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Abstract

The industry has a strong need for Brushless DC (BLDC) motors because of their extended
lifespan, high torque, speed stability, and straightforward design. As a result, regulating this kind of
motor is very difficult. As an alternative, these motors can be employed to improve industrial
performance.

BLDC motor speed, generated electromagnetic torque, and stator currents can all be more
effectively managed by Model Predictive Control (MPC). The MPC control strategy's accuracy,
stability, responsiveness, and resilience are assessed with the use of these metrics.

A brushless motor or other variable source combined with an MPPT (Maximum Power Point
Tracking) system is a crucial technical solution to guarantee steady, maximized power production,
which improves the motor's overall performance and the system's energy efficiency.

Given the significance of brushless motors and the MPC control technique, as was previously noted,
we thought of utilizing these benefits for use in distant locales, especially those that depend on
renewable energy sources like solar and wind power.

Keywords: BLDC Motor, Hall sensor, Six-step inverter, Back EMF, MPC Control, Maximum
power point (MPPT) photovoltaic pumping system, Perturb and observer P &O.

1. Introduction

A three-phase synchronous motor without brushes, the brushless motor includes electronically powered
windings in the stator and permanent magnets in the rotor. Because of this design, the rotor can rotate
with dynamic and fine control over speed, torque, and position thanks to precise electrical commutation
that creates a revolving magnetic field [1], [2], [3]. Because of its advanced electronic control and
brushless technology, the brushless motor combines precision, performance, efficiency, and longevity [4].
Because of these characteristics, it is a popular option for contemporary sectors that demand great
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performance, cost management, and dependability. Using a dynamic model of the motor, the predictive
control (MPC) is a sophisticated closed-loop control technique used with brushless motors to forecast
future behavior over a predetermined time horizon [5], [6], [7], [8].

At each control interval, MPC solves an optimization problem to identify the best control inputs that
reduce tracking error and control effort while adhering to physical limitations like speed, voltage, and
current limits. With this receding horizon technique, the controller may adjust in real time to disturbances
and nonlinear system dynamics by applying only the first control action before re-optimizing at the
subsequent stage. By combining speed and current control, explicitly managing limits, and anticipating
system behavior, MPC achieves more precise, reliable, and effective speed regulation of brushless motors
than conventional control techniques. This technique is appropriate for high-performance applications in
robotics and electric drives since it enhances performance by lowering torque ripple and guaranteeing
adherence to operating limitations [9], [10],. Because it improves performance, this approach is suitable
for high-performance applications in robotics and electric drives [11], [12].

Combining an MPPT with a brushless motor that is driven by a solar panel or another variable source is a
crucial technical solution to guarantee steady, dependable, and maximum power, which improves the
motor's overall performance and the system's energy efficiency.

2. The fundamentals of BLDC motor operation and driving

Therefore, the construction design of all brushless motors is the same: a stationary stator that supports
the coils (usually three-phase). It is made up of excitation coils, usually three or six. Although they can
also be joined in delta and a mobile rotor, which is where the permanent magnets are glued, these are
most frequently connected in stars [13], [14]. The existence of a mobile contact between the brushes and
collector in conventional DC motors has significant disadvantages (maintenance, commutation difficulty,
etc.). Therefore, we tried to swap them out with an electronic switch rather than a mechanical one [15],
[16]. Hall effect sensors are sensors that detect the position of the rotor, which is information necessary
for controlling a BLDC motor [17], [18]. The number of these sensors is three sensors placed at the stator
level or a special disc (immobile) and which are offset from each other by either 60° or 120°.

Stator

Magnetic Pole Sensor

Winding

Fig.1. Brushless motor structure



2.1 BLDC motor model

The governing equations for the operation of a BLDC motor typically include equations for torque,

current, voltage, and motor speed.
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Fig.2. Equivalent circuit of BLDC.

