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Abstract

Due to advantages including high efficiency, linear speed torque characteris-
tics and better superior speed performance, Brushless DC (BLDC) motors
have been applied in many industrial areas, including automotives, aerospace,
HVAC, refrigeration, medicine and industrial automation. BLDC motors are
controlled in either sensor or sensorless condition, and many control methods
have been proposed to improve their performance. This thesis investigates
two sensorless control methods based on line voltage differences and the dis-
turbance observer respectively. Each of these two sensorless control methods is
first verified through Simulink simulation results, and then implemented in an
experimental environment based on the DRV8312 Digital Motor Control Kit
from Texas Instruments. To ensure the correct commutation of the BLDC mo-
tor, different phase delay compensation algorithms are applied to compensate
the time delay from the low pass filters for these two sensorless control meth-
ods, respectively. Finally, a comparison is made between these two sensorless
drives, and the robustness of the sensorless drives during loading transient is

demonstrated by simulation results.
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Chapter 1

Introduction

1.1 Background

In [30], it mentions that BLDC motors are better than induction motors and
brushed DC motors in many areas. Firstly, BLDC motors are smaller in size,
and have higher efficiency because of no losses in the rotor. Secondly, due to
the elimination of brushes, BLDC motors have better high speed capability,
and they do not need any brush maintenance. Thirdly, BLDC motors have a
faster response and a lower radio frequency interference (RFI). Also, BLDC
motors are designed with internal shaft position feedback, so that they have
higher starting torque compared with AC induction motors. Lastly, compared
to induction motors, BLDC motors have much better controllability because
of their linear speed torque characteristics.

The world market growth for electric motors in automotive applications
is shown in Figure 1.1, derived from the IMS research. As for global issues
like fuel shortage and global warming, the market for electric vehicles and
hybrid vehicles will continue to increase in the next few decades. With the
development of electrically-driven automotive systems, the demand for electric
motors is expected to grow, especially for BLDC motor shipments, which are
predicted to grow at twice the rate of other motor types.

BLDC motors have been applied in many other areas. For example, in the
Heating, ventilation and air conditioning (HVAC) and refrigeration industries,
BLDC motors have been applied to reduce the operating power requirements

instead of various types of AC motors. For medical applications, BLDC mo-
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Figure 1.1: World market growth for electric motors in automotive applications

tors, previously not an option, are now surging due to improvements in effi-
ciency and reliability. BLDC motors are also applied to industrial robots and
aerospace areas. BLDC motors are taking center stages and will be the future
trend, which will drive the growth in the BLDC motor market.

Since BLDC motors play a more and more important role in modern so-
ciety, it is of great value for us to research on BLDC motor drive systems to

make them better for applications in various areas.

1.2 Conventional Control Method Using Hall-
effect Sensors

BLDC motors need rotor positions for proper commutation of stator currents.
For a permanent magnet AC synchronous (PMAC) motor, a resolver or a shaft
encoder is normally applied to detect rotor positions because constant infor-
mation of rotor positions is required for PMAC motor control [3]. However, for

a BLDC motor, one electrical cycle contains only six commutation instants,
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Figure 1.2: Hall-effect sensors outputs at 700 rpm

so Hall-effect sensors are often used, which can reduce the costs [19].

BLDC motors are controlled electronically instead of using mechanical
commutation. Hall-effect sensors can be mounted in one of three locations
inside the motor to measure the motor’s positions. When permanent mag-
netic north or south poles pass near the Hall-effect sensors, the Hall-effect
sensors will generate low or high signals accordingly. Figure 1.2 shows a simu-
lation result of the outputs of Hall-effect sensors at a speed of 700 rpm. Based
on the output signals sent from three Hall-effect sensors, the current state can
be determined and currents will be applied to corresponding motor coils.

However, the control method based on hall sensors has some drawbacks.
High temperature will affect the performance of hall sensors thereby limiting
their application areas. The cost and weight of motors will also increase and
extra mechanical arrangement need to be mounted [(]. To increase system
reliability and reduce system cost, sensorless control of BLDC motors has

attracted wide attentions.



1.3 Sensorless Control Methods for BLDC Mo-
tors

If a PM motor drive only needs electrical measurements without any require-
ments for a position sensor, it is called a sensorless drive [2]. There are many
kinds of sensorless drives for BLDC motors. Among them, back electromotive
force (back-EMF) based methods are the most commonly used category.

Conventional back-EMF based methods utilize the terminal voltage in the
floating phase [20][19][13], detection of the conducting state of freewheeling
diode in the floating phase [31][0], third harmonic components of back-EMF
waveforms [9] and integration of the floating phase back-EMF [1].

However, back-EMF's values are zero at standstill, and it is difficult to
detect the zero-crossing points from noises if the motor speed is low, so the
low speed performance is limited. For methods based on back-EMF's, a starting
procedure is normally required to speed up BLDC motors to a relatively higher

speed, and then motors can be controlled by sensorless drives [3].

1.3.1 Terminal Voltage Sensing method

The terminal voltage sensing method is one of the common methods among
back-EMF's based sensorless techniques.

For the trapezoidal control of BLDC motors, back-EMFs are required to
be in phase with the phase currents, so the motor is able to produce a constant
torque [8]. The most commonly way is to detect the zero-crossing points of the
back-EMF in the floating phase [22]. There is a 30° offset between zero-crossing
points of back-EMFs and current commutation instants, so a 30° phase shift
needs to be applied to get the correct commutation instances [20].

Since the back-EMFs are determined with respect to the motor neutral
point, the neutral point voltage must be compare with terminal voltages to
get the zero-crossing points of back-EMFs. However, neutral points are not
available in most BLDC motors. The most commonly used approach is to
connect the terminals of the BLDC motor to a Y-connected resistive network.

The virtual neutral point voltage can be used to compare with the terminal



voltage in the floating phase to get the zero-crossing points.

However, the virtual neutral point voltage contains lots of electrical noises
because the pulse width modulation (PWM) technique is normally applied to
drive the inverter. Another approach is to compare terminal voltages with half
of the DC link voltage to get back-EMFs zero-crossing points [19]. Work in
[28] mentioned that the measurements do not contain any noises if sampling
during PWM on time.

Low pass filters are normally applied to attenuate the high frequency har-
monics components in terminal voltages introduced by PWM. However, low
pass filters will cause a time delay which becomes more obvious when a BLDC
motor runs at high speeds range. With no phase compensation, the time delay
will restrict the suitable high speed range of BLDC motors. Because the back-
EMF magnitude is in proportion to the motor speed, it is unable to detect
back-EMFs at standstill and low speed, which is another drawback of termi-
nal voltage sensing method [8]. Therefore, conventional open-loop starting

method will be applied to speed up a BLDC motor from standstill.

1.3.2 Freewheeling Diode Conducting State Detection
method

Work in [31] proposed an method which can estimate the commutation points
on the basis of the conducting state of the freewheeling diode which is in paral-
lel with the power transistor in the floating phase. Six commutation instants
for one electrical cycle can be obtained based on whether the freewheeling
diode is conducting or not. This detected point leads the next commutation
instant by 30 degrees, so a phase shift is required. The conducting condition

of the freewheeling diode at the negative side of phase C is derived as:

i+ (1.1)
5 :

€c

where V] is the transistors voltage drop, V5 is the diodes voltage drop and e,
is the back-EMF of phase C. Compared with the back-EMF value, V; and V5
are negligible. When e, changes from positive to negative, the current flowing

through the freewheeling diode at the negative side of phase C will be detected



as.

Because the conducting of the freewheeling diodes relies on back-EMF's
value, detection of the rotor position at low speeds is hard to realize, so a
starting process is applied [3]. The main drawback of this method is that for
detection of current flowing in each freewheeling diode, a separate power supply
for the comparator circuit is required [0]. These additional requirements will

limit this method in real applications.

1.3.3 Third Harmonic Component Integration method

Works in [29] mentioned that the third harmonic component of back-EMF
waveforms are applied to estimate the commutation points. The trapezoidal
waveforms of the BLDC motor back-EMF's consist of fundamental and higher
order harmonics. After summing the three terminal voltages, the third har-

monic component of back-EMF waveforms is obtained [20]:
Viesut = Van + Von + Ven

d
= (R+L&) (ia +ip +1c) + €4 + € + € (1.2)

=e, + ey + e, ~ 3egsin (36,.)

where Vs 18 the summation result of the three terminal voltages, Vi, Vi
and V,, are the phase voltages with respect to the motor neutral voltage, R
is the phase stator resistance, L is the phase stator inductance, e,, e, and e,
are the phase back-EMFs, i,, 7, and 7. are the phase currents, es is the third
harmonic component of back-EMF waveforms and 6, is the electrical angle.

Because during each state, the sum of three phase currents (i, + i + i)
is equal to zero. V,.su: is dominated by the third harmonic component and
contains only third-order harmonics (3rd, 6th, 9th). After integrating V,esu,

the third harmonic flux linkage can be obtained as:

)\_/V;“esultdt (13)

where A is the third harmonic flux linkage [3].
Based on the results in [29], the zero-crossing points of A are identical to

the current commutation points as shown in Figure 1.3. The main advantage



of this technique is that V,.s,; does not contain the switching noises caused by
PWDM signals. In comparison with other sensorless control methods which need
a low pass filter, this method requires less filtering [20]. Due to insensitivity to
filtering delay, this method can work over a wider speed range. Theoretically,
this sensorless commutation method is suitable for a wide speed range and it
can work at various load conditions. Its performance at lower speeds is also

better because third harmonics can be detected even when the speed is low.

A
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>
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Figure 1.3: Comparison of the zero-crossing points of A and the commutation
signal

1.3.4 Back-EMF Integration Method

Works in [1] proposed another sensorless control method in which the float-
ing phase back-EMF integration result is used to estimate the commutation
points. In close proximity to the back-EMF's zero-crossing points, back-EMFs
vary approximately linearly with time. The integration process will start if
the back-EMF in the floating phase reaches its zero-crossing points. The in-
tegration result V;,; can be derived as:

Ye(t)
=
t 0 k

mt?

2k

7



where k is the integration gain, t is the integration end time, e(t) is the back-
EMF value and m is the slope of the back-EMF waveform.

The integration process will stop when V;,,; reaches the predefined thresh-
old. As the back-EMF magnitude is in proportion to the motor velocity, when
the motor speeds up or down, the conduction intervals will decrease or increase

due to the fixed predefined threshold voltage as shown in Figure 1.4 [21].

A

< low speed

© mid speed

high speed

Figure 1.4: Integrated areas of the back-EMF

When V;,; reaches the predefined threshold, the integration value will be
set to zero by a triggered reset signal. To ensure the integration process won’t
restart before the small current in the floating phase decays to 0, the reset
signal should be sustained for a predefined time [3].

However, the back-EMF integration based method has poor performance
at low speeds because the integration process will cause errors in estimating

the commutation instants when the back-EMF value is small [20].

