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Abstract

An ever increasing emphasis on climate change and limiting carbon emission into the at-
mosphere, has led to lot research and innovation towards the greener mode of transport in
the areas such as More Electric Aircraft (MEA), electric ship propulsion, electric and hybrid
vehicles. Electric machines are largely used as the mean of a propulsion system for all the
transportation related application, except for the aircraft where it is used controlling subsys-
tems.

For improving the efficiency, reliability, and maintainability in an aircraft, the technological
advances in the aerospace industry is moving towards the electrification of onboard services
by reducing or removing the presence of the hydraulic, mechanical and air/pneumatic sys-
tems. The modular design multiphase machine offers a number of advantages compared to
the traditional three-phase machine, in terms of the fault tolerance and reliability in aerospace
applications. Modular systems refer to the system which can be decomposed into a number of
independent modules or components. This system can have their faulted modules bypassed
and continue operation after fault, increasing system availability. Modular design permanent
magnet drives are widely selected for aerospace application in the high-performance drive
systems, due to their fault tolerant capability, power density, reliability and high efficiency
associated with the control possibilities.

At first, the modular design of the Permanent Magnet Synchornous Machin and power con-
verter under consideration is explained using literature. Further, application of the modularity
to the whole electrical drive system including the control circuit is presented. Subsequently,
sensorless field oriented control (FOC) was implemented in the three phases of the machine
using the inbuilt InstaSPIN FOC algorithm in microcontroller device. The control technique
is later extended from three phase to six phase machine.
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List of Acronyms

Acronyms - Motor and Power Converter

e MEA - More Electric Aircraft.

e PMSM - Permanent Magnet Synchronous Machine.
« BLDC - Brushless DC Motor.

e IM - Induction Machine.

e SRM - Switched Reluctance Machine.

e DTC - Direct Torque Control.

e FOC - Field Oriented Control.

e PM - Permanent Magnet.

e MMF - Magneto Motive Force.

o EMF - Electromotive Force.

e« CFRP - Carbon Fibre Reinforced Plastic.
e PWM - Pulse Width Modulation.

e IGBT - Insulated Gate Bipolar Transistor.
o« EMI - Electromagnetic Interference.

e VSI1 - Voltage Source Inverter 1.

e VSI2 - Voltage Source Inverter 2.

e« CRO - Cathode Ray Oscilloscope.

Acronyms - Microcontroller

e DSP - Digital Signal Processor.

e MC - Microcontroller.

e TT - Texas Instruments.

e« FAST - Flux,Angle,Speed,Torque.
e SPI - Serial Peripheral Interface.
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List of Acronyms

CPU - Central Processing Unit.

SYSCLK - System Clock.

TBCTR - Time Base Counter.

TBPRD - Time Base Period.

FED - Falling Edge Delay.

RED - Rising Edge Delay.

ePWM - Enhanced Pulse Width Modulator.
USB - Universal Serial Bus.

ADC - Analog to Digital Converter.

BOB - Bipolar Offset Binary.

LSB - Least Significant Bit.

ADC - Analog Digital Converter.

ROM - Read Only Memory.

SVPWM - Space Vector Pulse Width Modulation.

SPISOMI - Serial Peripheral Interface Slave Output Master Input.
SPIMOSI - Serial Peripheral Interface Master Output Slave Input.

SPISTE - Serial Peripheral Interface Slave Transmit Enable.
GND - Ground.

LSPCLK - Low Speed Peripheral Clock Prescale.

SPIBRR - Serial Peripheral Interface Baud Rate Register.
SPISTE - Serial Peripheral Interface Slave Transmit Enable.
GPIO - General Purpose Input Output
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Chapter 1

Introduction

Chapter summary : This chapter provides a background to the field of research.Then the
need for current research is justified. Finally, the chapter concludes with methodology, outline
of the thesis and contribution.

1-1 Background

Air transport is increasing continuously over the decades, as a result, it accounts for 2% of all
man-made C'Oy emission and it’s expected to increase to 3% by 2050 [6]. In order to reduce
the environment impact and make air transport more sustainable, aircraft manufacturers are
moving towards building future aircraft based on the More Electric Aircraft (MEA) concept.
In this concept, the main idea is to remove or minimize hydraulic, pneumatics, and mechan-
ical systems present in the aircraft and replace them with the optimized electrical system.

The electric motors with advanced control drive system are the possible electric system re-
placement for the mechanical system in aircraft. These systems with the electrical power
is used to drive actuators, pumps, compressor and other subsystems at variable speeds [7].
Addition of electrical drive into aircraft will improve the overall efficiency, reduce the weight
of the system [7]. Electric machines designed for the MEA concept should satisfy following
criteria [6][7] :

1. High torque/weight ratio.
2. High efficiency throughout the full speed range.

3. Fault tolerant requirements.

¢ Electrical, mechanical, magnetic and thermal isolation.

e High value of phase inductance.
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2 Introduction

o Fail safe.

From aforementioned criteria, it can be said that electrical machines designed for safety critical
applications should include the fault-tolerant capabilities (point 4).

The operating speed of machines used in aircraft will be in the range of 10K to 200K rpm [8].
Feasible high-speed electrical machines satisfying MEA’s application reported in the literature
are [6] [7] :

o Switched Reluctance machine [9][10].
o Induction machine [11][12].
o Permanent Magnet machine [13][14].

Permanent magnet motor refers to both the permanent magnet synchronous motor (PMSM)
and Brushless motor (BLDC). Switched reluctance motor (SRM) was initially researched
for aerospace application, for its natural fault tolerance capability. Squirrel cage induction
machine (IM) is considered for simplicity, ruggedness, and cheapness. The power density of the
IM and SRM is also quite low compared to PMSM machine [6]. Permanent magnet machine
can be designed for the fault tolerant operation would offer higher torque density compared
to that of SRM [15][7]. An in-depth, comparative analysis of aforesaid machines for aerospace
application is beyond the scope of this thesis, but can be found in following literature [6][7][16].
Thesis focuses on PMSM machine, because of its high power density, efficiency, reliability,
high torque/inertia and torque/volume ratios [7]. With these characteristics and fault tolerant
design included with the higher number of machine phases (more than three) modular design
multiphase PMSM is a good choice for the aerospace application. From this design, it will
allow the machine to continue operation, in the case of a fault in the machine [17].

1-2 Motivation

Electrical drive system designed for the safety critical application use the modular design
for both the machine and supply system [18]. Modularity refers to the concept of designing
systems that can be decomposed into a number of modules or components [19]. Application
of the modularity to whole drive system including the control circuitry will improve its fault
tolerant capabilities in the system as will be shown in the next chapter. The modular design
multiphase machine has concentrated winding, hence torque enhancement can be achieved
with the lower order stator current harmonics injection [20].

The principle of the speed control of the multiphase machine is similar to that of the con-
ventional three phase machines [18]. Scalar control technique is less significant compared to
vector control methods because of its reduced performance during the transient condition.
Two of the most commonly used vector control techniques are Direct torque control (DTC)
and Field oriented control (FOC). In vector control, magnitude and angle of space vector
are controlled, so it offers superior performance control compared to scalar control. FOC is
chosen for its simplicity in implementation over DTC.

Field oriented control (Vector control) concept was first proposed in early 1970 by Blaschke
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1-3 Thesis Objective 3

[21]. The controller (Digital signal processor or Microcontroller) used for FOC nowadays in-
cludes sophisticated control algorithm for building the control. Implementation cost for con-
troller is affordable [22] as made FOC the common choice for servo drive application. The
main difference in FOC of the multiphase machine compared to three phase machine is the
coordinate transformation used in the FOC [18]. In the multiphase machine, the current con-
troller has to produce voltage reference to control the machine equal to a number of phases for
implementing the FOC. In order to control the PMSM machine using FOC require accurate
measurement of the rotor position. The position of the rotor is determined using the position
encoder or transducer. However, using the encoder for rotor position measurement will not
only result in the reliability problems, but it also increases the cost of the system [23]. To
avoid these problems with rotor position sensor and improve the reliability of the system,
sensorless control technique is employed. Sensorless control in FOC means the process of
estimating the rotor position, using machine measured voltage and current through sensors
instead of using the conventional rotor position sensor. There has been little research on
sensorless FOC using the distributed controller architecture (Modular design), this gap in the
research seems to be a intersteing starting point for the master thesis. If the results from this
thesis are satistfying, this will lead to further research in the field fault tolerant systems with
distributed controllers.

1-3 Thesis Objective

This thesis entirely focuses on implementing the FOC in permanent magnet synchronous
machines for aerospace applications. Out of many types of the PM synchronous machine,
this research work deals with surface mounted Halbach array rotor permanent magnet syn-
chronous machine. Sensorless control of the modular design multiphase machine is complex,
due to its design and higher number of the phases compared to conventional three phase
machine. In this thesis, a technique is formulated which extends conventional three phase
control to all the six phases of machine.

As described above primary objective of the thesis is Implementing sensorless field oriented
control (FOC) in modular design multiphase PMSM machine using distributed controllers. In
order to achieve the above-described objective, the project work is split into following parts.

1. To build and test single phase H-bridge inverter modules for machine phases. Inverter
modules are used as the power converter for machine.

