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Abstract

The interest in multi-phase machines for high performance applications has been growing in recent
years due to their potential advantages over the conventional three-phase machines. Multi-phase
machines have advantages of fault tolerance and higher power capacity at low voltages compared
to three-phase machines. Nine-phase brushless DC motor has additional advantages of high torque
density, high efficiency and reduced stator current per phase without the need to increase the phase
voltage. Sensored control of BLDC machine generally requires measuring the speed and position
of rotor by using the sensor. The position sensors make the motor system more complicated,
mechanically unreliable and expensive. In this thesis, effective sensorless control of nine-phase
BLDC motor using Back-EMF waveform sensing is done. Thus, actual implementation of the
motor using mathematical model of the machine and nine-phase inverter function based on the
back-EMF sequence generated in the stator windings of nine-phase BLDC motor is simulated with
the help of MATLAB Simulink software.

For control of the motor PI speed controller is implemented to adjust DC-link voltage based on the
error between actual speed and desired speed reference. The controlled gain output of the PI
controller is fed to the pulse amplitude modulation controlled DC-link voltage source. The result
of the controller is investigated and the speed of the motor for different speed level using
MATLAB Simulink software. And the result of the simulated speed response of the controller for
different speed has been done and settling time is 0.005sec and rise time is 0.0026sec speed
response controller. Phase voltages of the motor controlled based on the back-EMF waveform
sequances . switching of nine-phase voltage source inverter controlled has been done efectively
based on the back-EMF. The simulation results obtained agree with the design objective.

Keywords: Multiphase machine, eighteen-step inverter, nine phase BLDCM, sensorless control,

back-EMF, zero-cross detection, commutation logic.
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CHAPTER 1
INTRODUCTION

1.1 Background

The field of multi-phase machines, though not new, is becoming an area of growing interest in
recent years due to the wider range of possibilities. The initial motivation for the study of multi-
phase machines was the search for a reduction in the machine torque ripple. This is based on the
fact that current harmonics that produce torque ripple in three phase machines are reduced or
eliminated as the number of phases is increased. Multiphase motors are more fault tolerant
comparing with conventional three phases. The motor can be operated normally if one or more
phases are failed. [1-3].

BLDC motor have some advantages comparing with brush dc motors and induction motors. The
use of strong permanent magnets energy wastage of motor is less so the efficiency will be high.
These motors are less weight, volume, high reliability, less noise and less maintenance. Due to
these advantages, the use of BLDC motor is growing rapidly in various applications [3]. The
BLDC motor is sometimes referred to as an inside out DC motor because its armature is in the
stator and the magnets are on the rotor and its operating characteristics resemble those of the dc
motor [4], instead of using a mechanical commutator as in the conventional dc motor, the BLDC
motor employs electronic commutation which makes it a virtually maintenance-free motor. Thus,
multiphase motor drive. can be good choice where high reliability and power density required. In
areas such as aerospace, ship propulsion, military applications where requirements are not
oppressive when compared with overall demands [2]. The rotor position is dedicated either by
position sensors or by sensorless techniques. BLDC motors have many advantages over
conventional dc motors, a few of these are [3]:

e Long operating life

e High dynamic response

e High efficiency

o Better speed Vs. torque characteristics

e High speed range

e Higher torque-weight ratio
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Permanent magnet machines have been used in the last three decades. They appear in several
different stator and rotor structures and can be used in almost all kinds of application where
traditional machines are used. Their main features and advantages are: No electrical energy is
absorbed by the field excitation system and thus there are no excitation losses which mean
substantial increase in efficiency, high torque/volume relationship, better dynamic performance
than motors with electromagnetic excitation, simplification of construction and maintenance.
Unfortunately, some of these advantages refer only to machines built with high energy magnets,
which are still expensive, despite the introduction of new materials and improved production
techniques. This feature has restricted the use of permanent magnet machines built with rare earth

magnets to applications where cost is of secondary concern [4-5].

Modeling and analysis of multi-phase machines have been an issue for research as early as 1950s
[6]. However, they have attracted the attention of many researchers recently due to their fault
tolerance and their high-power capability at low voltage as compared to the conventional three-
phase machines [7-9]. The interest in multi-phase motor drives has increased in recent years due
to several advantages when compared to three-phase drives [6-8]. Some of these advantages are
known from the early days of the multiphase drives [8], although they have recently considered
with high-level analysis [9]. These advantages are inherent to the own structure of the machine,
and include less torque ripple, less acoustic noise and losses, reduced current per phase or increased
reliability due to the additional number of phases [8-10]. These advantages make multi-phase
drives suitable for high power/current applications such as EV/HEVs, traction or electric ship
propulsion. Apart from these benefits, there are further possibilities due to the additional degrees
of freedom existing in multi-phase machines. The high torque capability of multi-pole machines
by using the higher harmonic currents for torque generation and the desirability of such capability
in application such as electric vehicle drive, elevators, and military hardware drives are other
impetus for the interest of researchers in this area. The advent of static power converters and
microcontrollers have also contributed to the interest, as it is now possible to generate a power
supply at any number of phases controlled at a desired waveform and magnitude. In the figure 1.1
n-phase two-level voltage source inverter is given. Where Sy, Ss, Ss, ... Sen+1) are all the upper

switches of the n-phase inverter and S», Sa, Se, ... Son are the lower leg switches of the n-phase
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inverter. The terminal voltage (Van, Vbn, Vcn.... Vxn) represented the voltage terminal voltage

of the inverter leg measured from reference neutral point N.

I s1 / s3 / S5 / S(2n+1)

%

s2 / s4 S6 / S(zn)

Van Vbn Ven Vxn

Fig. 1.1 n-phase two-level voltage source inverter

Multiphase machine has high torque capability of multi-pole machines by using the higher
harmonic currents for torque generation. In a five-phase machine the third harmonic current can
be used to generate an average torque in addition to the fundamental [7]. In the seven-phase
machine the third and the fifth harmonic current is controlled to generate the average torque. In
the nine-phase machine the third, the fifth and the seventh harmonics can be controlled to generate

average torque which add-up with the torque generated by the fundamental component current [7].

1.2  Statement of the Problem and Motivation

Sensored control of BLDC machine generally requires measuring the speed and position of rotor
by using the sensor. The position sensors make the motor system more complicated, mechanically
unreliable and expensive. Accurate speed information is crucial for a sensorless speed control of
permanent magnet synchronous motor drives. This thesis presents sensorless control method based
on the fact that the rotor position can be detected by using back-EMF produced in permanent
magnet synchronous motors. Instead of using sensors like Hall sensor, the motor itself tell us which
phase should be energized. The sensors can also cause problems in terms of reliability as they are
sensitive to shock and vibration. A sensor connected through long cables can also be sensitive to
disturbances. To reduce cost and improve reliability such position sensors may be eliminated. The
question then arises why nine-phase drive required compared to conventional three-phase drive.
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The answer lies in the fault tolerant characteristic, reliable and higher efficiency of nine-phase
drive compared to the conventional three-phase machine. Specially, in fault tolerance the motor
keeps working at good performance even though two or more phases fail which is not possible in
three phase motors.

1.3  Objective of the thesis

1.3.1 General objective

The main objective of the thesis is design and simulation of sensorless control for nine-phase

BLDC motor using induced back-electromotive force.
1.3.2 Specific objective
These are some of the specific objectives of the thesis

e Study the construction futures of nine-phase BLDC motor.
e Model and develop nine-phase BLDC motor using MATLAB/Simulink software.
¢ Design nine-phase voltage source inverter based on the orating mode of the motor.

e Design, analyze and simulate the proposed sensorless control based on the back-
EMF waveform produced in nine phases stator windings of 9-phase BLDC motor

e Study the result of simulated nine-phase BLDC motor control

1.4 Significance of the Thesis

The main significances of the thesis are listed as follows:

. Shows simple way of controlling sensorless multi-phase BLDC synchronous
machine.

o The model and simulation for sensorless control of the BLDC motors based the
back-EMF zero cross detection method can be applied for different applications.

o The other significance of this thesis, this work can be used for as reference for

future further studies.
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1.5 Methodology

e Literature review: some related references will be scanned and quoted so that it can
be used as the forward stepping movement in the future time. Study model and analysis
of the sensorless control of the conventional permanent magnet motor revised.

e System modeling and analysis: in this section, first; design futures of nine-phase
permanent magnet BLDC synchronous motor analyzed. The model of the nine-phase
machine is design in the MATLAB simulation in order to do the major task which is
the sensorless control of the machine. From the mathematical mode, the equation of
the back-EMF is design. Second; model and analysis of sensorless control of nine-

phase BLDC motor based on the back-EMF zero crossing detection (ZCD) present.

1.6 Thesis organization

This thesis is organized in to six chapters including this chapter, Chapter 2, multiphase machines
literature reviews different kinds of control technique of multiphase machine are revised. Chapter
3, mathematical modeling of nine phase BLDC motor and derived the mathematical equation of
the machine based on the different assumption. Chapter 4, sensorless control of BLDC using back
electromotive force produced in the unexcited phase is modeled analyzed and the zero-cross
detection(ZCD) of the back-EMF is presented and the switching sequence of the nine phases two-
step nine-phase inverter deigned based on the zero-cross sequence of back-EMF. Chapter 5,
MATLAB simulation and discussion presented, here in this chapter MATLAB simulation model
is presented and prepare block model of the proposed model control in the MATLAB Simulink
library and simulation of sensorless control is present and result discussion and observation studied
according to the desired output of the machine and the strength of the system and the drawback of
the proposed system is mentioned. Chapter 6, conclusion and recommendation of the thesis and,

the direction for the future work mentioned and recommended presented.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Variable-speed AC drives are nowadays invariably supplied from power electronic converters.
Since the converter can be viewed as an interface that decouples three-phase mains from the
machine, the number of machine’s phases is not limited to three anymore. Nevertheless, three-
phase machines are customarily adopted for variable speed applications due to the wide off-the-
shelf availability of both machines and converters. Due to the six-step mode of three-phase inverter
operation, one particular problem at the time was the low frequency torque ripple. Since the lowest
frequency torque ripple harmonic in an n-phase machine is caused by the time harmonics of the
supply of the order 2n+1 (its frequency is 2n times higher than the supply frequency), an increase
in the number of phases of the machine appeared as the best solution to the problem. Hence,
significant efforts have been put into the development of five phase and six-phase variable-speed
drives supplied from both voltage source and current source inverters [12-13].

2.2 Types and advantages of Multiphase machine

The types of multiphase machines are in principle the same as their three-phase counterparts. There
are induction and synchronous multiphase machines, where a synchronous machine may be with
permanent magnet excitation, with field winding, or of reluctance type. Three phase machines are
normally designed with a distributed stator winding that gives near-sinusoidal MMF distribution
and is supplied with sinusoidal currents (the exception is the permanent magnet synchronous
machine with trapezoidal flux distribution and rectangular stator current supply, known as
brushless dc machine, or simply BLDCM). Nevertheless, spatial MMF distribution is never

perfectly sinusoidal and some spatial harmonics are inevitably present [15].

Stator winding of an n-phase machine can be designed in such a way that the spatial displacement
between any two consecutive stator phases equals a = 2;" in which case a symmetrical multiphase

machine results. This will always be the case if the number of phases is an odd prime number.
However, if the number of phases is an even number or an odd number that is not a prime number,

stator winding may be realized in a different manner, windings having a sub-phase each (where
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n=a-k). Typically, a=3 (although a=5exists as well) and k=2,3,4, 5, ... In such a case, the spatial
displacement between the first phases of the two consecutive a sub-phase winding is a = E

leading to an asymmetrical distribution of magnetic winding axes in the cross section of the
machine (asymmetrical multiphase machines). In this multiphase machine type, there are k neutral

points and these are typically kept isolated, for the reasons discussed later on [14].

Some of the advantages of multiphase machines, when compared to their three-phase counterparts,
are valid for all stator winding designs while others are dependent on the type of the stator winding.
Machines with sinusoidal winding distribution are characterized with the following [16-18].

e Fundamental stator currents produce a field with a lower space-harmonic content.

e The frequency of the lowest torque ripple component, being proportional to 2n,
increases with the number of phases.

e Due to a larger number of phases, multiphase machines are characterized with much
better fault tolerance than the three-phase machines. Independent flux and torque
control requires means for independent control of two currents. This becomes
impossible in a three-phase machine if one phase becomes open-circuited, but is not
a problem in a multiphase machine as long as no more than (n-3) phases are faulted.

2.3 Multiphase machine control

High quality information about the rotor flux angle is crucial in field oriented control systems. The
most common way to attain this information has been to add a dedicated sensor to the rotor shaft.
This has a few disadvantages especially in drive systems used in automotive applications. Its
physical size is a large drawback when designing the motor. The length of the machine is often
critical due to constraints in the powertrain. This makes it sometimes impossible to fit a standard
mechanical sensor. The sensors can also cause problems in terms of reliability as they are sensitive
to shock and vibration. A sensor connected through long cables can also be sensitive to
disturbances. A sensor fulfilling all requirements is often expensive. While, removing it would
constitute an important cost reduction. A control system that not has to rely on a mechanical
position sensor would therefore be favorable, a so called sensorless control system. Research on
this has been done for many years and a lot of methods have been proposed. Many of them have
been based on detection of the speed dependent back electromotive force (EMF). This work
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satisfactory for medium and high speed but fails at low and zero speed. This as the back EMF is

reduced with speed and is gradually lost.

Researchers have reported different models and control strategies for multi-phase machines.
Authors of reference [13] have reported a nine-phase machine to be controlled as three independent
three-phase machines. They assumed balanced system and used the model of conventional three-
phase motors and have not used the advantage of controlling the higher harmonics for torque
generation. Authors of reference [14] have generated a general model of a nine-phase synchronous
machine with a cylindrical rotor and stator. A lot of works have focused on five-phase machine,
probability, due to its relative simplicity next to three-phase machine. In reference [15], the authors
have worked out the model of five phase machine. They have also indicated that their approach
can be used for any number of phases. Reference [16] also has presented an analysis of a five-
phase asymmetrical connected induction machine. Multi- Phase machines have advantages of fault
tolerance and higher power capacity at low voltages compared to conventional three-phase
machines. The methods of speed control of multiphase machines are in principle the same as for
three-phase machines. Constant V/f control is nowadays of relatively little interest, since the cost
of implementing more sophisticated control algorithms is negligible compared to the cost of
multiphase power electronics and the multiphase machine itself (neither is available on the

market). The emphasis is therefore placed further on vector control and DTC [17].