1.3.5 Optimization
PWM Techniques

Some optimization methods have been proposed. One category is based on
PWM techniques. Low pass filters are normally applied in the conventional

terminal voltage sensing method to attenuate the high frequency harmonics



components in terminal voltages introduced by PWM. The low pass filter
will cause time delay which limits high speed performance, if no phase delay
compensation method is applied. However, PWM strategies can eliminate the
requirements for low pass filters and work well over a wide speed range [24].

For conventional PWM methods, one upper transistor in one phase and
one lower transistor in another phase are conducting at the same time. The
remaining phase is the floating phase [31].This approach will increase power
losses in the motor side because of the high harmonic components [25].

Work in [36] proposed a direct back-EMF detection method based on the
PWM strategy. The direct back-EMF detection method eliminates the need
for virtual neutral voltage. In this method, PWM only applies to upper tran-
sistors, and lower transistors will be left on. Considering the condition that
phase A and B are conducting current, PWM is applied to the upper transistor
of phase A and the lower transistor of phase C is on. During PWM off time,
the current flowing direction is shown in Figure 1.5 [36]. The terminal voltage
of phase C is:

3
‘/cn =e.+ Vn = 566 (15)

where V,, is the terminal voltage of phase C, V,, is the neutral voltage and e,
is the back-EMF of phase C.

From the equation above, we can see that V., is proportional to e, through-
out the PWM off time. The terminal voltage is free of switching noises and is
referenced to ground, so the requirement for the motor neutral point voltage
is eliminated [3].

Work in [35] proposed an improved method which can detect back-EMFs
during PWM on time. For the method mentioned in [30], a minimum PWM
off time required to detect back-EMF's, so the maximum duty cycle of this
method cannot reach 100% which is desired for some applications in which
low battery voltages are applied. To optimize motor operation, back-EMF's
are detected during PWM off time when a motor operates in startup and at
low-speed conditions. Then back-EMF's are detected during PWM on time

when a motor operates in high speed conditions.
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Figure 1.5: Current flowing direction during PWM off time

Lai, Yen-Shin, and Yong-Kai Lin proposed a similar method to detect
zero-crossing points of back-EMF waveforms. For PWM on and off states,
different methods are applied to detect zero-crossing points, and this sensorless
commutation method can work over a wide speed range [24]. The difference
between these two methods is that the second one uses a digital controller to

calculate zero-crossing points instead of using logical comparisons.

Methods Based on Terminal Line to Line Voltages

Another category is based on terminal line to line voltages rather than using
the terminal voltage in the floating phase. In this category, the requirement
for the motor neutral voltage can be eliminated.

Based on the work in [1], we can directly get the commutation instants
from the average terminal line to line voltages of BLDC motors. The average
line to line voltages are in phase with the Hall-effect sensors, so that can be
used directly without the need of a phase shift. Also, it does not need the

motor neutral voltage compared with the conventional method.
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Line voltage differences can also be applied to estimate back-EMF zero-
crossing points. Line voltage differences have the same zero-crossing points
as the back-EMFs [6]. As line voltages are applied, we can eliminate the
requirement for the motor neutral voltage.

The commutation points of BLDC motor currents are identical to the zero-
crossing points of line to line back-EMFs, so line to line back-EMF's are applied
directly to estimate BLDC motor commutation points without any phase shifts
[39]. Work in [26] proposed a novel commutation function based on calculated
line to line back-EMFs to estimate commutation instants. Commutation in-
stants occur when the commutation function changes from positive infinity to
negative infinity or from negative infinity to positive infinity. Work in [19]
proposed a method which uses a circuit constituting a differential amplifier

and a comparator to detect zero-crossing points of line to line back-EMF's.

1.3.6 Observer Based Methods

For PMAC motors, observer based methods are often used because they have
sinusoidal back-EMF's, and continuous rotor positions information is required
[8]. Different observers have also been applied to estimate the rotor positions
of BLDC motors.

Observer based methods often take measurements as inputs of the mathe-
matical model of BLDC motors, and take the output as the estimated results.
The difference between the measurements and the estimated results is sent
back to the mathematical model to make a correction.

The Extended Kalman Filter (EKF) can be employed to estimate rotor
positions and motor speed by using average line voltages and the measured
phase currents [37]. With the predictive current controller, average line volt-
ages are calculated at the beginning of the sampling interval. However, EKF
cannot obtain satisfactory estimation results when the motor speed is low.
Based on the work in [11], the computation burdens and difficulties to tuning
the control systems are significant drawbacks of EKF based methods, and the
sliding mode observer is an attractive method because it is robust despite the

measurement noises and parametric uncertainty of the system.

11



Sliding mode observer is designed based on dynamic equations of BLDC
motors to estimate back-EMF values, rotor positions and the motor speed. For
conventional methods, a fixed sliding mode observer gain is used to estimate
back-EMF' values which only suits a particular range of speed. The fixed
observer gain will produce multiple zero-crossings when the motor speed is
low. Also, it will cause a phase delay in many cases. An improvement has
been made to modify the observer gains according to the motor speed, so the
estimated back-EMF values are more accurate [7].

Back-EMF differences signals can also be estimated by observers. Work
in [22] proposed a new sensorless control method which utilizes an unknown
input observer. The unknown input observer is independent of the rotor speed
and can be used to estimate back-EMF differences. As shown in table 1.1, the
estimated back-EMF differences are used in the commutation functions to get

commutation instants.

Electrical Degree Commutation Function

0-60° ebe/Eca
60°-120° Eab/Ebe
120°-180° Eca/Cab
180°-240° ebe/Eca
240°-300° Eab/Ebe
300°-360° Eca/Cab

Table 1.1: Commutation function for the unknown input observer

For methods above, continuous rotor positions information is estimated.
However, for trapezoidal control of BLDC motors, only 6 commutation points
are needed for one electrical cycle, so the complex observer based methods
above are not necessary for the control of BLDC motors. Disturbance ob-
server structure can be used to estimate the back-EMF differences signals
[39]. This method is easier to implement, and it can precisely estimate the six

commutation instants.

12



1.4 Summary of Contributions

This thesis implements and verifies two sensorless control methods based on
line voltage differences and the disturbance observer respectively. Instead of
sampling terminal voltages during PWM on time to avoid noises [0], this the-
sis uses a simpler method in which low pass filters are applied to filter out
the high frequency harmonics components introduced by PWM. Compensa-
tion methods are included in the sensorless drives to compensate the phase
delay introduced by the low pass filters, which will guarantee the high speeds
operation of the BLDC motors. Also, the robustness of the sensorless control

methods during loading transient is demonstrated by simulation results.

1.5 Thesis Outline

Chapter 2 makes a detailed analysis of the fundamentals of BLDC motors.
Firstly, it provides an introduction to the BLDC motor structure with empha-
sis on the stator and rotor. Chapter 2 also presents the equivalent circuit and
the mathematical model of a BLDC motor, which are applied in the derivations
of Chapter 4 and Chapter 5. Back-EMF, which is the basis of the sensorless
control methods applied in this thesis, is analyzed. Finally, a comparison is
made between BLDC motors and PMSMs with respect to power density, power
losses, control complexity, and torque ripples.

Chapter 3 outlines the experimental environment of this thesis. The DRV8312
Digital Motor Control Kit, in essence a Piccolo F28035 controlCARD, a DRV&8312
Digital Motor Control board and a BLDC motor, on which all the experiment
work is based, is introduced and discussed.

Chapter 4 presents a six-step sensorless control method based on the line
voltage differences. The Simulink simulation results verify that the line voltage
differences have the same zero-crossing points as the back-EMFs. In order to
get the six commutation instants for one electrical cycle of the BLDC motor,

a phase delay compensation method is applied in consideration of the time

delay caused by low pass filters. This sensorless drive is implemented in the

13



experimental environment under different speed conditions.

Chapter 5 introduces another six-step sensorless control method based on
the disturbance observer. The disturbance observer is applied to estimate
back-EMF' differences. The Simulink simulation results show that the zero-
crossing points of the back-EMF differences are identical to the BLDC motor
commutation instants. A different phase delay compensation method is ap-
plied to compensate for the time delay caused by the disturbance observer
structure. The sensorless control method is further verified in the experimen-
tal environment. Finally, we make a comparison of these two sensorless drives.

Chapter 6 summarizes the thesis and makes discussions on possible future

research directions.
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Chapter 2

Fundamentals of the BLDC
Motor

2.1 Introduction

In this chapter, we will make an introduction to the fundamentals of the
BLDC motor mainly based on the theories in these three references [10][23][10].
Based on the back-EMF waveform shapes, (i.e., sinusoidal and trapezoidal),
the permanent magnet synchronous machines can be classified into two differ-
ent types. The trapezoidal type is called the BLDC motor and the sinusoidal
type named the PMSM.

Figure 2.1 [23] shows waveforms of BLDC motors. For one electrical cycle
of a BLDC motor, it contains six states. During each state, two phases are
conducting and each phase will be excited for 120°. The induced back-EMFs
are in the trapezoidal shape, and the constant magnitude remains for 120°.
During the change states (from maximum to minimum, or from minimum to

maximum), the induced back-EMFs vary linearly.

2.2 BLDC Motor Structure

Figure 2.2 [12] shows the fundamental structure of a BLDC motor. A BLDC
motor contains a rotating part, called the rotor, and a stationary frame, called
the stator. In this example, the rotor has two pairs of north and south per-
manent magnet poles. The stator acts as the armature because it will be

energized, and the stator current will generate the rotating magnetic field. As
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Figure 2.1: Brushless DC motor waveforms
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mentioned above, BLDC motors are synchronous machines, which means that

the stator and the rotor generate magnetic fields of the same frequency [10].

Stator

Rotor

Figure 2.2: Fundamental BLDC motor structure

As mentioned in [27], the windings distribution is different from that of an
induction motor. To increase efficiency and torque, BLDC motors normally
use star connected stator windings. For each winding, it consists of numerous
of coils, which are interconnected with each other. The stator can be slotted
or slotless. The slotless stator has a lower inductance, so the BLDC motor is
able to run at higher speeds.

Permanent magnets typically form the rotor of a BLDC motor. Different
BLDC motors may have various number of pole pairs. Increasing the number
of pole pairs will increase the motor torque, but this will limit the maximum
possible speed [14].

The material used for the construction of permanent magnets will also
affect the maximum torque of BLDC motors as described in [10]. Tradition-
ally, Ferrite magnets are the material used for permanent magnets because of
their low price. Ferrite magnets have low flux density for a given volume, and
this disadvantage will limit the maximum torque. Nowadays, rare earth alloy
magnets (e.g., Samarium Cobalt, Neodymium and the alloy of Neodymium,
Ferrite and Boron) are becoming more popular because of their higher mag-

netic density, and motors using these alloy magnets have a smaller size when
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comparing with motors of same weight using ferrite magnets.