2.1.1 Electrical equations:

Equation 1, the voltage equation for the BLDC motor is given by:

I
V,t)=R,I1, +Ld 2 t+e,
dt

dl
V, () =R,1, +Ld_tb+eb

1)

V. (t)=R.I, +LdIC +€,
dt

The phase voltage equations can be rewritten as follows:

Va I?a Lab Lac d I a ea
Vo [= La Lo Lic at I |+] &
Vc Lca ch Lcc I c ec

Here, Va, Vb, and V¢ represent the phase winding voltages,

a Ia
I, |+

0
0 I,

0 0
R, 0
0 R

R, =R, =R, =R_: represents the stator winding resistance phase, and la, Ib, and Ic represent the phase

currents.
L., =L, =L, =L :Isthe stator inductance

Lab:Lac:Lba:Lbchca:ch =M
Is stator inductance between the phases.

2.1.2 Equations of the electromagnetic torque:
The equation of BLDC motor electromagnetic torque can be written by (3):

(2)
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The back EMF of the motor phase a, b,c are given by the following equations:
e, =K,z F0,

eb = wamF(He _2?7[) (4)

ec = chmF(ee _4?7[)

K, =K, =K, =K :Isthe back EMF constant
On
2
6, Mechanical angle

0, = p—= : The rotor angle

P : Number of pole pairs
F(0.) : Trapezoidal waveform of the EMF.

0,
9 =p" 5
=P (5)

Consequently, the trapezoidal waveform of the back electromotive force is determined by the function
F(Be), which is a function of the rotor position. The function's period can be expressed as follows:
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2.1.3 Mechanical Equations

The mechanical model of the BLDC motor is simpler than the electrical model. Indeed, the modeling of
rotor dynamics is standard in the field of electrical machines.
The motion equation is expressed as follows:

do
T, -T. =K +J—=" 7
e r fa)m dt ()

3. Controller structures
Figure 3 shows the block diagram of the BLDC drive system. The proposed system includes the
following parts:



* Brushless DC motor BLDC, Three-phase inverter
* MPC speed controller, Hall effect sensor

* Centrifugal pump load, Boost converter

* Photovoltaic (PV) panel
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Fig.3. Principle diagram of an MPC predictive control for a BLDC motor powered by PV.

3.1 Voltage inverter Control

The three-phase inverter is connected to the BLDC motor. Figure4. Only two switches from two
separate phase windings are switched on at a time; with the other switch from the other phase winding
turned off, in order to ensure the BLDC motor operates and is controlled properly. The BLDC motor is
therefore powered by an inverter that operates on a different principle than regular AC motors [19], [20].

In order to guarantee that the current passes via the proper two-phase windings, the three-phase inverter
serves as a control circuit for the BLDC motor. Utilizing semiconductor switches, usually IGBTs or
MOSFETSs, the inverter generates the necessary phase currents by alternating the current passing through
the motor windings [21], [22], [23]. Assuming that the Hall sensors provide the signals 1 0 O at the
beginning of the BLDC, this indicates that the rotor is between 0° and 60°, and therefore S1 and S4
switches must be closed (Fig. 4). When these switches are closed, phase 1 (Van) receives a positive
voltage and phase 2 (\Vbn) receives a negative voltage; phase 3 (Vcn = 0 V) receives no voltage.
Consequently, the field created by the currents la and Ib from phases 1 and 2 drives the rotor. Next, the
Hall sensors generate the signals 1 0 0 (60°-120°), and from these signals, the converter orders the closure
of switches S1 and S6. This causes a negative current to flow in phase 3 and another positive current in
phase 1. The resulting field from these two currents drives the rotor. Then, the rotor passes thru the angles



(120°-180°), (180°-240°), (240°-300°), (300°-360°), in the same way during its rotation [24], [25].
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Fig.4. Circuit topology of a three-phase inverter for BLDC motor

The trapezoidal stator back emf is produced by the Hall signals derived from the rotor position.

Logical sequence that develops the pattern to provid suitable swit-ching signal that is regulated b
y the duty cycle conve-

rts this back electromotive force. The table 1 below dis-plays the matching truth table for this e
ntire mechanis-m [26], [27].