As long as a symmetrical multiphase machine with sinusoidally distributed stator winding is under
consideration, the same vector control schemes as for a three-phase machine are directly applicable
regardless of the number of phases [18]. The only difference is that the coordinate transformation
has to produce an n-phase set of stators current references, depending on whether current control
is in the stationary or in the synchronous rotating reference frame. If current control is in the
stationary reference frame, (n — 1) stationary current controllers (assuming stator winding with a
single neutral point) are required. Either phase currents or phase current components in the
stationary reference frame can be controlled and here the standard ramp-comparison current
control method offers the same quality of performance as with three-phase drives [19]. Assuming
that indirect vector control is used, basic rotor-flux-oriented control scheme of an n-phase

induction or synchronous machine with sinusoidal MMF distribution is of the form shown in
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Figure 2.1 The block “vector controller” is identical to the one for the three-phase machine of the

same type and the value of the stator d-axis current reference depends on the machine type. For

example, “vector controller” for a surface-mounted permanent magnet synchronous machine is

just a speed controller, stator d-axis current reference is zero and transformation angle is the rotor

position angle. In the case of an induction machine, stator d-axis current reference is the rated

magnetizing current, while “vector controller” includes a speed controller, calculation of the

angular slip speed and calculation of the transformation angle by summation of the slip angle and

rotor position angle [15].

Stator d-axis reference(igs) i1
> Rotational "l 2
_ transformation > iz
Stator producing Y =
current (ine) :
n I i
| 13
— Vector
Transformation angles o i
Speed 4 Rotor position n
reference

Fig. 2.1 Basic rotor flux oriented control scheme for multiphase machine with current control in

the stationary reference frame [15]

Stator d-axis reference (idst and ids3)

A
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i1
i2
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Fig. 2.2 Basic rotor flux oriented control scheme for five-phase machine with concentrated

winding and with control in the stationary reference frame (indexes 1 and 3 stand for the first and

the stator current harmonic reference) [15]
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If a concentrated winding machine is used, torque can be enhanced using low-order stator current
harmonic injection [20]. Hence, the vector control scheme has to be modified accordingly [21].
The injected low-order stator current harmonics are firmly tied to the fundamental in terms of
magnitude, frequency and phase and the major modification of the vector control scheme consists
in calculating the references for these harmonics on the basis of the fundamental and on utilization
of the modified rotational transformation. Vector control schemes have to utilize again (n — 1)
current controllers. Vector control of concentrated winding machines is well-documented in
literature for five-phase induction, permanent magnet synchronous, and synchronous reluctance
machines, where torque enhancement is provided by the third harmonic injection. Similarly, third
harmonic injection can be used in asymmetrical six-phase machines [22]. In a seven-phase
machine both the third and the fifth harmonic can be used to improve torque per ampere
characteristic [23], while with a nine-phase machine injection of the third, the fifth, and the seventh
harmonic is possible [24]. A conceptual block diagram of a rotor flux oriented control scheme for
a five-phase machine, assuming again current control in the stationary reference frame, is shown
in Figure 2.2. The block “vector controller” now additionally includes partitioning of the overall
torque reference (obtained at the output of the speed controller) into the stator g-axis current
references for the first and the third stator current harmonic, as well as the calculation of the

transformation angles for the first and the third harmonic.

1 . : o
Stator flux 40—, Hysteresis ——| Optimum Switching
< flux and stator voltage . signals for
and torque - + torque vector ! inverter legs
reference O controller ”| selection table l Ln
T :

Stator flux and
torque estimation
2 A

Stator voltage and
current of the motor

Fig. 2.3 illustration of DTC schemes for multiphase machines using switching table based DTC
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» PWM Switching
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Fig. 2.4 DTC schemes for multiphase machines using constant switching frequency DTC [25]

Notice that the “rotational transformation” block in Figure 2.2 is different from the corresponding
one in Figure 2.1. The outputs of this block are now four stator current components shown in
Figure 2.2, which reflect the desired first and the third stator current harmonic. There are two basic
approaches to DTC of three-phase machines. Hysteresis stator flux and torque controllers can be
used in conjunction with an optimum stator voltage vector selection table, leading to a variable
switching frequency. Alternatively, the inverter switching frequency can be kept constant by
applying an appropriate method of inverter PWM control. In principle, both approaches are also

applicable to multiphase machines [25] and are shown in Figure 2.4.

A problem that is encountered in hysteresis-based DTC schemes for sinusoidal multiphase
machines is that optimum stator voltage vector selection table, designed in the same manner as for
a three-phase induction machine, dictates application of a single space vector in one (variable)
switching period. However, each individual inverter output voltage space vector inevitably leads
to generation of unwanted low-order harmonics, which excite x—y stator circuits and lead to large
unwanted stator current low-order harmonics. This problem has so far not been solved completely
although a significant improvement has been reported for an asymmetrical six-phase induction
machine in [25]. A more detailed description of the control schemes shown in Figure. 2.4 and their
detailed outlay for multiphase induction motor drives is available in [15] for asymmetrical six-

phase and five-phase induction machines, respectively.
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2.4 Multiphase voltage source inverter (VSI) Control

By and large, the existing research related to PWM control of multiphase inverters applies to two-
level inverters [27]. The most straightforward approach is undoubtedly utilization of the carrier-
based PWM methods. Similar to the carrier-based PWM with third harmonic injection for a three-
phase VSI, it is possible to improve the dc bus utilization in multiphase VSIs by injecting the
appropriate zero sequence harmonic (or adding the offset) into leg voltage references. Carrier
based PWM is also suitable for control of concentrated winding machines, where in addition to
the fundamental and zero sequence voltage, references also need to contain a certain amount of
specified low-order harmonic(s) aimed at providing torque enhancement. In principle, carrier-
based PWM can be used without any problems for generation of multi-frequency output voltages

with any number of components. figure 2.5 shows nine-phase multiphase inverter
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Fig. 2.5 nine-phase inverter connected to stator winding of the nine-phase BLDC motor
Space-vector PWM is undoubtedly the most popular method as far as the three-phase inverters are
concerned. However, as the number of phases of the inverter increases, the available number of
inverter output voltage space vectors changes according to the law 2", since there are 2" different

switching configurations.
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2.5 Review of control of BLDC motor

A BLDC motor is driven by voltage strokes coupled with the rotor position. These strokes must
be properly applied to the active phases of the three-phase winding system so that the angle
between the stator flux and the rotor flux is kept close to 90° to get the maximum generated torque.
There are two methods of controlling BLDC motor one using rotor position sensor and the second

one is sensorless control, in the following sub-topics explained these two methods are explained.

2.5.1 Sensored control of BLDC motor

Permanent magnet BLDC motor drives require a rotor position sensor to properly perform phase
commutation. These motor is driven by voltage strokes coupled with the rotor position. These
strokes must be properly applied to the active phases of the three-phases windings sequentially so
that the angle between the stator flux and the rotor flux is kept close to 90° to get the maximum
generated torque. Therefore, the controller needs some means of determining the rotor's orientation
or position relative to the stator coils, such as Hall-effect sensors, which are mounted in or near
the machine’s air gap to detect the magnetic field of the passing rotor magnets. Each sensor outputs
a high level for 180° of an electrical rotation for three-phase BLDC motor, and a low level for the
other 180°. The three sensors mounted in the rotor of the three phase BLDC motor have a 120°

relative offset from each other.

The process of switching the current to flow through only eight phases for every 60-electrical
degree rotation of the rotor is called electronic commutation. The motor is supplied from a three-
phase inverter, and the switching actions can be simply triggered by the use of signals from
position sensors that are mounted at appropriate points around the stator. Similarly, to that of three
phase BLDC motor in case of nine phase BLDC motor, when we mounted at 40 electrical degree
intervals and aligned properly with the stator phase windings these Hall switches deliver digital
pulses that can be decoded into the desired nine-phase switching sequence [27]. Such a drive
usually also has a current loop to regulate the stator current, and an outer speed loop for speed
control [28].

In summary, permanent magnet motor drives require a rotor position sensor to properly perform

phase commutation, but there are several drawbacks when such types of position sensors are used.
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The main drawbacks are the increased cost and size of the motor, and a special arrangement needs
to be made for mounting the sensors. Further, Hall sensors are temperature sensitive and hence the
operation of the motor is limited, which could reduce the system reliability because of the extra
components and wiring [27].

2.5.2 Sensorless control using back-EMF

The second methods for proper control of BLDC motor is sensorless control. Here in this method
instead of using sensors we can extract the rotor position from the motor itself. To reduce cost and
improve reliability such position sensors may be eliminated. These disadvantages of using Hall
sensors, lots of research is being done in sensorless drives. Position sensors can be completely
eliminated, thus reducing further cost and size of motor assembly, in those applications in which
only variable speed control (i.e., no positioning) is required and system dynamics is not particularly
demanding (i.e., slowly or, at least, predictably varying load). A PM brushless drive that does not
require position sensors but only electrical measurements is called a sensorless drive [27]. Since
back-EMF is zero at standstill and proportional to speed, the measured terminal voltage that has
large signal-to-noise ratio cannot detect zero crossing at low speeds. That is the reason why in all
back-EMF-based sensorless methods the low-speed performance is limited, and an open-loop
starting strategy is required [29].

The voltage for 3-phase BLDC motor is provided by a 3-phase power stage controlled by a DSP.
Why Sensorless Control? As explained in the previous section, the rotor position must be known
in order to drive a Brushless DC motor. If any sensors are used to detect rotor position, then sensed
information must be transferred to a control unit (see Figure 2.6) [35].

AC Li Volta - Position
ine Voltage — Power Stage ,J,\ﬂ_ﬂ\/_>—| Sensors LOAD

Control Signals I

Speed Position
Setting ) Feedback
o= Control Unit

MOTOR DRIVE

Fig. 2.6 Sensored control drive for BLDC motor diagram
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Therefore, additional connections to the motor are necessary. This may not be acceptable for some

applications.

2.5.2.1 Three phase Power Stage for three-phase BLDC motor

In order to explain and simulate the idea of Back-EMF sensing techniques a simplified
mathematical model based on the basic circuit topology (see Figure 2.7) has been created. The
second goal of the model is to find how the motor characteristics depend on the switching angle.
The switching angles the angular difference between a real switching event and an ideal one (at
the point where the phase to phase Back-EMF crosses zero). The motor-drive model consists of a
normal three phase power stage plus a Brushless DC motor. The power for the system is provided
by a voltage source (Vdc). Six semiconductor switches (S1, S2, S3, ... S6), controlled elsewhere,
allow the rectangular voltage waveforms (see Figure 2.8) to be applied. The semiconductor
switches and diodes are simulated as ideal devices. The natural voltage level of the whole model
is put at one half of the dc-bus voltage (see figure 2.7). This simplifies the mathematical

expressions. [35]

Fig. 2.7 power stage motor topology for three phase BLDC motor [35]

where:

Vav,Vbv,and Vcn are “branch” voltages; the voltages between one power stage output and its
virtual zero.

Van,Vbn, and Vcn are motor phases winding voltages?

Addis Ababa university,AAiT,SECE 15 MSc. Thesis by Abrham M.



Sensorless control of nine-phase BLDC motor using back-EMF

Ean, Ebn and Ecn are phase Back-EMF voltages induced in the stator winding.

Vnv is the voltage between the central point of the star of motor winding and the power stage
natural zero

Ia,Ib and Ic are phase currents

Vaoltage A
120°
- -
Phase A | : : : l : | : : : ' —
| |
Phase B : : ' : . : : : ' : e
Phase C I. : — : : | — : —
electrical
30° 90° 150° 210° 270" 330°  angle
Y

Fig. 2.8 VVoltage applied based on the ZCD of back-EMF for three phase BLDC motor

2.5.2.2 Speed control of BLDC motor

Speed control of BLDC motors are very crucial. Many of the power electronic circuits used for
this are subjected to very high switching losses ending up with reduced overall system efficiency.
A speed control of BLDC motor based on pulse amplitude modulation control drive techniques,
for brushless DC (BLDC) motor is investigated and verified by a series of simulation studies. It
is well known that the BLDC motor can be driven by either Pulse-Width Modulation (PWM)
techniques with a constant DC-link voltage or Pulse-Amplitude Modulation (PAM) techniques
with an adjustable DC-link voltage. Therefore, the detailed theoretical analysis of the PAM control
for high-speed BLDC motor is first given. Then a conclusion that the PAM control is superior to
the PWM control at high speed is obtained because of decreasing the commutation delay and high
frequency harmonic wave. The cost for PAM control has to pay is requiring variable DC-link
voltage level control. This can be easily realized by the off-self DC/DC converter controller. for
high speed range applications, such as air conditioner and refrigerator, PAM controls

recommended since it provides higher efficiency [36].
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Wref ® | Plspeed DC/DCor : ]
—» s — DC ol —*|  source BLDC
controller AC/DCvoltage Inverter VI s Motor
+ & source
— f
Speed
commutation Back-EMF i
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Fig. 2.9 PAM based closed loop speed controller for 3¢ BLDC motor [36]

Speed control of BLDC motors are very crucial in this attire. Many of the power electronic circuits
used for this are subjected to very high switching losses ending up with reduced overall system
efficiency. DC-DC converters are used in a wide range as the front-end converter to obtain a
regulated dc output voltage. Since the back-EMF of the motor is directly proportional to rotor
speed and field strength of the motor, any change in one of the parameter cause the other to modify

accordingly.

In multiphase machine variable speed control is a must the most common classical method is used
in speed control of motor is using proportional-integrator-differentiator (PID) controller. PID
controller has been used widely for processes and motion control system in industry. The transfer
function of PID controller is shown in Fig. 5. The control system performs poorly in characteristics
and even it becomes unstable, if improper values of the controller tuning constants and used. So it
becomes necessary to tune the controller parameters to achieve good control performance with the

proper choice of tuning constants [31].