Stator

Rotor S

Figure 2.3: A BLDC motor with the flux paths

2.3 Magnetic Circuit Model

This section makes an introduction to the magnetic circuit model of the BLDC
motor based on the reference [10]. Figure 2.3 [10] shows two types of flux paths.
One magnet flux starts from the north pole, and then it crosses the air gap.
When the magnet flux reaches the stator, it will be separated into two parts.
Then each of the separated magnet flux will cross the air gap again and travel
towards the adjacent two south poles.

In addition to the magnet flux path mentioned above, some magnet flux
will not cross the air gap to the stator, and it will directly travel towards the
adjacent magnet pole instead as shown in Figure 2.3 [10]. This kind of flux is
called the magnet leakage flux.

We can model one adjacent pole pair as shown in Figure 2.4 [10]. The
magnet poles is represented by a flux source ¢, with its magnet reluctance
R,,. The modeling parameters are shown in Table 2.1.

The leakage flux ¢; is very small which can be ignored. R, and R, are

small when comparing with R,. R, and R, can be treated as a small part of
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Name Description Name Description

O flux source R,,  flux source reluctance
R, air gap reluctance Ry leakage reluctance
R, rotor steel reluctance R, stator steel reluctance
bq air gap flux o leakage flux

) magnet flux

Table 2.1: Magnetic circuit model parameters

R,

Figure 2.4: A magnetic circuit for BLDC motor

R,. The equivalent reluctance (R, + Rs + 2R,) can be simplified as:
R, + R, + 2R, = 2K, R,

where K, is the reluctance factor and it is slightly bigger than one.

By determining Norton equivalent circuit, the magnetic circuit can be sim-
plified into Figure 2.5 [10].

The mutual flux between one pole pair and a stator coil can be showed in
Figure 2.6 [10]. The total flux ¢ linking the coil comes from two sources: ¢, is

the flux from the coil current and ¢,, is the flux from the permanent magnet.
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Figure 2.5: Simplification of the magnetic circuit

These fluxes can be expressed as following:

¢:¢1+¢m
Ni

o1 = R+ R,
R,

O = Rt R

where R is the reluctance seen from the stator coil, N is the winding turns, ¢
is the current flowing in the winding.

The flux linkage A is:

\=Li+ No,,

where L is the self inductance.

VW

g) Ni % R, CP o

A

Figure 2.6: Magnetic circuit considering the mutual coupling
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2.4 Modeling of a BLDC Motor

The BLDC motor modeling is based on the reference [23]. For the three stator
windings of a BLDC motor, the electrical relationships can be represented with

the equation below:

Van R 0 0 Z.a d Laa Lab Lac ZAa €a
Vinl =10 R 0 | + E Lyo Ly Ly wl| + |es (2 1)
‘/cn 0 0 R ic Lca ch Lcc Z.c €c

where V,,,, Vi, and V,, are the phase voltages referenced to the motor neutral
voltage, i, %, and 7. are the phase currents, e,, e, and e. are the phase back-
EMFs, R is the phase stator resistance which is same for three phases, Ly,
Ly, and L. are the self-inductances, Lay, Lpa, Lacy Lea, Lpe and Ly, are the
mutual inductances.

If three phases are symmetric and the rotor reluctance is identical with
the change of electrical angle, the three self-inductances are same and the six

mutual inductances are equal to each other as:
Loy, = Ly = Lee = Ly (2.2)

Lab - Lba - Lac - Lca - Lbc - ch =M (23)

The equivalent inductance L can be calculated as:
L=L,—M (2.4)
Assuming that the phase currents are symmetric, that is
tg + i +1.=0 (2.5)

Then the electrical relationships can be simplified and the BLDC motor can

be modeled as:

Vin 1 0 0] |2q q L 0 0] |, €,
%n =R|0 1 O | + a 0 L 0 wl| + |ep (26)
‘/CTL O 0 1 .c O 0 L ZC 66
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2.5 Equivalent Circuit for a BLDC Motor

For a three-phase BLDC motor, the electrical circuit model can be shown
in Figure 2.7. In this circuit, R represents the resistance component of the
stator winding and L represents the inductive component of the stator phase

winding.

Figure 2.7: Equivalent circuit for BLDC motor

€q, €, and e, are the phase back-EMFs. Because the resistance and in-
ductance are very small for the BLDC motor, the phase currents need to be
limited during starting up. Normally, PWM technique is applied for BLDC

motor control, and a small duty cycle is set during starting up.

2.6 Back-EMF

This section introduces the back-EMF of a BLDC motor based on the reference
[23]. When starting the BLDC motor, stator coils will be energized and a
torque will be generated on the rotor. Then the rotor will begin to rotate
and the flux linkage in the stator coils will vary depending on permanent
magnets locations. According to Faraday’s law of induction, a voltage will
be induced across the stator windings due to the varying flux linkage. This

induced voltage is referenced to back-EMF. The polarity of voltage induced is
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governed by Lenz’s law. That is, the back-EMF will always try to keep the
flux linkage from changing its present value.

For BLDC motors, the back-EMFs are in trapezoidal shape. The peak
value of the back-EMF's is E,, which can be calculated as:

E, = Kw (2.7)

where w is the mechanical speed of the motor in rad/s, K. is back-EMF con-
stant and its unit is V/(rad/s).
K, can be calculated as:

K. = NBIr (2.8)

where B is the flux density, NV represents the conductors number per phase, [
is the conductor length, r is the air gap radius between the motor rotor and
stator.

From the equations above, the peak value of the back-EMFs depends
mainly on w, B and N. Once the motor is designed, the back-EMF con-
stant K, remains the same. The peak value of the back-EMFs is proportional
to the mechanical speed of the rotor.

The instantaneous back-EMFs can be written as:

€q = fa (97‘) Kew (29)
€y = fb (HT) Kew (210)
e. = fo(0,) Kew (2.11)

where 6, is the electrical degree, f,, f, and f. are in the trapezoidal shape as

the back-EMFs, and their peak magnitude is 1.

2.7 Electromagnetic Torque

From the energy conversion point, a BLDC motor converts electrical power to
mechanical power to make the motor rotate. Each phase of a BLDC motor is
composed of a resistive component and an inductive component [23].

The stator current flowing through the winding will create ohmic losses

or heat in the winding resistor. The current will also create a magnetic field
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that stores energy. When phase currents flow through back-EMF sources, the

instantaneous power Pj,sqn: absorbed by sources can be derived as:
P’instant = eaia + €bib + ecic (212>

To satisfy the conservation of energy, this power will be converted to me-

chanical power T,w. The electromagnetic torque is given by:

1
T. = [eqia + €pip + €cle] — (2.13)
w
Because back-EMFs are proportional to speed, the electromagnetic torque

can be derived as [23]:

Te = Kt [.fa (er) 2.a + fb (er) 2.b + .fc (97") Zc]

KoL) (2.14)

where [,,; is the peak value of the phase current, K is the torque constant and
its units are Nm/A. Once the motor is designed, K; is a constant. As a result,
the electromagnetic torque is directly proportional to the stator currents of a
BLDC motor.

K. and K, are numerically equal. The units for back-EMF constant K,
and the torque constant K, are equivalent if they are all in SI units as shown

in the equation below:

Nm/A = V/(rad/s) = kg - m?/A - §* (2.15)

2.8 Electromechanical Model

For BLDC motors, the absorbed instantaneous power of back-EMF sources
will be converted to mechanical power T.w.

The electromagnetic torque is used to drive the motor rotor to rotate. As-
suming that the system inertia is J, friction coefficient is B, and the load torque
is T if the BLDC motor drives a load, the equation for the electromechanical

model of the BLDC motor can be shown as [23]:

d
Jd—j 4+ Bw=(T.-T) (2.16)
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and the relationship between the motor synchronous speed and the rotor po-

sition can be expressed as:
do, p
== 2.1
a 2" (2.17)

where p is the rotor poles number, w is the mechanical speed of the motor in

rad/s, 0, is the rotor position in rad.

At the moment a BLDC motor starts, there is no back-EMF, and the
stator current will produce maximum electromagnetic torque on the motor
rotor. The motor will speed up, and the peak values of back-EMFs will also
increase proportionally. During this process, the stator currents will decrease,

and the motor speed will become stable finally.

2.9 Comparisons between BLDC Motors and
PMSMs

In this section, some comparisons will be made between BLDC motors and
PMSMs on their output power and torque ripples based on the reference [23].

The rms values of the stator currents are:

I
I, =-2m 2.18
5 (2.18)

2
Lo =1/ 31y (2.19)

where I, and I,4 are the peak values of the stator currents in PMSMs and
BLDC motors, respectively. I, is the rms value of the stator current in
PMSMs, and I; is the rms value of the stator current in BLDC motors.
From the equations above, we can see that BLDC motors have a smaller
rms value than that of the sinusoidal PMSMs if their stator currents have the
same peak value. Assuming that PMSMs and BLDC motors have the same

ohmic losses, the relationship can be derived as:
3I2R=3I;R (2.20)

where R is the phase stator resistance which is the same for all three phases.
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Based on the analysis above, the relationship between the peak value of

PMSMs and BLDC motors currents can be derived as:

INES ?Ipm (2.21)

From the current waveforms of a BLDC motor, we can see that only two of

the three phases are conducting at the same time. Consequently, the output

power of a BLDC motor is contributed by only two phases. For a PMSM, all

three phases have currents and contribute to output power. Assuming that

PMSMs and BLDC motors back-EMF's have the same peak value F,, the ratio
of a BLDC motor and a PMSM output power can be calculated as:

BLDC motor power
P tput radio = 2.22
owWer oukpub radio PMSM motor power ( )
2x B, x1
e S B LT (2.23)
3 % 75 X W

Based on the analysis above, If PMSMs and BLDC motors have same
ohmic losses, the output power of BLDC motors will be 15.4% higher than
that of PMSMs. For BLDC motors, only two phases are conducting currents
at the same time, so the duty cycle of the phase currents is smaller than that
of PMSMs. The power losses are smaller in BLDC motors, and the inverter
thermal reliability is also better. Although, the currents of BLDC motors
and PMSMs both have variable frequencies, the rectangular phase currents of
BLDC motors have lower control complexity compared with PMSMs.

The torque ripples of BLDC motors are higher than PMSMs. During the
finite current transition time, torque ripples are created at each commutation
point. Torque ripples will be created whenever currents or back-EMF wave-
forms are not ideal. For low-performance applications, the torque ripples are
rarely significant. However, torque ripples are hard to eliminate and this will
limit the use of BLDC motors in applications where minimum torque ripples
are required. Knowing how to minimize torque ripples is very important for

high-performance applications.
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2.10 Summary

In this chapter, we make an introduction to the BLDC motor structure, the
magnetic circuit model and the electrical model of a BLDC motor. Back-EMF
and electromagnetic toque concepts are also introduced. Finally a comparison
is made between PMSMs and BLDC motors. BLDC motors have a higher

output power but with larger torque ripples.