Tabl 1. Indication of commutation from the stator bac-EMF

Electrical Hall Signals Back Emf Signals for Commutation

Angle Ha Hb Hc ea eb ec S1 S2 S3 S4 | S5 | S6
0°-60° 1 0 1 +1 -1 0 1 0 0 1 0 0
60°-120 1 0 0 +1 0 -1 1 0 0 0 0 1
120°-180° 1 1 0 0 +1 -1 0 0 1 0 0 1
180-240° 0 1 0 -1 +1 0 0 1 1 0 0 0
240°-300° 0 1 1 -1 0 +1 0 1 0 0 1 0
300°-360° 0 0 1 0 -1 +1 0 0 0 0 1 1




3.2 MPC Controller structures:

Electronic Hall effect sensors are used to measure the rotor's position. The motor windings create a
magnetic field that determines the motor speed and electromagnetic torque, which may be controlled by
altering the voltage across the motor terminals. The voltage determines how fast the motor runs. The
method of MPC predictives speed control regulates the necessary speed. The controller receives as input
the difference between the necessary and actual speeds. The duty cycle of the trigger pulses, which
translates into the required voltage change to sustain the target speed, is managed by the MPC controller
based on this data [28], [29].

The transfer function of the system is given by
‘TE = a)_m _ LS+R _ (8)
T, JLS? +(IR+ K, L)s+ (K R+K?)

MPC Controller step: T, =0.001s, Prediction horizon: p =120, Control horizon: m=35
3.3 Using an MPC controller to tune the transfer function:
By using the transfer function of the brushless motor for the adjustment of the MPC controller (shown in
figure 5)

In this block, the reference speed is given at the input of the MPC controller, and the model output of
the controller is connected to the input of the system's transfer function, and the system output is
connected to the input of the MPC controller block.
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Fig.5. Principle Block of an method predictive
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Fig.6. Detailed SIMULINK block model of brushless Motor powered by a photovoltaic system using
predictive control MPC

3.4. SIMULINK block model of brushless Motor powered by a photovoltaic system using

predictive control MPC:
With the help of Matlab/Simulink, the simulation model (as shown in Fig.6) can be set up to verify the
control strategies. The subsystem blocks of BLDC motor, IGBT inverter, reference current and speed
controller are created respectively based on their own characteristics.

The block presented in figure 7 permits to detect EMF By operating the hall sensor.
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Fig.7. EMF detection by the hall sensor

The block gates presented in figure 8 allows the produce inverter control signals
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Fig.8. Bloc gates that produce inverter control signals

4 Configuring the GPV system

4.1 Architectural photovoltaic Generator
The photovoltaic electricity generator (PVG) converts solar energy into direct current using photovoltaic
modules, which are often installed in series-parallel configurations. A DC-
DC converter, usually a Boost converter with a Maximum Power Point Tracking (MPPT) algorithm,

handles the generated DC power to optimize energy extraction from solar irradiation [30], [31].

4.2 Selection of parameters for photovoltaic system (PVS)



A solar energy source with a peak power of 5 kW is selected for the 2 kW brushless motor. The power of
(PVS) array is slightly higher than that of the motor so that the system's performance is not affected by
losses related to converters and motors. The parameters of the (PVS) network are selected according to
Table 2. The equivalent characteristic model of the (PVS) module is shown in figure 5, [32], [33]. The
output current of a photovoltaic cell is expressed in the following mathematical form:

Vd
1y =1p(e™ -1) (10)
g V
Loy =lon = lo(@™ -1 - —% (11)
Rp
Vpv+Rs! py
— V., + Rl
Ipvzlph_lo(e Vi _1)_u (12)
p
AL (13)
q

I, The current produced by the solar cell;

| ,»: Photocurrent generated by the cell (proportionate to the radiation exposure);
I, Flowing current through the diode

