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ABSTRACT

Trapezoidal Back-EMF (Brushless DC) motors are gaining increasing importance in
automotive industries, HVAC applications, home appliances etc. Traditionally, Brushless DC
motors are commutated electronically using position sensors. In these systems, mechanical or
electromagnetic sensors are used. In sensorless control, rotor back EMF detection is the most
popular technique for speed and position control. Detection of back EMF by novel speed
independent commutation function is a very well researched topic that has overcome most of the
problems of traditional back EMF detection scheme.

In this thesis, a thorough study and speed control scheme for Brushless DC motors using
position sensor is presented along with simulation and experimental results. An improved
sensorless scheme based on speed independent commutation and state observer based back EMF
sensing is analyzed. Both methods use hysteresis control for the current loop and a PI controller

for the speed loop to reduce steady state speed error.
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CHAPTER 1. INTRODUCTION

1.1. Background

Improvement in energy efficiency has been one of the most challenging tasks in new
generation electrical industry over the last decade. Economic constraints and new standards by
government are putting increasingly stringent requirements on different electrical systems. New
generation equipment, components and systems must have higher energy efficiency with reduced
operating cost. Electric drive industry is one of those important industries where there are a lot of
opportunities for improving energy efficiency and reducing electromagnetic interference. Among
different electric drives, permanent magnet Brushless DC (BLDC) motor drive has gained
increasing importance in the last couple of decades especially for small horse-power motors due
to its high efficiency, compact form, reliability and easier control mechanism compared to
permanent magnet AC motor drives.  The continuous improvement in the use of
microprocessors, power semiconductor devices, speed drive mechanisms and the cost reduction
of BLDC has brought attractive solutions for BLDC controlled systems at reduced cost.

Brushed DC motors have the advantages of simple solution and reduced complexity in a
variable speed drive. But although the drive for conventional brushed DC motor is simple and
efficient, its application has been limited due to sparking, wearing and tearing of brushes which
requires frequent maintenance resulting in an increased cost [1]. Moreover, the sparking
increases the temperature which is also a concern. All these limitations can be overcome with the
use of BLDC drives. Conventionally, brushless DC motors are known as trapezoidal back-EMF

permanent magnet DC motors.



One of the fastest growing applications of electric drives in the US and all over the world
is in household appliances [2]. These appliances include washers, dryers, air conditioners,
freezers, vacuum cleaners etc. The amount of energy consumption by these appliances is
increasing drastically and constitutes a major source of utility energy consumption.
Conventionally, these appliances used to be run employing classical motor techniques, such as
single phase ac motor running at constant speed which is inefficient in terms of energy and cost.
The increasing amount of energy waste and government enforcement on saving energy have
imposed added importance on developing and using efficient variable speed motor drives. Since
BLDC motors offer low cost solutions for these applications, the improvement of BLDC drives
is a major thrust in today’s industries. At the same time, HVAC and automotive industries are
experiencing rapid growth especially in the last decade. Hybrid and electric cars have already
made their way. Electronically controlled motor systems are integral parts of automotive
industries these days, a lot of which are of BLDC controlled [3]. Low cost solutions provided by

BLDC motors are expected to make bigger contributions towards this growth.

1.2. Trapezoidal Back-EMF (Brushless DC) Motor Drives

Although the brushless DC motors are equivalent to conventional DC motors with stator
and rotor flipped, the construction of BLDC motors is almost similar to permanent magnet
synchronous AC motors. The rotor of a BLDC is composed of one or more permanent magnets.
The stator windings are similar to those in a poly-phase AC motor. An important difference
between the stator of a BLDC motor and a typical brushed DC motor is, since the stator and rotor
position are flipped, the commutation has to occur in the stator instead of the rotor in a BLDC

motor. The mechanical commutation is replaced by electronic switches in the form of a power
2



inverter. The stator is connected to the electronic commutation circuit which is composed of an
inverter run by a DC voltage input and a controller.

Any brushless DC motor control system requires rotor position information to provide
accurate commutation sequence and thus control the gate pulses of the inverter properly. Thus a
typical brushless DC motor system, unlike a brushed DC motor system where mechanical
commutation occurs in the rotor and hence does not require rotor position information, has
position sensors in the form of Hall Effect sensors, absolute position sensors, resolvers etc. Hall
Effect sensors are the most commonly used sensors for a typical BLDC drive. A BLDC motor

with stator mountable hall sensors for rotor position sensing is shown in Fig. 1-1.

y

Fig. 1-1. A typical brushless motor with stator mountable Hall effect sensors
Generally, BLDC motors are driven by six-step commutation scheme from a voltage or
current source inverter [4]. Commutation occurs in a way that two of the three phases are
energized at a time while the other phase is un-energized. Typically the conduction interval

between phases is 120°, meaning that the angle gap between each of the phases is 120°. The
3



inverter gate pulses have to be supplied in a way so that the inverter output terminals provide a
sequence that helps 60° commutation for each phase for producing maximum torque which is
discussed in Chapter 2. In order to provide accurate commutation timing, rotor position
information in necessary which can be provided by Hall sensors in a sensor-ed control or motor
parameters in a sensorless control.

Although the BLDC motors do not suffer from wear and tear of the rotor brushes and
thus make the control system more robust, the use of position sensors has some drawbacks.
Obviously the use of some external components like position sensors increases cost. Although
the position sensors are accurate enough for working with speed control mechanisms, for finer
controls like position control, they cannot result in very high resolution for accurate position
measurements. Reliability issue is one of the biggest concerns now a days in the electric drives
industry. In a closed loop system like a BLDC drive, reliability is likely to be affected due to
external components like Hall position sensors. These reasons make the sensor-ed control
somewhat unpopular and encourage research towards sensorless control scheme.

Many sensorless schemes have been proposed in the last three decades. Those methods
can be divided into different categories — back-EMF sensing [5][6][7][8][9], back-EMF
integration[10][11], flux linkage based commutation [12][13] and freewheeling diode conduction
[14]. Many methods have been proposed to sense the back-EMF of a BLDC motor. In the
conventional back-EMF sensing method [8], a virtual neutral point is established with the help of
resistors since the actual neutral point of a Y connected squirrel cage motor is not accessible.
Theoretically, this virtual neutral point should be at the same potential as the actual neutral point.

Assuming so, the voltage difference between the stator terminal and this virtual neutral point

4



gives the back-EMF of that phase. However, there will be a potential difference between actual
and virtual neutral points. Moreover, in an inverter based control system, the neutral point is
never standstill. Depending on the gating sequence, it varies from the reference voltage to the
maximum DC bus voltage creating a huge common mode voltage. Also, this method creates a lot
of noise in the sensed signal and thus requires attenuation and filtering which increases cost and
reliability issues and imposes unwanted lag into the system. The most important consequence of
this is poor dynamic performance, especially in the low speed range.

In the back-EMF integration method[10][11], the back-EMF of the silent (unexcited)
phase is integrated. This has an advantage of reduced switching noise, but the presence of high
common mode voltage in the neutral is still a problem. The third harmonic voltage integration[9]
[15]has the same limitation. The fundamental idea behind the flux linkage based
estimation[13][16] is that the flux linkage of the motor has a direct relationship with the rotor
position, and an accurate measurement of flux linkage can lead to the exact rotor position. The
flux can be estimated by integrating the voltage in each phase. The poor performance in the low
speed is still an issue in this method. Another method is the indirect sensing of zero crossing of
back-EMF [14] by detecting the conducting state of the free-wheeling diodes of the inverter. In
this method, a tiny current flows through the freewheeling diode in the silent phase. The point at
which the current starts flowing is the commutation instant. A serious drawback of this system is
the need for several isolated power supplies which increases the complexity. Also, the
commutation at the transient state is not good enough. The implementation of this method is
complex and also the low speed operation is not quite satisfactory. A back-EMF sensing method

is presented in [5] where no neutral point is needed. By appropriately choosing PWM and



sensing strategy, the actual back-EMF can be sensed accurately. In this method, the PWM
signals are only applied to the high side switches. One drawback of this system is that it needs a
minimum off time for the PWM, which means that 100% duty cycle is not possible. This method
provides very accurate results even for low speeds. Later on, an improvement of this method was
implemented [7] which made it possible to attain nearly 100 % duty cycle.