2.5.3 PID Design Concept
The proportional-integral-derivative (PID) controller is about the most common and useful
algorithm in control system engineering. In most case, feedback loops are controlled using the PID

algorithm. The main reason why feedback is very important in systems is to be able to attain a set
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point irrespective of the disturbances or any variation of any form. The PID controller always
designed to correct error(s) between measured proses value(s) and set value(s) in a system.

A simple illustration on how PID works is given below. Consider the characteristics of parameters-
proportional(P), integral(l), and derivative(D) controls, as applied to the figure 2.10.

Plant

\4
v

—> controller

Fig. 2. 10 A typical closed loop controller of system

The controller provides the excitation needed by the system and it is deigned the overall behavior
of the system. The PID controller has several categories of structural arrangements. the most
common of this are the series and parallel structures and in some cases, there are hybrid form of
the series and the parallel structure. The following shows the typical illustrative common PID

controller structures.

K Kgs? +Kps +K
Kp + —[ + Kd- S = d P !
S s
Where:
K,=Proportional gain
K;=Integral gain
Kq=Derivative gain
Ky
R e
K system
S Yy
+ —
KdS

Fig. 2.11 Closed-loop PID controller block of system
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Considering the figure 2.11, variable, e is the sample error, and it is the difference between the
desired input value(R) and the actual output(Y). In closed loop, e will be sent to the controller, and
the controller will perform the integral and derivative computation on the error signal. Thereafter,
the signal, u which the output of the controller is now equal to the sum of [ the product of
proportional gain, K, and magnitude of the error(e)], [the product of the integral gain, Ki and the
integral of the error(e)] and [the product of the derivative gain, K4 and the derivatives of the

error(e)].
de
U:er+Ki f edt + Kd T

The signal value, u is the set continuously to the plant with every corresponding new output, Y
being obtained as the prosses continues. The output, Y is set back and subsequently new error
signal, e is found and the same process repeats itself on and on. Also, it is very typical to have the
PID transfer function written in several forms depending on the arrangement structure. The

following equation shows one of these (a parallel structure):

Kq _ 1
Kp+?+Kd.S—KpX(1+?Tl+Td.S)

Where

K,= Proportional gain

. . K
T;= Integral time or rest time = ?"
I

T4 = Derivative time rate time

2.5.4 Some characteristic effects of PID parameters

The proportional gain Kp, will may reduce rise time and might reduce or remove study state error
of the system. The integral gain K it eliminates the study state error but it has a negative effect on
the transient response (a worse response may happen in this case). And the derivative gain Kg, will
tend to increase stability of the system, and reduces overshoot percentage, and improving the
transient response of the system. In all, the table below will give a comprehensive effect of each

of the controllers on a typical closed-loop system.
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Table 2.1 PID controller parameter characteristics on atypical system

Parameters Rise time Overshoot Settling time Study-state error
Kp T decreases increase small change decreases
Ki 1 decreases increase increases eliminate
Kd 1 small change decrease decreases small change

Legend:T increases

The ability bled these three parameters will make a very efficient and stable system. It should be
noted that the relationship between the three controller parameters may not exactly be correct
because of the inter dependency. Therefore, it is possible to compute particular parameters which

effects would be noticed on the other two.
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CHAPTER 3
MATHEMATICAL MODEL OF NINE-PHASE BLDC MOTOR

3.1 Construction Futures of Nine-phase BLDC Motor

The Brushless DC motor is also referred to as an electronically commuted motor. There are no
brushes on the rotor and the commutation is performed electronically at certain rotor positions.
The stator magnetic circuit is usually made from magnetic steel sheets. The stator phase windings
are inserted in the slots as shown in Figure 3.1 or it can be wound as one coil on the magnetic pole.
The magnetization of the permanent magnets and their displacement on the rotor are chosen such
a way that the Back-EMF shape is trapezoidal. This allows the nine-phase voltage system with a
rectangular shape, to be used to create a rotational field with low torque ripples.

The operation of the BLDCM is based on the simple force interaction of between the rotor PM
flux force and the stator electromagnetic force. Therefore, the nine phase stator windings are feed
from the nine-phase voltage source inverter. The stator winding produces electromagnetic force
and the instruction of this force with the rotor permanent magnetic force produces rotor rotation
and resultant toque. The stator windings are symmetrically distributed with 40-degree electrical
angles from each other. for n phase machine the winding distribution will be 21t/n electrical angle.
A typical nine-phase, two-poles BLDC motor with concentrated stator windings and with
permanent magnet rotor shown in figure 3.1. And the schematic representation of the stator

winding is shown in figure 3.2.

- Stator winding

Rotor

Stator

Air-gap

Fig. 3.1 nine-phase BLDC motor diagram
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Fig.3.2 schematic dual-stator windings of nine-phase BLDC motor

The shape of the back-EMF wave form distinguishes the concentrated stator winding BLDC motor
from the conventional PMSM. The conventional PMSM has a sinusoidal back-EMF waveform.
The nine-phase BLDC motor has a permanent magnet rotor and stator windings are wound in such
a way that the trapezoidal back-electromotive force. Therefore, no particular advantage in
transforming the machine equation into well-known two axis rotating frame equations. Which
are done in case of machines with sinusoidal back-EMF [31-32]. Here in order to control the

machine we should have to know the rotor position to produces the desired torque and speed.

3.2 Voltage Equation of Nine-phase BLDC Motor

For the effectiveness of the work the following assumptions are made for sensorless control of the

machine using back-EMF detection;

e Magnetic saturation is negligible

e No saliencies of the poles

e Hysteresis and eddy current loss is not considered

e Self, mutual and resistance of the stator are all equal
For the sensorless control model equivalent circuit of the given phase for nine phases BLDC
motor is given by the figure 3.3.
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L15 L16 L17 L18 L19

_W__Mwmmmm

T Ian Ean

an

Fig. 3.3 Equivalent circuit of nine-phase BLDCM for phase- a

From the equivalent circuit diagram we can drive the phase voltage Vxn (stator x winding voltage

with respect to the neutral point n) is given by;

d1a d1C dle

di di di di
Van = Rala + Lig o7+ Lip 3 —2 . T Lisg+Liay, -4 . T Lis5 t Lie, - LT Liz 3¢ g + L18 Tt o L19 Tt iy €an

Similarly, the other eight phases voltage equation is given by:

di di di di di di di dij
Von = Rpip + Loy 7+ Ly 2 + Log d . { n L

di
€ Loy 0+ Lops 52 4 Lpg 5 4 Lyy —E 'g + Log S + Lo S + epp

dla d1c dle

di di di di di
Ven = Reie + Lgg 57+ Laa lb +Lgz 5+ Laay, ld +Lgs -+ Las 5, =t LT L37 T £+ Lyg 5 lh +L3o =1 . T €

dic die dig

di
Vin = Rgigq + Lag a+L42 m +L43 +L44 m +L45 -t Las g, +L47 m +L48

d1a dic dld die dlf

di di
Ven = Rele + LSI + LSZ at 2+ Lsz — at + L54 + Lgs— T + L56 + L57 g + L58 —h + ]_,59 ™ -|- €en

di
V - Rflf + L61 d + L62 dlb + L63 dlC + L64 dld + L65 dle + L66 dlf + L67 lg + L68 dlh + L69 dt + efl’l
di
Ven = Reig + Lyy T2+ Ly T2 4 Lyg S8+ Lyy T84 Lys S+ Ly S+ Lyy S8+ Lyg S+ Ly T + e
di
Vi, = Ryip + L81 dla + Lsz Cllb + L83 dlc + L84 dld + LSS dle + L86 dif + L87 lg + L88 dlh + L99 dij + enn
di
Vin = Rjij + Loy C:;: + L92 dlb + Loz cjiltc + L94 dld + Los 0(111: + L% 2 + L97 lg + L98 dlh + L99 & + €in
From the assumption above all self and mutual inductance are equal
L11=L2o=L3ss=...=Lgg »  Self inductance
Lxy=Lyx for x#y were (x,y=1,2,3,4.....9) ———— Mutual inductance
Ra=Rv=Rc...... Ri=R > stator winding resistance

(3.1)

(32)

(33)

(34)

(35)

(3.6)

(3.7)

(3.8)

(3.9)
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And the machine stator windings are connected star symmetrical and balanced connection manner.

Therefore;
ia+ib+ic+id+ie+if+ig+ih+ii=0 (310)
Therefore, the phase a stator winding current can be given by:
ia=_ib_ic_id_ie_if_ig_ih_ii (311)
. di, dip,  dic , dig , die , dif , dig = diy , dj;
Van = Rala + Ly 2+ M(@R+ o+ 0+ 2+ I 24204 T ey, (3.12)

Using equation (3.11) the bracket in equation (3.12) became

die | dip | dig | diy | di
+dt+d +dt+ (3.13)

di, iy |, dic | dig
=—(—+ + + " it

dt dt ' dt = dt = dt
Therefore, the simplified equivalent circuit based on the assumptions above became as follows

(L-M1]

Y

Ea

Fig. 3.4 Simplified Equivalent circuit of phase-a for the nine-phase BLDC motor
Therefore, using equation (3.13) and substituting in equation (3.12) so we will get the most
simplified equation (3.14)

diy
T2+ €an (3.14)

Similarly using the same procedures as shown above from equation 3.10 to equation 3.14 above

Van = Raly + (L— M)

we can get all the simplified voltage equation for the rest of the stator phases. Therefore, the

simplified form of the voltage equation can be given as follows:

Van = Rl + (L= M) 2 + ey, (3.15)
Von = Ryl + (L — M) 2 + ey (3.16)
Ven = Rele + (L= M) S5 + e, (3.17)
Van = Ralg + (L — M) S8 + egy (3.18)
Vo = Reig + (L—M)Ze o (3.19)

dt
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dig

an = Rfif + (L - M) E + € (320)
. di

Vgn = Rgig + (L — M)d—tg + egn (3.21)

th = Rhih + (L - 1\/[)(;;i1 + €hn (322)
dij

Van = Riii + (L - M) + €in (323)

dt
Using the simplified equation (3.15) to (3.24) of the nine-phase BLDC motor the equivalent

circuit of the machine can be given by fig 3.4.

R (L-m) E
Rb (L-M) Ebn
A\
R (L-m) Ecn
C
—AAA 150 D
Rd (L-m) Edn
—AAA 21 ¢ D—
R (L-m) Een
e
—AAA— 9% D
—
RF (L-m) Efn
—AAA 999 D
R (L-m) Egn
g
—AAA Aty D
Rh (L-m) Ehn
Ri (L-M) Ein
A\

Fig. 3.5 simplified equivalent circuit of the nine-phase BLDC motor
3.3 Back-EMF Equation of Nine-phase BLDC Motor

BLDC motor acts as a generator when it rotates, creating voltage. the nine- phase produce nine-
voltages 40-degrees apart. the voltage generated by the motor is called Back Electro-Motive Force.
When BLDC motor rotates, according to the lens’s law, each winding generates back-
electromotive force. Which opposes the main voltage supplied to the windings. The polarity of
this back-EMF opposes the energizing voltage polarity. Here, under consideration for this thesis
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work concentrated stator winding nine-phase permanent magnet brushless DC motor is used for
sensorless control of the machine based on back-EMF zero-cross sequences from table algorithm.
As the rotor rotates, the wave form of the voltage induced in each phase with respect to time is an
exact replica of the air-gap flux-density wave form with respect to rotor position. But because of

the fringing effect on the wave from the back-EMF wave form takes on trapezoidal shape.

From faraday’s law term of voltage equation, we can get back-EMF of the machine due to the

permanent magnet flux-linkage in the phase winding which is given by equation;

dAyi
e(Dui =, (3.24)

where; e,; is the back-EMF in phase u; phase winding due to the permanent magnet in the rotor,
Ayi is the flux-linkage in phase u; due to the rotor permanent magnet and i various 1,2,3....,9. And

the expression of the flux-linkage (A,;) is given in equation (3.24a)

Ay [ cos(6,)

Az cos(0,—96)

Au3 cos(0,—28)

Aus cos(0,—38)

Aus|=1rN| B cos(0,—48) (3.24a)
Aue cos(0,—58)

Au7 cos(0, —68)

Aus cos(0,—78)

[ A0 [cos(6, — 86 )]

S0, by substitute equation (3.24a) in equation (3.24) the expression for nine phases back-EMF given by
equation (3.25)
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Where;

eus|=lrNw,, | B

sin( 6,.)
sin( 6, —9§)
sin(8, —26)
sin(6, —36)
sin( 6, — 46 )
sin(6, —56)
sin( 6, — 66 )
sin(6, —768)
[sin( 6, —86 )

0.. -is the rotor angel refers to the rotor flux,

2w

é -is the stator winding distribution angle (6 = > = 409),

N- number of turns per phase winding,
r- is the mean-radius of the air gap and

| - is the effective axial length of stator winding,

(3.25)

B- is the magnetic-flux density of the machine. For more simplified form let us put

k., = IrNB

Where, k., = is known as the back-EMF constant

therefore, the above equation came be written us follows: -

sin(6,)
[Cut] sin(0, — §)
guz sin( 0, — 25)
o sin(0, — 38)
u4 .
eus | = koo, | B[SIN(Br —48) (3.25a)
€us sin(0, — 56)
€u7 sin(0, — 66)
€us sin(8, —78)
“Cuo- sin(0, — 85)]
Where;
0,-is the rotor angel referred to the rotor flux,
Ke-is the back-EMF constant of the motor
B-is magnetic flux density
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The back-EMF are displaced by 40 electrical degrees from one phase to another, and the above equation
(3.25a) can be put more simplifies form as shown below;

ea = kewm[f(0,)]

ep = kewp[f(8e — 8]

ec = Kewp[f(0, — 26)]

ed = Kep[f(8e — 38)]

ee = Kewp [f(8, — 48)] (3.25b)
er = Kewm[f(6e — 58)]

eg = kewp [f(8e — 68)]

en = Kew [f(B — 78)]

€ = kemm[f(ee — 88)]

Where;

w,,-mechanical rotor speed [rad/sec]

Ke — back-EMF constant [v/rad.s™]

f(6,)- trapezoidal function
6,- electrical angle of the rotor
f(6.) = Asin(6,) , where f(6,) is trapezoidal ac signal

