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Abstract: Several strategies have been proposed to control nonsinusoidal brushless DC machines (BLDCMs). However,
high electromagnetic torque ripple and current overshoots occur in commutation times, which are significant problems
of those strategies such as for hysteresis current controllers. This paper proposes a model predictive strategy to solve the
above issues. It is simple and straightforward. Moreover, it reduces the motor torque ripple significantly and improves
the response rate of the control system to the load torque variation in comparison with the conventional technique.
The torque varies smoothly, and the performance of the system at commutation time is improved by eliminating the
adverse effects of commutation times on the machine’s current and torque. This method also operates better than
the conventional controller in medium switching frequencies. The novelty of this strategy is that it employs a model
predictive strategy to realize the above claims. The real implementation possibility and performance of the controller
are investigated by simulations for a 60-V/180-W/300-RPM BLDCM. This paper also compares the proposed current
controller with the conventional controller. The results show that the torque ripple reduces 50%, and the brake and

response times are improved.

Key words: BLDC motor drive, predictive control, current control, synchronous motor, nonsinusoidal back-emf, speed
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1. Introduction

Brushless DC motors (BLDCMs) are a type of synchronous AC machines (SMs) with nonsinusoidal or trape-
zoidal back-emf waveform. BLDCMs usually includes 3 Hall sensors, suitable for rotor position detecting,
reproducing signals of each phase current and back-emf voltage, and even determining the status of the inverter
switches. This machine has concentrated stator windings with a 120° coil span. The BLDC rotor consists of
permanent magnet (PM) material, which covers a 180° pole arc. Therefore, the induced back-emf is trapezoidal
with 120° flat top regions. As discussed previously [1], the BLDCM provides 15% more power and torque ca-
pability than PMSMs. This feature is convenient in many applications, such as electric vehicle (EV) propulsion
systems.

Control methods of BLDCMs are classified into 2 groups: 2-phase conduction mode and 3-phase con-
duction mode strategies [1]. In the first group, the machine works with 3-phase rectangular currents and 120°
conduction zones; however, in the second group, it operates with rectangular currents and 180° conduction
zones. Studies show that 3-phase conduction mode has a better torque-speed capability than the first method

in the constant power region [1]. Various advance speed controllers and advance converters [2-5], either with a
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sensor or sensorless [6-9], have been introduced by researchers to date. The first strategy is called the hysteresis
method and works based on the relationship between machine torque and current. This control loop requires
3 sensors to measure each phase current [10, 11]. Thus, the number of necessary sensors may be a challenge
in an actual system. Some studies have covered this problem by proposing different solutions. The number of
sensors can be reduced only by measuring the DC link current [11] or using the wavelet theory [7]. Current
control strategies also employ hysteresis modulation. Therefore, their control quality depends on the bandwidth
of hysteresis controllers. High-resolution bandwidth requires higher switching frequencies, which may exceed

the practical constraints. Of course, the torque ripple is increased by reducing the switching frequency.

All presented solutions can be developed for 4-switch 3-phase inverters [12, 13]. A 4-switch inverter has
fewer semiconductors than the traditional six-switch inverters, which reduces the overall cost of a BLDCM
driver significantly [12]. In 4-switch inverters, 1 phase of the motor is connected to the midpoint of DC-link
capacitors, and this phase current never becomes zero due to its back-emf voltage. Xia et al. [12] worked on the
commutation times problem in these inverters and appended 2 regulating vectors in each sampling interval. As
a result, the corresponding phase current was controlled by controlling the operation time of regulating vectors

in each sampling period.

A conventional direct torque control strategy has been developed for BLDCMs [14, 15]. It focused on
torque ripple minimization. The aim is to use a suitable switching state to reach the desired torque value
[16-18]. Similar to induction and synchronous machines, direct torque control (DTC) has been implemented for
BLDC machines [19-29]. DTC dominates the torque and flux directly by using 2 hysteresis controllers. These
controllers pick the best switching state based on a predefined look-up table. It is notable that the switching
events in sinusoidal machines differ from those in nonsinusoidal machines. Accordingly, the development of
classical DTC for a BLDC machine is slightly complex if compared with other AC machines. The switching
frequency is not constant in traditional DTC. Ozturk et al. [24] explained the disadvantages of conventional
DTC for BLDCMs, and they suggested a modified direct torque controller that controls just the torque value.
It does not affect the motor flux.

