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Abstract. This paper presents a controller for the speed of a Brushless
DC motor (BLDC). The control strategy does not require to measure
the phase currents neither the back-electromotive forces. The strategy
is based on connecting and disconnecting the power supply that feed
the motor inverter. By manipulating on-time of the power supply the
average current of the motor windings are indirectly modified. In this way
the desired speed is achieved requiring only to measure the rotor speed.
The rotor speed can be estimated using the position sensors that are
normally included with brushless motor. Hence the controller proposed
does not need other sensors than that are already included with the
motor. The obtained results show that the proposed control achieves
tracking of speed references and is robust to load changes.

1 Introduction

Brushless DC Motors (BLDC) have very useful properties such as a high torque
per unit volume, are highly efficient, maintenance free and can be manufactured
in a wide variety of sizes and power. Due to these a advantages BLDC’s are used
in a wide range of industrial applications, such as computer systems, automotive,
aerospace, etc. However, control of these motors are more complicated than a
conventional DC motor.

The three phase BLDC are most common between applications; a wide vari-
ety of drivers have been proposed for this kind of motors ranging from relatively
some simple to highly complex. Most of these drivers need to measure current
in each phase or to measure the Back-electromotive force (Bemf) [1], [2], [3],
[4], [5], [6]. This involves using several sensors which in some cases may become
costly.

In [7], [8], [9] aims to control the speed of the BLDC by sliding mode control.
This strategy is efficient but complex at the same time as it requires knowledge
currents or Bemf. Another way to control the speed BLDC is using hall effect
sensors of position. These sensors indicate rotor position, that information is
used by an algorithm that determines the time logical operation of the inverter
circuit that feeds the BLDC. With this, only controls the duty cycle of switches
[10], [11]. Recently, there have been methods to vary the speed rotor with the
output a DC-DC converter or AC-DC used to power the three-phase inverter.
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This achieves the supply voltage inverter, namely, increases or decreases the
voltage supply BLDC windings[12], [13], [14], [15] and [16].

In this paper a new control strategy for BLDC motor is presented, this strat-
egy needs not to measure current or Bemf. The controller here proposed is based
on the direct connection and disconnection of the power supply. This eliminates
the need for a DC-DC converter or AC-DC to power the inverter. By eliminating
the control sensors complexity, cost and size of the controller decreases.

2 The brushless DC motor

2.1 Functioning description

Contrary to the conventional DC motor where the stator generates a perma-
nent field and the rotor has a variable field, in BLDC motor the rotor field is
permanent while the stator must generate a variable field. This eliminates the
need brushes to bring power to the rotor but complicates the field that should
generate in the stator. To generate the variable field in the stator, BLDC motor
is fed by square waves, supplied by a three phase inverter. The switching signals
of the switches are subject to the position of the rotor.

In Figure 1 shows that the activation sequence is each of the motor windings.
The conventional configuration inverter-motor assembly to achieve this sequence
BLDC activation is shown in figure 2. The manner in which the switches for
feeding circuit to the BLDC are turned on and off are shown in Table 1. Note
that an important condition, for correct operation of BLDC is feeding only two
windings at the same time by every step of switching.

Fig. 1. Switching Sequence

In many applications, the desired motor behavior is to keep the motor at the
same speed, despite changes in load. Generally, this goal has to be achieved with
a control fast, efficient, robust and simple.

Most control strategies speed for BLDC motors require measurement of Back-
electromotive force (Bemf) in each phase of the motor or its respective currents.
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Fig. 2. BLDC conventional configuration

Table 1. Signals from the Hall effect sensor

| Degree | [H1[H2[H3[Switches]|

0°—60° J1f1]0[0]Q1] Q4
60° —120° [2[ 1 [ 1] 0 [Q1] Q6
120° —180°[3[ 0 [ 1 | 0 |Q3] Q6
180° —240°[4[ 0 [ 1 [ 1 Q3| Q2
240° —300%[5] 0 [ 0 [ 1 [Q5] Q2
300° —360°[6] 1 [ 0 [ 1 [Q5] Q4

In figure 3 shows a general schematic of these strategies. Under this scheme, the
processing currents or Back-electromotive forces to determine the on or off of
the transistors is typically complex.