27



Chapter 3

Experimental Environment

In this thesis, all the experiment work is based on the DRV8312-C2 kit, which
is developed by Texas Instruments. This kit is a Medium Voltage Digital
Motor Control (DMC) kit. In this chapter, an introduction will be made to

the hardware details and the development environment.

3.1 Hardware Overview

The DRV8&8312 Digital Motor Control Kit includes a Piccolo F28035 control-
CARD, a DRV8312 Digital Motor Control (DMC) board, a BLDC motor and
a 24V AC/DC supply with 2.5 A of current.

Figure 3.1 shows the diagram of the Kit. Figure 3.2 shows the picture of
DRV8312 DMC board, which has a socket for the Piccolo F28035 controlCARD
with a built-in isolated XDS100 emulator. The Piccolo F28035 controlCARD
acts as the control block and the DRV8312 DMC board is the motor driver.

Based on the Texas Instruments’ document [3], debuggers are useful tools
to debug software applications on hardware platforms, because the debuggers
are able to access the processors and the registers on hardware platforms.
On the F28035 controlCARD, the F28035 C2000 controller works with the
XDS100 emulation hardware. The emulator is applied to communicate with
the F28035 C2000 controller, which is the target processor, and the debugger is
the user interface to the communication information. A USB cable is applied to
connect the debugger and the laboratory computer. Joint Test Action Group

(JTAG) is the emulation logic protocol for the F28035 C2000 controller.
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Figure 3.1: Diagram of the DRV8312 Digital Motor Control Kit

Figure 3.2: DRV8312 Digital Motor Control (DMC) board
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3.2 Piccolo F28035 ISO controlCARD

The Piccolo F28035 ISO controlCARD is the evaluation board for the F28035
C2000 controller. As shown in Figure 3.1, this controlCARD includes the
key peripherals like Analog-to-Digital converter (ADC), Enhanced pulse width
modulator (ePWM), CAP and GPIOs. The CAP peripheral is applied to read
the Hall-effect sensor signals. These peripherals signals communication is via
the controlCARD pins. Figure 3.3 shows the picture of Piccolo F28035 ISO
controlCARD.

e P
CC2803X 1SO DIMM REV 1.3 '

-
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Figure 3.3: Piccolo F28035 ISO controlCARD

3.2.1 ADC Module

Based on the Texas Instruments’ document [17], ADC is a single 12-bit con-
verter with a 16-bit ADC register, which is fed by two sample and hold circuits.
There are two different types of sampling modes:simultaneous and sequential
sampling modes. The analog input range is from 0V to 3.3V, and it can have

up to 16 inputs.

3.2.2 ePWM Module

The Pulse Width Modulation (PWM) strategy is used to chop the supply volt-
age. Because the PWM strategy has a fixed chopping frequency, the switching
noises are much easier to filter. In this thesis, the chopping frequency of PWM
is 20 kHz.

The ePWM module is a fundamental part in digital motor control. The
ePWM module is able to generate PWM signals with minimal CPU usage [18].
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For the BLDC motor control, three ePWM modules are needed to generate
six PWM signals for the three-phase inverter.

In this thesis, one high side transistor is switched on and off according to
the control signals, and one low side transistor is left on. This mode is able to

reduce the switching losses and torque ripples.

3.3 DRV8312 Digital Motor Control Board

The DRV8312 DMC board is the motor driver board. The key component
is the DRV&8312 which is a three-phase motor driver. On the DRV8312 DMC
board, some macros to implement different functions in the BLDC motor driver
system are included. In this section, an introduction will be made to the

DRV8312 DMC board based on the documents [15][10].

3.3.1 DRVS8312

Because the BLDC motor is not self-commutated, the stator coils will be
energized in a predefined order to make the rotor rotate. The stator coils
needs to be powered by the external device. For a three-phase BLDC motor,
normally a three-phase inverter is used to power the stator coils. Figure 3.1
shows the diagram of the inverter. The Piccolo F28035 controlCARD will send
PWM control signals to the three-phase inverter.

DRVS8312 is a three-phase BLDC motor driver in the Texas Instrument
DRV83x2 driver family. The DRV8312 is able to be applied in the energy-
efficient areas, because it has high energy efficiency which can reach maximum
97 %. In order to power DRV8312, two different power supplies are needed,
one at 12V for gate-drive voltage supply and power supply for digital voltage
regulator, and another up to 50V for power supply input for half-bridges [15].

The PWM switching operating frequency of the DRV8312 can be up to
500 kHz. This driver has an advanced protection system which can protect the
device from different fault conditions that could make a damage to the hard-
wares. The protection system includes the bootstrap capacitor undervoltage

protection which can protect the device from the possible damage caused low
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switching frequency operation, overload protection, and short circuit protec-
tion. The overcurrent detectors allow users to set the current limits based on
the application requirements, and the current-limiting circuit will prevent the

BLDC motor from possible damage caused by overcurrent.

3.3.2 Macro Blocks

On the DRV8312 DMC board, there are several macro blocks to implement
different functions. The DC bus connection macro block provides DC bus
power for the control board. There are two options for the connection block:
one is using the power entry jack to connect a 24 V. AC/DC supply, and another
is using PVDD/GND terminals to connect a different power supply.

From Figure 3.1, the DRV8312 DMC board can be connected with a BLDC
motor, and it can also receive the Hall-effect sensors or Quadrature Encoder
signals. The motor connection block is to connect the BLDC motor wires [10].
The Quadrature Encoder connection block can be applied to connect a shaft
encoder to receive motor positions information. Hall-effect sensor connection
block can be used to connect to the Hall-effect sensors. In this thesis, the
signals from the Hall-effect sensor connection block is applied to verify the
accuracy of the sensorless commutation methods.

From Figure 3.1, the DRV8312 DMC board has the terminal voltage sensing
block to measure the three phase terminal voltages V,, V, and V.. The terminal
voltages are measured by taking ground as the referenced point. The details
about the terminal voltage sensing block will be introduced in Chapter 4. The
current sensing block is to measure the BLDC motor currents. I,, I, and I.
are the phase currents, and Ipc are the DC bus current. In order to measure
the motor current, a reference voltage of 1.65V is required. This reference
voltage can be provided by a voltage follower. On the DRV8312 DMC board,
the voltage follower circuit is applied to generate a 1.65V reference voltage
from the 2.5V voltage source.

A differential amplifier circuit is applied to convert the current input to
an output voltage from 0 to 3.3 V. Figure 3.4 shows the differential amplifier
circuit on the DRV8312 DMC board. The reference voltage 1.65V is provided
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by the voltage follower circuit. The transfer function of the circuit can be

shown as:

R
Vour = 165+ 1+ Ry - 35> = 1.65 +0.1911 (3.1)

2

where V,,; is the output voltage from the differential amplifier circuit, I is the
motor current and R;,Rs and R3 are the resistances in the differential amplifier
circuit.

The transfer function is linear and the analog input range is from 0V
to 3.3 V. Because the current is bidirectional, which has both positive and
negative currents, 0V represents the minimum negative current and 3.3V
represents the maximum positive current. When the output voltage is 0V, the
current input is —8.65 A. When the output voltage is 3.3V, the current input
is 8.65 A. The output voltage range (0V to 3.3V) represents the measured
phase current range (—8.65 A to 8.65A).

When the current analog input is 3.3V, the sampled ADC result value
would be 4096. The range of ADC result is from 0 to 4096. Based on the
ADC result, the current can be converted to the per unit format from —1.0 to

1.0. £1.0 represents the measured motor current +8.65 A.
1.65V

R4(19.1kQ)
Ibhase

Ry(1kQ)
V\/\A ) 4_ L@ut

R1(0.019)
% WY —
Ro(1kQ)

YAAYA
R5(19.1k€)

Figure 3.4: Differential amplifier circuit on DRV8312 DMC board
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3.3.3 Power Domains of the Kit

There are two power domains on this kit. One is the low voltage domain,
which is used to provide power for the F28035 C2000 controller and the logic
circuits. The low voltage domain has three levels voltages: 3.3V, 5V and
12 V. The low voltage domain can be sourced from two areas: one is the 12V
DC control power entry, which needs external power supply, and another is
the on board buck regular, which will regulate the DC bus power to 12'V.

Another power domain is the medium voltage power domain, which will
provide medium voltages to the three-phase inverter. The medium voltages
are called the DC bus voltages. The three-phase inverter will provide power
to the BLDC motor and the medium voltages can be up to 52.5V.

For each phase of the BLDC motor, an individual switch is used to deter-
mine the control mode of that phase. The switch can be manually set to three
positions. If the switch is in the middle position, the switch will be controlled
by a GPIO signal. If the switch is in the up position, the half-bridge output
will be enabled. If the switch is in the down position, the half-bridge output
will be disabled.

3.3.4 PWMDAC Module

The PWMDAC module can be applied to view the measurements waveforms
on an oscilloscope. To get the actual low frequency signals, a first order low-
pass filter is used to filter out the high frequency components. The PWMDAC
module can be used to observe three different signals at one time. The low-
pass filter time constant (7) and cut-off frequency (f.) can be calculated using

following equations:

T=R-C=221x10""s (3.2)
1

.=—="7205H :

fe=5—="T205Hz (3.3)

where R is the low-pass filter resistance and C' is the low-pass filter capac-

itance.
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3.4 BLDC Motor

Figure 3.5 shows the BLDC motor used in this thesis, which is made by Ana-
heim Automation and its model number is BLY1725-24V-4000. This BLDC
motor is a cost effective solution to the velocity control application. This mo-
tor has 4 pairs of rotor poles and three wires for the phases and five wires for

the hall sensors. Table 3.1 shows the motor specifications.

Parameter Values
P 8
R 0.4
L 0.6 mHz
K, 0.041Nm/A
K, 3.35 V/kRPM
J 48 g — cm?

Table 3.1: BLDC motor specifications

Figure 3.5: BLY172S-24V-4000 motor

3.5 Summary

In this chapter, we present the experimental environment in this thesis. An
introduction is made to the Piccolo F28035 controlCARD, the DRV8312 DMC
board and also the basic macro blocks. Finally, we make a discussion on the

BLDC motor and its parameters.
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Chapter 4

Sensorless BLDC Motor Drive
Based on Line Voltage
Differences

In this chapter, a sensorless BLDC motor control method based on line voltage
differences [0] is introduced and verified through experiment. As introduced
in Chapter 1, methods based on line voltage differences can eliminate the
requirement for the motor neutral voltage, which will increase the accuracy of

the commutation strategy.

4.1 Six-step Commutation

The six-step commutation is the most commonly used way to commutate a
BLDC motor. Figure 4.1 shows the stator space sectors diagram. A and
X represent the stator windings of phase A. B and Y represent the stator
windings of phase B. C' and Z represent the stator windings of phase C. A— X,
B —Y and C' — Z separate the space into six 60° sectors.