In 2004, a speed independent commutation process was presented by Ehsani and Kim
[17] which eliminates the speed dependency of the back-EMF waveform, thus making it possible
for the control system to attain very accurate results in the low speed range. The concept behind
this method is to generate a speed independent commutation function which has no speed term at
all in its equation. This method, instead of trying to sense back-EMF of a phase, attempts to find
the difference between the back-EMFs of two phases. The ratio of the differences of back-EMF
in different phases is speed independent, so the shape becomes exactly the same for all speeds.
The commutation instants can be found out from the ratio and thus makes it possible to detect the
rotor position. Later on, a similar research [18] was presented based on state observer
method[19][20][21]. This method is very accurate and has very good dynamic performance even
in the low speed range because of the speed independent commutation function. However, this
method suffers from external noise problem.

The objective of this thesis is to present a speed control method for a BLDC drive with
and without hall sensors. Experimental results are provided for Hall sensor-ed system and
simulation was carried out for a sensorless control method which is based on the research in [17]
and [18]. Even though a noise avoidance technique has been presented in [18] based on

threshold, an improved noise avoidance technique is presented in this thesis.
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The thesis is organized as follows. Chapter 2 describes the fundamentals of Brushless DC
motors including its structure and mathematical model. The simulation and experimental results
are presented in Chapter 3 for a BLDC drive with Hall sensor mounted. The concept of
sensorless control method based on state observer and speed independent commutation function
is explained and simulation results are presented in Chapter 4. The control scheme has improved
noise sensitivity. Chapter 5 concludes the thesis. The possibilities for future work are also

presented.



CHAPTER 2. BRUSHLESS DC MOTOR: CONSTRUCTION AND

MATHEMATICAL MODEL

2.1.  Construction

Trapezoidal back-EMF (Brushless DC) Motor is basically a permanent magnet
synchronous machine which has uniformly distributed winding and a trapezoidal shaped back-
EMF. Fig. 1 shows the construction of a 2 pole BLDC motor. This motor consists of a stationary
part called stator and a rotating part called rotor. There is a space between stator and rotor called
air gap. In a permanent magnet BLDC motor, the rotor carries the magnet. This magnet (rotor)
can be inside the stator or outside. Both cases are shown in Fig. 1 [22].

There are two important definitions in most BLDC motors called slot and core. Usually
the windings are placed in slots which are kept inside a laminated steel structure called core. A

tooth is the section of steel placed in between two slots. Fig. 2-2 shows a BLDC structure with

| Permanent Magnet

B Winding

Inside Rotor Outside Rotor

Fig. 2-1. Construction of a 2-pole BLDC motor Fig. 2-2. Slot and tooth of a BLDC motor



slots, core and tooth labeled [22]. Most BLDC motors are three phase. A pole is a permanent
magnet pole, either north or south. Motors can have any even number of poles.
The mechanical rotation of a motor and the rotation of magnetomotive force (MMF) can

be same or different — depending on the number of poles. The relation between these two are

P

defined as Electrical angle = Mechanical angle x 2, where P = number of poles. Fig. 2-3

illustrates the difference between electrical and mechanical angle.

[ | Permanent Magnet

. o

180° Mechanical
360° Electrical

Fig. 2-3. Relation between electrical and mechanical angle of rotor[22]

2.2.  Mathematical Model

Permanent magnet motors can be modeled as a speed dependent voltage source with an
inductor and a resistor in series. The speed dependent voltage source is popularly known as
counter EMF or back EMF (Electromotive Force). This back EMF is generated by moving a

current carrying conductor in a changing magnetic field. In case of a typical brushed DC motor,



the back EMF is proportional to speed of the motor. The proportionality constant is called the
back EMF constant. The electromechanical model of a brushed DC motor is shown in Fig. 2-4

[22].

Inside Motor:

L. Q—NV\—/W\— gldcal Transfomer
st [ N — =K
\./ t<><— E=K.w

< O : |

Fig. 2-4. Equivalent circuit of a typical brushed DC motor

The motor constant, referred as K; or Ky, sets torque per unit current and back EMF per
unit speed. Both these units have same Sl unit.

In case of a brushless DC motor, the current carrying conductors or winding positions are
variable with respect to magnets, unlike the case of a brushed DC motor, where these positions
are fixed. This can be modeled by assuming the motor constant K; (or K,) to be a periodic

function of the electrical angle. This concept is illustrated in Fig. 2-5[22].
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Inside Motor:

[, —s O N};/\ L gldeal Transfomer
oo + —7=K,(0
| E0)Q. ~ ’(;)[
= —E —K(( e)a)m

[, —» O——/VW\ L ' Ideal Transfomer
R : -
' %, 5 ' T=K1(9‘,—:§5)[
E, - 22/3) ()
. | — 2
B f E=K1(9¢z—;3—)(0m
[ — O MA_L Ideal Transfomer
i R 3 z
: + §—>2'=K,((9e+%)l
E@®, +213) 5
B | E=Kt(9e +%y0m

Fig. 2-5. Equivalent circuit of a brushless DC motor

Since the flux distribution of a BLDC motor is trapezoidal, usually the d-q rotor reference
frame developed for sinusoidal back EMF motors is not applicable. In this thesis, it is assumed
that the induced current in the rotor due to stator harmonic fields are neglected and iron and stray

losses are also neglected. A three phase BLDC motor equation can be represented as
(2.1)

d d d
Vas = iasRs + Laa—la + Mapy—ip + Mac—ic+ €
as = lasMs aadta abdtb acdtc as

11



_. d. d. d. (2.2)
= + —I, + — + —|. + :
Vs = IbsRs + Lop=lb + Moaz-1a + Moele +€ns
- d. d. d. (2 3)
= + —Il. + —l, + —Il, + .
cs = lcs Rs Lccdtlc Mcadtla Mcbdtlb €cs

The coupled circuit equations of the stator windings are as follows[4] [23]:

Vas Rs 0 0 ias Laa I‘Jb Luc ia €as
ves [=] O R, O || s |+ 2| Lia L Loc || s |+ €bs
Ves 0 0 R~ ics L:;n I-ch 1«4. i: €cs
(2.4)
Where,

Rs = Stator resistance per phase, assuming equal resistances in each phase

las, lbs, lcs = stator currents in each phase

Laa, Lob, Lec = stator self-inductances in each phase

Lab, Lba, Lbe, Lep, Leay Lac = mutual inductance of the stator phases and the rotor magnet
€as; bs,cs = Induced EMF or back EMF in each phase.

The shape of the back EMFs are all assumed to be trapezoidal, with the peak value E, as

Ep = Apom, Where A, = flux linkage constant and om = rotor electrical speed in rad/s.