In recent years, predictive strategies have been promoted for electrical machines and power electronic
converters rapidly [27-38]. Predictive controllers improve control performance compared to traditional methods.
The model predictive control is based on the prediction of the system output and the minimization of a cost
function to discover an optimal control input. The predictive controller requires estimating the future value
of controlled parameters and a cost function for determining the best switching event. The need for solving
the cost function has been resolved using the deadbeat approach. The predictive approach has been proposed
earlier for BLDCMs [31]. However, Valle et al. [31] employed predictive theory for adding a new modulation
method to the traditional current control strategy. Applying vector control strategies to BLDCMs is slightly
complex due to the lack of sinusoidal back-emf voltage and accessing the neutral point of the stator windings.
Furthermore, the modulation method is different for BLDCMs.

Predictive control of BLDC machines has been discussed less than that of other AC machines. Therefore,
the present paper aims to investigate a different and straightforward predictive current controller for BLDCMs.
This theory is developed for six-switch inverters. Although this controller incorporates hysteresis modulation,
it shows better performance at medium switching frequencies. Additionally, the proposed controller provides
lower torque ripple in comparison with the conventional current controller, since it does not affect the torque
directly. The proposed controller first predicts the future value of the motor currents. Then it compares the

result with references that are generated by the speed controller. The contribution of this strategy is to use
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model predictive theory to improve the performance of the conventional current controller, was not presented
before. In comparison with the conventional model predictive control, which requires solving a minimization
problem of the cost function, our strategy does not need this, and it is straightforward. Using the hysteresis
modulation makes this strategy easier to implement. Numerical simulations in MATLAB/Simulink evaluate the
possibility and performance of the proposed approach for a typical low-power 60-V/180-W /300-RPM BLDCM.

2. The principle of predictive control for the BLDCM drive

2.1. Model of the BLDCM
Figure 1 shows a BLDCM connected to a six-switch inverter. Figure 1 also depicts the BLDCM equivalent

circuit. It includes 3 phases, where each phase comprises a resistor (R; ), an inductor ( Ls ), and an independent
voltage source, indicating the stator winding resistance, the stator winding inductance, and the back-emf voltage,
respectively. This model also represents the mutual inductance between each phase (M). It is assumed that the
machine never becomes saturate, and the components of 1 phase are identical to those of another phase. Iron
losses are also assumed to be negligible. According to these assumptions, (1) can be obtained, which corresponds

to the machine model [11].
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Figure 1. The equivalent circuit of the BLDC machine and the 3-phase inverter.
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In (1), the [ Usqg Ush Use ]Tindicates the inverter output voltages and [ P TR ]Tdenotes stator cur-
rents. Equation (2) is a classical equation relating the rotor speed to the motor electromagnetic torque.
wy, Te, Tp, J, and B indicate the rotor mechanical speed, the electromagnetic torque, the load torque, the
inertia, and the friction coefficient, respectively. If the friction coefficient is assumed to be zero, equation (2)
can be represented by (3).

d
T. =Ty, + Jawr + Bw, (2)
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1

wT:j/(Te—TL)dt:%/ > T Ty |dt (3)

r=a,b,c

In this machine, the electromagnetic torque depends on each phase current. In 2-phase conduction mode,
the current is passed through 2 phases at each switching interval, and so the total generating torque can be
determined by (4), where K; is the BLDCM torque constant [11]. Due to the above assumptions, the current

of active phases is identical and it is assumed to be I.

T, = Z T, = K, Z L, | =2K,1 (4)

r=a,b,c r=a,b,c

The back-emf amplitude depends on the rotor electrical speed according to (5), where K, and w, indicate the

back-emf constant and the rotor electrical speed, respectively.
€abe = Kewe (5)

The BLDCM also includes Hall sensors. It is conceivable to use its logic output signals for obtaining torque
and back-emf. Table 1 shows different states of these Hall sensors and their relation to the torque and back-emf
values. Due to this feature, the proposed model predictive approach determines the values of electromagnetic
torque and back-emf voltage. As mentioned above, the electromagnetic torque relates to the phase currents
and based on Table 1 it is possible to determine which phase produces this torque value. Consequently, it is

possible to identify in which phase current passes.