2. To implement the sensorless control in modular design multiphase machine two micro-
controllers are used. Here, two controllers are used to control all the six phases of the
machine, each microcontroller will control three phases of the machine. From the relia-
bility and fault tolerant application point of view for the aerospace application, it would
be advantageous to follow this motor control architecture, in this way redundancy is
introduced in the control circuitary.

3. Sensorless FOC for the three phases of the machine is built using rotor position infor-
mation estimated from microcontroller based FAST observer.

Master of Science Thesis



4 Introduction

4. Extending sensorless FOC for six phases of PMSM machine, using Serial Peripheral
Interface (SPI) communication built between two TMS320F28069x! microcontrollers.

1-4 Methodology and Thesis Layout

This part of the section describes the approach followed, to reach the objectives of the thesis
work and it is shown through flowchart in Fig. 1-1. Further, the layout of the thesis is

described below :

Building of H-bridge
inverter module

|
|
|
. 7
|
|
|
|

Ori ireuit
river circui Testing of H-bridge

inverter module

Measurement of
machine parameters

¥

Sensorless
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Figure 1-1: Methodology of the thesis.
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1-5 Contribution 5

o Chapter 2 explains application of modularity to the machine and its drive system design
for safety critical application in an aerospace application. Experiments followed to
measure machine parameters with the results are presented.

o Chapter 3 describes steps followed to build and test the H-bridge inverter modules for
machine phases.

o Chapter 4 is intended to give detail working principle of the field oriented control. Al-
gorithm used for building the microcontroller based sensorless control in a three phase
machine is explained. Modules involved implementing the FOC is presented. Experi-
ments carried out to check the sensorless control in three phase machine is presented.

e Chapter 5 describes the method used to communicate between the two microcontrollers.
Algorithm involved extending the sensorless control in the six phase machine is ex-
plained.

e Chapter 6 is an attempt to explain the hardware issues faced while building the system
and also hardware improvements which can be done in the design.

e Chapter 7 summarizes the results obtained in thesis and recommends possible scientific
work for the future.

1-5 Contribution

Thesis focuses on the sensorless control of the modular design six phase PMSM for the normal
and fault tolerant application specifically designed for the aircraft applications.

This thesis develops the field oriented control system based on distributed microcontrollers.
It also implements, and tests the system on a hardware setup of the six phase permanent
magnet synchronous machine. The performance of the machine is presented with the experi-
ment results and possible improvement.
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Chapter 2

Modularity in Multiphase PMSM
System

Chapter summary The chapter begins with conventional drive setup. Application of mod-
ularity in the electrical drive system for the safety critical application is presented. Finally,
the chapter ends with the measurement of machine parameters, required for implementing the
sensorless field oriented control.

2-1 Electrical Drive System Architecture

Fig. 2-1 shows typical drive control architecture, common for all the machines. The controller

Power Supply

Controller » Power Converter 4>j1 Load

Feedback signals

Figure 2-1: Typical drive setup.

in the Fig. 2-1 are used to control the whole drive system. These devices are specifically
designed for the motor control applications. Controllers are usually interfaced with the drivers
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8 Modularity in Multiphase PMSM System

of switching devices and the feedback signals from electrical machines. Using these interfaces
with built-in function in the controller, the drive system is used to control the mechanical
load using the electrical machine through the power converter. Controller used in the system
nowadays are usually in form of digital signal processor (DSP) or micro-controller (uC or MC)

2-2 Application of Modularity to Electrical Drive system

Electrical drive system designed for the safety critical application (Aerospace application)
use the modular! design for both the machine and drive system [18]. Previous research has
indicated using the modular design in machine and drive system with an appropriate control
strategy, will make system fault tolerant. The term fault tolerance in this system is defined
as "no single electrical fault may cause the system as a whole to stop functioning"[1]. Incor-
porating the fault tolerant design would increase its availability, which is one of the primary
requirement for the electrical system to be used in aircraft.

Principle faults which occur in the electrical drive system are [24]:

1. Faults in PM machine.

e Machine winding open circuit.
o Machine winding short circuit.

(a) From phase to ground.
(b) From phase to phase.

(¢) From turn to turn.

e Short circuit at the machine terminals.
2. Faults in power electronics.

e Semiconductor open circuit.
¢ Semiconductor short circuit.

e DC bus capacitor failure.
3. Faults in control circuitary.
e Microcontroller control failure.

e Drive circuit failure.

The PMSM machine doesn’t have inherent fault tolerance capabilities, it’s design has to be
changed to integrate it. The following subsections will describe application of modularity in
the PMSM, power converter and controller to attain the fault tolerant capabilities.

"Modularity refers to the concept of designing systems that can be decomposed into a number of modules
or components[19].
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2-2 Application of Modularity to Electrical Drive system 9

2-2-1 Design of PMSM Stator

The design modification required in the PM machine for the fault tolerant application are as
follows :

o FElectrical, mechanical, magnetic and thermal isolation.

e High value of phase inductance.

In the following subsections, the changes in the machine design required for the fault tolerant
application is explained in detail as follows [25][24] :

Electrical isolation between phases

In order to achieve this in machine design each phase has to be supplied from the single phase
full bridge converter. Using full bridge converter would double the number of semiconductor
switches compared to star connected stator winding system.

Limiting the fault current

If the short circuit fault occurs in the machine winding terminal or semiconductor, both
scenarios would result in a very large current. To limit fault current, machine stator phase
inductance has to be designed to 1 per unit inductance so that fault current is limited to rated
value of the machine. The key to achieve such a high inductance in PMSM, which generally
has low per unit inductance is by designing a machine with a large leakage inductance, by
controlling the depth and width of slot opening [24].

Magnetic isolation between phases

If a fault occurs in the machine, fault current will induce a voltage in the neighboring phases,
because of the presence of mutual inductance between phases. Further, current through
unfaulted phases will induce MMF, which increases the EMF induced in the faulted phase
and also increasing current through it. This would prevent the machine from its adequate
control. To reduce the effect of one phase on another phase of the machine, mutual inductance
has to be very little or no between the phases. The design of the machine should be such
that, phase inductance should be limited only to self-inductance of the phase, the mutual
inductance between the phases should be negligible [1].

Physical Isolation between phases
Phase-phase fault is a crucial fault since it will disable two phases if the fault occurs. This
fault can be avoided by having each phase wound around single stator tooth, including the

end windings. By designing the machine in this way phase to phase fault can be avoided.
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10 Modularity in Multiphase PMSM System

Power
electronics
heatsink

Air channel

Stator
housing
heatsink

Figure 2-2: Heatsink used to
cool the outer stator surface and Figure 2-3: Stator of modular
switches of inverter modules [1]. design machine.

Thermal isolation between phases

As suggested above, using one winding per slot also have the advantage of reduced thermal
interaction and isolation between the phases. To avoid the rise in temperature within the
slot, stator outer surface is cooled using the heatsink. Fig. 2-2 shows heatsink used in the
prototype machine to cool stator outer surface and also power electronic module switches of
the machine.

Number of Phases

The basic requirement for the machine to be used for the fault tolerant application, system
should resume its operation in the event of a fault in any one of the machine phases. This
can be achieved by increasing the output of remaining healthy phases, however, this is done
by overrated design. The factor of the overrated design of the healthy phase for faulted phase
is calculated by using the equation 2-1 [25].

n
F= 2-1
— (2-1)

where F is the overrating factor. n is the number of phases.

If three phases are used than overrating factor would be 50%. If the four, five, and six
phases are used than overrating factor would be less than three phases, it will be 33%, 25%,
and 20% respectively. The number of phases selected has a direct impact on the system
losses and performance of the machine. Number of phases selected is six for the machine un-
der consideration, the approach followed to arrive at six phases can be found in the literature
[17].

Conclusion

The following conclusion can be reached with regard to the machine stator design from above
discussion:

Master of Science Thesis



2-2 Application of Modularity to Electrical Drive system 11

Self-inductance of armature winding is one per-unit.

Only one stator phase winding per slot.

Each winding wound around a single tooth.

Six phases on stator.

From last two conclusions, it is suitable to have each of the stator winding wound around
the single tooth and each slot contain individual phase. This configuration results in the
concentrated stator winding. With this winding arrangement discussed, direct contact be-
tween the windings is avoided. Spacer tooth is used between the two stator tooth and coil
is wound only around the stator tooth. Spacer tooth is used to provides the return path for
the flux [1]. Fig. 2-3 shows the stator structure of the prototype machine under consideration.

The number indicated in the Fig. 2-3 are as follows :

1. Concentrated winding wound around the stator tooth.

2. Outer surface of the stator, heatsink is placed here.

3. Spacer tooth between the two stator phases.
Cross section view of modular design multi-phase machine is shown in Fig. 2-4, here each
color of the stator winding on stator tooth indicates in-dependency of the adjacent phases.

o

Stator
winding

Spacer
tooth

Stator

Permanent tooth

magnet rotor

Stator core

Figure 2-4: Cross-section view of modular design six phase machine.

2-2-2 Design of Power Converter

The modular design approach of having each phase as the single module, should be extended
to the power converter (inverter) of the machine too. Significant design requirement for the
fault tolerant drive system has been presented by J.A. Haylock [26], described below:
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12 Modularity in Multiphase PMSM System

Partitioning

Partitioning divides the system into a number of the independent self-contained systems,
ensuring fault at one place doesn’t result in the complete failure of the system. Partitioning
is introduced, by having six single independent full H-bridge inverter drive machine phase,
this also introduces the electrical isolation between the phases.