In an ideal situation, it can be assumed that rotor reluctances are constant with respect to

rotor electrical angle. Also, if the three phases are symmetric, then the self-inductances in all

phases can be assumed equal and the mutual inductances between phases are equal to one

another. So if we call the mutual inductance to be M and self-inductance to be L, then

effectively, Lap = Lpc = Lea = Lpa = Lep = Lac =M and Lay = Lpp = L = L, and equation (2.4)

becomes
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Vas = 1asR +Lii +Mii +Mii +e (25)
as = lasMs dta dtb dtc as
) d, d. d. 2.6
. d. d. d. 2.7
VCS = ICS RS + Lalc + Mala + Malb +ecs ( )
The equation can be written in a matrix form as,
(2.8)

Vas ] 0 0 iag L M M 1‘3 [
Vs [=R[0 1 Of|is(+|M L  M|p|iy|+|ens
Ves 0 0 1flis| (M M LY |i] |es

L

Assuming balanced three phase currents, the equation (2.8) can be further simplified as

[4],
2.9
ve | |R 0 O)|is| [(L-M) 0 0 | |es 29
we =10 R O0|li|+] 0 (L-M) 0 [plis |+] e
sl [0 0 R|is 0 0 (L-M)] [ic| |ks

which is identical to the equation of a brushed DC motor. This is part of the reason for which this
machine is called brushless DC motor.

Neglecting mutual inductances,

d
Vas = IasRs + Laia + e, (2.10)

13



d
Vbs = ibsRs + Laib + €ps (2.11)

. d. .
VCS = ICS RS + Lalc + ecs (2 12)

2.3. Trapezoidal vs. Sinusoidal Back EMF

Counter EMF or Back EMF is the voltage that is produced at the terminals of a motor as
a function of rotor position with no load. Back EMF opposes the main voltage supplied to the
windings according to Lenz’s Law. Even though the shape of the motor back-EMF doesn’t
change with speed, the amplitude of it is proportional to the rotor angular velocity which can be

written as,

—d . . : . .
e — d—tkp, where Ap, rotor flux linkage is a function of rotor angular position. Since the

back EMF is the rate of change of rotor flux linkage in the winding, it can be safely stated that
the amplitude of the back EMF is dependent on or a function of angular velocity and the shape of
back EMF is a function of angular position. Back EMF shapes can be of two types — sinusoidal
and trapezoidal. Fig. 2-6 shows [22] normalized sinusoidal and trapezoidal waveforms in ideal
conditions.

There are several possible reasons that a motor can have trapezoidal back-EMF. Some of
them are

- Concentrated windings
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Fig. 2-6. Sinusoidal vs. trapezoidal waveforms

- No stator or magnet skew
- Discrete magnet poles with uniform magnetization

It is important to understand that the stator core saturation is not the reason for the flat top

portion of back-EMF of BLDC motors.

On the other hand, the reasons that a motor can have sinusoidal back-EMF are

Sinusoidally distributed windings
- Sinusoidal magnetization

- Stator without any steel lamination etc.

2.4.  Sine Wave Drive vs. Trapezoidal Wave Drive

Though a motor with any back-EMF shape (trapezoidal or sinusoidal) can be driven by
either square wave or sine wave drive, motors with trapezoidal back EMF are driven with six-
step square wave commutation which is considered to be square wave drive. Motors with

sinusoidal back EMF has sinusoidal commutation drive scheme or AC drive.
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Square wave drive or six-step commutation is the simplest drive scheme [4][23]. The
main concept of this scheme is, at any given instant, one of the three phases of the motor will be
sourcing current, one will be sinking current and the rest one will do nothing. Thus, at that
instant, one of the inverter pole pairs switches will be turned on and the other will be off. This
leaves six possible states, which are shown in Table 1[22]. Each state is active for 60° electrical.
It is possible to figure out the active state and thus rotor position by using Hall effect sensors
which eventually can be used for driving the controller.

Table 2-1. Possible states for different Hall signal combination

Electrical Angle | Hall Effect State Phase A Phase B Phase C
0°-60° {0.0.1} + - Off
60°-120° {0.1.1} + Off -
120°-180° {0.1.0} Off + -
180°-240° {1.1.0} - + Off
240°-300° {1.0.0} - Off +
300°-360° {1.0.1} Off - +

The purpose of sinusoidal commutation scheme is to provide sinusoidal current in three
phases of the motor so that sinusoidal back-EMF can be generated. In order to generate
sinusoidal current and to control the motor, high frequency PWM (Pulse Width Modulation) is
used in the inverter. The gate pulses of the inverter is given in a way so that the inverter output
can be a sinusoidally varying square wave voltage, which is applied to the motor phases and
motor phase inductances make filters the square wave voltage PWM intro a sinusoidal current.

The following figure (Fig. 2-7) illustrates the difference between sinusoidal and six step

commutation current waveforms with a normalized RMS value of 1.
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Torque of BLDC Motor

The electromagnetic torque of a BLDC motor is given by

T = ek ¥ Buifos ¥ Eigles ]L (2.13)

O

The instantaneous induced EMF can be written as [4][23]

eas = fag(e)kpo\)m
ebs = fbs(@))\.po\)m
€cs = fcs(e)xp(l)m (2.14)

Where fy fis, fcs functions determine the shape of back EMF. This function has a

maximum magnitude of 1.
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Rearranging (13) and (14), the electromagnetic torque can be written as

Te=Ap [fas(0) ias + fos(0) ibs + Fes(0) ics] (2.15)

Under steady state, one phase of a BLDC motor is unexcited while current flows through
the other two phases. Since the back-EMF of a BLDC is trapezoidal, if the phases can be excited
during the flat portion of the back-emf, according to (2.13), torque can be maintained constant
and thus a stable control can be attained. Fig. 2-8 shows the trapezoidal back-EMFs and phase

currents of 3-phase BLDC motor.

Ky
A
\
| 2 lL—\ - =
A ~ | -
”~
.
—————— /
/"J:"B.._...._._\
s N
B ” [m l - -
I =S5 \ -
‘ P
T— 11y - -
Desal. e L -
|
| A
C L T L
N | :. P
. ISERS S
/6 /2 511/6 TTI/6 31142 11T1/2

Fig. 2-8. Phase currents and back EMFs of a three phase BLDC motor
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CHAPTER 3. BLDC MOTOR DRIVE: HALL SENSOR BASED CONTROL

3.1. BLDC Drive Scheme

Since the trapezoidal back EMFs have constant magnitude for electrical 120° both in
positive and negative half cycles (Fig. 3-1) [4], the power and torque output can be made
uniform by exciting rotor phases with electrically 120° wide current. Since the change in current
cannot be instantaneous, current cannot rise and fall abruptly, so there are power pulsations

during the turn on and turn off times of currents.
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Fig. 3-1. All phase currents and back EMFs of a three phase BLDC motor
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In order to have currents aligned with back EMF to get constant torque and power, rotor
position information is mandatory. Only two motor phases conduct current at a time for a full
wave inverter operation. For the figure above (Fig. 3-1), it evident that one phase is conducting a
positive current, one phase is conducting negative current with respect to the previous, and the
last phase is non-conducting at a certain time. Referring to (2.15) in the previous chapter, the
electromagnetic torque that is expected to be produced is

Te =Ap [1xhss + (-1)x(-lps ) + Oxles ] (3.1)

For a balanced system, we assume los = Ips = les =1, . S0 the equation of T, becomes

Te = 2% Apxly (3.2)

Once the reference torque is found, the stator command current can be calculated as

eoTe (33)
P2

3.2.  Control Schemes

Typically, three different control schemes are applicable in case of BLDC motors —
hysteresis band control, PWM control and variable DC link voltage control [23][24]. Each
control method has its own advantage and drawbacks. Use of these methods depends on the

specific application and parts of the control system.