3.4 Torque Equation

Once we got the back-EMF and the stator phase current then, we can calculate the torque
developed by the machine. During any 40° intervals, the instantaneous power being converted
from electrical to mechanical is the sum of the contribution from eight phases in series and is given
by;
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pr = @nle (3.24)
Where;
pr - Total power output,

T, - Total output torque

Therefore, the electromagnetic torque produced by the nine phase BLDC motor can be expressed as;

T. = emui lu1 Yemu2 luz +emus luztemua lua+emus lus+emus lue+emuziuz +emus tug +€muo tuo (3 25)
e - .
Wm

Equation can also rewrite as in equation below such as (3.25-a)
1 «j )
T, = w_zg(=a(exnlx) (3.25-a)
m

And also the back-EMF can be replaced by the derivatives of the flux produced in the motor and

equation (3.25-a) can be rewritten follows in equation (3.25-b)
Te = Tha(CEix) (3:25-b)
where:
Te =internal motor torque (no mechanical losses)
o, 6= rotor speed, rotor position
X =phase index, it stands for a, b, ¢, d, e, f, g, h, i
.= magnetic flux of phase winding x

It is important to understand how the Back-EMF can be sensed and how the motor behavior
depends on the alignment of the Back-EMF to commutation events. This is explained in the next
chapter. And from the equation of motion a simple system with moment of inertia J, friction force
B and load torque T, the electromagnetic torque produced counter balanced by load torque,

inertia torque and friction torque is given by equation (3.26);

T, =] =™+ Bwy + T, (3.26)

Where;
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J — Inertia of the rotor and coupled shaft [kg.m?]
B — Friction constant [Nm.rad™]
T; — Load torque [Nm]

w,,, - Mechanical rotor speed [rad.sec™]

The electrical rotor angle is equal to the mechanical rotor angle multiplied by the number of pole

pairs which is given by;

0, = gem (3.27)

And the mechanical rotor speed (w,,) can be found using (12a)

do,

W = dt

(3.28)

Where; 6,,, is mechanical rotor angle [rad.]
3.5 Open loop s-domain analysis of Nine-phase BLDC motor
Typically, the mathematical model of BLDC motor is totally no difference with the conventional
DC motor. The major thing addition is the phase involved which effects the overall result of the
BLDC motor model. The phases peculiarly affect the resistive and inductive of the BLDC motor
arrangement. For example, a simple arrangement with a symmetrical 9-hase and “wye” internal
connection could give the illustration of the whole phase concept. Consider one of the single phase
equivalent circuit of the nine-phase machine
(L-M)
"l 7o)

B
»

-«

Fig. 3.6 simplified single-phase equivalent circuit of the nine-phase BLDC motor
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The basic component of each of the nine-phase windings are armature resistance R, winding
inductance L, mutual inductance M and the back-electromotive force(back-EMF). Using

Kirchhoff’s voltage low (KVL) in the above equivalent circuit the following equation obtained.
Vin=Rgig+ (L-M)% + ey, (3.29)
From the above equation (3.39) we can calculate the back-EMF
ean = ~Raiq ~ (LM + Van (3.30)
Where;
V., =The stator phase winding voltage
i, = stator phase winding current

eqn = back-EMF produced in the phase a winding

Similarly, considering the mechanical properties of the motor, from the Newton’s second law of
motion, the mechanical properties relative to the torque of the system arrangement would be the
product of the inertia load, J and the rate of angular velocity w,, is equal to the sum of all torques;

these follow with equation 3.31 and 3.32 accordingly;

Jon =y, (331)
T =] %™+ Bwy, + Ty (3.32)
Where,
T, =The electrical torque produced by the motor
J = The moment of inertia of the motor

B = air gap friction constant

w,, = angular speed of the motor
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T, = The supposed load torque applied

Where, the back-EMF produced in each stator winding phase is directly proportional with the rotor

speed and it can be written as follows;
ean = Kem (3.33)
Where, k. is the back-EMF constant which is the function of the motor PM flux linkage (4,,,)

And also, the electrical torque produced is also a direct relation with the stator phase current

applied and given by the following relation;
T, = ki, (3.34)
Where, k, is the torque constant which is dependent on the mass of the shaft and the radius.

Therefore, re-writing equations (3.29) and (3.30) then equations (3.35) and (3.36)

dia . Rg ke 1

ac e e @m T Van (3:35)
dom _ ;. ke | B 1

=gt on 5T, (3.36)

Using Laplace transfer to evaluate equations (3.35) and (3.36), the following are obtained

approximately (all initial conditions are all assumed to be zero)

From equation (3.35)

dia . Ry ke 1
L{E} = L{—lq (L-M) (L-M) W + (L_—M)Van} (3.37)
This implies;
L R,y _ ke 1
Sta = “la gy~ oy m t o fan (3.38)
Similarly, the Laplace transform of equation (3.36)
dwm .k B 1
L{% = L{i, Tt + 7wm + 7TL} (3.39)
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Swy, = ia%—%nm +}TL (3.40)

At no load (for T, = 0), equation (3.40) becomes;

Sw, = iaﬁ—gwm (3.41)
J I
From equation (3.41) the stator-phase current (i,) cn be found, then we obtained equation (3.42)
. Swm+?wm
lg = T (3.42)
7
Then, substitute equation (3.42) in equation (3.40)
Sw +Ew k
mogm Rq _ _~ke 1
7 (s+ 25%5) = Tt om + goap Van (3.43)
After, some simplification (3.42) finally resolved equation (3.43)
2J(L—M)+sB(L—M)+SRJ+BRg+kck
Van = (2 LD ) wm (3.44)

The transfer function G(s) is therefore, obtained as follows using the ratio of and the angular velocity, w,,

to the voltage source V,, .

That is,

ke
s2J(L—M)+sB(L—M)+SRJ+BRg+kck;

G(s) = ‘;—m = (3.45)

Considering, the following assumptions;

1) The friction constant is very small (B = 0) tends to zero, that implies that
2) R, >» B(L— M) and
3) k.k: > R,B

And the negligible values zeroed, the transfer function is finally written as;

kt
S2J(L—M)+sR]+kok¢

G(s) = ;’—: = (3.46)
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So, by re-arrangement and mathematical manipulation on “J(L-M)”, by multiplying top and
bottom of the equation (3.46)

Equation (4.19) is obtained after the manipulation;

wWm 1/k¢

G(s)=—"= (3.47)
% JRq (L-M) > JRa )
an kektx Ra S +kekts+1

From equation (3.47) the following constants are gotten,

The mechanical time constant (T,,) which is given by;

Ra
T = If—kt (3.48)

The electrical time constant (T,) which is given by;

7, = &M (3.49)

e Rq

Substituting, equations (3.48) and (3.49) in equation (3.47), it yields;

G(S) — Ym _ 1/ke
Van  TmTeS2+Tm,s+1

(3.50)

Similarly, each winding phases of the nine phase windings of the BLDC motor will have similar

equations, and the total torque and speed is a contribution of each phases.

However, the thesis is sensorless control of the motor each time eight-phase is contributed as it is
discussed the previous chapter based on the back-EMF wave sensorless control the model of the

BLDC motor also various as follows;

The whole phases (the nine) will affect primarily the mechanical and electrical time constants as

they are important part of modeling parameters. Based on the assumption below,

e All the stator windings of the nine phases of BLDC motor is constant and equal which is

represented by (R)
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e All the difference inductance (L-M) in each phase of the nine phase windings are all equal
and represented by ¢.
For the mechanical time constant (with symmetrical star stator winding arrangement), equation
(3.49) becomes;

T =S (3.51)

Where, k., k; and ] are constant and t,, (the mechanical time constant) is dependent only the

sum of the active phase winding

T = ke]ktZR (3.52)

Similarly, the electrical time constant also (z,) is given by the sum of all phases ratio of the IE

which is given by;

Te =31 (3.53)

The electrical time constant is also depending on the sum of all the phase resistor and the single

phase inductance of the stator winding. Therefore, 7, becomes as follows;
Te = o= (3.54)

Therefore, since for asymmetrical arrangement and nine phase BLDC motor, the mechanical and
electrical constants for sensorless control using back-EMF becomes can be calculated as follows,
since for sensorless control from the previous chapter that only eight phases uses at each time of
commutation. Therefore, the mechanical and the electrical time constant of the machine can be
modified as follows;

First the mechanical time constant (z,,,) equation (3.47) for nine phase machine becomes

_ 9RJ
M keke

(3.55)

Similarly, the electrical time constant, 7, (3.54) becomes given by as follows;
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T, = — (3.56)

9R

Considering the phase effects,

9R]
Tm = ke(L—L)k (3.57)
Vo 't

Where, k.- is the line to line phase back-EMF constant

Equation (3.50) now becomes

_ R
m= (3.58)
Where, K, is the phase values of the EMF (voltage) constants;
_ keq-1)
K, =—= (3.59)

NG

And, also there is relationship between K, and k;; by equating the electrical power and

mechanical power the following equation can be extracted;

VO X epn X Iy = 2 X wy X T, (3.60)
Where;
e,n = Back-EMF voltage produced in each phase

I, =the stator phase current
i—’; = commutation sequence of the nine-phase inverter

w,, = rotor angular speed
T, = torque produced

Simplify the equation above,

epn _ Te _ 2mx1

wm I, 40xv9

(3.61)
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But, ey, = K.w,, and T, = k.I,, substitute these two equations on the above equation (3.61) and

after some cancelation the result will be

2TX1

Ke = kt X m (362)
Therefore, K, becomes after evaluating equation (3.62)
K, =k, x 0.0523 (3.63)

V.sec

K, = [—] the electrical Back-EMF constant
rad

ke = [NTm] the electrical torque constant

The equation for the nine-phase BLDC motor can now be obtained as follow from the equation

(3.22) by considering the effects of the constants and the phase accordingly,
G(s) =2m = L/Ke (3.64)

an TmTeS2+T,ms+1

After now, we can use the parameters of the machine. The parameters used in the modeling are

extracted from the “the datasheet” of the motor with corresponding relevant parameters used.

Table 3.1 the nine phase BLDC motor parameters

Motor parameters Values
Per phase resistance (R) 0.7 ohm
Per phase inductance (L) 0.52mH
Per mutual inductance (M) 0.21mh
Factious constant (B) 0.0005Nm/rad/sec
Moment of inertia (J) 0.00025 kgm?
Number of poles(P) 2
Back-EMF constant (Ke) 0.0175 V.rad/sec
Torque constant (Kt) 1.2 Nm/A
DC-bus voltage(Vdc) 300V
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Based on the given parameter, in the table 3.1 and substituting and evaluating of the transfer

function of the motor will yields;

From the equation (3.64)

The stator phase voltage (i/p) : rotor speed (0/p)
| Nine-phase R
Von BLDC motor W,
66) = = tonori (269

So that, the valve of all the coefficients of the nominator and the dominators hast be find first,

From equation (3.36) the back-EMF constant (K,) using the table value of torque constant (k;)

becomes;

K, = k, x 0.0523 = 1.2 x 0.0523 = 0.0628 V.rad/sec

And, similarly the time constants can also find using the tabulated data and equations (3.29) and

(3.58) as follows; First using (3.56) for torque time constant (z,) 1, = #

Where, [ is the difference between the self-inductance phase winding (L) and mutual inductance
(M). therefore,

l =L - M =0.00052H-0.00021H=0.00031H=0.31mH

Then, t,can now be calculate as follows;

_ 0.00031H

= —492x10°5
9 x0.7Q 9 0

Te

And, the mechanical time constant (z,,,) can also calculate using equation (3.58)

;= ORI _ 9X0.7x0.00025kgm/s
m Kok 0.0628x1.2

=0.0251
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Therefore, substituting all the given parameters and evaluated parameters (K., ,, and t,) in

equation (3.64) the transfer function, G(s) of the motor can be calculated as follows;

1 1
Von® TmTeS?+Tps+1  0.0251 X 4.92 X 1075 xs2 +0.0251 X s +1

Therefore, the open loop transfer function G(s)) of the Nine-phase BLDC motor using s-domain

is obtained

G(s) = ®m(s) _ 15.9236 (3.64)

Vpn(s)  1.235X1076xs2+0.0251xs+1

The next chapter, talks about nine-phase BLDC sensorless motor modeling of the motor and closed

loop PI speed control design of the motor is discussed.
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CHAPTER 4

SENSORLESS CONTROL OF NINE-PHASE BLDC MOTOR USING
BACK-EMF

4.1 The general overview of sensorless control of nine-phase BLDC motor
using back-EMF method

The overall system configuration of the nine phase BLDCM sensorless control using back EMF
drive is shown in Figure 4.1 The commutation logic controlled inverter and sensorless position
detection based on back-EMF are used. In this thesis, a concentrated stator winding nine-phase
BLDC motor operates eight phases on mode is used. Eight phases which produces maximum
torque are exited leaving the reaming three phase open, therefore the back-EMF in open phases is
sensed to determine the switching sequence of the inverter. The nine-phase machine is fed by nine-
phase invertors as shown in the figure 4.8. stator phases of the machine are operated by means of
electronic eighteen-step commutation system.
The overall sensorless control of nine phases BLDC motor using Back-EMF consists of the
following basic blocks

e Nine-phase motor mathematical model (voltage equation) block

e Nine-phase Voltage source inverter block

e Back-EMF zero crossing detection block

e commutation logic block
The shape of the back-EMF wave form distinguishes the concentrated stator winding BLDC motor
from the conventional PMSM (i.e. the conventional PMSM has a sinusoidal back-EMF wave
form). The nine-phase BLDC motor has a permanent magnet rotor and stator windings are wound
in such a way that the back-electromotive force trapezoidal waveform. Therefore, no particular
advantage in transforming the machine equation into well-known two axis rotating frame
equations. Which are done in case of machines with sinusoidal back-EMF [15]. Here in order to
control the machine we should have to know the rotor position to produces the desired torque and
speed. Here, under consideration for this thesis work concentrated stator winding nine-phase

permanent magnet synchronous motor is used for sensorless control using back-EMF of the
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machine. As the rotor rotates, the wave form of the voltage induced (i.e. back-EMF) in each phase
with respect to time is an exact replica of the air-gap flux-density wave form with respect to rotor
position. But because of the fringing effect on the wave from the back-EMF waveform takes on
trapezoidal shape.