4.1.1 Analysis of Six-step Commutation

The six sectors represents six states of a BLDC motor. If Hall-effect sensors are
used to detect rotor positions, for each of the six states, three-digit numbers
based on the three Hall-effect sensors’ signals are used to represent the cur-
rent rotor position. When the rotor moves to the next sector, the three-digit

numbers will change to a different set of three-digit numbers representing the
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Figure 4.1: Stator space sectors diagram

new state. For sensorless control methods, different techniques will be used to
estimate rotor positions.

Assuming that the rotor is in sector 0, the current direction of phase A is
from A to X. the current direction of phase B is from Y to B and phase C is
floating. Now the stator field is in the direction of C' — Z as shown in Figure
4.2(a), and it will will drive the rotor to move to sector 1.

After rotor moves into sector 1, the current direction of phase A is from A
to X. the current direction of phase C is from Z to C' and phase B is floating.
The stator currents shape the stator field which is in the direction of B — Y
as shown in Figure 4.2(b). Torque will be generated based on the phase shift
between the rotor field and the stator field. Then the torque will drive the
rotor to move to sector 2.

In sector 2, the current direction of phase C is from Z to C. The current
direction of phase B is from B to Y and phase A is floating. The stator field
is in the direction of A — X as shown in Figure 4.2(c), and it will drive the
rotor to move to sector 3.

In sector 3, the current direction of phase A is from X to A. The current

direction of phase B is from B to Y and phase C is floating. The stator field
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is in the direction of C'— Z as shown in Figure 4.2(d), and it will will drive
the rotor to move to sector 4.

In sector 4, the current direction of phase A is from X to A. The current
direction of phase C is from C' to Z and phase B is floating. The stator field
is in the direction of B — Y as shown in Figure 4.2(e), and it will drive the
rotor to move to sector 4.

In sector 5, the current direction of phase C is from C' to Z. The current
direction of phase B is from Y to B and phase A is floating. The stator field
is in the direction of A — X as shown in Figure 4.2(f), and it will drive the
rotor to move to sector 0.

As analyzed above, the stator field moves in a discrete step of 60 electrical
degrees. The torque will continuously drive the rotor to rotate. Because the
phase shift between the rotor field and the stator field will change when the
rotor is rotating, this shift will cause torque ripples. The torque ripples can be
reduced if the field oriented control is applied. Then the phase shift between
the rotor field and the stator field is fixed to be 90 electrical degrees to generate
the maximum torque.

The commutation state pointer input (0 to 5) indicates one of the six states.
During each state, only two phases are conducting so two switches are active
and the other four will be turned off. If the commutation state pointer is
equal to 0, current flows from phase A to phase B. Table 4.1 shows the six

commutation states of the BLDC motor.

Commutation States la 1p Te
0 positive negative floating
1 positive  floating negative
2 floating  positive negative
3 negative positive floating
4 negative floating  positive
) floating negative positive

Table 4.1: Commutation states in six-step BLDC motor control
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Figure 4.2: BLDC motor six-step commutation
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4.2 Sensorless Commutation Method Based on
Line Voltage Differences

In this section, a sensorless control method using the six-step commutation
sequence will be introduced. The proposed method are based on the work in
[6]-

For the BLDC motor we used, stator windings of three phases are connected
in star. The terminal voltage of phase A referenced with the motor neutral
voltage is V,, as:

di,

Vin = Rig + L—" + ¢, 4.1
ta+ L te (4.1)

Similarly, terminal voltages of phase B and phase C are V;,, and V,, as:

N
Vin = Riy + L52 + ¢ (4.2)
dt
di,
Voo = Rio + LY 1 e, 4.3
let Lg te (4.3)

where V,,,, Vi, and V., are the phase voltages referenced to the motor neutral
voltage, L is the phase stator inductance, R is the phase stator resistance, i,
1, and 1. are the phase currents and e,, e, and e, are the phase back-EMF's.
On DRV8312 DMC board, the terminal voltages are measured by taking
ground as the referenced point. The line voltage V,;, of the terminal voltages

can be calculated as:

d .a o
Vab = R(ia — Zb) + L% +e,— € (44)

Similarly, terminal line voltages V;. and V., are shown below:

dlin — i
Vie = R(ip — i) + L% +ep — e, (4.5)
d(ie — iq)

Veaw = R(ie —i4) + L +e.— e, (4.6)

dt

From equations above, the line voltages can be calculated based on the
terminal voltages measured with respect to ground, so the requirement for

motor neutral voltage is eliminated.
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We can calculate the line voltage differences based on the line voltages
equations above. The line voltage difference Vj.,, can be calculated as:

‘/bcab - V;)c - Vab

d(2ip — g — ic 4.7
(20, dz Z>—|—er—ea—ec 47)

Similarly, Ve and Vg can be calculated as:

V:zbca = V:zb - ‘/ca

= R(2iy — iq —ic) + L

A(2ig — iy — io 48
R, —iy— i)+ LS T ) (48)
dt

‘/cabc:‘/ca_‘/bc
A(2i0 — iq — i (4.9)
— R(2i— iy —iy) + L dz ) | 96— e e

If the commutation state pointer is equal to 0, the stator current flows from
phase A to phase B. Because phase C is open, the phase C current i, = 0.
Phase A current i, and phase B current i, have the same magnitude but
opposite. From Figure 2.1 [23], phase A back-EMF e, and phase B back-EMF
ep also have the same magnitude but opposite. The relationships can be shown
as:

io 4y = 0 (4.10)
e, +e, =0 (4.11)

When the commutation state pointer is equal to 0, the line voltage differ-

ence V.ue can be calculated as:
‘/cabc = ‘/;a - %c = 260 — € — €p = 260 (412)

From the equation above, the line voltage difference V... is equal to an
amplified phase C back-EMF value and the gain is two. So we can use line
voltage differences to estimate zero-crossing points of back-EMFs. Theoreti-
cally, when the commutation state pointer is equal to 0, V.. starts from the
maximum positive value and goes to the minimum negative value. Because
the back-EMF waveform changes linearly, the zero-crossing point will occur in
the middle of the commutation state 0. As each state contains 60 electrical
degrees, a 30° offset exists between the back-EMFs’ zero-crossing points and

the current commutation instants.
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Similarly, when the commutation state pointer is equal to 3, the stator
current flows from phase B to phase A and phase C is open. V_4. has the
same expression as in commutation state 0. The difference is that V4. starts
from the minimum negative value and goes to the maximum positive value.

In commutation state 1, the stator current flows from phase A to phase C,
and phase B is open. In commutation state 4, the stator current flows from
phase C to phase A and phase B is open. The phase B current i, = 0. Phase A
current 7, and phase C current i, are equal and opposite. Phase A back-EMF
e, and phase C back-EMF e, are also equal and opposite. The line voltage

difference Vj..; can be calculated as:
%cab = ‘/bc - Vab = 2€b — €q — € = 26{; (413)

In commutation state 2, the stator current flows from phase B to phase
C, and phase A is open. In commutation state 5, the stator current flows
from phase C to phase B, and phase A is open. The phase A current i, = 0.
Phase B current 7, and phase C current i, are equal and opposite. Phase B
back-EMF e, and phase B back-EMF e, are also equal and opposite. The line

voltage difference V., can be calculated as:
‘/abca - ‘/ab - ‘/;a - 26(1 —€p — €= 26(; (414)

To validate the proposed sensorless method, the relationship between the
line voltage differences and back-EMFs is verified in Matlab/Simulink envi-
ronment. For a real BLDC motor, the back-EMF waveform shape cannot be
ideal trapezoidal, which is the reason why the back-EMF voltage constant is
less than the torque constant for the BLDC motor used in the experimental
environment. The BLDC motor model for simulation has ideal trapezoidal
back-EMFs, and we choose the the torque constant to be same as the back-
EMF voltage constant instead of the one in Table 3.1. Except for the torque
constant, the BLDC motor in the Simulink model has the same parameters in
Table 3.1.

The line voltage differences are represented by the expressions of back-
EMFs to validate the zero-crossing points match. Figure 4.3 shows the simu-

lation results of the line voltage differences and back-EMFs waveforms. From
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Figure 4.3: Simulations results of the line voltage differences and back-EMFs
waveforms at 700 rpm with 0.04 Nm load

the simulation results, we can see that at the zero-crossing points, the corre-
sponding line voltage difference is an amplified back-EMF, and the line voltage
differences have the same zero-crossing points as the back-EMFs.

In each state, one line voltage difference is applied to estimate the zero-
crossing points of the corresponding back-EMF waveform. A combined com-
mutation function is applied to estimate all the zero-crossing points of back-
EMFs as shown in Table 4.2. Table 4.2 also shows the polarity of the zero-
crossing points.

The combined commutation function can be shown in Figure 4.4. The
simulation results show that the combined commutation function has the same
zero-crossing points as the back-EMFs, which verifies the correctness of the
combined commutation function. The combined commutation function will be

applied in the experiment environment.
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Commutation States

Commutation Function Polarity of Zero-crossing Points

Uk~ W N+~

chabc +Vma:r to — szn
‘/bcab - szn to + Vma:p
Vabca +Vmaz to — me
‘/cabc - szn to +Vmax
%cab +Vmax to — Vmin
Vabca - Vm'm to + Vmax

Table 4.2: Commutation sequence for the method based on line voltage differ-

ences
E/ 5 T T T T
§
RV AVAVAVAVAVAVAVAVAVAVAVAVAVA
IS
g -5 ! | | |
> 0.6 0.62 0.64 0.66 0.68 0.7
time (s)
5
Z 0OF N7 N LT L
Q? 5 | | | |
0.6 0.62 0.64 0.66 0.68 0.7
time (s)
. 5
Z 0L N T T LY
@ 5 | | | |
0.6 0.62 0.64 0.66 0.68 0.7
time (s)
. 5
z O~ 7 L LT
QJU 5 | | | |
0.6 0.62 0.64 0.66 0.68 0.7
time (s)

Figure 4.4: Simulations results of the combined commutation function and
back-EMF's waveforms at 700 rpm with 0.04 Nm load

4.3 Voltage Measurement

ADC modules convert the analog signals to digital signals. The analog input

range of the ADC module is from 0V to 3.3V but BLDC motor terminal

voltages are much higher than 3.3V, so a voltage resistor divider circuit is
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used to convert the terminal voltage to fit the analog input range of ADC
module.

Because of the inverter switching, BLDC motor terminal voltages contain
some high frequency harmonics. In order to eliminate the harmonics, a first-
order low pass filter is included in the voltage resistor divider circuit as shown

in Figure 4.5.
Vin

Ry

‘/out

|
|
Q

Ry

Figure 4.5: Voltage resistor divider circuit

The transfer function of the low pass filter is:

‘/out o R2
Vi " Ri+ Ry + RiRyC's

(4.15)

where C' is the low pass filter capacitance, R; and Ry are the voltage divider
resistances, V,,; is the filtered waveform of Vj,.
Table 4.3 shows the parameters of the motor terminal voltage sensing cir-

cuit.