V, : Represents the thermal voltage, as determined by the following;

k =1.38x1072%J / K :is the Boltzmann constant;

q=1.6x107C: is the electronic charge;

T :is the absolute temperature (K)

lm.x@ R, A

Fig.9. Equivalent circuit of a photovoltaic Cell

Tabl 2. Solar PV array parameters

PV module PV Array
Number of cells 40 Number of series module12
Number of parallel cells 3 [Number of parallel

10



module2
Series resistance 0.8275Q Open circuit voltage 57.6V
Parallel resistance12.701Q Short circuit current 4.6A

4.3. Maximum Power Point Tracking (MPPT)

The operational point of the system is dependent on the properties of the solar array and the load when
a photovoltaic generator is connected to a boost converter, inverter, brushless motor, and pump system
[34], [35]. The system's operating point in this scenario is frequently not at the PV array's maximum
power point. DC-DC boost converter, which serves as the proper interface between the solar generator
and the load, can be used to achieve the greatest power. By regulating the boost converter's duty cycle, the
load's equivalent impedance as viewed from the generator side is adjusted and synchronized with the
generator's maximum power point. Maximum power transfer from the PV generator side to the load side
is the outcome of this.

A number of maximum power point tracking (MPPT) strategies have been put forth. The most used
approach, though, is Perturb and Observe (P and O), particularly for low-cost implementations [18].
Therefore, this article suggests using the Perturb and Observe (P and O) approach [36], [37].

4.3 Boost converter

A model of a boost chopper's fundamental block diagram is shown in Figure 10. A straight DC-DC
converter is what it is. The output load is of the direct voltage, whereas the input source is of the direct
current type (inductor in series with a voltage source) [38], [39]. Since the current is always positive and
the switching operations need to be controlled (both at blocking and at starting), a transistor can be used

in place of switch K. Converting its input voltage into a greater output voltage is its usual use [40], [41].
dl

V (t)=L—= 14

=L (14)

VL) =Vi (1) -V, (1) (15)
BOOST chopper parameters:
e Inductance: L= 0.04H;

e IGBT is a power diode;
e Capacitance C; = 700e-5 F, C, =1000e-5 F

11
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Fig.10. Model of a boost chopper

5. Solar water pump system control

The block simulation in the figure 11 shows the solar water pumping system. It consists of a solar array;,
DC-DC boost converter, three-phase voltage source inverter (VSI), and a brushless motor coupled with a
pump. Photovoltaic energy is essential for converting solar energy into electrical energy in the presented
configuration. The DC-DC boost converter and the three-phase voltage inverter are then used to direct
the produced electrical power to the pump. With the MPPT strategy implemented, the DC-DC converter
is essential for maintaining the voltage at the DC link level. To optimize power extraction, the MPPT
controller ensures that the solar energy produced is used as efficiently as possible [42], [43], [44].

The main characteristic of the pump is its resisting torque, which looks like this:

T, = KrQﬁ (16)
The motor's output power, or Ps, is defined as follows:
P = Krg2r31 (17)

K, Constant coefficient equal 1.5673e-04

speed
<«
COe—<cfe—{ = [0 5] (D
Te
i
<= [ 15
p

Fig.11. Photovoltaic pump simulation's block
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6. Simulation resultants and discussion

The use of predictive control technique, for the brushless motor speed, is to evaluate the viability of the
PV pumping system. A BLDC motor with a trapezoidal stator back EMF waveform, rated at an input
voltage of 480V DC and a reference speed of 2000 rpm are used to get the results shown bellow.
Furthermore, a suitable solar generator is made to run about 2000 rpm by applying the MPPT technique
when exposed to 1000 W/m? of irradiation.

We note the maximum power generated by the solar generator is marginally greater than the BLDC
motor's nominal input power below this irradiation level.

Table 3 shows the parameters of the BLDC motor used in the simulation.