3.2.1. Hysteresis Band Control
This control scheme is one of the simplest and most common closed loop control

methods. In this hysteresis control method, the value of the controlled variable is forced to stay
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within certain limits which is called hysteresis band, around a specific commanded value. If

hysteresis band is to be applied to motor speed, for example, then once the motor will reach and

exceed the speed, it will stop rotating, then once the speed goes below at that or another certain

level, it will start again. Obviously, this is not a very good method to control a motor speed, so it

is understandable that hysteresis control cannot be applied to every application. The drawback of

this method is high and uncontrolled switching frequency in a very narrow range or hysteresis

band is used and ripples become large if the band is wider [24]. The switching frequency is

unknown and depends on the band width. This unknown switching frequency makes the control

difficult to filter electromagnetic and audible noises. Typical phase current waveforms of a

BLDC hysteresis torque control is shown below[24].
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Fig. 3-2. Typical phase current waveforms in hysteresis torque control method
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3.2.2. PWM Control

In this control method, a chopper or an inverter is used to control the motor and the gate
pulses are controlled using Pulse Width Modulation. Typically the chopping frequency is fixed
but the duty cycle is variable. Since the frequency is fixed, switching noises can be filtered easily
compared to hysteresis band control. In this control method, switches are turned on and off
frequently and their on time and off time are controlled according to an error signal. Thus, if the
error is getting more, then the corresponding gates are turned on for more time. The current and

voltage are sampled with a high frequency and thus typical BLDC phase currents are similar to

i l l
| o WWWWWM IWNh |

t(s)

Fig. 3-3. Typical phase current waveforms in PWM control method
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3.2.3.

Variable DC Link Voltage Control

In this method, the DC link voltage coming from the output of a three phase rectifier is

controlled. This method has some advantages and disadvantages over the previous two methods.

The system can be cheaper than the PWM control method, but at the same time losses can be

high at low voltage and high current [24]. However, this method can provide best solution in

high speeds in terms of less switching loss because at high speeds, those losses are significant in

PWM control method. Typical phase currents waveforms in this method are given below in Fig.

3-4 [24]

L, (A)
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t(s)

g
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Fig. 3-4. Typical phase current waveforms in variable DC link voltage control method
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In this thesis, PWM control has been used in the inverter for speed control (outer loop) of
BLDC motor and hysteresis control has been used for current control (inner loop). In case of a
hysteresis current control, the voltage source is controlled by a fast-acting current source [4].
The actual current is controlled within a narrow band from its desired value in this hysteresis
control. The reference current and the actual current are shown is Fig. 3-5 with the hysteresis

windows and gate signals [4][23]

&
T
N IR Y A\
N LN TN
Jr'd B i, ¥
-1
0
TP
(] )

Fig. 3-5. Hysteresis band control

The applied voltage to the load is determined by the following logic:

ia<iy - Al set vo = Vi

ia<ia +Ai,setvo=0

This current control method is simple and easy to implement, however, this has a

drawback of variable and unknown switching frequency.
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3.3.  Hall Sensor Based BLDC Speed Control
Fig. 3-6 shows [4][23] the basic block diagram for a typical BLDC motor control system.
Three hall sensors are used which are placed 120 physical degrees apart from each other.
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Fig. 3-6. A complete BLDC speed control system with hall sensor for position
information

As shown in Fig. 3-6, hall position sensors provide the information of rotor position from
which rotor speed can be calculated. The inner loop enforces current command and outer loop
enforces speed command. Rotor speed is compared with the reference or commanded speed to
produce some error speed which is initially equal to reference speed and equals zero at ideal
steady state. The error is processed with a Pl controller with appropriate proportional and
integral constants to produce the reference torque for the drive. The commanded current is found
from the reference torque from equation (3.3). Rotor positions extracted from Hall sensors are

translated to three different states (1, 0, -1) depending on the rotor instantaneous positions. These
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states have the exact match with the states of the respective back EMFs, and hence multiplied
with the commanded current to produce reference current vectors which are compared to the
actual currents respectively (hysteresis control). The error signal produced from this comparison
is used as a reference for a PWM generator block which provides 6 gate pulses for the three

phase inverter.
3.4.  Design of the Drive System

3.4.1. Modeling of the Motor with Converter

For modeling the BLDC motor and the inverter, we assume that the conduction voltage
drop is zero and there is no switching time loss. In order to model a conducting phase of the
motor, the system equation can be written as

Rs + Ls %+ €as = Vs (3.4)
Where,
Rs = Stator resistance per phase
Ls = self-inductance of a phase
is = phase current
€as = phase back EMF
s = DC link voltage

The back EMF is given by [4]

€as = Kp fas(0) o (3.5)
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where fs is a function which has identical shape with the back EMF and has value
changing with respect to rotor position.

fas IS given by [4]

6
fas(0) =(0) —, 0<6<%
— b4 5w
=1 s 0<%
_ 6 5w Vi
=(r-0)—, - <0< —
_ 7 11m
=-1 s <<=
= (9-211)%, 117"<6<2—"
(3.6)
The electromechanical equation with load is given by,
do 3.7
J_dtm +Boyn =TT (3.7)
where
J is the moment of inertia
B is the friction coefficient
T, is the load torque
Te is the electromagnetic torque given by [4]
Te =K [fas(0) ias + fos(0) ins + Fes(0) ics] (3.8)

where K is the constant of torque and is equal to kp(g), where p is number of motor pole.
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3.4.2. Modeling the Speed Controller
For outer loop (speed loop), a proportional integral (P1) control is used. The speed

controller is modeled as

G(s) = Kps + “_ (3.9)

where s is a Laplace operator.
This equation is the key equation for deriving current and torque reference. Fig shows the
state diagram for the speed controller [4]. The limiter at the end of the figure is used to restrict

the reference torque generated within a permissible limit in order to avoid uncontrolled situation.

}':2’ TE*

o

N

Fig. 3-7. State diagram for the speed controller

From Fig. 3-7, the equation of the reference torque is found as [4]

X = KiS (O)r* - (Dr) (310)
yl = {Kps (or* - or) + Kis} (3.11)
Te*= yl,; Tem <yl <Tem (3.12)

where Tem = maximum permissible reference torque.
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3.4.3. Modeling the Steering Circuit
The steering circuit defines the operational quadrant relationship between speed, torque
and phase sequence. The current magnitude command and the polrarity signals of the rotor speed
and torque reference are the three inputs for the steering circuit. phase current commands are The
determined depending on the quadrant of operation and rotor position. In this thesis, we are
one direction only about rotation in ednconcer, so only quadrantl and4 as are considered

described by the equations of Fig. ref] 16. rishnank]:

Quadrant | Quadrant |
fas(0) > 1, iss = |i| fus(0) < -1, i = |i |
fus(0) > 1, ips = |i'] fus(0) < -1, ips = |i'|
fu(0)>1,0cs = |i'| fs(0) <-1, i =|i|

Fig. 3-8. Quadrant operation of a BLDC motor

3.4.4. Modeling the Current Loop
The current controller has a hysteresis current controller as described previously instead
of a P1 controller used in the speed loop. The current reference magnitude is determined from the
reference torque generated (3.3). This reference magnitude is multiplied by the transmitted Hall
signal as described in section 3.3 and compared with actual current to get the error current ig.
The output of the current controller is limited to its maximum possible value imax. The output of
the hysteresis band controller determines the switching signals for the inverter and the duty cycle

of the switching is found by
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d:.ﬁy |er>0

lmax

=0,ier<0

time of the switch is given by-The on

where
Tc =PWM cycle period

fc = PWM frequency

3.4.5. Simulation Results

(3.14)

A BLDC speed control system described in section 3.3 (Fig. 3-6) is simulated in

Simulink. A three phase inverter is to generate voltage waves required to generate trapezoidal

back EMF. A brushless DC motor is simulated by creating an electrical and mechanical model

(Fig. 3-9 and Fig. 3-10)
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Fig. 3-9. BLDC motor model (electrical)
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Fig. 3-10. BLDC motor model (mechanical)

The system has been simulated for a 25V, 4-pole, 3 phase BLDC motor for different

speed ranges and loads. A voltages source inverter was used to run the motor with its gate

controlled by hysteresis current controller. Fig shows key simulation waveforms, measured for a

step speed command of 0 to 1500 RPM and then back to 50 RPM.

