Eqg. (13) is
singular, the solution of the previous equation is not unique.

Then the calculation of duty cycles that involve the
calculation of switch control command is not unique [31].

An additional constraint is required to solve the matrix
equation. Thus, an infinity of solutions is possible to generate
the duty cycles from the desired reference stator voltages.
Three-phase pulse width modulation (PWM) is chosen in our

case to solve that problem. In this situation, we put V,,= V";ed
where V.4, IS the median voltage of the three stator reference
voltages defined as follows:

If Van < Vbn< Vcnv then Vmed :Vbn-

Hence, we obtain the Eq. (14).

1 v,
o, Z_(an+m—e")+0.5 / k=ab,c

v > (14)

3. CONTROL OF THE MODELING SYSTEM

The control of the Brushless Direct Current Motor
(BLDCM) is identical to the control of a Direct Current Motor
(DCM) with separated excitation. However, we must place
ourselves in Park's reference frame (d, q).

The d-axis component of the stator current plays the role of
excitation and allows the value of the flux in the machine to be
adjusted. The g-axis element plays the role of the armature
current and controls the torque [32].

In order to work at maximum torque, our strategy consists
in imposing quadratic current i, at a corresponding value,
while maintaining zero the direct current i;. The speed is
regulated in cascade by imposing the desired speed value on
the g-axis. As BLDCM is without salience, we obtain L,= L,=
L.

3.1 Current control

The stator currents in the Park reference frame are to be
controlled by using anti-windup Proportional Integral
Controllers (PI Controller), the functional schematics are
shown in Figure 5 and Figure 6.

1/Kp1 |4.

7/

Saturation

Uqref

#} r

Figure 5. Anti-Windup PI Controller applied to the quadratic
current I,

/

Saturation1

o———
1d l
Figure 6. Anti-Windup PI Controller applied to the direct

current I
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where, Kpl, Kp2, KI1, KI2, rl and r2 shown in Figure 5 and
Figure 6 are presented in Eqns. (15) and (16).

Kpl = ZquC].(l

KI1 = quclz (15)
rl=Kpl—R
Kp2 = 2L1wc5$;

KI2 = Lyw,,? (16)
r2=Kp2—R

where,

Weq Wey are the desired bandwidth.

{; et ¢, are the overshoot of the regulation at the quadratic
current and respectively direct current.

3.2 Angular velocity control using Proportional Integral
Controller (PI Controller)

Once the regulation of the current loop is validated, it is
possible to set up in cascade the desired speed (angular
velocity) loop. The possibility of cascading is justifying by the
fact that the electrical and mechanical time constants have a
ratio greater than 10 in the majority of the electrical motor.
Thus, a Proportional Integral corrector is adequate to establish
the speed loop at the desired dynamic value. The block
diagram of the global regulation applied to the q axis is shown
in Figure 7.

—
K

2
= . Ig
(1 —»  Jw Plg Gain
Wred Torque
3 PID Controller
W

Figure 7. Cascading Proportional Integral angular velocity
regulation

The transfer function of the angular velocity controller is
given in Eqns. (17) and (18).

KI3
PI(s) = Kp3 +— (17)
4
Kp3 = %(2](%3(3 —f»)
4 (18)
KI3 = %1(1)53
Ke = po,,

The bandwidth w5 is chosen for the speed loop at least 10
times lower than the current loop to ensure a valid cascade.

3.3 Angular velocity control using Fuzzy Logic Controller
(FLC)

Another technique to control the angular velocity once the
validation of the current regulation is done, is the Fuzzy Logic
Controller (FLC). This type of controller is widely applied for
solving non-linear systems problems. Hence, in this paper a
Mamdani-type of FLC is adopted for controlling the inputs
(the error and the error variation), and the output (the torque



generated by the motor). Each input has three trapezoidal
membership function (Negative (N), Zero(Z), Positive (P)),
and the output has five triangular membership function (Big
Negative (BN), Small Negative (SN), Zero (Z), Small Positive
(SP) and Big Positive (BP)). The structures of all these
memberships are shown in Figures 8, 9 and 10.

T T T
N 1 P

Figure 8. The membership function of the input error

T T T
N 1 P

Figure 9. The membership function of the input error
variation

1 1 1 1 1 1
2 Bl ] 1 2 3 4

Figure 10. The membership function of the output torque

These memberships are governed by the following nine
rules bases as described in Table 1.

Table 1. Fuzzy logic controller rules of inference

Error
N Z P
Error Variati
N BN | BN | Z
Z BN V4 SP
P SP | BP | BP

The block diagram of the global regulation applied to the q
axis is shown in Figure 11.