Isolation between the units

Each phase of the system is designed in such a way that, a fault in one phase doesn’t affect the
performance of the contiguous phases. However, the continuous operation can be achieved
in the faulted system condition only if there is physical, thermal, electrical and magnetic
isolation between the phases. This is attained more or less with the machine design, as
described in the 2-2-1 subsection and also with the partitioning.

Fault detection and reporting

Rapid action has to be taken in the event of any fault in the system. Such that, it prevents
the faulted phase affecting the output (Net shaft torque) and input (Common DC link) of the
system. It is achieved through designing the fault detection and diagnostic control algorithm,
which would enable correct post-fault tolerant control [26].

Continued operation until next service opportunity

With the post-fault tolerant control algorithm implemented when a fault is detected in the
system, it will ensure that system operates until faulted unit is replaced.

Keeping aforementioned two subsections 2-2-1 and 2-2-2 as reference, modular design multi-
phase machine and power converter is designed for the safety critical application in aircraft.
Fig. 2-5 shows the structure of the integrated modular design power converter and machine.
Integration of the machine and power electronics in one structure will improve the power
density of the drive system. It also has the advantage of the reduced system weight [1].

2-2-3 Design of Drive Controller

In most of the motor drives single MC or DSP is used for the control of the power converter
of the multiphase machine. To incorporate the modularity in the controller of drive structure,
it is required to use multiple controllers [27]. Thereby it will also help to address fault in
control circuitry described in the beginning of the section.

In the drive controller under consideration, two MC are used to control the multiphase ma-
chine. Distributed MCs are used to include redundancy in the system. In the case of a fault
in one of MC, functional tasks can be handed over to the another MC. It also helps in the
verification of the estimation of motor control parameters (rotor position, rotor speed, flux)
using two MCs. Each MC will control three phases of the machine, which includes generating
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2-3 Permanent Magnet Rotor 13

Integrated Power Machine
heatsink electronics stator

Figure 2-5: Integrated modular power converter and machine for aerospace application [1].

all the output signals and processing all the measurements. Fig. 2-6 shows the use of two
MCs to control six phase machine.

Communication link

Micrecantroller -1 =t > Microcontroller -2

A A A A A A

Yy Y v Yy v v
Phase 1,2,3 Phase 4,5,6

Figure 2-6: Controller for modular control drive architecture.

2-3 Permanent Magnet Rotor

The machine rotor has surface mounted permanent magnets. Plastic bonded rare earth type
of magnets are used, they are injection moulded and magnetized in Halbach array with four
magnetic pole pairs [3]. As a consequence of using surface mounted configuration, to reach
very high-speed Carbon Fiber Reinforced Plastic (CFRP) retaining sleeve has to be used to
avoid the magnet detaching from the shaft. Using retaining sleeve will also increase airgap
and reducing the mutual coupling between the phases [3].

The Halbach array is a combination of radial magnet array and azimuthal magnet array. Flux
distribution in Halbach array is a summation of the flux distribution in radial and azimuthal

magnet array, as indicated in the Fig. 2-7. In the Fig. 2-7 it can be seen that flux lines are
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14 Modularity in Multiphase PMSM System

@ |~|1 ~| = Q

Figure 2-7: Halbach magnet Figure 2-8: Flux distribution in
array [2]. Halbach array [2].

Phase A+

| Phase A-
CFRP-sleeve —

Non-linear
Stator steel

Halbach-array

Linear steel cor pmmsy
Figure 2-9: Section of modular Figure 2-10: Rotor structure
design machine [3]. with Halbach array.

maximum at bottom of the magnet and very few lines on the top of the Halbach array magnet.

In the PM machine under consideration, using the same idea, of having the maximum flux
distribution on one side of the arrangement (towards the stator) and few flux lines on an-
other side of the array (towards the rotor), rotor cylinder with Halbach array is built. Flux
distribution of the Halbach array magnet on the rotor can be seen in the Fig. 2-8. Section
of the fractional pitch concentrated winding machine is indicated in Fig. 2-9, this is shown
to provide the overview of the arrangement of CFRP sleeve on Halbach cylinder rotor. Fig.
2-10 shows the Halbach array on rotor structure used in modular design PMSM.

The advantage of using the Halbach array permanent magnet for rotor are as follows [2]:

o Air gap field produced by the Halbach array is nearly sinusoidal.

e No back iron is required, as flux lines are very minimal on the other side of the array.
Bonding of the Halbach array can be performed on the nonferrous structure which has
good structural properties.

e Torque ripple will be lower due to sinusoidal distribution of airgap flux.
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2-4 Determination of Machine Parameters 15

2-4 Determination of Machine Parameters

For implementation of sensorless FOC using InstaSPIN Texas Instruments (TI) TMS320F28069x
MC, knowledge of the machine parameters for the estimation of rotor position of machine is
required. Following parameters were determined through experiment required for the sensor-
less control using microcontroller.

1. Stator Resistance.

2. d and q axis inductance

¢ Stator self inductance.

¢ Stator mutual inductance.

3. EMF constant.

2-4-1 Stator Resistance per phase

A multimeter was used to determine the stator resistance of each phase. Multimeter mea-
surement : Ry = 0.110.

2-4-2 Measuring d and q axis Inductance

A permanent magnet has magnetic characteristics due to uniform and permanent alignment
of its magnetic domains, they have the permeability close to 1. In surface mounted permanent
magnet machine, poles on the surface of the rotor offer the same reluctance to magnetic flux
has that of the air. Hence the inductance measured along the d and q axis will be same, Ly
= L.

Stator Self Inductance

Sinusoidal voltage supply was applied phase one stator coil of the machine through variac,
the coil would produce the pulsating field. Voltage and current response of excited phase
measured using the oscilloscope, is shown in the Fig. 2-11. From the measured response, self-
inductance is calculated which is a sum of magnetizing inductance and leakage inductance.
Reactance of the phase one is calculated using equation 2-2 [28].

X =\/23 - R2 (2-2)

1% 2
X1 = (11) — R? (2-3)
g
Measured stator resistance is used in the equation 2-3.
X11
L = . 2-4
n=o (2-4)
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16 Modularity in Multiphase PMSM System

where, X11 is Reactance of stator phase one. Zj; is Impedance of stator phase one. Vi
is voltage applied across the stator phase one. iy is current through stator phase one, f is
frequency of supply.

Table 2-1 shows the measurements using oscilloscope from self inductance measurement test.

Serial No. Voltage Vi1[V] Current 7 [A] Self  Inductance
Ln[mH]
1 0.44 1.30 0.99
0.855 2.5 1.03

Table 2-1: Stator self inductance.

Il
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time [s]

Volatge [V]
Current [A]
L 5 2 - . =

)
T

Figure 2-11: Voltage and current applied across phase five for measurement of the phase
inductance. Frequency = 50 Hz, V,.,,s = 0.855 V, I,.,s = 2.5 A.

Stator Mutual Inductance

To measure the mutual inductance between the phases of the machine, one of the machine
phase was excited with the sinusoidal voltage supply (Variac) and rotor was kept stationary.
The voltage induced in the all remaining phases was measured using the oscilloscope. Phase
five was excited with the Variac, emf induced in all the remaining phases was measured and
the mutual inductance was calculated. Flux linkage in phase one, due to the voltage applied
to the phase five.

M1 =1Lyt + Lia-ta+ Li3-i3+ Lig - i4 + L1s - 45 + L1s - t6 + Ame- (2-5)

Since current in the remaining phases are zero and also rotor is stationary in the experiment,

so equation becomes.
A1 = L5 - 15 (2-6)
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2-4 Determination of Machine Parameters 17

Using Faraday’s law of electromagnetic induction

By = ——1 2.7
= (2-7)

Solving equation 2-7 to calculate the mutual inductance will result in equation 2-8.

E5l rms
Lsi = Lis = — 9.
o 1o ISfrms 2-m- f ( 8)

where, A1 is flux linkage in phase one. Lo, L13, L14, L15, L1g are mutual inductance between
the phase one and phase two, three, four, five and six respectively. A, is Flux linkage from
the permanent magnet rotor on stator. is, 23, i4, i5, tg are current through the stator phases
two, three, four, five, and six respectively. E51, Es50, E53, E54, E56 is induced emf in the phase
one, two, three, four, and six respectively due to voltage applied across phase five. Lz, Lo,
Ls3, Lsy, Lsg is mutual inductance between the phase one and phase two, three, four, five,
and six respectively.

Using the equations 2-5 to 2-8 mutual inductance between the phases are calculated and
tabulated in the table 2-2. Inductance matrix L is formed by the combination of the self

Phase 5 ‘ Phase 1 | Phase 2 | Phase 3 | Phase 4 ‘ Phase 6
Vss 15 Esy  Lsi  FEs»  Lsa  FEss  Lss  Esa Lsy  Ese Lsg
V] [4]  [mV] [pH] [mV] [pH] [mV] [pH] [mV] [pH] [mV] [uH]
0.44 1.30 10 24.5 8.5 20.8 9.6 23.51 185 45.32 20 48.99
0.855 2.5 20 25.4 17 21.6 19 24.2 34 43.32 36 45.85

Table 2-2: Mutual inductance between the phases.

inductance obtained from stator self inductance test and the mutual inductance tabulated in
the table 2-2. In the matrix it can be seen that non diagonal elements have negative sign,
this is because of the 180° phase shift between the applied and induced voltage as shown in
Fig. 2-12 and 2-13. Also phase lag of the induced voltage from the supplied current can also
be seen using both the figures.