Table 1. The relationships between Hall sensors and back-emf voltage and torque values.

(Ha,Hb,Hc) | (ea, eb, ec) | (Ta,Th,Tc) | Rotor position (Deg.) | Sector
(0,0,1) (0-1,1) (0,1,1) -30 - 30 1
(1,0,1) (1-1,0) (1,1,0) 30 - 90 2
(1,0,0) (1,0,-1) (1,0,1) 90 - 150 3
(1,1,0) (0,1,-1) 0,1,1) 150 - 210 4
(0,1,0) (-1,1,0) (1,1,0) 210 - 270 5
(0,1,1) (-1,0,1) (1,0,1) 270 - 330 6

2.2. Principle of the proposed strategy

Figures 2a and 2b show the block diagram of a conventional hysteresis current controller and the proposed model
predictive strategy, respectively. The traditional current controller tries to equalize the rotor speed with the
reference speed by forcing each phase current to follow their reference values, as depicted in Figure 2a. Figure
2b illustrates the block diagram of the proposed model predictive current controller. At first, the control unit
measures the instantaneous phase current, the state of the Hall sensors, the rotor mechanical speed, and the
DC-link voltage value (V4. ). Calculations are done in the « 8 stationary reference frame. Hence, the reference

frame of measured currents is converted to the « 8 frame by using Clark transformation. Equation (6) shows
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Figure 2. The block diagram of the (a) conventional current controller, (b) model predictive current controller.

the Clark transformation. Under balance condition where g, + g, + g. = 0, equation (6) can be simplified as

represented by (7).

21 -3 -1 Ja
23[0 N _\/5} b (6)
2 2
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The predictive control unit also requires the values of the back-emf waveforms. The motor back-emf

voltages are obtained using the status of Hall sensors and Table 1, as shown in Figures 3a and 3b. This solution

solves the neutral-point accessing problem. Estimated back-emf voltages must convert to the « [ reference

frame.
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Figure 3. The block diagram of (a) the back-emf estimator block, (b) the phase current detector block.
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Additionally, based on (1), the inverter output voltage must be measured or calculated. The inverter
output voltage value is deduced by using the DC link voltage value and the inverter switching state. Because
the proposed algorithm is placed in the 2-phase conduction mode category, the valid and possible switching
events differ from those in the 3-phase conduction mode, as illustrated in Figures 4a and 4b. By performing
some algebraic manipulations (8) and (9) can be deduced, where S; — Sg shows the switching state of power

switches [11]. Their values can be 1 or 0.
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Figure 4. The possible switching states in (a) the 2-phase conduction mode, (b) the 3-phase conduction mode.

Usq = ?Vdc (S1(S6 + S4) — S2(S3 + 55)) (8)
Usg = %Vdc (S6 (S1+ S3) 4 S2 (S3 — S5) — S4(S5 + S1)) 9)

Equation (1) can be rewritten in «f form, as represented in (10), where L = Ly — M. The forward Euler
approach is used to convert the continuous form of (10) to the discrete form of (12), where (ia,ig), (Usa,Usg),
(eqsep), and Ty denote the stator current, the inverter output voltage, the back-emf voltages, and the sampling

period, respectively.

=0 e )l e le L) El sl ] (10
%: X(k+1T)S—X(k) a1)
bz e - Ll e [0 ]-[58)] a

By simplifying (12), (13) can be determined, which demonstrates the instantaneous current value in the (k + 1)

sampling interval. The predictive block in Figure 2b employs (13) in order to estimate the instantaneous current

value in the (k + 1)th sampling instant.

ey = n (e - [26 ) (-5 56 (3
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The purpose of the predictive strategy is to equalize the value of in5 (k+ 1) with the reference value. To
generate the reference value of the above current components, the rotor speed is measured and compared
with the speed reference value and the resulting error passes through a PI controller, as shown in Figure 2a.
The reference current limit is set to be 1.5 times the rated current due to governing restrictions on motor
windings. I* indicates the amplitude of the reference current; however, the reference current waveforms must
be reproduced based on the rotor location. This can be realized by using the state of the Hall sensors and Table
1. The phase current detector block generates the reference currents by using the state of the Hall sensors, as
demonstrated in Figure 3b. Therefore, 3 reference values relevant to the current of each phase (A, B, and C)
are produced. The reference and the predicted currents are fed to the modulation block, which incorporates 3
hysteresis controllers. These modulators determine the suitable switching state of each phase separately, and
they obey (14) as their rule, where i = a,b,c. The bandwidth of hysteresis controllers is obtained by the
sampling/switching frequency. For this analysis 2% bandwidth is selected.