Tabl 3. Bruscheles motor BLDC parameters

Parameters Values
Stator phase resistance 2.87500hms
Stator phase inductance 8.5mH
Flux linkage established by 0.175V.s
magnets
Back EFM constant Ke=V/krpm
(trapezoidal)
Nominal load torque Tr=7N.m
A peak FEM flat area 120 degrees
The moment of inertia J=0.0008kgm2
Viscous friction coefficient Kf=0.001 N.m.s
Number of pole pairs 4
Continuous voltage Vdc=480V

6.1 First mode of operation (test 1)

Variation of irradiation starts at 1000 W/m? then decreases to reach 800 W/m? at t= 1.5s, then increases
to reach 1000 W/m? again at t=2.5s, the speed constant (w=2000 rpm)

The variation of irradiation starts at 1000 W/m? then decreases to reach 800 W/m? at t= 1.5s, then
increases to reach 1000 W/m? again at t=2.5s, the speed constant (w=2000 rpm) illustrated in figure 12.

13
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Fig.12. Variation of irradiation
The Figure 13 displays the rotor speed of the BLDC motor with MPC control. The reference speed used
here is 2000 rpm, and it is seen that the motor achieves this speed with a response time of t=0.4 seconds

while experiencing transient oscillations as a result of the motor-load interaction, particularly when the
load is a pump.
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Fig.13. Motor speed responses with variation of irradiation and constant speed

Figure 14 illustrates how the electromagnetic torque produced by the BLDC motor varies. The torque
value is high at first, but after the steady-state speed is attained, we also observe ripples that are caused
by the commutation of the windings and the irregular interaction of electromagnetic fields between the
rotor and the stator. In this case, the nominal load torque value is a pump. The motor's magnetic
structure and the kind of electrical commutation are the two main reasons of cogging torque, also known
as notch torque.

14
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Fig.14. Electromagnetic torque Te responses with variation of irradiation and constant speed.

The motor's stator phase currents Isa, Isb and Isc are displayed in Figure 15. When the speed reaches its
stable value, the current will decrease until it reaches the nominal value. At first, the current is high.
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Fig.15. Three stator phase currents responses Isa, Isb and Isc with variation of irradiation and constant
speed

The load torque variation is shown in Figure 16, where we can observe that the torque takes on the same
shape as the speed and stabilizes at t=0.4s to 7.8N.m.
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Fig.16. Variation of the pump load torque Tr with variation of irradiation and constant speed

Figure 17 shows how the pump's power varies; we can see that it follows the same pattern as speed and
stabilizes at t=0.4s to 1.62KW.
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Fig.17. Variation of the pump power with variation of irradiation and constant speed

Figure 18 shows the PV voltage. At t=0.75s, we can see that the solar generator voltage stabilizes at a
fixed value of 110V.
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Fig.18. Variability in the voltage of the photovoltaic generator with variation of irradiation and constant
speed

The duty cycle is represented by Figure 19.The converter's duty cycle has a constant value «=0.78
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Fig.19. Duty cycle response

The boost converter's fluctuation is depicted in Figure 20, where we can observe that the DC vo
ltage is fixed at 480V in the steady state.
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Fig.20. Variation of the boost converter voltage

6.2 Second mode of operation (test 2)
starts at 1000 W/m? then decreases to reach 800 W/m? at t= 1.5s Variation of speed [1000-2000rpm] with
a constant radiation 1000W/m?,

With a loaded BLDC motor start, the system is tested for a 1000W/m2 reference irradiation a 25°C

17



ambient temperature and a speed variation from 1000 rpm to 2000 rpm. The rotor speed of the BLDC
motor is illustrated in figure 21, We find that when MPC control is applied to a brushless motor that runs
on a combination of solar panel electricity and an MPPT, the speed stays within the reference without
going overboard, as demonstrated by the simulation results that are displayed.
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Fig.21. Motor speed responses with variation speed and constant irradiation

Figure 22 illustrates how the electromagnetic torque varies. As the speed climbs from 1000 rpm to 2000
rpm, we observe that the electromagnetic torque increases from 2 N.m to 7.8 N.m., peaking at 15 N.m. at
t=2s N.m., which is caused by the sudden shift in speed.