) varn Wars [0 - -
DCWOLTAGE —_— ' S—
SOURSE [(DC- BLIS) Wi Wi
| S -
Ven Ven T 1 -
- B
Wl
| | | wdn
Ven +—e | Wen .fp -
Wi
| " | win
vEn - NN (N S S —
vign e, | -
v T 1111 -
Wi
i | - . 4o & 4 o 4 o | -
LE] Vi =
Win

Nine phases (eighteen

i Invert
step) Inverter Nine-phase BLDC

Alotor AModel

H . r T W oy ¥V oy W W
Eighteen-step Back-EMF

commutation e ————— Measurement and
=

Logic generator Back-EMF ZCD

Fig. 4.1 Overall sensorless control of BLDC motor block diagram

The Back-EMF zero crossing detection enables position recognition. The rectangular, easy to create,
shape of applied voltage ensures the simplicity of control and drive. But the rotor position must be
known at certain angles in order to align the applied voltage with the back-EMF. The alignment
between back-EMF and commutation events is very important. In this condition the motor behaves
as a DC motor and runs at the best working point.

In BLDC motor control theory, the stator’s flux should be 90 electrical degrees ahead of the rotor’s
flux for maximum torque generation. As a consequence, for maximum torque, the phase current

needs to be in phase with the phase back-EMF voltage. For the 9-phase BLDC motors considered,
the phases are shifted 2?” =40° from each other, so a convenient method for having a rotating rotor

flux in the stator is the eighteen-step commutation scheme previously described, commutating

each of the nine-phase voltages 20 electrical degrees.
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The sequence of distribution of the gate signals to the nine phases VSI depends on the rotor
position and rotor speed feedback from BLDC motor. The position of the rotor is estimated in

sensorless back-EMF method using the zero-cross detection and the point which the back-EMF
cross zero or the sequence is used to trigger the switches as the timer for during every (i—: =209
electrical degrees. Therefore, according to the rotor position pulses to 18 switches, driving the nine
phases BLDC motor will be developed using back-EMF wave form sequences. Therefore,

equation for back-EMF from chapter 3 is given in equation (3.24) and rewritten here in equation
4.1)

sin( 6,.)
[Emut] sin(6, — )
gmuz sin( 0, — 28 )
mu3 .

Cmua sin(8, —34)

emus | = Koy, sin(6, —46) (4.1)
emus sin(6, —56)

€mu7 Sil’l( 9,« - 65)

Emus sin( 6, — 76)

-emuo- [sin( 6, — 85 )

The back-EMF are displaced by 40° electrical degrees from one phase to another, and the above
equation (3.24) can be put more simplifies form as shown below;
e, = ke [f(6,)]

ep = Key [f(0 — 8)]

ec = Kewp[f(0, — 28)]

eq = Kewp [f(0, — 38)]

e = kewy[f(0, — 48)] (4.1b)
er = Kewp, [f(0, — 58)]

eg = Kewp [f(0, — 68)]

ep = Kewy [f(0 — 78)]

e; = kew,[f(0, — 88)]
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Where;
w,-mechanical rotor speed [rad/sec]
Ke — back-EMF constant [v/rad.s™]
f(0.)-trapezoidal function

0.-electrical angle of the rotor
& — displaced or lag angle= %“ = 40°

In this type of machine in order to develop the maximum torque the back-EMF and current in each

phase must be in phase.

4.2 Nine-phase BLDC motor control using back-EMF

The performance and reliability of BLDC motor drivers have been improved because the
conventional control and sensing techniques have been improved through sensorless technology.
In this thesis sensorless control of nine-phase BLDC motor based on Back-EMF method is used
in order to control the machine for maximum resultant torque. These types of motor had advantage
to use sensorless control of the rotor position because the motor has trapezoidal back-EMF wave
form. For maximum toque output out of the nine-phase stator winding machine eight of the nine
phases are conducted and one is an exited. This is because of maximum toque can be achieved

when the stator electromagnetic (EM) force is perpendicular to the rotor permanent magnet.

__~ Stator winding

Rotor

Stator

Air-gap

Fig. 4.2 2-pole nine-phase dual stator winding BLDC motor
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The sequence of taking the current from one phase to another phase is called commutation
sequence. In case of nine phases motor back-EMF control for maximum torque control, the
commutation is based on the back-EMF waveform of the motor is based on the following steps:

1. If positive current in a particular stator winding (a, b, c ... i) that commutation interval
results appositive torque, then leave it without doing nothing.

2. If positive current in a particular nine phase stator winding (a,b,c...i) that
commutation interval results a negative torque, then flip the current over (change the
polarity) for a particular commutation interval.

3. If positive current in a particular nine phase stator winding (a,b,c...i) that
commutation interval results a transition of torque (torque from high to low or low to
high) then turn off the applied current though that winding in that particular
commutation interval.

The above rule is based on the back-EMF of the motor and for maximum torque generation. And
we can see the commutation sequence from the motor back-EMF wave form sequence and then
we can develop a truth table (Table 4.1) for the eighteen steps commutation sequence by looking
the back-EMF wave sequence and the current of each phase.
After we apply the above rule the resultant electrical torque output the machine, is given by: -

Te =Ta+ Tb+ Tc+ Td + Te + Tf + Tg + Th + Ti 4.2)
The figure 4.2(a, b, and c) below shows the sequential rotor position of the three (A, B, and C

phases) phases out of nine phases. For the rest of the phases similarly we can show likewise.

Stator winding

Rotor
Stator

Air-gap

Fig. 4.2 (a) Nine-phase BLDC motor when the rotor PM reached phase A stator winding
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Stator winding
/ 2

Air-gap

Fig. 4.2 (b) Nine-phase BLDC motor when the rotor PM reached phase B stator winding

o Stator winding

Sator

ARr-gap

Fig. 4.2 (c) Nine-phase BLDC motor when the rotor PM reached phase C stator winding
From, the above principle of rotation the back-EMF produced in the stator winding shown in the
figure 4.4 the graph plotted below is for one complete cycle (rotation) of the motor for 360° the
horizontal axis represents the position of the rotor and the vertical axis represent the back-EMF

produced in the nine-phase stator winding.

4.3 Sensorless control of nine-phase BLDC motor Using back-EMF ZCD

Based the operating modes of this BLDC motor principle the sensorless control of the motor can
be 160° conduction mode in this case the effects of stator winding are negligible and the back-
EMF produced in each winding phase angle difference between each phase is 40° depending on
the winding arrangement of the motor. In ideal cases, this happens on zero-crossing of back EMF,

when the rotor moves, the Back-EMF is acquired so the position is known and back-EMF zero
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crossing can be used to calculate the position of the rotor and processing of the commutation in
the Running state. Therefore, for every instance of commutation out of nine phases 8 phases are
conduct and one phases remains unpowered. maximum torque generation for trapezoidal n-phase
motor n-1 phases is conducted and reaming one phase is unexcited or unpowered. Each semi

converter device in the nine-phase inverter drive conduct for duration of 160° electrical angle.

Here the fig.4.4 is the nine-phase permanent magnet BLDC motor induced voltage (Back-EMF),
fig 4.5 show as the nine phase voltage waveform. And also, figure 4.5 shows the waveform of
BEMF and the stator phase current for one complete cycle (360°). and also the tables below show
that, detection of the rotor position according to the waveform of the machine and the stator phase
voltage in each sequence. The figure 4.3 blow shows that the schematic stator phase winding

arrangement of the nine-phase BLDC motor and the angle between each phases is 40°.

D C
2n/9
29 B
2n/9 5 J_
2, =
E 2 = \\‘\ 29
wr
2o NEEE——— A

Fig. 4.3 Nine-phase stator winding equivalent schematic diagram
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Based on the distribution of the winding and each phase windings separated by 2?” = 40°, the back-

EMF produced in the nine-phase stator phase wave form for one complete cycle is given as

following figure below and the each phase back-EMF exactly 40°.

Phase-Back-EMME(E)

Phase-voltage (W)

Ean \ .

Wamn \

Ebn o

Whn

Ecn

Won

Edn o

Wdn

Een

Y

Wen \._

1]
7~

Efn

Win \I

Egmn -
WEN
Ehn -
“Whn
Ein \
Win w

L o L, =a xa s 110 130 150 170 190 210 230 IIO0 zZyo I=0 310 330 T

Fig. 4.6 Back-EMF and phase current wave form of the nine-phase BLDC motor [2]
And the following table shows the whole position detection of the rotor based on the back-EMF
zero crossing point and the polarity of phase currents based on the back-EMF produced in stator
winding. Based on the back-EMF graph figure 4.6 above the following tabulated summarization

was developed.
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Table 4.1 Summarized sensorless rotor position detections and states of the nine-phase VSI
switches based on back-EMF

Back-EMF back-EMF waveform phases or polarities for the Rotor angle conducting
Zero-crossing 110° elec.dgrees rotation position in Ele. switches of
occur in Phase degrees nine-phase VSI

€, €p | €c | €q | €. | €f | €4 en | €;
A 0 10 -1 -1 -1 |+ 41| 41| +1 -100-10° Su1, Si3, Sis, S17,
S4, Se, S10, S12
F +1 | -1 |-1]-1]-1|0 +1 | +1 | +1 10°-30° S1, S13, S15, S,
S4, Se, Ss, S10
B +1 O |-1|-1]-1|-1]|+1]+1 ] +1 30°-50° S1, S13, S15, Sz,
Se, S8 S10, S12,
G +1 | +1|-1!-1|-1]| -1 0 +1 | +1 500-70° S1, S3, Sis, S17,
Se, Ss, S10, S12
C +1 | +1 0 -1 -1 -1 -1 +1 | +1 70°-90° S1, Sz, S1s5, S17,
Ss, S10, S12, S14
H +1 | +1 | +1 | -1 -1 -1 -1 0 +1 90°-110° S1, Sz, Ss, S17,
Ss, S10, S12, S14
D +1 | +1 |+1| O 101 -1 -1 +1 110°-130° S1, Ss, Ss, S17,
S10, S12, S14, S16
I +1 | +1 | +1 | +1|-1|-1|-1|-1]0 130°-150° S1, Ss, Ss, S7,
S10, S12, S14, S16
E +1 | +1 | +1(+1 | 0 | -1 |-1|-1]-1 150°-170° S1, Ss, Ss, S7,
S12, S14, S16, S18
A O |+1 |(+1|+1 | +1|-1|-1|-1]-1 170°-190° Ss, Ss, S7, S,
S12, S14, S16, S18
F -1 +1 [ +1 | 41 | +1 0 -1 1] -1 190°-210° Ss, Ss, S7, So,
S2, S14, S16, S18
B -1 0 +1 +1 | +1 [ +1 | -1 -1 -1 210°-230° Ss, Sz, Sg, Su1,
S2, S14, S16, S8
G -1 -1 +1 +1 | +1 +1 0 -1 -1 230°%-250° Ss, Sz, Sg, Su1,
S2, Sa4, Sis, Sis
C -1 -1 |0 +1 | +1 | +1 | +1 -1 -1 250°-270° S7, So, Su1, Sis,
S2, Sa4, Sis, Sis
H -1 1 (-1 | +1 |41 | 41 | +1 0 -1 270°-290° S7, S, S11, S13,
S2, Sa, Se, S18
D -1 -1 -1 0O |+1 | +1 | +1 |[+1 |1 290°-310° So, S11, S13, Sis,
S2, Sa, Se, S18
| -1 1|1 -1 [ +1 | +1 | +1 | +1 0 310°-330° So, S11, S13, Sis,
S2, S4, Se, Ss
E -1 -1 -1 -1 1|0 +1 | +1 | 41 | +1 330°-350° Su1, Si3, Sis, S17,
S2, S4, Se, Ss
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Therefore, using back-EMF zero crossing point and the polarity we can control the position of

the motor easily and also the switching sequence of the nine-phase VSI based on the position of

the rotor extracted from the back-EMF generated inside the stator winding. From the table the

polarities of the current indicate that which switches should be turn on which are not and the

polarity of the phase sequence helps which switch the top or the lower leg switch turned on. If the

polarity is negative with that period, the lower leg of the particular phase is turned on similarly if

the polarity is positive the upper leg of that phase is on for that particular period. Using the back-

EMF waveform for one complete cycle (360°), the terminal voltage of the nine-phase inverter for

the eighteen-step commutation sequences for an interval of 20° period summarized in the following

table 4.2. Phase current polarities for the first 180° elec. degrees based on the back-EMF waveform

also given in the table.

Table 4.2 Nine phases terminal voltage according to 160° operating mode for the half cycle

The nine-phase stator
Steps | Switching interval Phase voltage w.r.t neutral point N during each state
Electrical degree
Van Vbn Vcn Vdn Ven an Vgn th Vin
1 3500-10° 0 —Vdc | —Vdc | —=Vdc | —Vdc | +Vdc | +Vdc | +Vdc| +Vdc
2 2 2 2 2 2 2 2
2 10°-30° +Vdc | =Vdc | =Vdc | —Vdc | —Vdc 0 +Vdc | +Vdc| +Vdc
2 2 2 2 2 2 2 2
3 30°-50° +Vdc 0 —Vdc | =Vdc | =Vdc | Vdc | +Vdc | +Vdc| +Vdc
2 2 2 2 2 2 2 2
4 500-70° +Vdc | +Vdc | —Vdc | =Vdc | —Vdc | —Vdc 0 +Vdc| +Vdc
2 2 2 2 2 2 2 2
5 700-90° +Vdc | +Vdc 0 —Vdc | —Vdc | —Vdc | —Vdc | +Vdc| +Vdc
2 2 2 2 2 2 2 2
6 900-110° +Vdc | +Vdc | +Vdc | =Vdc | —Vdc | —Vdc | —Vdc 0 +Vdc
2 2 2 2 2 2 2 2
7 1100-130° +Vdc | +Vdc | +Vdc 0 —Vdc | —Vdc | —Vdc | —Vdc| +Vdc
2 2 2 2 2 2 2 2
8 130°-150° +Vdc | +Vdc | +Vdc | +Vdc | —=Vdc | —Vdc | —=Vdc | —=Vdc| 0
2 2 2 2 2 2 2 2
9 1500-170° +Vdc | +Vdc | +Vdc | +Vdc 0 —Vdc | —Vdc | —Vdc| —Vdc
2 2 2 2 2 2 2 2
10 170°-190° 0 +Vdc | +Vdc | +Vdc | +Vdc | —Vdc | —Vdc | —=Vdc| —Vdc
2 2 2 2 2 2 2 2
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Based on the back-EMF and current waveforms for one complete revolution of the motor the following
tables are developed. Based on the above truth table a block diagram is designed to generate
appropriate commutation signal which will be simulate and verify using MATLAB/Simulink in
chapter 5. Based on the truth table a MATLAB function y=emfE (u) developed code to generate

the eighteen pulse commutation logic Appendix-B.