2.2 Mathematical model

The mathematical model of BLDC motor is given by two parts: one electric and
one mechanical. In this paper, to simplify the simulation model of BLDC the
following considerations are made:

— The three phases of the stator are symmetrical.

— The magnetic circuits which are generated in the BLDC interior are ignored.
— The switches are ideal.

Parasitic elements losses are ignored.

Voltage equation: Equations voltage of the three phase BLDC are obtained
from the electrical diagram shown in figure 4. They can be expressed as:

dig
a — a.a La a 1
Va = Raia + 7 +e (1)
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di
Wy = Rbib+Lb£ + ey (2)
di,
‘/c - c.c Lci c
Rei. + i +e (3)

where: V,, V,, V. are the voltages of the stator windings; e,, e, €. are back-
electromotive force of each phase; i, iy, 7. are the currents of the stator, L,,
Ly, L. are the inductance of each stator coil; R,, Ry, R. are the resistance of
each coil in the stator. For simplification, assume that R, = R, = R. = R,
inductance L, = Ly, = L. = L, and each phase is separated 120° obtaining the
ideal form of the Bemf(e,, ep, €.).

Electric torque: The BLDC motor electrical torque is generated by the in-
teraction of the currents in the stator and magnetic fields of the rotor magnets.
Equation of electric torque can be expressed as:

T. = egiq + €pip + €cic (4)

Mechanical torque: On the other hand, the equation of mechanical torque
can be expressed as:

d
Te:Bw+Jd—°; T (5)

where: T, is the mechanical torque, T}, is the load torque, B is the damping
coefficient; w is the angular velocity the rotor, J is the moment of inertia. Note
that knowledge of the mechanical torque implies the speed of the rotor. this
is measured by an optical encoder installed on the same rotor, such device is
capable of measure revolutions per minute.

3 Description of the proposed control strategy

The scheme of the proposed control strategy is shown in Figure 5. The main
idea is to connect or disconnect the inverter power supply depending on the sign
of the speed error. That is

V, =V, = V. = uV, (6)
where

i ™
and

0= Wpef — W (8)
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Fig. 5. Proposed topology

Note that the controller given by (6-8) is an sliding mode control (SMC) with
one simple sliding surface consisting of the error between instantaneous velocity
at the rotor (w) and a speed of reference (wyey).

The control proposed causes that power supply that feed the inverter (Vs) to
be connected or disconnected depending on the speed error. In this way the av-
erage of line voltages changes according to the speed error. This in turn modifies
the winding currents causing that the speed be adjusted.

Is important to point out that this control strategy modifies the winding
currents without requiring a complex algorithm to control the on-off instants of
the switches inverter. Instead, the switches inverter states, just depend on the
rotor position. Hence, the simple logic shown in the Table 1 is only necessary
to control the inverter switches. Note that in the controller proposed the hall
effects sensors play two roles: to control the inverter switches and to measure the
rotor speed. These sensors are usually considered as part of the motor, hence it
can be considered that this control strategy is sensorless.

Let us to show that the speed rotor does indeed depend on Vj . Rewriting(5),
it can be expressed as an equation of angular velocity:

dw
& T _Bu-T 9
0 w—Tr, 9)

Substituting (4) into (9) yields an expression of the speed in terms of currents,

dw . S
i (ki (ig +ip +4.)) — Bw — Ty, (10)
To visualize how the speed can be a function of line voltages, the winding
current i4, i, and i, are replaced for each phase, namely (1), (2) and (3) are

replaced in (10) obtaining
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Ve L di. ec (]‘]‘)
+h [ - 5% — %) - Bw-TL

From (11) it can be seen that the instantaneous speed depends of input
voltages, as well as Back-electromotive forces and winding currents. Furthermore,
substituting (6) in (1), (2)and (3) yields

dig

uVy = Ryia + Lé + eq (12)
) diy

uVy = Ryip + L% + ey (13)
. di.

uwVs = R.i. + LE + e (14)

To show that the winding currents does depends on the control signal u let
rewrite (12-14) as

dis _ 1

il (=Rt +uVs —eg) (15)
di 1 .
ditb = Z (*Rblb +uV, — 6b) (16)
di. 1 .
il (—Reic +uVy —ec) (17)

Since the control variable u can have two values it can be considered the
following cases:

1. When the rotor speed is above the control reference (¢ > 0) then v = 0
therefore 15 can be expressed as

dia — L (—Riy — e,) (18)

From (18)it can be seen that when the inverter supply voltage becomes zero,
at some point the winding current tends to decrease, for this reason the rotor
speed will be affected by reducing the back emf.