Looking into the table 2-2 and also any of the rows in the inductance L matrix, it can be seen
that three different mutual inductance values exist. If the first row is considered, and Fig.
2-4 for reference then adjacent phases two and six have same mutual inductance value, phase
five and phase three have same mutual inductance value due to their 120° spatial distance
from phase one. Phase four, diagonally opposite to phase one has lesser mutual inductance
compared to other phases. The reason for having different mutual inductance value is be-
cause no back iron is used for the Halbach array rotor cylinder, so the relative permeability
of the rotor cylinder is equal to one, similar to that of the magnet. Reluctance to the flux
path inducing on the other phases increases, which will reduce the induced emf and mutual
inductance between the phases [29].
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18 Modularity in Multiphase PMSM System
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Figure 2-12: Voltage and current applied to the machine phase five. Frequency = 50 Hz, V.5
=085V, I,s =25A.
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Figure 2-13: Induced emf in phase three. V,,,s = 19 mV, frequency = 50 Hz.

From the inductance matrix (L) formed using the experiment, Ly and L, inductance are
calculated.

A23 = L1293 - 9123. (2-9)

where, Aj93 is flux linkage vector of phase 1,2,3. L is inductance matrix corresponding to
phase 1,2,3. 7103 is current vector of phase 1,2,3.
Applying the Clarke’s transformation (C) and Park’s transformation (P) to equation 2-9, to
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calculate the Ly and L, [30].

ct.pt '/\dq :L123-C_1 .p1 “ldg- (2-10)
qu:P~C-L123-Cil~P71 (2—11)
For 3 phase machine, Clarke’s transformation and Park’s transformation.
11
5 2 2
=30 V3 _V3 (2-12)
1 % 12
) 2
cospby, sinpb, O
P = | —sinpb,, cospb,, 0O (2-13)

0 0 1

where, C is Clarke’s transformation matrix. P is Park’s transformation matrix. L, is induc-
tance matrix in rotating reference frame.

As described in previous section, one MC would control the three phases of the machine,
so Lq and L, values are calculated for three phases.

ImH  —46pH —25uH
L123 = L456 = —46,U,H 1mH —46IMH
—25puH —46pH  1mH

Using equation 2-11 with P and C matrices. Ly = L, = 1ImH.

2-4-3 EMF Constant

The aim of this experiment is to determine the flux linkage in the stator winding from the
rotor, which is always constant. Usually, this experiment is carried out by running the rotor
of the machine whose EMF constant has to be measured using the another machine. Due to
the limitation with the facility available to run the rotor of the PMSM machine under consid-
eration using another machine shaft. The rotor of the PMSM machine under consideration
was ran with the help of the three phases (1,2,3) of the machine. Taking advantage of low
mutual coupling between the phases, induced emf in phase five is determined.

The magnitude of induced voltage is a function of the rate of change of flux according to
Faraday’s law is given by equation 2-14. Table 2-3 shows the induced voltage tabulated for

the corresponding speed.
A\,

dt
A = A\, - cos(27 ft) substituting value of A in the equation 2-14.

€55 — (2—14)

€55 = Am - 2-m - f - sin(2w ft) (2-15)
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Serial No. Induced Voltage Frequency [H z] Speed [rpm]
V]

1 1.72 20 300

2 3.36 40 600

3 4.24 50 750

4 ) 60 900

) 6.64 80 1200

6 8.28 100 1500

Table 2-3: Induced voltage in phase five over the different rotor speed.

sk Induced emf| |
ol
— 6
Z. 2.l
e =
= =
/| - £a)
sl
Sl
Wl
-80 0.2]2 0.2]4 0.2]6 0.2]8 0‘.1 0.‘12 0.‘14 0.‘16 0.‘18 0.2 o0 1‘0 2‘0 :;0 4‘0 5‘0 (;0 7‘0 8‘0 9‘0 100
Time [s] Frequency [Hz]
Figure 2-14: Induced emf in Figure 2-15: Induced emf in
phase five at frequency of 50 Hz. phase five over frequency.
€55 rms — 2-m- f : )\m (2_16)

Since rotor of the machine was rotated with help of the three phases of the machine, induced
EMF in phase five from three active phases has to be subtracted to know the exact value of
the induced emf from the rotor on the stator. Using equation 2-8 and the inductance matrix
calculated in the previous section. It was found that mutual coupling between the phases has
very minimal effect on the magnitude of induced voltage from rotor to stator. It is illustrated
in the example below, using one of the experiment result.

Example : Induced voltage = 4 V, speed = 750 rpm, frequency = 50 Hz.

Current through the stator excited phases : Iy = 107mA,I, = 120mA,Is = 102mA.

Using the equation 2-8 and inductance matrix values.

Sum of the induced emf on the stator phase 1,2,3 = 2.5mV.

Subtracting the above sum with the induced emf in the phase 5 will result = 3.99V

This result is anticipated, because the machine is designed for very minimal mutual induc-
tance between the phases.

Figure 2-15, shows the plot of the induced emf in V vs frequency of rotor rotation in Hz.
The slope of the line, EMF constant in (V/Hz) would be 0.086 V/HZ.
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2-5 Discussion

This chapter presented an overview of the design consideration for modular design six phase
machine. Section 2.1 shows the typical electrical drive system architecture. Section 2.2 ex-
plained the method of application of modularity into the electrical drive system primarily
for the fault tolerant application in the aerospace field. Section 2.3 discussed the permanent
magnet used on the rotor. Details of the machine specification discussed above are summa-

rized in the table 2-4 [3].

Description Specification
Shaft output power 50 KW
Torque 8 Nm

Shaft Speed 60,000 rpm
Stator phases 6

Stator slots 12

Rotor poles 8

Bus voltage +/-270 V

Table 2-4: Machine specification.

Section 2.4 provided the method and experimental results to determine the machine parame-
ters used for implementing the sensorless control in the six phase machine. Measured machine

parameters are tabulated in table 2-5.

Parameter Value
Stator resistance 0.11 ©
L4,L, 1 mH
EMF constant 0.086 V/Hz

Table 2-5: Machine parameters.
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Chapter 3

Build and Test of Inverter Modules

Chapter summary This chapter describes the power converter (Inverter) used in the drive
system to implement the field oriented control (FOC) in the machine that follows in the
subsequent chapters. The steps followed to build and test the inverter modules for machine
phases are explained.

3-1 Drive System of the Machine

Figure 3-1 shows the block diagram of the drive system used to power a single phase of
the machine!, each phase has system similar to the one indicated in the figure except one
microcontroller (MC) controlling three phases of the machine. In the Fig. 3-1, blue dashed
lines shows the stator voltage, current from PMSM machine stator winding, and DC link
voltage fed to MC, this is necessary to estimation parameters, which will become apparent in
the next chapter.

The procedure followed to build the power converter for one phase of the machine is explained
through Fig. 3-2, for remaining phases, the same method was followed. Initially, PWM gate
signals are generated through ePWM module of the MC (TMS320F28069x). Generated PWM
signals are amplified using the driver circuit. These amplified signals are used to switch the
inverter modules as indicated using blue dashed lines in the Fig. 3-2.

3-2 Inverter Module Build and Test

As it was described in the section 2-2-1, H-bridge inverter module should be used to supply
the machine phases. Schematic diagram of H-bridge inverter used is indicated in the Fig.

nitially, three phases of machine drive system were active, remaining phases of the machine were built
with same design which was used earlier to build active phases.
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Figure 3-1: Block diagram of drive system of the machine.
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Figure 3-2: Procedure to develop power converter circuit of the machine.

3-3. For testing the single H-bridge inverter, single pulse width modulation voltage control
technique is used. Fig. 3-2, will be explained in detail in following subsections.

3-2-1 Enhanced Pulse Width Modulator Module (ePWM)

Enhanced pulse width modulator (ePWM) module from MC is used for generating PWM
signals to test the driver circuit and inverter module. The modulation technique used here
is different from conventional modulation technique used to build the FOC in the machine.
The modulation technique used for FOC will be explained in the next chapter.

ePWM module in MC is primarily used to generate the PWM signals for controlling the
power converter modules. There are totally eight ePWM modules in MC. Each ePWM mod-
ule has 2 outputs pins for high side and low side switch of the half H-bridge leg. Eight ePWM
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Figure 3-3: Single phase H bridge Inverter.

modules in MC are named has ePWMxA and ePWMxB2.

Switching frequency of the PWM signals in MC is set using equation 3-1 [31].

Tpwar =2-TBPRD - Trperk
1 (3-1)

Tpwm

Fpwm =

where, Tpy s is period of the PWM signal. TBPRD is time base period. Fpy s is fre-
quency of the PWM signal. Trpork is time base clock, this is prescaled value of the CPU
clock (SYSCLK = 90 MHz) and is used by all the submodules in the ePWM module, it is set
to a value of 80 MHz.