{ I —I;(k+1) > Upper Band — S;=1 (14)

I¥ —I;(k+1) < Lower Band — S; =0

Proper commands, which originate from the output of hysteresis controllers, are applied to a six-switch inverter.
To summarize the process of this suggested strategy, Figure 5 illustrates the flowchart of this proposed algorithm.

In section 3, simulations and comparative evaluations are presented for a typical BLDC machine.

3. Results and analysis
3.1. The speed-time characteristic

Table 2 shows the system specifications and Figures 6a and 6b display the speed waveform of the simulated
conventional and proposed strategy under constant torque. As can be seen, the rotor speed follows its reference
value precisely in both current controllers. In this case, the speed command is changed from 150 rpm to 300
rpm at 0.05 s. The speed controller error is 2% in the conventional current controller. However, this error is
decreased to below 1% in the predictive controller. The proposed controller improves the speed accuracy up to

50%. Figures 6¢ and 6d show the zoomed version of the figures.

3.2. The torque characteristic

Figures 7a and 7b show the effect of torque variation in both strategies. In this case, the torque command
is varied from 5 N.m to 2.5 N.m at 0.1 s. Although the electromagnetic torque follows the reference value in
both plans, the amount of electromagnetic torque ripple in the predictive algorithm is smaller than that in
the conventional current controller. Although the peak to peak value of the electromagnetic torque ripple in
the traditional current controller is about 1 N.m, it is reduced to approximately 0.5 N.m using the introduced
strategy. Thus, the predictive controller reduces the amount of torque ripple 50%. The other parameter that
is improved by using the proposed approach is the torque response time. The predictive controller decreases
this value from 80 us to 72 us, as shown in Figure 8a. This torque characteristic makes the BLDCM operation
smoother. Although the difference between the time waveforms is 8 us, as can be seen from Figure 8a, the
change in electromagnetic torque in the predictive strategy is smoother than that in the hysteresis method. The
difference between the response time and the settling time of the torque curve is about 320 us for the predictive

control, while it is about 440 us for the conventional method. When the torque value is decreased from full
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Figure 5. The flowchart of the proposed model predictive current controller for the BLDCM drive.

load (5 N.m) to half load (2.5N.m), the developed torque is reduced rapidly with the smooth slope, as shown

in Figure 8a. It is different for the conventional controller, as shown in Figure 8b.

3.3. The effect of switching frequency and commutation time

The performance of the traditional current controller heavily relies on the switching frequency and the narrower
hysteresis band. Therefore, the presented strategy improves the quality of the control loop at medium sampling
frequencies. As an example, if the conventional current controller operates with the 80-kHz sampling frequency,
it reveals much better performance than with the 40-kHz sampling frequency. However, in this case, the
proposed predictive algorithm works with 40-kHz switching frequency well. Therefore, the driver equipped
with this predictive controller has less switching losses than the conventional current controller because of
the switching frequency reduction. It can be inferred from the above discussion that the proposed controller
improves efficiency. Other parameters such as the phase current waveforms and the back-emf voltages are
depicted in Figures 9a and 9b. As expected, the back-emf voltage has a trapezoidal waveform. Speed increasing
or speed decreasing affects the magnitude and frequency of this waveform. The fluctuation elimination from
the commutation time is 1 of the most critical items for the current waveforms.
1. Settling time minus the action time.
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Table 2. The system specifications.

System parameter Value
DC link voltage (V) 60
Stator resistance (2) 0.64
Stator inductance (mH) 1
Stator mutual inductance (mH) | 0.25
Rated voltage (V) 60
Rated current (A) 4.5
Rated torque (N.m) 5
Rated speed (rpm) 300
Rated power (W) 180
Sampling interval (us) 25
Torque constant (N.m/A) 1.25
Back-emf constant (V/rpm) 0.0667
Pole pairs 8

J (Kg.m?) 0.0008

Table 3. A comparative study between the conventional and predictive current controllers.