4.4 Phase Delay Compensation

From the analysis above, line voltage differences can be used to estimate the

zero-crossing points of back-EMFs. Because a 30° offset exists between the
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Parameter  Values

Ry 95.3 k(2
Ry 4.99 k)
C 0.047 pF

Table 4.3: Terminal voltage sensing circuit specifications

back-EMF's’ zero-crossing points and the current commutation instants, a 30°
phase shift should be made to ensure the correct operation of the motor.
However, because of the phase delay caused by the low pass filter, the actual
offset between the measured zero-crossing point of back-EMFs and current
commutation instants is not exactly 30°. The delayed angle caused by the

first-order low pass filter can be calculated as:

R Ry C-we
— 1 4.1
0 tan™ " ( R+ R ) (4.16)
2m
= — 4.17
we = (4.17)

where T is one electrical period and w, is the synchronous speed of the BLDC
motor.

Due to the delayed angle caused by the low pass filter, the electrical degree
offset ¢ between the zero-crossing points of back-EMF's and current commu-

tation instants should be modified as
¢ =230°—10 (4.18)

Figure 4.6 shows the software flowchart of the proposed sensorless commu-
tation method with phase delay compensation. In order to calculate the ¢ in
software, the electrical period needs to be calculated. As the current electrical
period is unknown, the difference between two adjacent electrical periods is
small enough to ignore, so the last electrical period T' is applied to calculate
Thelay- At the beginning of state 5, T" will be calculated based on the time
difference between the current time and the beginning time of state 5 in the
last electrical period. The phase delay time will be calculated and then used

in the next electrical period:

¢

. 4.19
360 (4.19)

Tdelay =
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where T is the last electrical period and ¢ is the phase delay angle calculated
at the end of last electrical period.

For each commutation state, the time counter will start after detecting the
zero-crossing point of the corresponding line voltage difference. When the time
counter is equal to Tieqy, this point is treated as the commutation instant and
the BLDC motor will switch to the next state.

As mentioned in Chapter 2, the relationship between electrical frequency

and mechanical frequency is

fe= gfm (4.20)
fu= 20 (4.21)

where p is the number of poles, f,, is the mechanical frequency, f. is the
electrical frequency and N,,,, is rotor speed in rpm.
The electrical period T' from the commutation method will be applied to

estimate N, as shown in equation below:

2
Nypm = 60 fp, :60']—jf(3

120
Tp

(4.22)

From the analysis above, the delayed angle caused by the low pass filter
has a positive relationship with the motor rotor speed. If the BLDC motor
speed is 1000 rpm, the delayed angle caused by the low pass filter is 5.33° using
the equation below:

Ri-Ry-C- we)

Ry + Ry

Ri-Ry-C Nypm
. ﬂ'p
Ry + Ry 60

0 = tan ' (
(4.23)
= tan~*(

)

When the speed is low or medium, the delayed angle won’t cause a com-
mutation mistake. But when motor speed is high, the delayed angle will cause
problems. Some compensation needs to be done to guarantee the correct op-
eration of BLDC motors. In this thesis, F28035 C2000 controller will be used
to compensate the phase delay ¢, so the current commutation instants can be

in phase with the zero-crossing points of line voltage differences.
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4.5 Starting Procedure

For BLDC control methods with Hall-effect sensors or Quadrature Encoder
signals, it is not a problem for a BLDC motor to start up. For back-EMF
based methods like the method used in this chapter, back-EMFs’ values are
needed to achieve the position estimation. However, back-EMFs’ values are
zero during standstill, and they are also very small when the motor speed is
low.

Normally, a starting procedure is required for the methods based on back-
EMFs. In this chapter, the BLDC motor will be started blindly using the
conventional open-loop starting method [3].

During the first stage, any two phases of stator windings will be energized.
In this thesis, the stator current will firstly flow from phase A to phase B. The
stator currents will generate a flux whose amplitude and direction are both
constant. The stator flux will attract the rotor to point in the same direction,
so the rotor is forced to align at a predefined position [3]. Then, the stator
current flows from phase A to phase C so the BLDC motor will be in the
next state. The stator flux will point to a new direction, so the rotor will be
attracted to move to the next position. During this open-loop starting mode,

the stator windings will be energized in a predefined order:
AB - AC - BC - BA—-(CA—CB

When the BLDC motor speeds up, back-EMF's will also increase. When the
zero-crossing points of back-EMFs can be stably detected, the control system

will switch to the sensorless mode.

4.6 Electrical Noises

The noises included in the calculated line voltage difference waveforms may
cause false zero-crossing points detection. The main noises are from the
chopped pulses generated by PWM. Spikes caused by the free-wheeling diode

conduction current are another source [6].
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Assuming that the BLDC motor is in commutation state 1, now it will
switch to state 2. During commutation state 1, the upper transistor of phase
A (Ty) and the lower transistor of phase C (Tg) are on. At the commutation
instant, 7} will be turned off and the upper transistor of phase B (73) will
be turned on. The stator current continues to flow through the free-wheeling
diode of phase A and decreases.

The free-wheeling current will cause spikes in the calculated line voltage
difference waveforms. The spikes may cross the zero thus cause false zero-
crossing points detection.

According to the reference [0], the free-wheeling current during time is
much smaller than the phase delay time Ty, so the spike will disappear
before the back-EMF's cross zero.

The calculated line voltage difference waveforms also contains noises from
the sensing circuit. For DRV8312-C2 kit, each terminal voltage is sensed with
a voltage resistor divider and a first order low pass filter. The sensing circuit
may bring noises to the measured terminal voltages so it will also affect the
line voltage differences.

Because the virtual neutral voltage is not used in this method, it will reduce
the affect of electrical noises. The low pass filter of the terminal voltage sensing
circuit can filter out the chopped pulses generated by PWM, but the calculated
line voltage difference waveforms still contain some noises which may cause
false zero-crossing points detection. In order to minimize the influence of the
noises, a counter can be used to calculate how many times the measured line
voltage difference value crosses zero [38]. The noises only remain for a very
short time. If the counter reaches a predefined value, this point is treated as
the real zero-crossing point of the line voltage difference. Otherwise, it will be

treated as noises and will not trigger the commutation to the next state.

4.7 Proposed Sensorless Drive

Assuming that @ is the estimated motor speed and w;s is the reference motor

speed, a proportional integral (PI) controller is applied to determine the duty
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cycle of the PWM signals based on the difference between w and w,.¢. Figure
4.7 shows the proposed sensorless drive for speed control of a BLDC motor.
The measured three phase terminal voltages are the inputs of the line
voltage differences calculation block. The calculated line voltage differences
and the motor speed are the inputs of the commutation trigger block. At the
beginning of each electrical period, the phase delay time will be calculated,

and it will be used in this electrical period.

Duty Cycle PWM Signals BLDC Motor
Wrep + BLDC PWM [Three-phase
_O . Drive inverter EO
w
l chabca ‘/bcaln V;Lbca

Commutation State Commutation

Method in

Figure 4.6

T

Speed Estimation)
using (4.22)

Figure 4.7: Proposed sensorless BLDC motor drive based on line voltage dif-
ferences

4.8 Experimental Results

In this section, we presents the experiment results of the proposed sensorless
BLDC motor drive based on line voltage differences at different speeds, and

the effectiveness of the compensation method is also verified and analyzed.

4.8.1 Experiment Results at 600 rpm

Figure 4.8 shows the measured line voltage differences at 600 rpm. Figure 4.9
shows the speed response at 600 rpm, and the error is calculated using the
equation below:

error(%) = | = re] x 100% (4.24)
Wref
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Figure 4.8: Experiment results of line voltage differences at 600 rpm
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Figure 4.9: Speed response at 600 rpm
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4.8.2 Experiment Results at 1000 rpm

Figure 4.10 shows the measured line voltage differences at 1000 rpm. Figure
4.11 shows the speed response at 1000 rpm.

Based on the results in subsection 4.8.1 and subsection 4.8.2, we can see
that the line voltage differences waveforms are symmetric, and the speed of
the BLDC motor can remain stable with negligible error.

When the BLDC motor runs in open-loop commutation mode, there is a
big acoustic noise from the motor due to its inaccuracy commutation. During

the sensorless commutation mode, the acoustic noise is reduced.

10

Vabca (V)

-10 I I I I I
10.9 10.91 10.92 10.93 10.94 10.95 10.96

10 tim? (s)

Vbcab (V)

_10 I I I I I
10.9 10.91 10.92 10.93 10.94 10.95 10.96

time (s)
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10.9 10.91 10.92 10.93 10.94 10.95 10.96

time (s)

Figure 4.10: Experiment results of line voltage differences at 1000 rpm

4.8.3 Phase Delay Compensation

For the trapezoidal control of BLDC motors, back-EMFs are required to be in
phase with the phase current. In this section, we will make comparison of the
proposed sensorless drive with and without phase delay compensation. From
the experiment results, the phase delay compensation method does not make

a big difference if the BLDC motor works in low or medium speeds. However,
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Figure 4.11: Speed response at 1000 rpm

when the BLDC motor speed is high, the effectiveness of the compensation
method will be obvious.

In this section, we presents the experiment results at 1800 rpm. Because
three phases are symmetric, the experiment results of phase A is analyzed
to show the correctness of the compensation method. Figure 4.12 shows the
relationship between phase A current i, and V... We can see that the com-
mutation points of 7, lags 30° behind the zero-crossing points of Vp.,. Figure
4.13 shows the speed response at 1800 rpm.

For the sensorless drive without phase delay compensation, the motor stalls
when its speed is over 1800 rpm, because of the significant phase delay error
(over 9.53°) caused by the low pass filter. To verify the effectiveness of the
compensation method, Figure 4.14 shows the experiment results of the rela-
tionship between the ideal commutation signal (Hall-effect sensor A output)
and the estimated commutation signal (virtual Hall-effect sensor A output
obtained from the sensorless commutation method) at 1800 rpm.

From Figure 4.14, we can see that the estimated commutation signal lags
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Figure 4.14: Ideal commutation signal and estimated commutation signal at
1800 rpm

behind the ideal commutation signal and the phase delay is significant. After
phase delay compensation, the estimated commutation signal matches well
with the ideal commutation signal.

Before phase compensation, the acoustic noise is noticeable due to inaccu-
racy commutation. After phase compensation, the acoustic noise is reduced.