To generate the triangular carrier signal, Up-down count mode is selected in MC. In this
mode Time base counter (TBCTR) submodule in ePWM module will start counting until it
reaches the time base period (TBPRD) value. When the counter reaches the TBPRD value,
it starts decrementing until it reaches zero. Time base counter counts until it reaches TBPRD
value and back to zero, hence it is named has Up-down count mode. This process is shown
using the Fig. 3-4, here the TBCTR starts counting from zero until it reaches TBPRD with
respect to the CPU clock. To set the duty cycle of the PWM signal, counter-compare sub-
module in ePWM module is used. In this submodule, a value is set with respect to TBPRD
value. For 50% duty cycle half the value of the TBPRD is set in the counter compare register.
When the time-base counter reaches the value of the counter compare, an ePWM signal is
generated high or low. Using the active high complementary function, gate signals of eP-
WMxA and ePWMxB is made complementary to each other as indicated in the Fig. 3-4.

Fig. 3-5 shows the PWM signals generated from the MC, for inverter switches are shown. For
selecting the switching frequency of PWM signals to 2kHz, TBPRD is set to value of 20,0000
and counter compare value is set to 9000 for setting the duty cycle of 45%.

2% =1,2,3,4,5,6,7,8

Master of Science Thesis



26 Build and Test of Inverter Modules

CPU Clock|||||||| |||||||

TBPRD

A
A J

Counter compare — - — . — . — . —

TBCTR
0

PWM gate signal

|
|
|
|
|
|
|
|
|
|
|
|
|
|
to $1and$3 '

RED —=

PWM gate signal

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
to $2and 54 |

*
+ "
o Bttt B

Figure 3-4: Up-Down count control method used for generating PWM signal.
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Figure 3-5: PWM signal generated by ePWM module of microcontroller. Switching frequency
= 2 kHz, duty cycle = 45%.

3-2-2 Driver Circuit

The driver circuit in Fig. 3-1 is used to amplify the PWM gate signals obtained from the
MC to required voltage level by the switches of the H-bridge inverter. It also provides the
isolation between the MC and power converter circuit. Driver circuit uses the transformer
for isolation between the MC (primary) and high voltage power circuit (secondary). During
turn off the IGBT switch is maintained approximately at -10 V and at the IGBT turn-on
gate voltage is kept at 15 V. IGBT is kept at the negative voltage at turn off, to avoid the
dynamic latch up [32]. Driver circuit can also be used for the detection of the malfunctioning
of the circuit, which includes detection of the overcurrent in the switch and supply voltage
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monitoring|[33].

In the Fig. 3-6 shows the output PWM gate signal obtained from the driver circuit. The
input to the driver circuit is supplied through buffer circuit from ePWM module in MC, has
indicated in the Fig. 3-5. The PWM signal to driver circuit from MC is at 5V during turn
on and OV during turn off. Driver circuit uses the isolated DC/DC converter to step up the
voltage as per the requirement IGBT threshold voltage to turn it on and keeps the voltage
negative during turn off.

PWM signa
PWM signa

switch S1 and S2
switch S3 and S4

———

10 -

20 T T T T T ‘

Voltage [V]

i ‘

-10

\ \ \ \
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Time 3] x10°%

Figure 3-6: Driver circuit PWM signal to H bridge inverter. Switching frequency = 20 kHz,
dead time = 2 us, duty cycle = 44%.

3-2-3 H Bridge Inverter

For testing the H-bridge inverter, single PWM control technique is used. For this technique,
PWM signals are generated from MC and stepped up using driver circuit as described in
above subsections. Bipolar switching technique is used, here the diagonally opposite switches
(S1,52) and (S3,54) in Fig. 3-3 are switched at the same time. Diodes are connected in
antiparallel to the switches, here the diodes will conduct when the main switch is turned off.
These diodes are known as freewheeling diodes.

R-L load was built with the inductance of 1.15mH and resistance of 2.15{2. Load was con-
nected between the two legs of H-bridge inverter as in the Fig. 3-3, for testing the Inverter 3.
To avoid the short circuit of the switches in the same leg, blanking time (dead time) between
the switches is introduced.

Dead time (fgeqq) depends on the gate resistance, driver circuit, and IGBT switch delay
time. Dead time between the IGBT switches in one leg is calculated using the equation 3-2
[4] :

tdead = [tD_oFF MaAx —tp onN_miIN + (tPpDD _max —tppp minN)] - 1.2 (3-2)

3Main idea behind building this specific value of inductance is to match the stator winding inductance of
the machine.
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where, tp orrF max is the maximal turn off delay time. tp on a7y is the minimum turn
on delay time. tppp amrax is the maximal propogation delay of driver. ¢tppp arn is the
minimum propogation delay of driver. 1.2 is safety margin to be multiplied.

From equation 2-6 it can be seen dead time calculation is dependent on turn off and turn on
delay times of switch. Definition of the turn on and turn off delay time can be referred using
Fig. 3-7.

™
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\ 10% Vg

R

l . 90% 7, 90% 7y
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~
b
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Figure 3-7: Definition of switching times [4].

Maximum turn off delay tp orr max and the minimum turn on delay tp on amrn time
of the switch are not specified in IGBT Semikron datasheet [34]. So, typical values of turn
off and turn on delay times mentioned in the datasheet are used for the calculation of the
dead time in the equation 2-6. The value of the gate resistance in inverter is 10€). Time
delay increases with the increase in the gate resistance [4]. This can also be observed from
the characteristics plot of the switching times vs gate resistance in Semikron datasheet [34].
From the safety viewpoint, it is better to consider the higher value of the delay time, so for
the calculation delay time mentioned for 15€2 is used. Typical values of the turn on and turn
off delay time of IGBT switch are :

ta on = 63ns for gate resistance of 15(.

ta off = 521ns for gate resistance of 15§).

Second part of the equation depends on propagation delay time difference in the driver circuit.
It means the delay time caused by the driver circuit gate signal from MC to switch. This
value will be usually specified in the data sheet of the driver circuit [4]. Propagation time
delay of the driver circuit 2SC0108T is 100ns [35].
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Since the maximum value of the t; ,ry wasn’t specified in the datasheet. For improving
the safety factor, fall time (¢;) is added to turn off delay. Fall time (Z7) is added to compen-
sate for using typical turn off delay time instead of maximum turn off time. It will give tgeqq
value of 766mns.

Dead time value between the switches in the leg is set with the help of Dead band gen-
erator submodule in the ePWM module. This submodule used the programmable delay on
rising and falling edges of the PWM signals generated by the ePWM module [31]. By control-
ling the values of Falling edge delay (FED) and Rising edge delay (RED) in ePWM module,
deadtime value is set for ePWM modules, as indicated in the Fig. 3-5.

Formula for calculating Falling edge delay (FED) and Rising edge delay (RED) in MC.

FED =DBFED -Trpcrk

(3-3)
RED = DBRED - Trpcri

where, FED is Falling edge delay. RED is Rising edge delay. DBFED is Dead band rising edge
delay. DBRED is Dead band falling edge delay, Trpori is a period of TBCLK, prescaled
version of CPU clock (SYSCLK).

Keeping the dead time calculated above has a reference, the dead time value is set between

1
the two switches. DBRED and DBFED are set to a value of 165 and the Trpcrk is SOM
z

in equation 3-3 which will result in the dead time of 2us. Switching frequency of the PWM
signals generated by MCU is set to 20KHz, using the equation 3-1, TBPRD is set to value of
2000.

The output voltage and current measured across the inductor for above mentioned configu-
ration is shown Fig. 3-8. By varying the duty cycle of the reference signal output Vi, ,ms
is controlled. The duty cycle of the all the switches are set at 44%, excluding the dead
time, rms value of the output voltage V, s is 9.17 V. Current through the inductive load
lags the output voltage due to an inductive nature of the load this can be seen in the Fig. 3-8.

During dead time, both the switches previously conducting will stop and the load connected
between the legs of the H-bridge will be floating. But the energy stored in the inductor will
start conducting through the freewheeling diodes connected antiparallel to the switches. If
current is flowing through the switches S3 and S4 ( from point B to A) before the dead time,
to maintain the current in the same direction during dead time. Diodes D1, D2 will conduct
and negative voltage will appear across the load [36]. If the current is flowing through the
switches S1 and S2 ( from point A to B) before dead time. During the dead time to maintain
the current in the same direction diodes D3, D4 will conduct and positive voltage will appear
across the load. Both the effects can be seen in the Fig. 3-8.

Master of Science Thesis



30

Build and Test of Inverter Modules
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Figure 3-8: H bridge inverter output voltage and current plots, with gate signal. Switching
frequency = 20 kHz, dead time = 2 us, duty cycle = 44%, dc supply = 10 V.
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3-3 Discussion

This chapter has focussed on building and testing of the drive circuit of the PMSM machine.
It also gives insight into the power converter of drive system of the machine. Fig. 3-9 and
3-10 shows the built front and rear view of the single phase H-bridge module. As indicated
in the two figures numbering is used to indicate the components in the full bridge inverter 1a
- EMI Filter Inductor, 1b - EMI filter Capacitor, 2 - DC link Capacitor, 3 - Driver circuit, 4 -
Output terminals of H-bridge, across this machine stator winding is connected, 5 - Buffer IC,
6 - Half leg IGBT switches. 7. Slot for interconnection between microcontroller and power
converter, connection is formed through wire to board connector and PCB connector.