2. When the rotor speed is below the control reference (o < 0) then v = 1,
therefore

die — L (—Riq + Vs —e,) (19)

From (18) and (19) can be seen independent switching of the inverter switches.
To only connected and disconnected the inverter supply voltage.
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4 Simulation results

The results presented were obtained with the software MatLab/Simulink and
with the values of EU-437255326 BLDC motor, that are shown in Table 2. The
motor is used in testing of speed control for applications automotive. The Rated
speed of this motor is 2820rpm. However, with minimum load (0.02 Nm) can
reach up 3000 rpm. The rated torque of the motor is about 2.92 Nm, this is
the torque was used in the simulations to change from minimum to maximum
torque in the moment 0.07 s.

Figure 6 shows the rotor speed (in revolutions per minute, rpm) controlled
with the proposed strategy. The reference speed was 1500 rpm, it can be seen
from the figure that rotor speed tends to the reference value. The figure also
shows the reference and the following control by a time less than 50ms. At 0.1s
there is a change in the reference speed from 1500 to 2000 rpm. It can be seen
the control adjusts the rotor speed to follow a the new reference value. The
control signal (u) directly affects voltage. The supply voltage has a connection
time dependents the sliding surface proposal (o) for speed control.

Table 2. Motor Parameters EU-437255326

| Parameter | Units  [Value]
Supply voltage volts DC 50
Rated Speed rpm 2820
Rated torque Nm 2.92
Rated current Amps 20.2
Rated power Watts 861
Torque constant | Nm/amps |0.164
Back-emf volts/krpm | 17.1
Winding resistance ohms 0.106
Inductance coil mH 0.428
Motor constant |[Nm/sqrtwatt|0.516
Rotor inertia g-cm”™ 2 4943
Number of poles 4

Figure 7 shows the behavior in the supply voltage of the motor, the connec-
tion and disconnection was observed of the inverter supply voltage.

The motor must have the same speed in the rotor, despite the change of
minimum to maximum torque on the motor. In the simulation, the figure 8
shows this change into the 0.07s time, from the minimum to maximum torque.
In the same figure, it can be seen the robustness of the control to maintain the
reference speed rotor despite the change in the torque required. Note that the
signal control v is adjusted from the change caused by the load.

Figure 9 shows the change in the reference in the instant 0.1s to 2000 rpm.
Even with the maximum torque, the proposed control adjusts the connection
time of the inverter supply voltage to stabilize the rotor speed and can be fol-
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lowing the new reference. This shows that the proposed control to the BLDC
speed is robust. Note that the response time is small.
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Fig. 9. Maximum torque with speed change in 0.1s

The Figure 10 shows the winding currents in each phase of the BLDC motor.
The torque change and the reference change can be seen respectively.

Fig. 10. Currents iq, i and i.

The shape of the Bemf signals is shown in figure 11, it has the ideal shape of
a BLDC motor type trapezoidal. The Bemfs are used in other ways to control
the rotor speed, with using special circuits for the detection thereof.

In Figure 12 shows the behavior of the winding current in phase a (i,) and
e, Bemf. When the reference and torque changed is observed in the same figure.

In simulation at full speed with full torque supporting the motor, the re-
sults obtained in figure 13. In this figure there are some pulses must have to
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decrease. Consider adding a PI term (Proportional Integral controller) in the
sliding surface proposed in this paper will improve results.
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Fig. 13. BLDC speed

5 Conclusions

The technique developed in this paper shows that it is possible to have a control
for BLDC speed without measuring the current or Back-electromotive forces of
each motor phase. The method relies on the use of a sliding surface that depends
on the rotor speed error. This error is used to connect or disconnect the inverter
power supply. In this way an indirect control of the winding currents is achieved.
The resulting system only needs a sensor that is included in the motor already
and only modifies a single variable: the inverter power supply. The complete
scheme results simple to implement, sensorless and simple electronics. A practical
implementation of the strategy is being developed to corroborate the simulation
results presented.
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