Based on the analysis above, we can conclude that phase delay compen-
sation is necessary for high speed region. With phase delay compensation,
the high speed capability of BLDC motors can be improved, and the acoustic
noise from the motor will be reduced. The estimated commutation signal is
precise enough to replace the ideal commutation signal, so it can be applied

to realize sensorless commutation.
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4.9 Summary

In this chapter, we make a detailed analysis on the six-step commutation
of the BLDC motors. Then we discuss the sensorless commutation method
based on line voltage differences, and it is validated by the simulation results.
The sensorless commutation method with phase delay compensation is further

implemented in the experimental environment.
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Chapter 5

Sensorless BLDC Motor Drive
Based on Disturbance Observer

In Chapter 4, a sensorless control method based on terminal line voltage differ-
ences is introduced and verified through experiment. However, this sensorless
method requires a 30° phase shift to acquire the correct commutation instants,
which lowers the accuracy of the commutation method. The complexity of the
sensorless control method is also increased. In this chapter, a sensorless control
method based on the disturbance observer will be discussed, and this method

does not require a 30° phase shift [39].

5.1 Disturbance Observer

The disturbance observer has been widely applied in the motion control area
because of its ability to implement disturbance rejection and compensate the
plant uncertainties. The Disturbance Estimating Filter (DEF) disturbance
observer is introduced in [33].

The DEF disturbance observer is proposed based on the two-degree-of-
freedom controller. For the two-degree-of-freedom controller, one degree-of-
freedom is to implement disturbance rejection, and another is to design the ref-
erence response. The normal structure of DEF disturbance observer is shown
in Figure 5.1 [33]. The actual plant transfer function is P’(s) and the nominal
plant transfer function is P(s).

u; is the input signal and d is the disturbance signal. The actual input
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Figure 5.1: Structure of DEF disturbance observer

signal u is the superposition result of u; and d. The output of the actual plant

model is y, and n is the measurement noise. The function of y is shown as:
y=u-P(s)=(u+d)-P'(s) (5.1)

The inverse of nominal plant transfer function is P~*(s). The superposition
result of y and n will be passed to P~1(s) to get the estimated input of the

actual plant model uy. The calculation function of us is shown below:

up = (y—n)-P~'(s)

(5.2)
= (u; +d)- P'(s)- P"Y(s) —n-P7!(s)
If there is no modeling error, P'(s) and P(s) are equal as:
P'(s) = P(s) (5.3)
uy can be simplified as:
up=u;+d—mn-P7(s) (5.4)

The difference between u; and uy is called the lumped disturbance [5].
From the equation above, we can see that the lumped disturbance contains

the measurement noise n, which may affect the performance of the disturbance
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observer. The frequency of the measurement noise is usually high, and the
frequency of disturbance signal is low [5].

A low pass filter Q(s) is required in the disturbance observer to filter out
the measurement noise. For the Q(s), its magnitude should be designed with

the following characteristics [33]:
|Q(s)| =~ 1, in the low frequency range (5.5)

|Q(s)] ~ 0, inthe high frequency range (5.6)

The filtered lumped disturbance d is the estimated disturbance signal by the
disturbance observer.

d=d-Q(s) (5.7)

The estimated disturbance signal by the disturbance observer d can be fed

back to implement disturbance rejection.

5.2 Sensorless Commutation Method Based on
Disturbance Observer

Figure 5.2 shows the simulation results of the back-EMF differences and phase
currents. From the simulation results, we can see that the zero-crossing points
of the back-EMF differences (eq, €5 and e.,) are same as the commutation
instants of the phase currents, so back-EMF differences can be directly used
in phase currents’ commutation. In this section, a sensorless control method
based on the work in [38][39] will be discussed.

As mentioned in Chapter 2, the three terminal voltages of BLDC motor

can be shown below:

di,
Van = R‘a L a 5.8
i + & +e (5.8)
y
Vin = Riy + Lﬁ +ep (5.9)
. di,
V., = Ri, + LE + e, (5.10)

where V,,, Vi, and V,, are the phase voltages referenced to the motor neutral
voltage, R is the phase stator resistance, L is the phase stator inductance, i,

1y and 1. are the phase currents, and e,, e, and e. are the phase back-EMF's.
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Figure 5.2: Simulations results of the back-EMF differences and phase currents

at 700 rpm with 0.04 Nm load

The three line voltages of BLDC motor can be calculated from the terminal

voltages as:

d i — i
Vab:R(ia—ib)+Lu+€a—€b
dt
d(in — 3
VbC—R(ib—ic)nLL%jLeb—ec
‘/ca:R(ic_ia)+Lw+ec_ea

where V,, Vi and V., are the three line voltages.

Laplace transform results of the line voltages are shown below:

Vap(s) = R(iap(s)) + Ls(iap(s)) + ean(s)

Vie(s) = R(ipe(8)) + Ls(ipe(S)) + epe(s)

Vea(s) = Rlica(s)) + Ls(ica(s)) + €ca(s)
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where V(s), Vie(s) and V,(s) are the Laplace transforms of the three line
voltages, eqp($), en(s) and e.,(s) are the Laplace transforms of the back-EMF
differences and 744(s), ipe($) and i.,(s) are the Laplace transforms of the line
currents.

For each equation above, we take the line voltage as the inputs, the back-
EMF difference as the disturbances and the line current as the outputs, so we
can build different models for the three equations.

The disturbance observer structure can be applied to estimate distur-
bances. As shown in Figure 5.3 [38], The actual plant transfer function is
P'(s). —éup, —€p. and —é., are the estimated back-EMF differences. P(s) is
the nominal plant transfer function. The inverse of the nominal plant transfer
function is P~!(s). n is the line currents measurement noise which can be

filtered out by the low pass filter. Q(s) is the low pass filter transfer function.

_eab/_ebc/_eca

+
V;Lb/%c/‘/ca Iab/Ibc/Ica
1 > P'(s)
— + n
Pls) [eTO=—

_éab/_ébc/_éca Q(S)

Figure 5.3: Disturbance observer structure based back-EMF differences esti-
mation method

For the estimated disturbances, they are not used to implement distur-
bance rejection. Instead, estimated disturbances are used as the inputs of the
commutation algorithms, and their zero-crossing points will be commutation
instants of the BLDC motor.

In commutation states 0 and 3, the zero-crossing points of é,. are the
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commutation instants of the BLDC motor. In commutation states 1 and 4,
the zero-crossing points of é,, are the commutation instants of the BLDC
motor. In commutation states 2 and 5, the zero-crossing points of é., are the

commutation instants of the BLDC motor.

5.3 Design of the Disturbance Observer

For the design of a disturbance observer, the most important part is to design
the low pass filter Q(s). Q(s) used in this chapter is designed based on the
parameters of the DRV8312 DMC board.

As mentioned in Chapter 4, the terminal voltage of each phase is measured
by a voltage resistor divider circuit and a first-order low pass filter. The

transfer function of the terminal voltage measurement circuit is:

V;mt o RZ
‘/1' N R1 + R2 + RlRQCS

T(s) = (5.17)

where R; and R, are the divider resistances, C' is the low pass filter capaci-
tance, Vj, is the input signal and V,,; is the filtered waveform of V,.
The relationship between measured line voltages and real line voltages are

shown in equations below:

Vab(s) =T(s) - Vap(s) (5.18)
‘A/;;c(s) = T<S) : Vbc(5> (519>
Vea(s) = T(s) - Vua(s) (5.20)

where V,(s), Vie(s) and V,4(s) are the measured line voltages, Vip(s), Vie(s)
and V,(s) are the Laplace transforms of the three line voltages.
The cutoff frequency f.,; of the terminal voltage measurement circuit can

be shown below:

j, - Bt
out = 27TR1RQC

With the parameters in Table 4.3, the transfer function and cutoff fre-

(5.21)

quency f..+ can be calculated as:

Vour 2233

T pr— pr—
(5) Vi s+ 44871

(5.22)
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The low pass filter Q(s) is designed to be the same as the transfer function
of the terminal voltage measurement circuit.

223.3

Qs) =T(s) = PRy (5.24)

For the measurement of three phase currents, three differential amplifier
circuits are used to measure three phase currents. The per unit range of -
1.0 to 1.0 is corresponding to the real current from —8.65A to 8.65A. The

relationship can be shown in equations below:

Tp(s) = K - Iy (5.25)
Lie(s) = K - I, (5.26)
La(s) =K I, (5.27)

K =8.65A (5.28)

where i44(5), ipe(s) and i.,(s) represent line currents. I, I and I, are per

unit line currents.

_eab/_ebc/_eca

‘A/:zb/f/bc/f/ca + l jab/jbc/jca
—>| T 's) —>O0—>| P(s) P> K
-+ u
+
—> T 1(s) — KP~(s) — Q=
_éab/_ébc/_éca
- Q)

Figure 5.4: Modified disturbance observer structure considering voltage and
current sensing circuits

The modified disturbance observer structure is shown in Figure 5.4 [38].

The estimated back-EMF differences —é,;,, —¢é,. and —é., can be shown as
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~

—bay = Vo - T7Hs) - Q(s) + K - P7Y(s) - Q(s) - (Ip — 1)
—épe = —Vie T7'(5) - Q(s) + K - P7(s) - Q(5) - (Ipe — )
—bea = —Via - T7'(s) - Q(s) + K - P7(s) - Q(s) - (fca —n)

The per unit line currents Iy, I;. and I, can be shown as:

~

Ly = [Vap - T7Y(s) — ew) - P'(s) - K

jbc = [%c : Tﬁl(s) - ebc] : P,(S) ’ Kil
I, = [\A/Ca “T7H8) — eea) - P'(s) - K1

Then —é,p, —ép. and —é., can be modified as [35]:

—bgy = —Vop - T7(s)-Q(s) + P '(s)- P'(s) - Vi - T71(s)-Q(s)

+[=P7(s) - P'(s) - eay — K P (5)] - Q(s)

—epe = — Vi - T71(s)-Q(s) + P '(s)- P'(s) - Vie - T71(s)-Q(s)

+ [P (s) - P'(s) - epe —nK P (s)] - Q(5)

oy = Vo - T7Ys)-Q(s) + P (s)- P'(s) - Vi - T71(s) - Q(s)

+[=P7H(s) - P'(5) - eca =K P (5)] - Q(5)

If there is no modeling error, P’'(s) and P(s) are equal as:

P/(s) = P(s) = L51+ -

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

where R is the phase stator resistance and L is the phase stator inductance.

The low pass filter can filter out the measurement noise n. Then, —é,,

—ép. and —é., can be simplified as [38]:
_éab = —€agb Q(S)

_ébc = —€pc Q(S)
_éca = —€ca Q(S)
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Thus, the modified disturbance observer structure can be applied to esti-
mate the back-EMF differences:

bap = Var — K - P7(s) - Q(s) - Ly

e = Vi — K- PY(s) - Q(s) - D (5.42)

A

éca - ‘Z:a - K- P_l(s) : Q(S) ' ]ca
5.4 Phase Delay Compensation

Although the sensorless control method based on the disturbance observer
does not require a 30 electrical degree shift, phase delay will be introduced
because of low pass filters applied in the designed disturbance observer struc-
ture. Figure 5.5 shows the waveforms of the real back-EMF differences and
the estimated back-EMF differences at a speed of 1000 r/min. From the sim-
ulation results, we can see that the estimated back-EMF differences lag the
real back-EMF differences. Figure 5.6 shows the condition at a speed of 2000
r/min. Compared with Figure 5.5, we can see that the phase delay becomes
larger at a higher speed.