CONC=P

25€010872€0-17

’."n:auu.
°® -vl.. o

Figure 3-10: Single phase H bridge module rear view.
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Chapter 4

Implementation of Sensorless FOC for
Three Phases of Machine

Chapter summary This chapter aims at building the sensorless field oriented control (FOC)
in the three phases of the machine. First, sensorless FOC' is explained and dq theory is ap-
plied to the PMSM machine. Thereafter, InstaSPIN algorithm in the microcontroller used for
implementing the direct FOC is described with the drive setup. This is followed by Analog
to digital conversion module (ADC) and enhanced Pulse width modulation (ePWM) module
applied to dual two level inverter is explained. Use of the model based current control for
the PI controller of the current controller is discussed. Finally, experiments results of the
sensorless control for the three phase is shown.

4-1 Sensorless FOC

4-1-1 Field Oriented Control

Motor control performance can be characterized to be effective if it has a smooth rotation
and good torque control over the entire speed range, fast acceleration, and deceleration. In
FOC stator current is decomposed into the magnetic field generating component and torque
generating component, for controlling the machine[37].

FOC is based on projections which transform a three phase time and speed dependent system
into a time-independent two coordinate system. Three phase voltages and currents supplied
to the motor, is represented by complex space vector, with regard to the current space vector
it is represented by is. Current space vector is represented by instantaneous sinusoidal current
1q,1p and 1. given by equation 4-1 and Fig. 4-1 indicates stator current space vector with its
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4
c-axis

Figure 4-1: Stator current
space vector and its three phase
variables i,,7, and i..

B -axis

ioa o -axis

Figure 4-2: Stator current
space vector and its component
in o, 8 and d,q reference frame.

current component.
27

2m
Te=ig+ip-€ 3 +ic-e 3 (4-1)

To convert from three phase system to two phase time invariant system, two transformations
are followed.

Clark’s transformation (C) : This projection will converts the a,b,c system into two dimen-
sional orthogonal system («, 3), after this transformation current i, and isg still depends on
the time and speed.

iaﬁO =C- Labe (4_2)
1 1
. L =5 =5
lsa lq
. 2 .
ig| ==-1]0 V3o V3L, (4-3)
3 % 2
20 1 1 e
2 2 2
. 2 1 1
lsa = 5 ta— 35 "WwW— 7" 1
3 2 2
153 1+ 2

=75
Park’s transformation (P): This transformation modifies the projection from the two phase

orthogonal system («, ) into the d,q rotating reference frame. It also converts two co-ordinate
time varying system into two co-ordinate time invariant system.

iqu =P iaﬁO (4_5)
1q cospl,, sinpl,, 0| |isa
iq = |—sinpbl,, cospb, 0| |iss (4-6)
10 0 0 1 10
id = lsq - COS POy, + ig5 - sinpb,y, (47)

tqg = —lsq - SIN PO, + i - cOS plp,
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4-1 Sensorless FOC

The two transformations described above are also pictorial represented in the Fig. 4-2. Cur-
rents g and 7, are always constant under steady state. During transient conditions, values of
current varies with the time. Conversion of the stator system into rotor reference frame and

basic structure of FOC is algorithm is shown in the schematic Fig. 4-3.
Following steps describe briefly the algorithm of FOC in PMSM.

A A
Xy
X1oXarXs *y XKoo Kp
0 > I -
0 T
a wt =
Phase 1 » o, - - o > Lassvl
Phase 2 3phase to 2 Stationary to Rotating to 3pace Veetor Phase 2
> h ; Controller . Pulse Width -
Phase 3 phase P Rekating Seadomary B Modulation Phase 3
- - - - - S
3 Phase | 2 Phase System | 3Phase
System | i System

Stationary reference frame

Figure 4-3: Field oriented control transformation.

Rotating reference frame

Stationary reference frame

e Three phase motor quantities voltage and current are measured.

» Using Clarke’s transform three phase system is converted to two phase i, and ig cur-

rents.

e Rotor flux space vector angle and magnitude is calculated.

 Stator currents are transformed into rotor reference frame 74 and 7, currents using Park’s

transform

o The current ¢4 acts has flux producing component and current ¢, is torque producing
the component, they are controlled independently.

» Using PI controller, torque current component i, is controlled.

o By using inverse Park’s transform, currents i4 and i, are converted back to the two

phase stationary reference system.

e Three phase output voltage is generated from space vector pulse vector modulation,

corresponding to the output from the two phase transformation.

4-1-2 Sensorless Control Technology

Machines employing FOC technique for its control would require accurate rotor position in-
formation all the time. Rotor position is required for the decomposing the stator current
into the torque producing current component and flux producing current component. And
it is also required for the Park’s transformation used in the FOC. Inaccurate rotor position
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in the control would result in poor performance and in some cases it will lead to complete
drive failure. The position/speed sensor used for rotor position information in FOC ! tech-
nique may result in problems such as complexity of hardware, difficulties in application to
the unfriendly atmospheres, increased cost, decreased reliability due to cables and sensors,
difficulties of attachment of the sensor to electrical machine, electromagnetic interference and
increased axial length [38]. To solve described problems with conventional position sensor,
many sensorless control techniques are employed for control of AC machines.

Sensorless control for the AC machines can be classified into three groups [39].

e Linear method.
e Non Linear method.

o High-frequency injection method.

In the linear method measured terminal voltage and currents are used to calculate the rotor
position. This technique uses classical control theory with the basic machine equations. This
work is limited to this method and the other two methods are beyond the scope of this work.
Sensorless control is implemented in PMSM machine, based on the linear method.

Using the concept of rotor position feedback from sensorless control and FOC, angle control
(and field orientation) is introduced. Here, the instantaneous control of the stator current
(i4,1q) is done in rotor reference frame. Controlled current supply to the machine, using FOC
maintains relative field orientation condition for transient changes in the machine speed as
well as under steady state conditions [37].

4-2 Permanent Magnet Synchronous Machine Model

When applying the dq theory to the machine, some assumptions have been made, stator wind-
ing has to be sinusoidally distributed and the magnetic circuit shouldn’t saturate. Florence
Meier showed that torque and steady state operation can be accurately calculated using the
dq model if the magnetic circuit isn’t saturated for PMSM machine with the non-overlapping
concentrated winding, and even if the sinusoidally distributed winding is violated [40].

Magnetic, electrical and physical isolation between all the stator phases, each machine phase
can be considered has single decoupled circuit. Each stator phase is represented by resistor
R, inductor Lg and the induced back-emf e; from the rotor magnet, circuit schematic is
indicated in the Fig. 4-4.

As it was explained in the thesis objective, initially sensorless control was implemented for
three phases of the machine and later it was extended to six phases of machine. Hence, dq
model for three phases of the machine is developed [5]. Electrical equation for the three
phases of the circuit in a,b,c reference frame, is converted to dq rotor reference frame rotating

' This type of FOC is known has Indirect FOC, because rotor position sensor is used for measuring the
rotor position
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Figure 4-4: Equivalent circuit of single phase modular design machine.

at synchronous speed.

. di
U1=Rs'11+Ls'7;+61
. di
U2:Rs'12+Ls'£+€2 (4-8)
dis
— R.jad .28
us = Ry - i3 + Ly dt+e3

where, u1,us2,us is voltage applied across the stator phases one two and three respectively.
11, %2, 3 is the current through the stator phases one, two, and three respectively. Ry is stator
resistance. Ly is stator inductance. eq, e, e3 is induced emf in the stator phases one,two, and
three respectively.

Applying the Clarke’s transformation(C) matrix to the equation 4-8

uago = C - u123 (4-9)
dig
ua:Rs.ia+Ls.dL+ea
dz,t (4-10)
uB:RS-iﬁ—FLS-dif—Feﬁ

For obtaining the machine model in rotor reference frame, Park’s transformation (P) is applied
to the equation 4-10.

Ugqo = P - uago

(4-11)
udq():P-C-'LL123
) di )
ud:Rs'ld+Ld'7:—p'wm'Lq'Zq
| i, | (4-12)
Uug = R ig+ Lo — 4P W Lo iat Pm - p-wm
3 .

where, T' is electromagnetic torque. p is number of pole pairs. 1, is the rotor flux. i4, i4 is
current in d and q axis of rotor reference frame. ug4, u, is the voltage in d and q axis of the
rotor reference frame. Lg, L, is inductance in d and q axis of rotor reference frame.

In the dq model, the d-axis stator current is aligned with the rotor flux axis and q axis
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current is perpendicular to rotor flux axis. By controlling the d-axis current field weakening
can be achieved in the PMSM. From the equation 4-13, torque in surface mounted PMSM
machine, depends on the rotor flux v, and q axis current #,. Since the amplitude of the rotor
flux is always constant, torque has a linear relationship with the current component i,.

4-3 Sensorless FOC Control Using Tl instaSPIN Algorithm

Sensorless FOC is implemented in the PMSM machine using Texas instruments (TI) In-
staSPIN FOC motor control algorithm in TMS320F2806xF MC device. TI introduced the
InstaSPIN FOC, this device employs the FAST software observer?. FAST observer uses mea-
sured stator terminal voltage and currents from motor, for the estimating the rotor flux angle
or rotor position (6,,) [22]. FAST observer works on principle of back-emf model with open-
loop operation at low speed [41]. Open loop operation is employed to avoid the problem of
evaluating the flux vector at low speed, which is one of the demerits of using the back-emf
method. By using both the methods in the InstaSPIN algorithm, motor control can be built
for entire speed range.