Motor parameters:

Stator phase resistance: 0.2 Q

Stator phase inductance: 0.0085 H
Flux linkage: 0.14324 Vs

Voltage constant: 5 v/1000 RPM
Torque constant: 0.57296 Nm / A peak
Inertia: 0.0009 kg*m”2

Friction constant: 0.0005 N*m*s

No of poles: 4
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Fig. 3-13. Speed response (RPM)
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Fig. 3-22. Phase back EMF (V) at 1500 RPM
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Fig. 3-23. Phase voltage generated by voltage source inverter

3.5.  Experiment

The experimental setup is done in the laboratory for a 200 W, 10 A, 8000 RPM BLDC
motor as shown in Fig. 3-24. A voltage source inverter is fed by six gate pulses to generate 3-
phase voltage waveforms to run the BLDC motor. The control system discussed above (speed
loop and current loop) is built using Simulink and ControlDesk environment and interfaced with

real time using a dASPACE board. The dSPACE board is shown in Fig. 3-25.

Fig. 3-24. Experimental setup for the BLDC speed control using Hall sensor
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Fig. 3-25. dSPACE board used for interfacing Simulink to hardware

3.5.1. Current Measurement

Current waveforms of the three phases of the motor are measured by instrumentation
amplifier, a measuring circuit and a passive low pass filter. A 0.01Q high power resistance was
used in series with each phase to measure the current. The measuring circuit is shown below in
Fig. 3-26.

The reason of using a Wheatstone bridge combination instead of directly feeding the
terminals of 0.01Q resistor to the instrumentation amplifier is to avoid common mode voltage.
Typically INA128 ICs have a maximum common mode voltage of 8V. Since the dSPCE board
can output voltages within only £10 V, and since the terminals of the 0.01 Q resistor can
definitely experience more than 8 volts, a voltage divider combination is necessary to avoid

common mode voltages in the instrumentation amplifier and hence avoid measurement error.
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Waveform
Fig. 3-26. Current measurement circuits using instrumentation amplifier

3.5.2. Speed Measurement
No external speed sensor was used for speed measurement of the BLDC motor. The hall
effect sensor provide square wave signals which have same frequency as the frequency of the

rotor. Thus, speed was extracted from hall signals with the following Simulink diagram below.
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Fig. 3-27. Speed measurement from Hall sensor information
3.5.3. Key Experimental Waveforms

Experimental results obtained from the previous setup are shown in the following figures
(Fig. 3-28, Fig. 3-29, Fig. 3-30, Fig. 3-31, Fig. 3-32) for a step speed command of 4000 RPM to

2000 RPM. All results are obtained via Simulink, ControlDesk and dSPACE.
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Fig. 3-28. Speed command
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Fig. 3-31. Hall sensor signal
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Fig. 3-32. Measured speed

As shown in Fig. 3-32, motor speed is regulated perfectly according to the commanded

speed.

3.6.  Conclusion

In this chapter, the complete mathematical model of Brushless DC motor has been
presented along with individual loop control schemes, i.e. current and speed control schemes. A
typical BLDC motor drive with mounted hall effect sensors has been discussed with six step
inverter. Simulation result has been presented for speed control and laboratory experimental

results were included to validate the simulation and theory.
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CHAPTER 4. SENSORLESS CONTROL OF BRUSHLESS DC MOTOR

In this chapter, a review of the state of the art research works on sensorless control of
BLDC motor will be given. Then a novel sensorless control scheme based on state observer and
noise insensitive commutation scheme will be discussed. Simulation result will be provided to
validate the idea at the end.

As discussed in Chapter 1, there are several sensorless control methods proposed in the
last three decades. Some of them require the sensing of back EMF. Many of them have problems
with low speed operations. Although a significant amount of research has been done for
overcoming the low speed operation issue, methods and techniques are still being researched for
improving low speed operation. Among the several sensorless control methods, back EMF

sensing and detection is the one that this thesis is concerned about.

4.1. Direct Back EMF Detection

Generally, three phase brushless DC motors are operated in the six-step 120°
commutation mode. That means, at any certain time, only two of the three phases are conducting
and the other phase is un-energized. For instance, if phases A and B are conducting current,
phase C will be floating and unexcited. The conduction interval takes 60 electrical degrees and
referred to as a step, and hence the name six-step. Commutation means the transition from one
state to another during operation. Fig. 4-1 shows [5] the six steps of the inverter and their
transition.

The first step is called AB, then AC, BC, BA, CA, CB and then repeating. It is important

to note that the step names are made from phases having positive to negative states.
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Fig. 4-1. Typical six step waveforms of a BLDC motor

It is discussed earlier that for maximum power and torque output, the current is
commutated in a way that the current is in exact phase with the back EMF during the steady state
mode. Rotor position determines when to commutate the current. In a sensorless control method,
no physical sensor can be used for position detection, so other means have to be implemented for
rotor position detection. Since the shape of the back EMF changes depending on the rotor
position, it is quite possible to determine the commutation by having a back EMF detection
circuitry. In Fig. 4-2, the back EMF is shown with along with the phase current [5]. It is evident
that if the zero crossing of the back EMF can be determined, we can find when to commutate the

current exactly.
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Back-EMF

Fig. 4-2. Phase back EMF and current

Since one of the three phases does not conduct any current at a certain time, this gives a

chance to measure the zero crossing of the back EMF. Fig. 4-3 illustrates this concept [5].

BUS

POVWER GMND

Fig. 4-3. Phase voltage measurement with respect to motor neutral point [5]
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The voltage of the un-energized phase has to be measured which needs the motor neutral
point to be identified because phase voltage is basically the voltage of the phase with respect to
the neutral point, which is usually not the inverter ground. Since most Y-connected motors have
their neutral point unexposed, it is physically not possible to identify the motor neutral and
measure the phase voltage. Hence, in practice, a method of creating a virtual neutral point is
most commonly used. Theoretically, the virtual neutral point will have the same potential as of
the actual neutral point if the motor is perfectly balanced [5] The virtual neutral point is created

by three identical resistors as shown in (4.4) & (4.5).

BUS

POWER GND

Fig. 4-4. zero crossing detection scheme with  Fig. 4-3. Use of voltage divider & filter in
virtual neutral point neutral point based back EMF detection scheme

Once the virtual neutral point is established, it is possible to identify the zero crossing
points by comparing the phase voltage with the virtual neutral point using a comparator. This

method has several disadvantages [5]:
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Since the motor phases are turned on and off with a PWM signal, the neutral is not a
stationary point. It’s voltage ranges from the inverter ground to maximum DC bus
voltage of the inverter. As a result, the common mode voltage across the comparator
can be very high (from ground to DC bus voltage), which is not acceptable by the op-
amp because typical common mode voltage rating of Op Amps/comparators are very
small.