157

Electromagnetic torque Te (N.m)

Time (sec)
Fig.22. Electromagnetic torque Te responses with variation speed and constant irradiation

Figure 23 shows how the three stator currents Isa, Isb,and Isc variate. The stator currents Isa, Is
b, and Isc increase from 1.2A, which corresponds to the speed of 1000rpm, to 10A (due to the
abrupt shift in speed) at t=2s when the motor speed increases from 1000rpm to 2000rpm. After t
hat, they stabilize at a constant value of 6.5A.

18
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Fig.23. Three stator phase currents responses Isa, Isb, Isc with variation speed and constant irradiation

The stator back (EMF) Ea, Eb, and Ec are depicted in Figure 24, we find that the induced periodic EMFs
have a trapezoidal structure. Additionally, we see that at time t=2 s, the EMF increases from a value of
75V (at 1000 rpm) to a value of 148V (at 2000 rpm) as the speed increases.
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Fig.24. Stator back emf responses Ea, Eb and Ec with variation speed and constant irradiation

The load torque (pump) fluctuation is shown in Figure 25. At 1000 rpm, the load torque is 2 N.m., and at
t=2s, it takes a value of 7.8 when the motor speed reaches 2000 rpm without overshoot.
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We can see from Figure 26 that as speed increases, so does the load power (pump). When the speed is

1000 rpm, the load power is 200W. When the speed climbs to 2000 rpm at time t=2s, the pump power
rises to 1.62KW without going over.
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Fig.26. Variation of the power pump with variation speed and constant irradiation

The change of the irradiation, which is constant and equal to 1000W/m?, is depicted in Figure 27.
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Fig.27. lirradiation responses

The voltage variation of the solar generator is depicted in Figure 28. At t=0.6s, we observe that the
voltage stabilizes at 110V.
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Fig.28. Variability in the voltage of the photovoltaic generator with variation speed and constant irradiation

Figure 29 is a representation of the duty cycle. The duty cycle of the converter is fixed «=0.78

Duty cycle

Il Il Il Il
0.5 1 15 2 25 3 35 4
Time (sec)

Fig.29. Duty cycle response

We can see from Figure 30, which shows the converter voltage variation, that the boost converter voltage
decreases at t=0.2s throughout the voltage rise before stabilizing at Vd=480V.
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Fig.30. Variation of the boost converter voltage with variation speed and constant irradiation

7. Conclusion
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With the load (photovoltaic pump), a straightforward control technique has been suggested to
enhance the system's overall performance under changes in the irradiation level and the motor's reference
speed during starting. The control method that is being offered is primarily dependent on the three-phase
inverter and the boost converter's operation being managed. Furthermore, in order to improve the system's
dependability and efficiency and to lessen the issues related to Hall effect sensors which are essential for
brushless motors a speed control method has been proposed and implemented.

Using the suggested control technique, the system's performance characteristics were examined and
analyzed in two distinct operating modes based on the degree of irradiation variation (1000 W/m2-800
W/m2-1000 W/m2). We see that the P&O perturbation and observation MPPT technique has been used to
control the boost converter's duty cycle, maximizing the solar arrays utilization and raising the pump flow
rate as a result. But in the second mode of operation, where the speed is variable (between 1000 and 2000
rpm), the motor speed was controlled to run at its nominal value while the boost converter's duty cycle
remained constant. Even though the irradiation level was changed, the simulation results demonstrate that
the pump flow rate was raised in the first mode and maintained at its nominal value in the second mode.
The results also show that the suggested PV pumping system's overall performance, efficiency, and
dependability have improved, confirming the efficacy of the sensorless control method that was provided.
It has been demonstrated that the BLDC motor is a good option for the automotive sector since it is more
efficient, has a better power density, and has a wider speed range than other motor types. For use in
remote locations, especially those that depend on renewable energy sources like solar and wind power, we
suggested utilizing the system's total performance due to these benefits.
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