Fuzzy Logic
Controller

Figure 11. Cascading Fuzzy Logic Controller for angular
velocity Regulation

4. ENERGETIC EFFICIENCY OF THE DRIVEN
WHEEL
The driven wheel is defined as shown in Figure 12.

0]

Wheel T

BILDCM Soil

Figure 12. Driven wheel model
The linear velocity of the wheel is defined in Eq. (19).

V=rw(l-s) (19)

where,
r is the radius of the wheel.
s is the slipping or sliding ratio.

While the wheel rotates freely, the Eq. (19) is transformed
into the Eq. (20).

V=rw (20)

By ignoring the resistive and inductive voltages across the
stator windings, the power consumed by the motor is defined
as shown in Eq. (21).

b =iV

g=/@+gs%

v = J(priq)z + (p@)? (@ + Lig) <V,

21)

in which, i, is the nominal current of the motor, V, the
nominal voltage of the motor.

Hence, the power consumed by the motor is defined as
follows.

P = \/iﬁ + ig\/(pooLiq)2 + (pw)2(d,, + Liy)
< iV

(22)

While regulating direct and quadratic current to work at
maximum torque, we obtain {;=0.



F = pwiq ’(Liq)z + ((Dm)z SiV=8

in which, P,, is the nominal power of the motor.

(23)

The effective power required to function the motor is

defined as follows:
B, = Copw
From the Eq. (12), we obtain the Eq. (25).

3 .
P, =Zplqd>mw

24)

(25)

The energetic efficiency of the motor is defined in Eq. (26)
as follows.

3¢’m

/(Liq)z + (D)2

5. SIMULATION AND THE MODEL RESULT

(26)

The block diagram of the BLDCM attached to its control
system was modeled using the mathematical equations
established previously. The system is running using the
MATLAB-Simulink Library as shown in Figure 13 and Figure
14.

Ic dqinv
]

From9
[Va) Vaa thetae
alphat 1
’ pha —L; alphat
(Vo] Vob Kl
alpha2
alpha2 a2
fen
D
alpha3
alpha3 —[_’
E—' i . 1
Commutation i

Generation of the duty cycle

[vd] vd Vaa

(Vg vq Vbb
abc_12

theta Vee [ve]

11,

theta

Extended Park transformation

2
?
<)

Inverse Extended Park transformation

BLDC MOTOR

Figure 13. Model of BLDC in park reference frame

This allowed obtaining the angular velocity, voltage
characteristics, and the behavior of the wvarious back-
electromotive forces (back-EMF), taking into account the
parameters of the BLDCM as shown in the Table 2.

The results of the simulation without regulation are shown
in Figure 15, Figure 16, Figure 17, Figure 18, Figure 19,
Figure 20 and Figure 21.

Wref
Igref

w

Saturation
speed regulator

Udref [vd]

Goto3

From3

0 Idref

Constant? Ugref L

Table 2. Characteristics of the motor

Nominal power (W) 250
Dc link voltage (V) 36
Maximum rotor-flux (Wh) 1.255e-2
Viscous friction coefficient (Nmrad=1s71)  1.6e-3
Phase resistance (mQ) 500
Phase inductance (mH) 0.68
Maximum speed (rpm) 3000
Pairs of poles 4
Moment of inertia (Kgm?) 0.06
The radius of the wheel (m) 0.20

8
g
\

\

\

@ y—bld

From4

current regulator
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Figure 14. Closed-Loop angular velocity control
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Figure 15. Angular velocity of the motor as a function of
time (rpm) while rotating freely



Angular velocity of the motor (rpm)
3
2
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Figure 16. The motor angular velocity while applying a
resistive torque equal to INm
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Figure 17. Current at the phases a, b and ¢
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Figure 18. The voltage at the phases a, b and ¢
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Figure 19. The back-EMF at the phases a, b and ¢
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Figure 20. The torque generated by the motor
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Figure 21. The linear speed of the wheel in the case of
friction without slipping as a function of time

The results of the BLDCM modeling without regulation
respect its trapezoidal control system.

Since the motor has a low inductance, and when the motor
is functioning in an open loop, the noise due to the cutting of
the inverter cannot be smoothed by the motor. Then, we obtain
very noisy currents i, and i, as shown in Figure 22 and Figure
23.

The desired dynamics in closed-loop is a second-order
behavior with the following characteristics: f.,= f.,=w¢q 127
= wey 121 = 2 KHz and {; = {,= 0.1. Thus, we obtain the
following graphs as follows.
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Figure 22. i, response during regulation of the current
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Figure 23. i; Response during regulation of the current
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Figure 24. Speed response during regulation of the speed

During the current regulation, we notice that the obtained
current follows its reference. Thus, the current regulator is
performant.