4.3.1 Torque Equation

Based on the operating system of the motor and the sensorless control of the motor summarized in
the table 4.5 above we can have developed the torque equation for the motor for each commutation
sequence as we see from the table at each periods of the commutation the polarity of the back-
EMF and phase currents are the same in order to get maximum torque. From the previous chapter

3 the electrical torque developed by the motor can be given as follows:

Once we got the back-EMF and the stator phase current then, we can calculate the torque
developed by the machine. During any 40° intervals, the instantaneous power being converted

from electrical to mechanical is the sum of the contribution from eight phases in series and is given

by;

pr = Wy T, 4.3)
And electrical power produced by the motor in each phase also given by (4.3a)
Pr = epnlp (4.33)
And the total electrical power produced
Pr = Yi=a Canlx (4.3b)

Where;
pr - Total power output,

T, - Total output torque

epn - Phase back-EMF
i,- phase current

x=any phases (a, b, c, d, e, f, g, h, i)

Therefore, the electromagnetic torque produced by the nine phase BLDC motor can be expressed as;
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Using the above equation and by equating 4.3 and 4.3b following electrical torque equation can be derived.

eanla tepnibtecnictednid+een ie+efn if+egnig+ehnih +ein i

T, = (4.4)
Wm

Using sensorless control of the motor we don’t have the speed of the motor at the beginning

therefore, we have to cancel out the rotor speed in equation above. Where, e is back-EMF in

each-winding phase due to the rotation of the rotor given as follows:
exn = INrBwy, (4.5)

N- number of turns per phase winding,

r- is the mean-radius of the air gap and

| - is the effective axial length of stator winding,

B- is the magnetic-flux density of the machine. For more simplified form let us put

X= any phase

k. = IrNB (4.6)

Where, k., = is known as the back-EMF constant
Therefore, the electrical torque given in equation 4.3 can be express by substituting the back-

EMF equation given in equation 4.5 and after cancelation of rotor speed ( w,, ) torque equation

become

T, = g(lNrBia + INTBij, + INTBi; + INTBiy + INTBi, + INTBif + INTBij + INTBi, +

INTBi; ) 4.7

Where, [, N, r,p,and B all are constant and,
i.e. T, = ktip (4.8)

N- number of turns per phase winding,

r- is the mean-radius of the air gap and

| - is the effective axial length of stator winding,

B- is the magnetic-flux density of the machine.

For more simplified form substituting of equation 4.8 in to equation 4.7 becomes,

T, = Kilg + Kilp + Kele + Kilg + Kele + Kelp + Kelg + Kl + Kel (4.9
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Now, the torque produced by the motor in every commutation sequence can be calculated using equation
(4.6), from the table 4.5 we can see that each switching periods eight phases conducts and one phase is

not or not energized. now let us see the torque produced for some commutation sequences,

Sequence-1 (0°-10°) all phases are contributing torque except phase-a therefor, the torque produced by

the motor given as follows. i.e. i, =0,
T, = Keip + Keic + Keig + Keio + Keip + Keig + Kelp + Kl (4.10)
All the conducting phases produces equal current (i,,) and the torque constant also constant everywhere,
Therefore, the resultant torque produced equation (4.7) can be simplified
T, = 8K,i, (4.10)

Sequence-2 (10°-30? all phases are contributing torque except phase-f therefor, the torque produced by

the motor given as follows. i.e. iy =0,
T, = Kpig + Kl + Keie + Keig + Ko + Kpig + Keip + Kl (4.11)
Similarly, sequence-1 torque produced in this period is contributions of 8 phases,
T, = 8K,i, (4.11a)

Sequence-3 (30°-50°) all phases are contributing torque except phase-b therefor, the torque produced by

the motor given as follows. i.e. i, =0,
T, = 8K,i,, (4.12a)

Similarly, the torque produced for the rest of the sequence can be done and by doing that using back-
EMF sensing and controlling the nine-phase VSI maximum constant torque can be achieved. And each
time of commutation eight phases out of nine is used and the total torque amplitude produced is eight

times the torque produced by each phase.
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Te(Nm) 4

8k, i,

0° 0,
Fig. 4.7 resultant electrical torque produced for 20° commutation

4.4 Nine-phase Inverter design for nine-phase BLDC motor

The power electronic convertor coverts DC supply to AC output is called inverter. Nowadays using
this power electronic convertor, we can get more than three phase electrical supply. The nine-
phase BLDC motor need an electronic inverter to control the rotation of the motor and to
commutate the stator current one winding phase to the other phase winding. Depending on the type
of DC source supplying the inverter; it can be classified as voltage source inverters (VSI) and
current source inverters (CSI). The DC source is usually rectified from the three-phase AC-input
power. There is a DC link connected between the rectifier and the inverter. A capacitive-output
DC link is used for a VSI and an inductive output link is employed in CSI. The circuit diagram for
a two-level nine-phase voltage source inverter for power applications is shown in figure 4.8.

Here in this thesis nine-phase inverter is used for the nine-phase BLDC motor. The inverter has
DC power supply (usually from rectifiers) and 18 electrical switches and each switch is conducting
for 160 electrical degrees for sensorless control. Each switches are conducting seat has the eight-
cycles and each cycle has 20 electrical degrees and at each cycle a commutation is takes place.
Commutation means switching current from one conducting stage to another not conducting stage.
The switches are controlled by eighteen-pulse logic gate generator according to the rotor position.
The rotor position information is crucial for controlling the machine. If we have the rotor position
information we can do proper commutation for controlling the machine. Here is schematic diagram
of nine-phase inverter switches. In the figure 4.8; V4. represent DC source the numbers (1, 2, 3,
4...9) indicates the nine phase winding of the motor and (S1, Sz, Ss.... S18) represents the eighteen
semi-inverter switches to control inverter outputs. For operation of nine-phase BLDC motor, the
phase current and back-EMF should be aligned to generate constant torque. The commutation
sequence point here in this thesis can be detected using sensorless method based on back-EMF

waveform sequence. And a 20° phase shift, using 18-step commutation scheme through a nine-
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phase inverter for driving the nine-phase BLDC motor. And the conducting interval for each phase
is 1600 electrical angle. Therefore, only eight phases are conducting current at any time, leaving
reaming last phase floating or unexcited. In order to produce maximum torque, the inverter should
be commutated every 20° by detecting zero crossing of the back-EMF on the floating phase coil
of the motor, so that current is in phase with the back-EMF waveform. The terminal voltage of the
floating phase is directly proportional to the back-EMF. The ZCP can be detected by comparing

terminal voltage of floating phase with the half of DC link voltage or the virtual neutral voltage.
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Fig. 4.8 schematic diagram of Nine-phase VSI’s for nine-phase BLDC motor

The switching sequences of the eighteen-step inverter is based on the back-EMF waveform is
determined from the truth table of the back-EMF waveforms. During each commutation sequence

(i—z = 20) the back-EMF wave-form is detected and the sequence leads us to determine which

switches are ON and which switches are turned OFF. Therefore, from the back-EMF waveform
we can get the switching sequence and the eighteen step sequences are given to the nine-phase
inverter and the inverter supply the appropriate signal (input voltage) to the nine-phase stator

winding of the machine for maximum torque operation.

A basic nine-phase VSI is an eighteen-step bridge inverter, consisting of eighteen power

electronics switches. Each switch in the circuit consists of two power semiconductor devices,
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connected in anti-parallel. One of these is a fully controllable semiconductor, such as a IGBT,
while the second one is a diode. A step can be defined as the change in firing from one switch to

the next switch in proper sequence. For a eighteen-step inverter each step (commutation sequence)
(i—: = 20°) intervals for one cycle of 360°. That means the switches would be gated at regular

intervals of 20° in proper sequence to get a nine-phase AC output voltage at the output terminal
of VSI. The eighteen switches are divided into two groups; upper nine switches as positive group
(i.e. S1, Ss, Ss, S7, Se, S11, S13, S15, S17) and lower five as negative group of switches (i.e. Sz, Sa,
Se, S8, S10, S12, S14, S16, S18). There are two conductions mode to the switches the nine-phase
inverter switches for one complete cycle (360°) such as [28]:

1) 180° conduction mode and

2) 40° conduction mode.

4.4.1 Nine-phase 180° Degree Conduction Mode VSI

By referring to figure 4.2, each switch conducts for 160° of a cycle. Switch pair in each leg, i.e.
S1-S2; S3-S4; S5-Se; S7-Ss; So-S10; S11-S12; S13-S14; S15-S16; S17-S1s are turned on with a time interval
of 180°. It means that S1 conducts for 160° and off for 20° then, S, starts conduct and its state is
for the first 20° not conduct and for the next 160° conduct for the application of the inverter for

nine-phase BLDC motor.

In the eighteen-step 180° conduction mode of operation, eight switches are on at a time, four from
positive group and four from negative group or vice versa, each switch conducts for 160° of a cycle
and two switches of the same leg should be turned on simultaneously in both cases as this condition
would short circuit the DC source and in each period of 180° conduction two switches. The upper
and lower switches of only one leg of the nine-phase inverter is not conduct at each time in the
case of eighteen-step commutation of the BLDC motor.

4.4.2 Nine-phase 40° Degree Conduction Mode VSI
The nine-phase BLDC winding of motor is constructed with angle between each other is (2?" =

40°) using the lag-angle of the winding and using the switching of the this nine phase in order

to proper commutation. The power circuit diagram of this inverter is the same as shown in figure

Addis Ababa university,AAiT,SECE 57 MSc. Thesis by Abrham M.



|  Sensorless control of nine-phase BLDC motor using back-EMF

4.9 for the 40° mode VSI, each switch conducts for 40°° of a cycle. Like 180° mode, 40° mode

inverter also require eighteen-steps, each of i—g = 20" duration for completing one cycle of the

output AC voltage.
Upper-leg Switches of the nine-phase inverter
40 40 40 40 40° 40° 40 40°
s1(0) sl 53(407) 4.(55“;00: | S7(120°) || S9(160°) |S1L2007) Ly S13(240°) | ySIS(280°) ( S17(320°%)
180° 180° 180° 180° 180° 180° 180° 180° 180°
il L L ¥ ¥ ¥ ¥ ¥ Y
S180°) |_p| SHMZ207) |5 S6(260°) 1,f SB(300°7) |, siofsanf) | | S12020°) | f S14(60°) —» S16(100°) L, S18{140%)
40 40 40° 40 40 40° 40 40

Lower-leg Switches of the nine-phase inverter

Fig. 4.9 Nine-Phase 40° operating mode VSI

As shown in figure 4.2; in 40° mode conduction S conducts with Si, for 20° then S14 for the next
20° conducts with Sz conduct with Sy, for another first 20° and conduct with Sy for the next 20°,
like, wise every 20° the switching is takes place for all the rest of the switches of the nine-phase
inverters using this note and the above figure 4.2 conduction mode sequences of the switches
based on the period of sequence can be written as follows Si2 S1, S12 S3, Sz S14, S14 S5, Ss S16, S16
S7, S7 S1s, S18 So, So S2, S2 S11, S11 S4, Sa S13, S13 Se, S S15, S15 Ss, Sg S17and S17 Sy, this sequence is
also known as the eighteen-step computation sequence. In this conduction mode the chances of
short circuit of the DC link voltage source is avoided as each switch conduct for 40°in one cycle,
so there is an interval of 20° in each cycle when no switch is in conduction mode and the output

voltage at this time interval is zero.
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4.4.3 Nine-phase Inverter function modeling

For each commutation sequence using the back-EMF waveform sequences and the switching
sequence of the machine develop the nine-phase inverter phase output voltage. The output voltage
of the inverter to the stator windings of the machine can be modeled as follows as function of

switching sequence of the inverter and the DC-bus voltage shown as below using equation (4.13).

Yo S1Vge-SaVe) ™
Y5( S3Vae-S2Vac )
Y5( SsVac-SeVac )
Y( S7Vac-SsVac )
Yo( SoVac-S10Vac ) P (4.13)
Yo( S11Vae-S12Ve )
Yo( S13Vac-S1aVe )
Yo( S15Vac-S16Vc )
Yo( S17Vac-S18Ve ) )
Where, S, Sz, Ss.... S1g the state of the switches from the eighteen pulse commutation logic gates.

The nine-phase inverter works based on the eighteen-step sequence of the switches. The switch
sequence can be done based on the back-EMF zero crossing sequence using the truth table above
table 4.3.
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Fig. 4.10 Nine-phase inverter-function block-diagram (logical control of nine phase inverter)
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4.5 Eighteen-step Commutation logics for the machine

The operating status of the switches in the voltage source inverter in figure 4.8 can be represented
by switching states. Using table 4.1 and nine phase BLDC back-EMF waveform described above
the switching sequence of the inverter developed for 160° conduction mode in Table 4.1, switching
state ‘1’ denotes that the ON state switch and 0 denotes for OFF state switches. in an inverter leg
is on and the inverter terminal voltage V is positive (while ‘0’ indicates that the inverter terminal
voltage is zero due to the conduction of the lower switch. There are thirty-two possible
combinations of switching states in the VSI as listed in Table 4.3. if any of lower-leg switches of
the nine-phase inverter is 1 (ON) the terminal voltage of that leg is negative-half of the DC-bus
voltage (—Vdc/2) and if any of the upper-leg switches of the nine-phase inverter is 1 (ON) the
terminal voltage of that leg is positive-half of the DC-bus voltage (+Vdc/2) based on this
principle of working and using the above tables the sensorless control of the nine-phase BLDC
motor model is designed.