In order to measure the phase voltage by avoiding the common mode voltages, a
voltage dividers have to be used (Fig. 4-5) which adds complexity, attenuation and
noise to the signal.

In order to reduce noise, low pass filters are to be used which adds some operational
delay in the system. The delay can make the current not properly aligning with the

back EMF which eventually will disturb the commutation at high speeds.

All these issues can limit the use of this system in a narrow speed range which is a big

disadvantage. In order to solve this problem, different methods have been proposed. One of the

most effective methods was to find out the motor neutral voltage in terms of phase back EMF

and thus make a direct proportional relationship of back EMF with the measured phase voltage

[5]. In this method, PWM is applied on only the high side switches of the inverter keeping the

low side switches always on. The back EMF is sensed during the PWM off time. This idea is

illustrated in Fig. 4-6 in which the inverting input terminal of the op amp is not at virtual ground.

In this method, since one of the power poles experience PWM and the other one is

always on, at a certain time only one of the six switches is turned on. When the upper switch of a

phase, let’s say A is turned on, current will be flowing from, let’s say, winding A to B and
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freewheeling through the diode parallel to the bottom transistor of phase A during the upper

transistor off time. The equivalent circuit is shown in Fig. 4-7.

!
\

-

Fig. 4-6. Improved back EMF zero crossing detection
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Fig. 4-7. Back EMF detection during PWM off time in direct back EMF sensing method
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In the circuit above, ignoring the voltage drop in the diode,

) di
n:O—rl—La—ea

. di
Vn=ri+L—-¢b
dt

From (4.1) and (4.2), we get

Since we are assuming balanced condition, e, + ep + e; =0.

So, equation (4.3) becomes

and the phase voltage becomes

3
VC:eC+Vn:EeC

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

From equation (4.5), it is evident that in this scheme it is possible to find out the exact

not suffer from attenuation due to voltage dividers and delay due to low pass filters.

value of the instantaneous back EMF from the measured line voltage at that instant. This method

works regardless of noise and floating neutral point. This improved scheme is simple and it does

As discussed briefly in Chapter 1, there are some other methods of creating the

harmonic is a big problem in the low speed range.
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commutation of currents. One of the methods is third harmonic back EMF sensing method [15].

It is attractive because of its simplicity and low cost, but the relatively low value of the third



Another method is to use back EMF integration technique. In this method, the rotor
position is found by integrating the back EMF of the silent phase. When the un-energized
phase’s back-EMF (measured by measuring the terminal voltage) crosses zero, the integration
starts and when it crosses a pre-set threshold, the integration stops. This corresponds to a
commutation instant. This method is good in terms of switching noise sensitivity and automatic
adjustment of inverter switching instants to the change in rotor speed. The main problem of this
method is low accuracy at low speeds.

Flux linkage based technique is another method which has been researched. The basic
idea behind this method is to estimate the flux linkage by integrating the applied voltage and
current. After that, the rotor position can be calculated using its initial value, flux linkage’s
relationship to rotor position and machine parameters. The problem with this method is, at low
speeds the integration takes a long time, and inaccurate sampled current makes the error
significant.

Some research has been done for estimating the rotor position information based on the
conducting state of the free-wheeling diode in the un-energized phase. A small amount of current
of the silent phase starts flowing through the free-wheeling diode of the inverter, which actually
corresponds to a point when back EMF crosses zero. This method also has the problem of large
error at low speeds. In addition, the need for additional isolated power supplies makes this

system complex.

4.2.  Speed Insensitive Commutation Function Based Back EMF Detection Method
Most of the methods described in the previous section have the limitation of poor

performance in the low speed range. The reason for the poor performance in that zone is, that the
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back EMF is a speed dependent function, and once the speed becomes very low or zero, it
becomes harder to measure the back EMF accurately and perform the commutation. That is why
it is not possible to use speed dependent back EMF sensing method, at least in the low speed
range. Another important drawback is, the commutation point is supposed to be 30° shifted from
the back EMF zero crossing, which can be accurately estimated in the steady state but has
significant error in the dynamic region. In order to overcome this problem, a novel method was
proposed in 2004 by Kim & Ehsani [17] which resolves the speed dependency problem of the
back EMF sensing method and makes the BLDC drive completely rotor speed independent. To

illustrate the idea behind this method, let’s consider the BLDC motor drive in Fig. 4-8.

e -IG 2

ae—
[t =—p
Vie == b e~
1h =P

LR

Fig. 4-8. Power circuit of a BLDC motor drive system [18]

From Fig. 4-8, the individual phase equations can be written from equations (2.10), (2.11)

and (2.12) as follows:
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i d.
Van =la Rs + I—_la + €an (4'6)
dt
: d.
Vion = i Rs + L=ip + €pn (4.7)
dt
i d.
VCﬂ = IC RS + L_lc + ecn (4.8)
dt
where
R is the stator resistance, L is the combined inductance, and
Van ,Von & V¢, are the applied phase voltages.
Subtracting (4.7) from (4.6), the line to line voltage Vg is found as
.. d,. . 4.
Vab = Van— Vin = (la - |b) Rs + I—a(|a - |b) +€an— ebn) ( 9)
From (4-9), the back EMF difference can be found as
. d,. . 4.1
€an — €bn = Van — Vi - (la - |b) Rs - I—a(la - |b) ( O)
Subtracting (4.8) from (4.7) leads to another equation as follows:
. d,. . 411
€on —€cn = Vibn — Ven - ('b - |c) Rs - I—a(lb - |c) ( )

Taklﬂg ean - ebn = eab’ ebn - ecn = ebc, Van - Vbn = Vab and Vbn - VCH = VbC, the fOIIOW|ng

equations can be written:
. d, . 4.12
€ = Vap  (ia - i) Rs -Lgia — i) (412
. d,. .
ese = Ve (ip —ic) RS - La(in — i0) (4139
We know from equation (2.14) that,
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ean = ke * e * fa(e)

ebn = ke * (De * fb(e)
and

ecn = ke * e * fc(e)

(4.14)

(4.15)

(4.16)

where, Ke refers to motor back EMF constant, o, is the electrical speed of the rotor and

f(0) is the rotor position function which has the same shape as the motor back EMF of the

corresponding with a maximum magnitude of 1.
Subtracting (4-15) from (4-14)
€an — €on = Ke*@e*(fa(0) — 1p(0))
Taking fa(0) — fb(0) = fab(0), equation (4-17) can be re-written as

eab = ke*ﬁ)e*fab(e)

Similarly, the subtraction of (4-16) from (4-15) gives

Epc = Ke*0e*Tic(0)
From (4-12) and (4-18), the following equation is obtained:
. d . .
Vab - (la - lb) RS = La (la_ |b) = ke* (X)e * fab(e), OI’,

1

Ke* 0e

.. d . .
fan(0) = *Vap - (Ia-ip) Rs - LE (ia—ip)

Similarly, from (4-13) and (4-19), the following equation is obtained:

1

Ke* e

foe(0) =

) ) d . )
*Vpe - (ib—ic) Rs - La (ib—i¢)
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(4.17)

(4.18)

(4.19)

(4.20)

(4.21)



Both equations (4.20) and (4-21) are functions of speed. Hence, if the rotor position has

to be calculated from these two equations, that will be inefficient at low speeds because speed

estimation is difficult at low speeds due to error in back EMF estimation. In other words, the

speed dependency of back EMF sensing at low speeds makes rotor position estimation difficult.