The cascaded speed-loop is realized using the existing
current loop, keeping the same current regulators. The desired
angular velocity is done using two methods: The first is



Proportional Integral Controller whose dynamic loop is a 2nd
order behavior with the following characteristics: f.;= w3
/2m = 200 Hz and {3=0.1, the second is using Fuzzy Logic
Controller.

Hence, we obtain the following graphs as presented in
Figure 24, Figure 25, Figure 26, Figure 27 and Figure 28.
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Figure 25. i, response during regulation of the speed
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Figure 26. i, response during regulation of the speed
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Figure 27. Torque generated during regulation of the angular
velocity
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Figure 28. Energetic efficiency of the motor during
regulation of the speed

We can, therefore, observe that the angular velocity follows
its reference by using both; the Proportional Integral
Controller (Pl Controller) and the Fuzzy Logic Controller
(FLC). However, while we apply the PI Controller, we notice
a very slight overshoot (2nd order behavior), and for the FLC,
the regulation is done without overshoot. Also, the time
response for the Pl Controller is less than the FLC. Thus, we
notice that the PI Controller is more performing than the FLC
despite the overshoot. The torque ripples are reduced in the
case of FLC compared to the PI Controller when we achieve
the steady state. Also, the Power ripples are reduced in the case
of PI Controller compared to the FLC. Thus, we get a good
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performance in closed-loop speed while using Pl Controller.
The current loop (inner loop) is always performing although it
generates a noise caused by the inverter. Thus, the current i,
is to be zero and the current i, follows its reference generated
by the angular velocity controller. In This case, the power
efficiency of the motor exceeds 70% of the power consumed
by the motor while the friction is not applied. Thus, the further
work will be the optimization of the energy while the wheel
moves over deformable soil.

6. CONCLUSION AND PERSPECTIVE

In this paper, we presented the Brushless Direct Current
Motor (BLDCM) with Trapezoidal back-Electromotive Force
(back-EMF) and its mathematical model, as well as the control
of this kind of machine, using the extended park
transformation in order to regulate the direct and quadratic
current to control the motor angular velocity with the help of
two types of controllers; the Proportional Integral Controller
(PI controller) and the Fuzzy Logic Controller (FLC), to
finally control the torque, This torque generated by the motor
must be both maximizing in value and minimizing in ripples.
giving at the end the energetic efficiency of the motor while
the wheel is rotating freely. The results of all these
assumptions are validated using MATLAB Simulink Software
to compare the two modes of controllers in terms of
performance and efficacity.

Optimizing the consumed energy while controlling the
velocity of the driven wheel of the robot navigating a
deformable soil (while sliding), will be the subject of further
works.
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NOMENCLATURE

BLDCM Brushless direct current motor
DCM Direct current motor
back-EMF Back-electromotive force
PWM Pulse Width Modulation

FOC field-oriented control

PID Controller
PI Controller
FLC

R

L

Lg,Lg

EMF
P (0,)
Va: Vb, VC

Van» Vbna Vcn

Vy, V,

ia, ibﬂ i(:
g, iq

€a; €p, €¢
@

Proportional Integral Derivative Controller
Proportional Integral Controller

Fuzzy Logic Controller

Phase resistance of the motor, Q2

Phase inductance of the motor, H

direct inductance and quadratic inductance,
H

Electromotive force of the motor, V
passage matrix

Voltage between end of phase winding and
the middle of the DC voltage source, V
The stator phase voltage between a neutral
point in the star connection and the end of
the phase winding, V

The voltage at park transformation, V

The stator phase currents, A

The currents at park transformation, A

The back electromotive force at phases, V
The maximum flux produced at the stator,
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Vdc

Greek symbols

o

T OQO™®R

Wb

The number of pole pairs
Trapezoidal function

the inertia of the rotor, Kgm?
the motor torques, Nm

The resistance torques, Nm
The viscous friction
Nmrad~1s™!

The compensation of the variable after park
transformation

Wheel radius, m

Slipping ratio

The inverter supply by a battery, V.

coefficient

The axis in Clark transformation

The axis in Clark transformation

The mechanical position of the rotor, rad
The electrical position of the rotor, rad
The compensation of the variable after park
transformation

Angular velocity of the motor, rads™
The desired bandwidth while -current
regulation, rads !

The desired bandwidth while
regulation, rads ™!

The overshoot of the current regulation
The overshoot of the speed regulation
Energetic efficiency

Switch state at the phase i

1

speed