The machine is used an electronic commutation to control the speed and torque of the machine.

The sequence of distribution of gate signals depends on the feedback from the motor rotor position

of the motor. The position of the motor is sensed during everyg = 20 electrical degree. According

to the position of the rotor pulses to the 18 switches driving the BLDC machine. Here, the
commutation sequence is developing using sensorless techniques called the zero crossing of the
back-EMF detection method. After determining the position signals the commutation logic are
generated, which drive the inverter switches. This model can generate exact square wave switching
pattern. Thus, generating signals for 18 switches. At each instant, out of nine phases eight -phases
conduct, and one of the nine phase are not conduct or remain unpowered. Here, in the figure 4.11

shows the eighteen-pulse generator based on the back-EMF sequence of the motor.
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Table 4.3 eighteen-step switching sequences (state) of the nine-phase inverter switches based on
the back-EMF sequence for the first 180° rotation

Step | Rotor The Eighteen Inverter Switches and states

Position (0 for OFF state and 1 for ON state)

Ele.dgree s, T's, 1S5 [ Sa [ Ss | S6 | S7 | Se | So | Sio | Si | Siz | Siz | Swa | Sis | Sis | Su7 | Sis
1 3k/0%-10°| 000|212 (0|1|O|1|O(1|21]|]0O0|1]0|1|0]1]0O
2 10%30° (1|{0f(0O|12}j0|1|0Of1|0O|1|O0O|O]1]0|1|0]1]0O
3 30%50° {1|0l0}jO0O|O|2|0O|12|0O|2]|0|1|12]0|212|0]|1]|0O
4 50%-7¢° (1 |0|1|0|0Of212|0|21|0|21|O0|1|0]O0O]|1|0|1]|0O
5 70%90° (1|0|21|0|O|O|O|2|0O|212|O0|1|0|21]|1|0|1]|0O0
6 90%-110° |1 |0|1|0f1|0|O|1|O|1|0O]|21|O0O]1|0O0|0O]1]0O
7 |110%130° |1 |{0|1|0|1|0|O|O|O|1]O0|1]|0]|1|0]|1 110
8 |130%150° |1 |0|1|0|1|0f21|0}|O|2]|O0O|1]|]0|12|0|1]01|0O
9 |150%-170° |1 |O0|1(0|212|0|1]|0|O|O]|O|212|O]1]|O0O|1]0O0]|1
10 |170%-19° |0 |O|1|0O|1|0|2|0|2(O0|0O]21|O0|1|O0]|1]0]1

The ZCD method is based on detecting the instance at which the back-EMF in the unexcited phase

crosses zero. Here, in order to produce maximum torque, the inverter must be commutated every

20 electrical degrees by detecting ZC of back-EMF on the floating coil of the motor, so that current

is in phase with the back-EMF. This zero crossing triggers a timer, so that the next sequential

inverter commutation occurs at the end to this timing interval. The conducting interval for each

phase is 160 electrical degrees. Therefore, any eight phases conduct currents at any time, leaving

the ninth phase floating. The commutation logic specifies the time intervals during which the

switches should be ON and OFF to average the DC bus voltage applied there by controlling the

speed.
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Fig. 4.11 Back- EMF ZCD for eighteen-step commutation logic

Therefore, based on the above back-EMF sequence and the switching state Table 4.3 we can
control equivalently as using rotor position sensor in addition using the above table and switching
sequence the MATLAB eighteen-step commutation Simulink block and MATLAB code

developed for proper function of the sensorless control of the machine in the following chapter.

4.6 Speed control of the Nine-Phase BLDC motor

4.6.1 The open-loop analysis motor based
One of the difference between DC motor and BLDC motor is implied under, the BLDC motor, the
stator windings are energized sequentially to rotate the rotor of the motor. And also, there is no

physical connection between the stator and the rotor.

Therefore, the open loop transfer function G(s) of the Nine-phase BLDC motor using s-domain is
obtained from the previous chapter the open-loop transfer function is given by (Eg.3.64) and
rewritten here below in equation 4.3 and the output characteristics of the open-loop analysis is
shown in the next chapter using MATLAB/Simulink.

G(S) _ wm(s) _ 15.9236 (4 3)
" Vpn(s)  1.235x1076x52+0.0251xs+1 '
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4.6.2 The closed-loop PI speed controller of the motor
The speed of BLDC motor has direct relationship between the DC voltage or the phase voltage,
that means the motor speed can be controlled by controlling the amplitude to varied the supplied
Vdc to voltage source inverter. For inverter controlled BLDC motor drives, the inverter can be
controlled by either PWM techniques with constant DC-link voltage or pulse amplitude
modulation modulates the inverter power devices Using 160-degree modulation techniques and
controls the amplitude of DC-link voltage. And the general block diagram representation of PAM
based speed control of the machine is given in figure 4.12 and the proposed PAM speed controller
basically has four parts;

e Nine-phase BLDC motor

e DC-link voltage source (DC to DC) / (AC-DC) voltage source.

e Nine-phase VSI (Plant)

e PI-Controller (proportional-integrator
For PAM control, 160-degree commutation control is used in general and the DC-link voltage is

adjusted according to the error between speed and its reference.

PAM Controlled
Wref ¢ | 90 voltage
o] Mot |y DCDCo ol e ||
controller / _ , |
T+ 4 source g Inverter (VEI)
Speed
commutation Back-EMF sensor
Logic ZC Detection
Waet

Fig. 4.12 Overall closed-loop speed controller block diagram
After the motor sensorless control he model of the PI speed control of the BLDC motor is required
in order to control the motor for different speed and different motor speed. The speed of BLDC

motor ha direct relationship between the DC voltage or the phase voltage, that means the motor
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speed can be controlled by controlling the amplitude to varied the supplied Vdc to voltage source

inverter. The general closed loop PI control of the motor block diagram is given below.

pn Nine-phase BLDC Wi

A 4

v

) 4

PI - motor drive

Fig. 4.13 closed loop PI control block diagram of the motor

The proportional-integral(PI) controller is about the most common and useful algorithm in control
of speed control of BLDC motor. In most case, feedback loops are controlled using the Pl
algorithm. The main reason why feedback is very important in systems is to be able to attain a set
point irrespective of the disturbances or any variation of any form. The PI controller always
designed to correct error(s) between measured proses value(s) and set value(s) in a system. A
simple illustration on how PI works is given below: Consider the characteristics of parameters-

proportional(P) and integral(l), and derivative(D) controls, as applied to the diagram below in

figure 4.8.
Vpn m e + u wm
;\é/ K, —>» G(S) >
+
— R KI +
- s

Fig. 4.14 closed-loop PI control of the motor

Considering the figure 4.14, variable, e is error, and it is the difference between the desired input
value voltage (V},,) and the actual output the output speed of the rotor (w,,). In closed loop, e will
be sent to the PI controller, and the controller will perform the proportional and integral and
derivative computation on the error signal. Thereafter, the signal, u which is the output of the
controller is now equal to the sum of [ the product of proportional gain, Kp and magnitude of the

error(e)] and [the product of the integral gain, Ki and the integral of the error(e)].
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U=Kpe+K; [ edt (4.9)

Next, by adding the transfer function of the nine-phase BLDC motor from the above open loop
transfer function obtained in equation (3.39) in the place of G(S) the above closed loop block-

diagram can be modified as follows. And the DC-link voltage is given 300 volts.

Wye € u Wi
K, 15.9236
K, T 300 ™ 1235x 106 xs2+ 00251 xs + 1

v

Fig. 4.15 closed-loop PI control with the motor transfer function

The signal value, u is the set continuously fed to the plant with every corresponding new output
(w,,), being obtained as the proses continues. The output, w,, is set back and subsequently new
error signal, e is found and the same process repeats itself on and on. After using different methods
of tuning the speed is controlled the tuning of the proportional suitable and stable output is
achieved. All the tuning and the result of the simulation will be discussed in the following chapter
five using MATLAB/Simulink. And also in the following chapter sensorless control of the
machine based on the back-EMF model and closed loop speed control of the system explained.
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CHAPTER 5
MATLAB SIMULATION AND RESULT DISCUSSION

5.1 Introduction

MATLAB Simulink environment is a software package that utilizes the computational tools of
MATLAB to analyze complex dynamic systems. The program is capable of solving both linear
and nonlinear processes so it is perfectly suited to simulating multiphase synchronous machines.
The first step in modeling a controller is to create a block diagram representation of its algorithm.
This can be constructed from existing blocks in the Simulink library or from those created by the
user. Once the block diagram has been developed it can be simulated using any number of different
solvers. These compute the internal state variables of the blocks by solving their respective
Ordinary Differential Equations. Choosing the appropriate solver can significantly decrease the
computation time and improve the accuracy of the simulation. This decision is largely dependent
on whether the controller model is implemented in discrete time using z variables, or continuous

time using time domain t variable or the Laplacian S variable.

5.2 Simulation of sensorless control of the nine-phase BLDC motor

5.2.1 Simulink Modeling of nine-phase BLDC motor

The nine-phase BLDC motor model can be constructed using mathematical equations of the
machine and back-EMF waveform sequences of the motor derived from the above chapters three
and four. Once the block diagram has been developed it can be simulated using any number of
different solvers. These compute the internal state variables of the by solving their respective
Ordinary Differential Equations. The nine-phase BLDC motor parameter the given by the
following table 5.1
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Table 5.1 Nine-phase BLDC Motor parameters [37]

Motor parameters Values
Per phase resistance (R) 0.7 ohm
Per phase inductance (L) 0.52mH
Per mutual inductance (M) 0.21mh
Moment of inertia (J) 0.0025 kgm?
Number of poles(P) 2
Back-EMF constant (Ke) 0.0175 V/rad/sec
Torque constant (Kt) 1.2 Nm/A
DC-bus voltage (\Vdc) 300V

The motor model and simulation based on the mathematical equation of the motor and using
MATLAB code presented here | this chapter. The Simulink model of the motor and its drive is
modeled using MATLAB Simulink in order to see the characteristics and the appropriate model
of the motor. The overall Simulink model of the nine-phase BLDC motor is given in the figure

below 5.1. The Simulink model of the nine-phase BLDC motor drive divided by four main
different blocks,

I.  Nine-phase BLDC Motor model

Voltage equation block
Back-EMF equation block

Mechanical equation block

Electromagnetic torque block

Il.  Nine-phase voltage source inverter blocks
1. Switching pulse block (the eighteen-step pulse generator)
IV.  The back-EMF sequence generator block
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Figure 5.1 Depicts the complete Simulink model of nine-phase permanent magnet brushless DC
motor (PMBLDC motor) drive both the motor model and the nine-phase inverter model of the

motor. The detail of each blocks of the Simulink model of figure 5.1 presented in Appendix A.

7 |

< <

labc Tet:
Vabc...in labe...i [
Vde Vde
Inpust voltege
P 9 Vde elec Teta
Eabc...i la )

la »
rad2rpm
NINE-PHASE ELE.MODEL P
OF BLDCM MECHANICAL MODEL
NINE-PHASE NVERETER

MODEL G kI rotor speed display

Te

Y

A

rotor speed

” Gate:
«

Eigtheen step pulse ' I
Teand TL

Rotor angle

PWM Generator( Teta to eigtheen gateg)

To Workspace

¢
) RP |¢ N NINE-PHASEN BACK--EMF
Back-EMF

Flux linkage

Fig. 5.1 Simulink model for sensorless control of nine-phase BLDC motor

5.2.2 Simulink model of voltage equation of BLDC motor

Simulink model of electrical torque produced by the machine, using the back-EMF and the nine-
phase stator-current produced by the machine stator winding Simulink model of the nine-phase
BLDC motor drive. Fig 5.2 shows Simulink model of phase a winding voltage and current equation

of the motor, for the reaming phases (b to i) also has been done similar manner.

1 el (u(RmLELM) gl L
wa-Ea =

Integrator

Fen

Fig. 5.2 Simulink model of voltage equation for stator winding phase-a
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5.2.3 Simulink model of Electromagnetic torque produced
The torque and rotor speed relationship equation developed in the previous chapters also developed
using MATLAB Simulink. And the Simulink model of the mechanical equation related to the

electrical torque also modeled together in the figure 5.3 below.

Te
== = -
= -
TL _ _ Wie
Saina

SainZ Gaind Integrator

Audd
]

0]
[
El

A

Fig. 5.3 Simulink model torque equation

5.2.4 Simulink model of the nine-phase inverter

The nine-phase inverter used in the Simulink model is done by the inverter function and the
eighteen step switches developed in the previous chapter the MATLAB Simulink model of the
nine-phase inverter Simulink is modeled based on the switching sequence is given in the figure
5.4 below. switching sequence inverter function done by using the rotor position information of
the motor. Modeling of switching sequence based on the back-EMF sequences for each eighteen

step of the machine the function of the model is summarized by Table 4.3.

CO—

s2

. ﬂﬁg ﬁu

sS4

,4>| I
S5 Vbn
S6 A3

1 < l Ver

n
s7
» -
> % vdn
s8 A4
P! X + Ven
>
1 i
n

Fig. 5.4 Nine-phase inverter function Simulink modeling
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5.3 Simulation Result and Discussion
The Simulation result of a sensorless control of nine-phase BLDC motor based on the back-EMF
waveform sequence was carried out to assess its performance. The nine-phase BLDC motor used

has the parameters given in Table 5.1
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Fig. 5.5 DC-bus Voltage supplied to the nine-phase inverter
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Fig. 5.5-a Nine-phase controlled VVSI terminal voltages for No-load

Addis Ababa university,AAiT,SECE 70 MSc. Thesis by Abrham M.



Sensorless control of nine-phase BLDC motor using back-EMF

No-load rotor speed
2500 I I I

2000

1500 - 4

1000 — -

rotor speed [rpm]

500 -

| | | | | | | | |
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (seconds)

Fig. 5.6 No-load open-loop speed response of the motor

The result of the open loop simulation as shown the response of the speed outputs good almost it
has 0.01sec rise time and the settling time 0.07sec and the maximum peak value is also almost

constant after settling time.