Ideally, the zero-crossing points of back-EMF differences can be treated
as the commutation instants of a BLDC motor. But due to the phase delay
introduced by low pass filters, phase delay compensation should be done to
ensure the correct commutation instants.

Based on the BLDC motor electrical period, the phase delay introduced

by low pass filters can be calculated as:

6 — tan—t(Fa Ll e
Ry + Ry (5.43)
= talfl_l(—R1 O Q_W) |
N Ri+Ry, T

where @ is the phase delay, T is one electrical period, R; and Rs are the divider
resistances and C' is the low pass filter capacitance.

For each of the six commutation states, one back-EMF difference is chosen
to identify the commutation instant. The back-EMF difference will start from

a maximum positive value or a minimum negative value, then it will reach the
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Figure 5.5: Simulation results of the estimated back-EMF differences and the
real back-EMF differences at 1000 rpm with 0.04 Nm load

zero-crossing point. Theoretically, the back-EMF difference shape is trape-
zoidal, so we can assume that each chosen back-EMF difference varies linearly
with electrical angle during its commutation state.

To compensate the phase delay, threshold values ,which trigger commu-
tation instants, should be set based on the calculated phase delay instead of
zero [38]. With the similar triangles formula, the threshold values used in the

chapter to compensate the phase delay can be calculated as [38]:

Vo = o Vomas (5.44)
0
Vn - @ . ‘/;)mzn (545)

where V), is the threshold value when the back-EMF difference varies from the
maximum positive value to zero, V,, is the threshold value when the back-EMF

difference varies from the minimum negative value to zero, 6 is the calculated
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Voltage (V)

Voltage (V)

Figure 5.6: Simulation results of the estimated back-EMF differences and the
real back-EMF differences at 2000 rpm with 0.04 Nm load

phase delay, V4, is the maximum positive value of the back-EMF difference
and Vpp, is the minimum negative value of the back-EMF difference.

Figure 5.7 shows the software flowchart of the sensorless commutation
method based on the disturbance observer. At the beginning of commuta-
tion states 0, 2 and 4, the estimated value of the chosen back-EMF difference
is regarded as the minimum negative value V,,,;,. At the beginning of commu-
tation states 1, 3 and 5, the estimated value of the chosen back-EMF difference
is regarded as the maximum positive value V4. Also, the phase delay 6 is
calculated at this point based on the motor speed. Then the threshold values
(V, and V,,) can be calculated based on the equations above.

In order to minimize the influence of noises, a counter is applied to calculate
how many times the estimated back-EMF difference value crosses the threshold
value. When the counter reaches a predefined value T;,,;se5, this point is treated

as the commutation instant and the BLDC motor will switch to the next state.
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5.5 Proposed Sensorless Drive

Figure 5.8 shows the proposed sensorless drive for speed control of a BLDC
motor. A proportional integral (PI) controller is applied to determine the duty
cycle of the PWM signals based on the difference between the measured motor
speed w and the reference motor speed w*.

The measured three phase currents and the three phase terminal voltages
are the inputs of the disturbance observer. The estimated back-EMF differ-
ences €4, €5 and €., together with the measured motor speed are the inputs
of the commutation trigger block. The commutation sequence of the proposed
method is shown in Table 5.1.

Because the proposed method is based on back-EMF differences, a starting
procedure is required to speed up the BLDC motor to a higher speed. In this
chapter, the conventional open-loop starting method, as described in Chapter

4, is applied to blindly start the BLDC motor.

Commutation States Commutation Instants

0 €pe = Vi
1 €ab = Vp
2 €ea = Va
3 ehe = Vp
4 €ab = Vi
) €ea = Vp

Table 5.1: Commutation sequence for the method based on disturbance ob-
server

5.6 Experimental Results

In this section, we present the experiment results of the proposed sensorless
BLDC motor drive based on the disturbance observer structure at different
speeds. Compensation of the phase delay introduced by the disturbance ob-

server structure is also discussed.
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ref +C BLDC PWM Three-phase

A i Drive Inverter EO
w
Iabalbc Ica l Vab ‘/bcy ‘/ca
Commutation ?ab Disturbance
Method in | Cbe Observer

Commutation State| — Figure 5.7 €ca using  (5.42)

T

Speed Estimation
using (4.22)

Figure 5.8: Proposed sensorless BLDC motor drive based on the disturbance

observer structure
5.6.1 Experiment Results at 600 rpm

Figure 5.9 shows the estimated back-EMF differences at 600 rpm. Figure 5.10

shows the speed response at 600 rpm.

éab (V)
z 01

ébc (V)
% 01

-5
5.75 5.8 5.85
time (s)
5
E W
~ Of a
&
-5
5.75 5.8 5.85
time (s)

Figure 5.9: Experiment results of estimated back-EMF differences at 600 rpm
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Figure 5.10: Speed response at 600 rpm

5.6.2 Experiment Results at 1000 rpm

Figure 5.11 shows the estimated back-EMF differences at 1000 rpm. Figure
5.12 shows the speed response at 1000 rpm.

Based on the results in subsection 5.6.1 and subsection 5.6.2, we can see
that the estimated back-EMF differences waveforms are symmetric, and the

speed of the BLDC motor can remain stable with negligible error.

5.6.3 Phase Delay Compensation

In this section, we present the experiment results at 1500 rpm to verify the
effectiveness of the phase compensation method introduced in section 5.4.
Figure 5.13 shows the relationship between phase A current i, and €.
We can see that the commutation points of i, are same with the zero-crossing
points of é,,. Figure 5.14 shows the speed response at 1500 rpm.
Without phase compensation, the BLDC motor stalls sometimes when

it runs at 1500 rpm due to inaccurate commutation. Figure 5.15 shows the
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Figure 5.11: Experiment results of estimated back-EMF differences at
1000 rpm
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Figure 5.12: Speed response at 1000 rpm
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Figure 5.13: Phase A current and é,, at 1500 rpm
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Figure 5.14: Speed response at 1500 rpm
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Figure 5.15: Ideal commutation signal and estimated commutation signal at
1500 rpm

experiment results of the relationship between the ideal commutation signal
(Hall-effect sensor A output) and the estimated commutation signal (virtual
Hall-effect sensor A output obtained from the sensorless commutation method)
at 1500 rpm.

From Figure 5.15, we can see that the estimated commutation signal matches
well with the ideal commutation signal with phase compensation. For high
speed applications, it is necessary to compensate the phase delay caused by
the disturbance observer structure [38].

With phase compensation method, the sensorless commutation method can

get accurate commutation points, and the high speed range can be expanded.
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5.7 Comparison with the Sensorless Drive based
on Line Voltage Differences

In this section, we make a comparison of the proposed sensorless BLDC motor
drive based on the disturbance observer structure and the sensorless drive
introduced in Chapter 4.

Based on the analysis above, both of these two sensorless drives can achieve
precise sensorless commutation. However, they all need compensation for the
phase delay caused by the low pass filter. The electrical frequency of the motor
must be smaller than the cutoff frequency f.,; of the low pass filter, which is
714.2 Hz.

For the sensorless drive based on the line voltage differences, the maximum
allowable phase delay from the low pass filter is 30° (electrical frequency equals
412.5Hz). In contrast, the maximum allowable phase delay is 60° (electrical
frequency equals 1237.4 Hz) for the sensorless BLDC motor drive based on the
disturbance observer structure. For the given motor drive board, we can see
that disturbance observer based sensorless drive allows the electrical frequency
of the motor to be up to the cutoff frequency of the low pass filter. Disturbance
observer based sensorless drive has a wider high speed range in comparison
with the sensorless drive based on the line voltage differences.

Both of these two sensorless drives are based on back-EMFs, so they all
have poor performance in the low speed range. Figure 5.16 shows V., and
éay waveforms at low speeds. We can see that the waveforms are distorted,
and we can not get accurate commutation points with either of the proposed
sensorless drives.

Figure 5.17 and Figure 5.18 show the simulation results of the speed re-
sponse at low speed (500 rpm) and high speed (1500 rpm) during loading tran-
sient, respectively. For 500rpm, a step load (0.05Nm) is applied at 0.3s.
For 1500 rpm, a step load (0.05 Nm) is applied at 0.5s. From the simulation
results, we can see that the speed response of the two sensorless drives are
similar. For both low and high speeds conditions, the motor speed decreases

after applying the load, and then it will keep on tracking the reference speed
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Figure 5.16: Vypee at 300 rpm and é4, at 250 rpm

after the transient time.

5.8 Summary

In this chapter, we discuss a sensorless commutation method based on the dis-
turbance observer. The sensorless commutation method with is implemented
in the experimental environment, and it works well at different speeds. Com-
pared with sensorless commutation method based on line voltage differences,
disturbance observer based method has a wider high speed range, and it does

not require a 30° phase shift to get the correct commutation points.
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Figure 5.17: Speed response at 500 rpm during loading transient
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Figure 5.18: Speed response at 1500 rpm during loading transient
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Chapter 6

Conclusions

6.1 Summary of Research

This thesis focuses on the implementation of two sensorless control techniques
for a BLDC motor. Firstly, we discuss a sensorless control method, which uti-
lizes line voltage differences to estimate the zero-crossing points of back-EMF's.
The line voltage differences have the same zero-crossing points as back-EMF's,
which are verified by the simulation results. This method only requires three
motor terminal voltages without the need for the motor neutral voltage. This
sensorless control method is also implemented in the experimental environ-
ment, and a compensation method is applied to compensate the phase delay
introduced by the the low-pass filters in the terminal voltage sensing circuits.

Then we introduce a back-EMF differences based sensorless control method,
which does not require any phase shift to get the commutation instants. The
disturbance observer structure is applied to estimate the back-EMF differences.
Simulation results show that the estimated back-EMF differences matches well
with the real back-EMF differences except for a phase delay caused by the
low pass filter in the disturbance observer structure. This sensorless control
method with phase delay compensation is implemented in the experimental
environment.

From the experiment results, we conclude that both of these two sensorless
control techniques can be applied in commutating a BLDC motor. Phase delay
compensation methods are necessary for high speed operation. Disturbance

observer based method has a better high speed capability. Because both of

79



these two sensorless control techniques are based on back-EMFs, they have
limiting low speed capability. Based on the Simulink simulation results, both

of these two sensorless drives are able to work well even with load disturbance.

6.2 Future Work

In the past few decades, fuzzy logic controllers gained wide attentions and have
been applied in BLDC motor drives [32][31]. Fuzzy controller-based BLDC
motor drive has a better performance for the varying operating conditions of
the motor, such as motor parameters variation and load uncertainties [34].
For the future work, we will apply the fuzzy logic controller in the speed
control loop, together with the sensorless commutation techniques investigated
in this thesis, to build a combined BLDC sensorless control drive with better

performance.
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