4-3-1 Principle of Back-emf Approach

In the back-emf model approach, for estimating the rotor position, measured three phase
voltage and currents are used [22]. In this method estimated voltage vector is calculated
using the motor equation in vector form, it is defined in [42].

—

€y = lis — Ry - s
. i, (4-14)
Sdt

where, e is voltage vector. v, is stator flux linkage vector. s is stator voltage vector. iy is
stator current vector.

Equation 4-14 shows that voltage vector can be estimated using the stator resistance, volt-
age, and currents measured across stator of the machine. Integration of the estimated voltage
vector, will give estimated stator flux linkage as shown in the equation 4-15.

Uy = /58 - dt (4-15)

Rotor flux position and magnitude is calculated using equation 4-16 with the knowledge of
the stator inductance and the measured current [22]. Fig. 4-5, shows space vector diagram
for rotor position estimation method.

Ym = s — Ls - is (4-16)

2FAST observer is TI proprietary technology, literature available is limited only to application notes
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Figure 4-5: Space vector diagram for estimation of voltage emf vector.

4-3-2 Drive Setup using InstaSPIN Module

Fig. 4-6 shows the schematic of the standard drive setup for building sensorless control using
the InstaSPIN algorithm [41]. In the system under consideration, similar drive setup is em-
ployed to implement sensorless control in machine. Measured stator current, stator voltage,
and DC link voltage using the sensors, are the fed to the ADC module of the MC. Further the
analog input signal is converted into a digital output, method of conversion to digital output
will be explained in the following section.

Output of ADC is fed to Clarke’s transform module, here iy, 19,43, u1, u2, and ug are trans-
formed to 44,13, ua, and ug. Clarke’s module output values with the DC link voltage (Vpc)
from ADC module is fed to FAST observer. MC houses the FAST software observer in the
ROM of the device. This module also requires access for the measured stator resistance Ry
and stator inductance L, value. With these inputs to the observer module described above,
FAST software encoder will estimate the rotor position (6., ), rotor flux amplitude (1, ), speed
of the rotor (wy,), and Torque (7") using back emf method described in section 4-3-1. Rotor
speed and position obtained from FAST, will be used for building the FOC for PMSM ma-
chine.

In drive setup, two control loops are used for controlling speed and torque of the machine.
Torque equation 4-13, shows that torque can be controlled directly by current in q axis of the
rotor reference frame, through the inner current controller loop. Inner current control loop is
superimposed by the outer speed control loop for controlling the shaft speed of the machine.
This type of control is known has cascaded control approach, inner control loop is for current
control and outer control loop for the speed.

In the outer speed control loop, estimated speed (&3) is compared with the user reference
speed (wrer). The resulting error signal is fed to speed PI controller, the output of the con-
troller represents the reference torque Tycf or igres (current reference). Measured current
i1,172, and 73 fed to the ADC module are converted to iq and %4, using the estimated rotor
position, Clarke and Park’s transform. Measured current (iy) is compared with the refer-
ence current (igq.f) from the speed controller, deviation in the value is fed to the PI current
controller. This controller uses the model-based current control for generating the voltage
reference u,. Inverse Park transformation on reference voltage, with space vector pulse width
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Figure 4-6: Drive setup using InstaSPIN-FOC.

modulation using PWM driver circuit module duty cycle values required by the power con-
verter are generated through MC [22]. Current reference (igrf) is always kept zero, because
field weakening mode of operation is out of the scope of the research.

Employing the cascaded control loop discussed, machine would produce required electro-
magnetic torque, necessary to achieve the user reference speed. In the next section, detail
working of the PI controller modules and the PWM modules will be explained.

Pl Antiwindup

During transients when control variables reach actuator limits, the feedback loop breaks and
the system will run on the open loop because actuator will remain at its limits irrespective of
the process output. Integrator action present in the PI controller will produce the error due
to deviation in reference and output value. Integration of this error will result in the large
integral term value and it winds up [43].

In the system under consideration, two control loops are used one for speed control and
another one for torque control. Windup will occur when the reference voltage generated by
the PI controller exceeds the maximum value of the voltage that can be delivered by the power
converter. Under this circumstance, the current error occurs at the input of the controller,
which will further increase PI controller reference voltage output.

The anti-windup feature in the PI controller will limit the integrator action to user defined
limit (user defined voltage reference) when it has reached. This is done through the static
integrator clamping. In the speed controller limit is set to maximum speed motor can reach
and for the current controller, it is set through maximum voltage per sample.
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4-3-3 Microcontroller Board

-
o

= wu
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Figure 4-7: Micrcontroller board used for the sensorless control.

Fig. 4-7 shows the MC board used for implementing the senorless control in PMSM machine.
Modules/Components numbers indicated in MC board are as follows :

1. 24V DC power supply port to MC.
2. Universal Serial Bus (USB) port used to flash the program to MC board.
3. TMS320F28069x MC chip.

4. Voltage scale down and filter circuit for DC voltage ( from inverter), three phase sta-
tor voltage ( from motor phases) fed to ADC module in MC.

5. DC link supply to inverter fed to ADC module in MC through this external port.

6,7,8. Voltage across the phase one (8), two (9) and three (10) stator winding are fed to
ADC module in MC through this external port.

9. Voltage transformation and filter circuit for current from the stator winding fed to ADC
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module in MC.

10,11,12. Current through the phase one(12), two (11), and three (10) stator winding are
fed to ADC module in MC through this external port.

13. SPI module external port of MC.
14. ePWMx5 and ePWMx6 module external ports.
15. ePWMx1 and ePWMx2 module external ports.

16. ePWMx3 and ePWMx4 module external ports.

4-4 Analog to Digital Converter (ADC) Measurement Unit

Analog to Digital converter (ADC) module is used to convert the analog input signal to digital
output. The purpose of this module in FOC is to convert the analog real-time variation of
the stator phase voltage, stator phase current, and DC link voltage to digital binary numbers.
Converted digital values are used by FAST observer, to estimate the rotor position, rotor flux
magnitude, torque and rotor speed as described in the previous section. ADC module has 12
bit ADC core with the maximum digital output value of 4096 (2!% = 4096) for analog input
of 3V at MC ADC pin.

Before the signal is sent to ADC pin of MC to convert it to the digital signal, it has to
be scaled down to the voltage range of 0 to 3V. Circuits used to scale down the voltage, cur-
rent and procedure followed to convert analog to digital signal are explained in the following
two subsections.

4-4-1 Stator Phase Voltage - ADC Module

The conversion circuit for ADC module is designed for the voltage range of -306V to +306V.
This voltage range is scaled down to the voltage range of 0 to 3V required by the ADC pin
in MC [31].

Circuit used to scale down the voltage is indicated using the block diagram shown in the
Fig. 4-8. Initially, the input voltage (+306V to -306 V) is divided by the ratio of 1/51, using
the voltage divider circuit. This would result in the voltage reduction of +6 to -6V. Scaled
down voltage signal is passed through the low-pass RC filter to remove higher order harmonic
signals. After a high harmonic signal is removed, using level shifter -6V to 6V signal is con-
verted to the 0 to 3V. Analog input voltage in the range of 0 to 3V is fed to MC ADC pin
for digital conversion.
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Figure 4-8: Block diagram of the voltage scale down circuit for ADC module used in the
microcontroller board.

Digital Conversion Method for Voltages in MC

ADC module in the MC uses the Bipolar Offset Binary (BOB) coding method to convert
the analog signal to the digital value [44]. In this method, the analog input voltage is both
positive and negative. Digital output counting begins with zero for negative analog input full
scale value (—306V — 0V)3. As the digital value increments and reaches half the digital max-
imum value (2048) for analog input voltage equivalent to zero (0V — 1.5V)*. After analog
input zero crossing occurs at digital value of 2048, digital output value increases proportionally
to positive analog input signal until input reaches its positive full-scale value (+306V — 3V)?.

Digital code for the corresponding analog input voltage can be determined analytially us-
ing equations below [45]:
Vin = Digital Code - LSB Size (4-17)

Full scale voltage
N

LSB Size = (4-18)

where, V;, is analog input voltage. Digital Code is output digital value of ADC module. LSB
Size is value or weight of the least significant bit (LSB) in the ADC code. Full scale voltage
is analog to digital full scale input voltage. N is number of bits of the ADC output code.

Experiment Results - ADC Module

Experiment was conducted to verify the ADC module, digital values obtained for respective
analog input signals is shown in the table 4-1.

3306V represents voltage measured across the stator and 0V represents scaled down voltage for ADC pin
40V represents voltage measured across the stator and 1.5V represents scaled down voltage for ADC pin
54306V represents voltage measured across the stator and 3V represents scaled down voltage for ADC pin
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Analog input voltage Digital output code
V] [Decimal format]
-20 1889

-15 1920

-10 1955

-5 1986

0 2020

5 2054

10 2085

15 2120

20 2150

Table 4-1: ADC module digital output for corresponding analog input voltage.

Using the equations 4-17 and 4-18, digital output code can be analytically calculated for
analog DC input voltage shown below.

Example 1 : Analog input voltage = 20V.
612

Using the LSB size in the equation 4-17 for input voltage of 20V.

134.

9
Digital code = -
1etkal code =o 1901

BOB method is used for conversion in ADC module, it will result in the digital value in
decimal format output 2154 (2020 + 134 = 2154).

Both the positive and negative signal are amplified, it will result offset in the half the digital
ADC range [46].