No-load rotor postion
200 ‘ T I

150 -

1°°-lplIj|I]|IplI;II;II;II;II;II;II;II;I

50 -

:JZ: |l|’|l|’|l|’|l|’|l|’|||’|||’”|’|“’”|’”|’|“’

.200 | | | | | | | | |
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

Time (seconds)

rotor angle [deg]
o
T

Fig. 5.7 Actual rotor position for no-load

Figure 5.7 shows the actual rotor position, as can be observe from the figure if the angle is reach
at 27 rad or 360° it turns back to 0 until the simulation time is end with the constant frequency.
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Fig. 5.10 controlled nine-phase stator current without load

From simulated figure 5.10 the stator phase current of the nine phase BLDC motor controlled
based on the back-EMF wave sequences for no-load condition the frequency of phase current
produced is constant which is almost 30Hz.

The next simulation shows the open-loop response of the system when load torque(TL=4Nm) is
applied at 0.5 second the load torque and the response of the simulation is given in the figre 5.21
and fig.5.22 respectively.

DC-bus voltage
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a o
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Fig. 5.11 DC-bus Voltage supplied to the nine-phase inverter
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Load torque(TL)
T

7 T T T T T T T T
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w
T
|

I | | I | | | | I
-1
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Fig. 5.12 Load torque applied (0 fOr 0.5 sec and 4Nm aftre 0.5sec)

rotor speed for TL=4Nm at t=0.5sec
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Fig. 5.13 output speed of the motor with load torque (TL) at 0.5 sec

The output speed of the motor with load torque (TL) at 0.5 sec the rising time is 0.015sec and
the maximum speed produced is 2265rpm at and the minimum speed is 1127rpm after 0.55sec.
fall time for speed response 15.108ms.

rotor postion
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Fig. 5.14 actual rotor positions
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from the figure above the speed response is shown that at the time of the load torque applied the
speed of the motor is decreased and almost half of the no-load speed, as the load is a disturbance
variable for the system the speed is decreased by some amount of speed in order to get constant
speed the speed control must be applied.

Nlne phase back-| EMF
\H !H H\ H\ (T !WIW'IW'IWIWH (I

\ i rl rl Hl l’l)l l’l)l \'l) 'l)
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O'I

Y
[

back-EMF [volts]
o

'
(3]

Fig. 5.15 Nine-phase Back-EMF produced with load at 0.5 sec

The back-EMF is also the function of the rotor speed from the above figure.5.15 we can see that the
amplitude of the back-EMF is decreased when the time of the load torque is applied due to the decreasing

of the rotor speed.
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Fig. 5.16 Nine-phase individual Back-EMF output with load
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Fig. 5.17 Eighteen-pulses commutation logic output pulses
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Fig. 5.18 Commutation logic generated Pulses for switch Si with load applied 0.5 sec
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Fig. 5.19 Nine-phases VSI output voltage
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Fig. 5.21 controlled stator winding phase current of the motor with load applied at 0.5sec.
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From the figure 5.20 and figer 5.21 after the load applied the frequancy of the stator both wave
form is decrease and the phase current waveform based on the the controlled termnal voltage out
put of the nine-phase BLDCM. And also the amplitudes of both phase current and voltage are
constant. From the figure 5.21 amlutude is 7A and the rise time is 0.0026sec. and the amplitude of
the phase voltage from the figure 5.20 is 148.7V voltage and the frequancy of both phase curent
and voltage is 30Hz.

30 T T

25 — -
| _oad torque(TL)

20 - Torque produced(Te)

15 |- -
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0 — } A

5 _
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Fig. 5.22 electrical torque produced and load torque applied at 0.5sec
From torque produced by the motor shown in figure 5.22 the starting torque is 12.7Nm at 0.027sec,
mean torque produced is 2.019Nm and the rising time of the torque produced is 0.0034 second and
the fall time is 0.006sec.

5.4  Simulation of speed control of nine-phase BLDC motor

5.4.1 Simulation of open-loop response of the motor

With the aid of the nine-phase BLDC motor modeling and the parameters of the motor given in
the above table 5.1 provided, the open loop analysis is done by considering the stability factors
and making the necessary plots for this analysis. Using the open loop, the transfer equation (3.39)
and the parameters of the motor given above we can developed MATLAB-m files for open lope
m-files Nopenloop.m. equation 3.37 and equation 3.39 from chapter four rewritten here in below.

G(s) = Wy 1/K,
8= Vian  TmTeSZ +Tps +1
Om(s) 15.9236

G(s) = -
s) Vou(s) 1.235x106xs2+0.0251xs+1
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0.1

02 03

04

time

05 0.6
in sl (seconds)

07

Similarly, here the open loop performance of the motor is investigated and the result is satisfactory

for the above model observed the output.
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Fig. 5.24 Open-loop Simulink speed response in rpm for 1sec
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5.4.2 closed-loop PI speed control simulation of nine-phase BLDC motor

From chapter 4 we have seen the general way of the PID speed control of the motor based on the

open loop transfer function and the P1 controller the speed can be tuned in the required speed point.
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This speed control using Proportional-Integrator(PI) closed loop controller is implemented here
for the nine-phase BLDC motor. the result of the modeling and the result of the closed loop
simulation is presented as follows. Output of the Pl controller adjust the pulse amplitude
modulation (PAM) of the controlled voltage source.

The general block diagram representation for Pl speed control of the motor is given as follows

vV

o € kK, | Y 15.9236
= " 1235 % 106 x s2 + 0.0251 X s

v

Fig. 5.25 Closed loop PI speed control block of motor using the transfer function

Based on the rule and the result of the open loop speed control of the motor the closed loop
proportional (K,) and the integral (K;) constant is tuned in order to get the desired speed required.
The closed loop simulation done one using MATLAB/ Simulink software.

The MATLAB Simulink block is as follows

Wr

rotor Speed

Speed ref.

o) 15.9236 [ ]

1.235e - 652+ 0.0251s + 1

ref.speed

PID Controller Scope

Transfer Fcn

Fig. 5.26 Closed loop PI speed control Simulink model of the motor
The result of the Simulink is presented as follows

The reference speed in the Simulink is used for 0.5 sec the speed is 2000rpm and for the next
0.5sec to 1 sec the speed became 1000rpm and from the Simulink block the display of the speed
of scopel is shown the reference speed (Wr).
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reference speed in rpm
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Fig. 5.27 reference speed (1000rpm for 0.5 sec and for the next 0.5sec 2000rpm)
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Fig. 5.28 PI speed response of the motor for the given reference speed given in fig. 5.27

The second closed loop control is using PI controller and the whole-time domain Simulink model
of the motor.

The tuned proportional constant Kp and Ki for closed loop speed controller are given below:
k, =3.0214 and k; = 0.0204 .
The design criteria (desired output) for the closed-loop PI speed controller

e Rising time less than 0.01sec and
e Settling time less than 0.05sec.
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The closed-loop speed simulated result shows in the figure 5.31 the settling time is very short
and acceptable which is 0.005sec and its rise time is 0.0026sec. Form, for above closed-loop Pl
Simulink model the result of the simulation for different speed level shown below, first the
reference input speed is given in the figure 5.32:
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Fig. 5.32 Reference speed (2000rpm for 0.5sec and 1000rpm after 0.5sec) to the controller

The response of the system for the above desired speed is given below

controlled speed responce
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Fig. 5.33 Speed response of the simulation for the above reference speed
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The response of the closed-loop control of the system motor for different speed range for the given
desired speed is shown as follows;
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Fig. 5.34 speed reference given to the motor
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Fig. 5.35 PI- control speed response of the motor for different speed

Therefore, the controller result is shown in the above is very satisfactory and the settling time is
also very fine. The only drawbacks of the controller are the overshoot intransient point or time for
the problem we can add the differentiator controller became PID using this proportional-integrator-
differentiator controller we can eliminate the overshoot and the overshoot oscillation time is very

short which is less than 0.005sec.
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CHAPTER 6
CONCLUSION AND RECOMMENDATION

6.1 Conclusion

In this thesis, design and simulation of sensorless control for nine-phase BLDC motor using Back-
EMF waveform zero-cross detection method and closed-loop speed control of nine-phase BLDC
motor has been done. Based on the back-EMF sequence produced in the stator winding phases the
rotor position of the motor equally monitored as using sensor. using back-EMF waveform
sequence produced nine-phases BLDC motor, switching sequence of nine-phase VSI gates has
been controlled effectively. This method is feasible due to the unique and simplified structure of
BLDC motor. The principle of sensorless control using back-EMF method for BLDC motor are
also elaborated. Nine-phase BLDC motor and nine-phase voltage source inverter has been modeled
and simulated with the help of MATLAB/Simulink software.

In this work, for speed control of the motor PI controller is implemented and simulated. The result
of speed controller has shown good performance with no-load condition and with load conditions.
where the simulated results shown that the raising time is 0.01sec before adding the PI control.
After, Pl controller added the rising time of the speed response enhanced to 0.0026sec and the
settling time of the speed response becomes to 0.005sec. The transient response oscillation time is
very short which is less than 0.005sec. From the simulated result, one can observe that the Pl speed
controller shown effective result. Hence, this work can be applied areas such as electrical air
conditioner controller, electric vehicles drive and industrial drive applications.

6.2 Recommendation

In this work, it is believed that there are a lot of ideas for further research studies. Some possible

directions are the following:

e Sensorless vector control can be needed for high and precise application of the
motor because using that method we can even now the very low and stand still

position of the motor.
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e If high performance initial rotor estimation technique is applied or good
performance of open loop motor starting is applied for switching to closed loop.

e |f the appropriate parameter identification is done for the motor for appropriate
operation of the closed loop.

e If intelligent estimation and control technique apply, the system performance can

be improved.
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Appendix
Appendix A- MATLAB Simulink model block
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Fig. a) General Simulink model of nine-phase BLDC motor drive

Addis Ababa university,AAiT,SECE 90 MSc. Thesis by Abrham M.



Sensorless control of nine-phase BLDC motor using back-EMF

4
. VaEd ly
i ‘ PHAS b
4
. \bEb b
o
-, ( wil PHESE)
alc.in :
) )
- VeEe I
Ml PHASED
S |
4
:I- Al:l—b VdEd ld |
Mt
PHASEY )
' .|
- \e£e e ¥
hadd PHASES
|
4
AII . ViE f |

]._
==
==
=

PHASES

1._
==
=
=

PHASET

()=
1l

]._
==
=
=25

ann

PHASES

-+

fanl

PHASED

]._
==
=
==

Fig. b) the nine-phase electrical modeling of the motor
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Appendix-B MATLAB codes used in the paper

A) Parameters of the of the model

Nphaseparas.m

% The parameters of the BLDC Motor

R=0.7; % Resistance of the stator winding
L=0.00052; % elf Inductance of the stator winding
M=0.00021; % mutual Inductance of the stator winding
J=0.00025; %Inertia of the motor (kg.m2)

B=0.00005; %Friction constant

ke=0.0175; % Back-EMF constant in(V/rpm)

kt=1.0; %Torque constant (NmM/A)
p=2; % Magnetic poles of the PM
TL=4; % load torque in Nm
Vdc=300; % Dc voltage source

And evaluated parameters

Nevaluatedparas.m

%

% Start code

% Evaluated constants para not give

%

Nphaseparas

te=L/(8*R); % In the case of BLDC motor each time 8 phase is contributed
tm=(8*R*J)/(ke*kt); % similarly 8 phase is active and one phase turned off
%

% End code

B) Back-EMF sequence to eighteen-pulse generator MATLAB function used for 160° operating mode in
the paper
emfL.m

% Back-EMF sequence to eighteen-pulse generator

function y=emfE (u)
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if (u>-180) && (u<=-160)

y—[_l-l-l-l-l-o-_
else1f(u> 160) && (u<=-14
=[-1;0;1;1;1;1;-1;

-1;-17;
0)
-1
elsel (u>-140) && (u<=-120)
-1
0)
-1

;=117

y=[-1; l 1;1;1;1;0;

elseif (u>-120) && (u<=-10
y=[-1; l 0;1;1;1;1;

elsei f(u> 100) && (u<=-80)

;=117

;=117

y=[- —l -1;1;1;1;1;0;-171;
elseil f(u> )&&(u<——60)

y=[-1; -1;0;1;1;1;1;-11;
elseif (u>- )&&(u<——40)

y=[-1;-1;-1;-1;1;1;1;1;07;

elseif (u>-4 ) & (u<=-20)

y=[-1;-1;-1;-1;0;1;1;1;17;
elseif (u>-20) && (u<=0)
y=[0;-1;-1;-1;-1;1;1;1;1];
elseif (u>0) && (u<=20)
y=[(1;-1;-1;-1;-1;0;1;1;11;
elseif (u>20) && (u<=40)
y=[1;0;-1;-1;-1;-1;1;1;17;
elseif (u>40) && (u<=60)
y=[1;1;-1;-1;-1;-1;0;1;1];
elseif (u>60) && (u<=80)
y=[1;1;0;-1;-1;-1;-1;1;1];
elseif (u>80) && (u<=100)
y=[1;1;1;-1;,-1;-1;-1;0;1]1;
elseif (u>100) && (u<=120)
y=[1;1;1;0;-1;-1;-1;-1;11;
elseif (u>120) && (u<=140)
y=[1;1;1;1;-1;-1;-1;-1;01;
elseif (u>140) && (u<=160)
y=[1;1;1;1;0;-1;-1;-1;-171;
elseif (u>160) && (u<=180)
y=[0;1;1;1;1;-1;-1;-1;-11;

Open loop simulation for speed control and different stability checking code used
% This the S-domain analysis or step response of Nine phase macchine

% Start code

close all;

clear all;
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cle

% include all costants parametrs
Nphaseparas

% include evaluated constants
Nevaluatedparas

% Transfer function
G=tf([1/ke],[te*tm tm 1])

% Plots the step response diagram
figure;

step(G,1);

title('open loop step response diagram’);
xlabel(‘time in [s]);

ylabel(‘'The openloop responce’;

grid on;

Addis Ababa university,AAiT,SECE 99

MSc. Thesis by Abrham M.



	cover Pag.pdf
	Table of content final.pdf
	Abraham_MSc_Thesis Final.pdf