Methods
Parameters Conventionalhysteresis | Predictive control
Speed controller accuracy Low High
Speed error 2% < 1%
ATe o [ Tenien 20% 10%
AT, i 1o pear @ rated torque 1 N.m 2 N.m
Commutation fluctuation High Negligible
Torque smoothness Poor High
Torque response time (response to reference changing) | 80us T2us
(ts — tq) for torque step change! 440us 320us
Braking time 1.67ms 1.57ms
Dependency on the sampling frequency High Medium
Converter switching loss Higher Lower
Efficiency Lower Higher

3.4. The brake mode and bidirectional operation

The braking time is another test case. Figures 10a and 10b show the performance of each strategy for decreasing
the speed from 250 rpm to zero at constant load torque (5 N.m). According to Figures 10a and 10b, it takes
1.57 ms for the proposed strategy and 1.67 ms for the conventional controller to change the speed from 250
rpm to zero. As a result, the response speed is 5% increased. To summarize the above discussion, Table 3 is
organized to compare both the predictive and the conventional current controller.

Another test case is relevant to the reverse speed effect. In this case, the BLDCM operates at full load

and the rated speed. The rotor direction is changed using the speed command. Both methods work accurately,
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Figure 6. The motor speed waveform with the constant torque of 2.5 N.m: (a) proposed strategy, (b) conventional, (c)
item (a) with zoom, (d) item (b) with zoom.

but the predictive current controller provides lower electromagnetic torque ripple. Figures 11a and 11b show

the results of this case.

3.5. Stability analysis

The motor parameters might be changed during operation. Basic predictive controllers are sensitive to system
parameter changes when their stability is placed at risk. This problem originates from the operating principle of
the predictive controllers, where the model of the system is required. Constant values for all system parameters
are chosen. If the system parameter changes, the controller error can be increased. This section identifies the
stability range of the proposed predictive current controller subject to the stator winding resistance and the
stator winding inductance. The variations in speed error and torque ripple are illustrated in Figures 12a and

12b in terms of the stator winding resistance variation and stator inductance variation. The stator winding
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Figure 7. The electromagnetic torque waveform with the constant speed of 250 rpm: (a) the proposed approach, (b)
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Figure 8. The electromagnetic torque waveform with the constant speed of 250 rpm with zoom: (a) the proposed
method, (b) conventional.

resistance is the coefficient of T in predictive equations. Thus, it cannot affect the results with small values.
Higher values increases the torque ripple because future estimations give wrong results. The speed is estimated
by using Hall sensors. Thus, it is expected that the speed error increases when the future estimations have
significant wrong values, as shown in Figure 12a. Stator winding inductance has a significant effect on torque
ripple. However, the speed is estimated by using Hall sensors, and it is independent of torque variation, except
its higher errors, as illustrated in Figure 12b. As can be inferred, the predictive controller tolerates 15% variation

in stator winding resistance and stator winding inductance.
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Figure 9. (a) The phase current waveforms with constant speed and torque of 250 rpm and 5 N.m, respectively, (b) the
waveforms of back-emf with the constant speed and torque of 250 rpm and 5 N.m, respectively.
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Figure 10. Brake mode at the constant torque of 5 N.m: (a) proposed controller, (b) conventional controller.

4. Conclusion

This paper proposes a new model predictive controller for BLDCM drives. It estimates the behavior of the
controlled parameters, and after a simple process it generates a proper command for the six-switch inverter.
Compared with the conventional current controller, this strategy shows better performance at the medium
switching frequencies due to its predictive quality. It reduces the electromagnetic torque ripple up to 50%,
which is suitable for smooth operation. This strategy increases the torque response rate up to 10% compared to
the traditional controller. Furthermore, the proposed predictive current controller cancels the error between the
actual speed and the rotor speed reference. Unlike the traditional current controller, this strategy decreases the
impact of commutation time on the phase currents. The system efficiency is improved due to the ability to work
with lower switching frequencies compared to the conventional method. The simplicity of the theory makes

its implementation easy using digital signal processors or simple microcontrollers. As a result, the simulations
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Figure 12. Stability analysis: (a) the effect of stator winding resistance, (b) the effect of stator winding inductance.

indicate that the proposed model predictive current controller performs better than the traditional current

controller, and it is possible to test the performance and quality of this strategy in practical applications.
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