This problem can be solved by dividing equation (4-21) by (4-20) giving

. . di
foc(®) _ (Vbe— (ip -ic)Rs — 2L=2¢) (4.22)
fab (8) (Vap — (ia—ip)Rs — 2Ld(li—atb)
. fpe(® _ o o _ _
Since _beEG; has a direct one to one relationship with rotor position, it is possible to find
ab

fbc(0)

the rotor position from this function. The plot of ————= with respect to 6 is shown in Fig. 4-9.
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The standard commutation instant is when the curves reach infinity, i.e. when they change
from positive infinity to negative infinity.

fpc(0
Kim & Ehsani [17] only utilized the positive part of the be—Ee;function and thus created
ab

the commutation for the motor. They commutated the motor based on a threshold value. The
threshold value is defined based on the current rising time and desired advanced angle. When the

fi,-(0 ) ) ..
bC—()functlon reaches that threshold value, the motor is commutated in six different modes for

fap (6)
six step commutation, as shown in Fig. 4-10 [17]

WIODE 1| MODE 2| MODE 3IMODE 4|MODE & |MODE B
Hah ' "Hbc ' Hca '
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Fig. 4-10. Simulation results from the method of [17]
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Table 2 shows the position estimation equations at each mode in Fig. 4-10 [17]. From

o fca(®) . .. " N :
Table 2, it is evident that ca(®) is utilized as a position estimation equation at mode 1, whereas
bc
. fpe(0) . - . .
after 60 electrical degrees, at mode 2, % is utilized, and so on. Obviously, the time
ab

difference between each mode is 60 electrical degrees.

Table 4-1. Position estimation equations from mode 1 to mode 6

dlca

Mode 1 and Mode 4

G0y = - Yot

d
bc(®)  Vpe— Ripe— L=be

Mode 2 and Mode 5

fbc(e)
G(6 ca = = -
O =@ Vab— Rigp— L 220
Mode 3 and Mode 6 £.5(6)
G(0)p. == = .
© fea(®)  Vea— Rigg— Lica

dt

As mentioned above, Ehsani and Kim’s method [17] works on threshold, i.e. when the

fbc(e) or fca(e) fab(e)
fab(e) fbc(e), fca(e)

depending on commutation) function crosses the threshold. This

method works well in the low speed range. The drawback of this method is if some noise affects

fpc(0)

the function N0

(or the rest), then the motor may be commutated incorrectly. For instance, in

. . . fap (0 .
Fig. 4-11, the motor is supposed to commutate at the points where the ab )fUﬂCtIOI‘l touches or

fbc(e)
exceeds a pre-set threshold thl. In the meantime, if a noise with a height of (1) which is less than

thl occurs, the motor will not commutate, but if a noise of height of (2) occurs, the motor will
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commutate before the point where it is supposed to commutate. As a result, the motor will face

unwanted commutation which may halt or destroy its operation.

th - -él:l-- 54.)1..

-

Fig. 4-11. Motor commutation affected by noise [17]

For solving this problem, several methods have been proposed and one of them is

f
described in [18] based on state observer and dual threshold method. According to [18], fabggi
bc

(or any other commutation) was found out, and instead of one or two thresholds, three thresholds

were used, as shown in Fig. 4-12. In this method, the commutation will only occur if the function

fap(®) .. .. . . - :
fabge; satisfies the condition of crossing both th1 and th3, avoiding the chance of malfunction.
bc

’ L ]

:,512----------------1-------

Fig. 4-12. Method proposed by [18]
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4.3.  Noise Insensitive Commutation Method with Observer Based Back EMF Sensing
In this thesis, a noise insensitive commutation method is proposed using the observer
based back EMF sensing technique presented in [18]. The method starts with the design of the

observer, as described below.

4.3.1. Mathematical Analysis
Referring to Fig. 3-1, it is found that at any 60° commutation period, only two of the
phases are energized and the other phase current remains zero. Moreover, one of the conducting
phase current is 180° out of phase with the other conducting phase. That simply means, one of
the phase currents is entering to the neutral and the other is leaving neutral. The idea is illustrated

in Fig. 4-13.

phase A

phase B /&

phase C

Fig. 4-13. Typical BLDC motor phase excitation at a particular instant
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Assuming a balanced three phase system and peak value of the phase currents same (i, =
I, = ic = 1), the total current flowing through the motor at any commutation instant becomes
i3 — (- Ip) = 2%i = 2%iy,, Where iz = .

This value when used in equation (4.12) gives

Vi < 2i0Rs + 2|_"(‘;tb + eqp (4.23)

Rearranging (4.23), we get

digb _ €ap 2iapRs +h (4.24)

In equation 4-24), iy, and Vg, can be measured, that is why they are called known state
variables. But ey, cannot be measured so it is referred as unknown state variable. Equation

(4.24) can be written as [5]

X =Ax +Bu+Dv (4.25)
y =Cx (4.26)
where,
A== 221,811, D =[], x=[ia], u=[Vasl, v= [ew], ¥ = [ic], € = [1].

The back EMF here is considered as unknown disturbance. Typically, unknown
disturbances can be represented by differential equations. In [18], since no experimental data is
available for disturbance, the unknown disturbance is modeled by the general completely

observable dynamic system. Then the entire system can be represented by an augmented
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equation that models the back EMF in the form of a differential equation. The augmented model

is described by the following equations:

X = Ax + Bu (4.27)
2Ry -1 1
where A=[ 2L 2L] ; B=[2L];

0 0

X= [;‘;Z]; U=[Va], y = [ian], C=[10];

The  observability = matrix of this system  described by  equations

1 0
(4.27) and (4.28) is [ 2Rs -1 ], which has a rank of 2. So it can be safely stated that the system
2L 2L

is completely observable, and a state observer can be added to the system. The following
observer is composed for the system:

X=Ax+Bu+K(y-y) (4.29)

where X is the observed value of the state variables and y is the observed value of the
output which, in this case, is the line to line current. K is the gain matrix for the observer and it
can be chosen carefully in a trial and error basis or by solving it. Careful selection of K can lead
to accurate estimation of the line to line back EMF of the motor.

Therefore, the equation of whole observer including all of three phases is given by (4.30)
[18].

Fig. 4-14 shows the block diagram of the proposed back EMF observer with the line to

line voltage as the observer input and the line to line current and back EMF as observed outputs.
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Fig. 4-14. Block diagram for the back EMF sensing equation proposed in [18]
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Fig. 4-15 shows all the three phases with voltage and current as observer inputs and back

EMF as output.
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Fig. 4-15. Proposed algorithm in [18]for all three phases
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Fig. 4-16 shows the comparison between actual back EMF and observed back EMF from

this proposed method.

i ! '
o e s e Gen Gar nar

Fig. 4-16. Observed and actual line to line back EMF

fea(0 . . . -
The %functlon is plotted with respect to time in Fig. 4-17.
bc

fca(8)

Fig. 4-17. Plot of o) as a function of angle

fbc
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4.3.2. Commutation
In [17] and [18], a threshold based commutation signal has been proposed. Although the
method proposed in [17] works good for low speeds, it is not noise free. The noise affects the
commutation since the method is threshold based. Even though the method proposed in [18]
overcomes the noise problem to some extent by introducing three thresholds, it can still be
affected by noise. This problem can be totally eliminated by introducing a commutation process
based on electrical angle. From simulation and careful observation it is found that the

fpc(8)

is a tangent function. Thus, instead of using any
fan (8)

commutation function defined as

threshold to avoid noise, in this thesis the commutation function is defined as

fbc(e)
G(0) =tan 0 = ———=
O)=tan6=¢ o)
Or,
0 =tan"! G(0) (4.31)

where, 0 = ogt.

Thus the rotor position can be accurately estimated using equation
(4.31). The advantage of this equation is that it can accurately measure the commutation point in
the presence of any noise; hence the method is less noise sensitive than the ones given in [17]
and [18].

The function G(0) is dependent only on 6, in other words, wct, nothing else. That means,
for any rotor speed or frequency, the value of G(0) and the corresponding 6 will be exactly the
same. The relationship of G(8) and 6 is quite independent of rotor speed. If the rotor speed

increases, the time t decreases in a way that the value wct stays the same for corresponding G(0).
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So, the consequence of rotor speed decrease or increase is the G(0) is to shrink or widen, but the
shape remains same. As a result, if we can find the value of G(0) somehow, the corresponding
value of 0 will be equal to tan™! G(0), regardless of the speed. This observation allows the
detection rotor position at any rotor speed and random noise of any peak value.

Irrespective of the speed, 0 has a range of -90° to +90°, and commutation occurs at a point
when 6 changes from +90° to -90°. At every simulation instant, the value of et is saved in the
form of tan™ G (@). When the value of tan~! G(8) becomes +90°, it is checked if the previous
tan~1 G(0) value was the previous value of wet, which is chosen by the resolution set by the
controller. If a noise of any value occurs at any point and offers a 6 value which is equal to £90°,
the previous value of 0 is checked and if the previous value is not 89° (a value slightly lower than
90°), the value of 90° is rejected and commutation is not performed. If the previous value is 89°,
then again the comparison is performed with a resolution of 0.1°. The concept is illustrated using
the flow chart in Fig. 4-18.

So regardless of the noise amplitude, the commutation point can be accurately determined,
unlike [17] and [18] where some threshold values have to be set for noise removal. Since the
values of noise spikes are unknown, the values of thresholds have to be chosen carefully. In this
method, there is no need to choose a threshold.

In order to illustrate the method further, two reference cases are discussed. One of them is
when a noise occurs somewhere around 6 = 50°, and the other case is when the noise occurs at 6

> 89°.
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Fig. 4-18. Flow chart for illustrating the concept of the proposed commutation method

65



4.3.3. Case Study 1: 6 = 50°
If a noise occurs when the speed of rotor is defined by 6 = wct = 50° with a very high peak

fbc(e)

.0 00) will be equal to the set value and as a result, according to the
ab

value, the value of

conventional method, 50° will be considered as the commutation instant. This scenario is

illustrated in Fig. 4-19.

Fig. 4-19. Illustrating a noise signal in +50° of commutation signal

According to the method proposed in this thesis, when the noise as shown in the Fig. 4-19
occurs, instead of considering the value of the noise (or any value), the value of 8 = tan™* G(0)
will be considered, which in this case, will be 90°. Instead of commutating instantly, the controller
will compare the previous value of 6 with 89°. Obviously, since the previous value is not 89°, the

instant will be rejected as a commutation instant. In this way, any value of noise which comes
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across the system before 89° will be rejected and no abrupt commutation will occur. Thus, the

system will be protected.

Fig. 4-20. Illustrating G(0) with a noise in 50° and corresponding commutation signal
with the proposed algorithm

4.3.4. Case Study 2: 6 = 89.3°
If a noise occurs at an instant when rotor speed is defined by 6 = wct = 89.3° which is very
close to 90° but not exactly the commutation instant, the controller might consider it as a
commutation instant due to the value of the noise. This scenario is illustrated in Fig. 4-21.
In the method proposed in this thesis, the controller will calculate the value of 6 = 89.3° and since
the value is more than 89°, it will compare the value with 89.7°, which will turn out to be false,

and the instant will not be considered as a commutation instant, as illustrated in Fig. 4-22.
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0 =289.3°

Fig. 4-21. Expanding G(0) with a noise signal at 89.3°

Fig. 4-22. lllustrating G(0) with a noise at 89.3° and corresponding corrected
commutation signal with the proposed method
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Fig. 4-23 to Fig. 4-26 show a step input of 1500 RPM to 50 RPM and the corresponding

speed response along with other functions.

Fig. 4-23. Step speed input from 1500 RPM to 50 RPM

Fig. 4-24. Plot of G(0) function
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Fig. 4-25. Plot of § = tan™ G(0)

Fig. 4-26. Commutation pulses from 6 = tan™ G(0)

70



=

&

ST S T - TR - N - R

uj_"___;"""____"€"____"""_%“_.""_“__L""____uué_“__"""._;_"""____";"“__“.""%___"""___i"".__“_.éu.___."_ %__

ug_"“__;"""____""L___“"""_@__.""____;""__“_unﬁ____"""._é_"""_“__.i".___ nué___."".__@."..___."}.__“."".j“m

] R S SO ""___@"""“___""é____"""._;“"""____j""____ SO SU SN DU

an

w2

Ik

4

015 1N

71

a1?

11

g

Fig. 4-27. G(0), 0 = tan™ G(0) and commutation signal in one frame
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Fig. 4-28. Speed Response

4.4. Conclusion

In this chapter, an improved algorithm for sensorless BLDC motor control is described
with illustration, appropriate simulation results and proof of concept. Conventional sensorless
motor control schemes are discussed in detail with their advantages and disadvantages. The basis
for the method described in this thesis is established through mathematical modeling and proof.
A completely noise independent commutation scheme which is an improvement over the previous

scheme [18] is discussed along with simulation results.
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CHAPTER 5. CONCLUSION

5.1. Summary of Work Done

The application of Brushless DC motors has grown significantly in recent years, especially
in the field of home appliances and automotive industry. BLDC motor is a good choice in these
fields due to their ruggedness, compactness, low cost and low maintenance. Prime challenges of a
BLDC driven system are to keep the cost low with high level of reliability and efficiency. BLDC
drives with sensors are adequate to control speed over a wide range. The position sensors used in
this control are good for accurate position information needed for speed control. But they have the
diadvantages of high cost and poor reliability.

Sensorless control systems overcome some of the limitations of sensor-ed control systems.
They are typically cheaper. Although a significant number of sensorless control schemes have
been proposed, none of them are quite good in terms of accuracy and reliability. Their operation
in the low speed range is not satisfactory, and noise coming from the surrounding makes these
systems unreliable.

In this paper, an improvement of the state observer based method of BLDC control system
over the one proposed in [18] has been presented. This method is noise free and will not affect the
commutation cycle or processing speed. Simulation results to support this method are presented.
The proposed method avoids using a virtual neutral point for back EMF sensing [8] and threshold
in speed independent commutation functions [18] and [17]. Instead, this method uses electrical
angle corresponding to the commutation function value, which is a novel method and works for

any level of noise, which makes the system robust and durable.
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5.2. Future Research

The proposed tangent function based algorithm is simulated in Simulink and verified.
Since it cannot be used in industrially unless it is implemented with a real time aptitude, the next
step will be to implement it with a suitable microcontroller or digital signal processor.

One specific application of BLDC motor is in the field of racing car. Industrial racing toy
cars use BLDC motors which can run up to 60000 RPM. In order to implement a sensorless
speed control scheme in this particular application, some special microcontrollers have to be
used. The microcontroller has to be of low cost, powerful enough to handle the processing of
algorithm and have all necessary peripherals. It has to have ADC to take current and speed as
inputs, timer with PWM generation capability etc.

A very convenient microcontroller for this application with low cost is
STMicroelectronics STM32FO51R8. It has 32 bit ARM cortex processor with upto 48 MHz
clock speed, SPI, I1°C and UART communication for less than a dollar price. The next step of this
thesis is to implement the proposed sensorless speed control algorithm in racing car application

with STM32 microcontroller.
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