DC Voltage - ADC module

Scale down and digital output conversion procedure for DC voltage fed to inverter, is same
as in the stator phase voltages. Here, conversion is always unipolar (positive voltage).

4-4-2 Stator Phase Current - ADC Module

The conversion circuit used for conversion is designed for the analog input current range of
+30A to -30A. This input current range is scaled down to the voltage range of 0 to 3V re-
quired by the ADC pin in MC [31].

Block diagram of the current sensor and the corresponding circuits used for the measure-
ment of the current is shown in the Fig. 4-9. ABB current sensor is used, it works on the
principle of the closed loop Hall effect technology, with the galvanic isolation between the pri-
mary and secondary of the circuit [47]. The primary current (Ip) is current flowing through
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Figure 4-9: Block diagram of the current sensor with corresponding current scale down circuit
for ADC module used in the microcontroller board.

the stator phase. Secondary current is the output from the sensor is related to E)\}"imary (iur—

P
Ny, 1000
Secondary current from the current sensor will low through the shunt resistor of value 4752
[48]. The voltage measured across this resistance is the proportional secondary current output
from the current sensor. The voltage measured across the resistor will be in the range of -1.4V
to +1.4V, this signal is amplified using amplifier by a gain of 4.3. This would result in the
voltage in the range of +6V to -6V. Using the level shifter, +6V to -6V will be converted to
the ADC module requirement of 0 to 3V.

rent by N, - I, = N, - I, ratio of number of turns in primary to secondary is

Digital Conversion Method for Current in MC
In this method, the digital output value of current measurement in ADC module is propor-

tional to the voltage drop across shunt resistance. Hence, the digital method of conversion
here is same as the method described for analog input voltages in the previous subsection.

Experiment Results - ADC Module

Experiment was conducted to test the ADC module, digital values obtained for respective
analog input currents signals is shown in the table 4-2.

Digital output code of ADC module can be analytically calculated for analog input current
shown below.

Example 1 : Primary current (I,) through the current senor = 1.2 A.

N, -1, (Np 1 )
N, N, 1000

Secondary current related to primary current I, =

Secondary current of the current sensor = 1.2 mA.
Voltage acorss the resistor will be V.=1- R. (R = 47Q)

V=12-10"3-47 = 0.0564V.
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Analog input current Digital output code

[A] [Decimal format]
-2.0 1880
-1.6 1906
-1.2 1936
-0.8 1968
-0.4 1990
0 2020
0.4 2045
0.8 2075
1.2 2104
1.6 2130
2.0 2162

Table 4-2: ADC module digital output for corresponding analog input current

Using equation 4-18, Full scale voltage = 2.8V (Voltage range = -1.4V to +1.4 V).
2.8
LSB size = —— = 6.835 % 10~%.

4096
Using equation 4-17.
56.4-1073
Digital code = ———— = 83.
igital code 6835 102 83

BOB method used for conversion in ADC module, it will result in the digital code 2103
(2020 + 83 = 2103).

Offset can be seen here too, as in the voltage measurement at the half the value of the digital
ADC range.

4-5 SVPWM

4-5-1 Dual Two Level Inverter Configuration

PWM inverters used to drive the motor will generate the common mode voltage, which will
cause motor bearing currents. PWM also produces leakage current which will be the source
of conducted electromagnetic interference (EMI) in the drive system [49]. These problems
can be avoided by employing the switching strategy which will eliminate the common mode
voltages in the drive system. Electrostatic coupling produced through common mode voltage,
will result in the bearing and leakage current is also avoided [49].

In the system under consideration, each machine phase is powered using H-bridge inverter,
so this configuration supplying three phases of the machine can be assumed to be the combi-
nation of conventional dual two-level inverter (VSI1 and VSI2) scheme as shown in the Fig.
4-10. In Fig. 4-10 switches used in the inverter are named based on the ePWM pins supplying
the PWM signals from MC. Switch Ss,, S3; means the ePWM3a and ePWM3b pins from
MC are used to supply the PWM gate signal to the switches.
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Figure 4-10: Schematic of dual inverter fed three phases of the machine.

2(1 10) 2'(1 10)

3' w010y

. ——
=™
——————
=

4 Laioo 4 L/ U'tio0
D ( : (o1 ?r(u(](j) -;(1-»]
a 811 a
S(OUI) 6(10]) 5'(001) 6'(10])
Figure 4-11: Voltage space vec- Figure 4-12: Voltage space vec-
tor of inverter 1 (VSI1). tor of inverter 2 (VSI2).

Fig. 4-11 and 4-12 indicates the individual active space vector generated by the dual two level
inverter respectively. In the two-level converter module, eight possible switching states exist,
out of which two of them are zero switching state and six other combinations are active switch-
ing states. Va10,VB10,Voi10 are the pole voltage of inverter 1 (V.SI1) and Va20,Ve20,Ve20
are the pole voltages of inverter 2 (V' S12). The voltage available across the machine phase,
is given by the equation 4-19 and it will be —Vpc,0,+Vpe.

Vi =Vaio — Va2o
Vo = VBio — Voo (4-19)
V3 = Veio — Vo

V1,V2,V3 are the voltages across the machine phases 1,2 and 3.
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Voltage space vector produced by both the inverter is given by equation 4-20.

2m 2m

2 Ve —J
Vs1=§' Vaio+Vio-€ 3 +Veio-e ™ 3

27 27 (4-20)

J 5 —J
Vaso+Vpo-€ 3 +Veso-e = 3

&
|
[

From equation 4-19 and 4-20, resulting voltage vector for dual inverter combination is given
by equation 4-21.
Vs =Va — Ve (4-21)

In this type of configuration, common dc bus used for both the inverters (VSI1 and VSI2),
which provides the path for the zero sequences current[50]. Presence of common mode voltage
is the main cause for the zero sequence currents in the system.

Common mode voltages will be present in the system from following sources[50][51] :

e PWM technique.
e Voltage drop in the semiconductor power devices.

e Dead time used to avoid short circuit of the switches in one leg.

Common mode voltage generated by inverter 1 and inverter 2 is given by equation 4-22:

Vaio + Viio + Veio

V. =

coml 3 (4_22)
Voo Vaz2o + Ve2o + V2o

com2 — 3

Veom1,Veom2 are the common mode voltage generated by the inverter 1 and inverter 2.

The combination of the dual two level inverter will result in 19 difference space voltage vector
as shown in the Fig. 4-13, which includes 18 active vectors and one zero vector [5]. The zero
vector is indicated in the center of the Fig. 4-13 and the active vectors are distributed around
the hexagon. Out of these 19 voltage vectors from the combination of the two inverter VSI1
and VSI2, 7 voltage vectors (HJLNQS) will not contribute to the common mode voltage in
the machine phase winding [49] as shown in the Fig. 4-14. Using these 7 voltage vectors
common mode voltage generated through PWM is avoided.

Voltage space vector OS is obtained, from the two combinations of inverter 1 and inverter 2.
The first combination is state 1 one from inverter 1 and state 3’ from inverter 2, the second
combination is state 2 from inverter 1 and state 4’ from inverter 2, as shown in the Fig. 4-15
and 4-16 respectively. Two combinations 13’ and 64’ are indicated in the Fig. 4-14 next to
the vector OS head. Phasor combination for the remaining five active vectors (HJILNQ), is
obtained similarly.
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Figure 4-13: Voltage space vector of dual inverter [5].

Figure 4-14: Voltage space vector of dual inverter which don't contribute to the common
mode voltages [5].

4-5-2 SVPWM unit in InstaSPIN

Fig. 4-17 shows the block diagram of the SVPWM unit used in the drive system of In-
staSPIN module. Current controller in the rotor reference frame will generate reference
voltages (uzef , ugef ) based on model based current control method [42]. The inverse Park’s

transformation on the reference voltage (u:lef , ugef ) will give the revolving reference vector

in the stationary reference frame (uref ,ugef ) This reference vector is converted to three-

phase reference signals (ugef ult st

), using inverse Clarke’s transform. Three reference
signals are fed to pulse centering module. This module is used to obtain space vector pulse
width modulation (SVPWM) like performance with carrier-based reference sinusoidal PWM
method, by adding a suitable offset voltage to the sinusoidal reference voltage [52]. For two-

level inverter, the common mode offset voltage is given by equation 4-23 [52]
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Vmaa: + Vm'm

comm — 4-2
v ! (1-23)

where, Vipqe and Vi, are the maximum and minimum reference voltages of the three phases
at that sample time.

\
Modulator/PWM Unit |
D axis current ud_ref
controller \
ua_ref ul_ref mi_ref PWM1 |
> > > > >
Inverse Park's Inverse Clarke’s | u2_ref | Pulse centering | m2_ref| | PWM Driver PWM2
transformation | transformation u3_ref : module m3_ref : PWM3
uf_ref o o hl |
N \
Q axis current
controller uq_ref
UDC

Figure 4-17: Space vector PWM unit in InstaSPIN algorithm.

This equation is based on the concept that the reference voltage with the lowest magnitude,
will cross the triangular carrier waveform first and its switching will take place first. Reference
voltage with the maximum amplitude will cross the carrier wave last, so it will switch at last
as shown in the Fig. 4-18. Using this modified reference waveform SVPWM like switching is
achieved from sinusoidal waveform [52]. The advantage of using the pulse centering module,
is it symmetrizes the references with respect to the time axis [52].

Reference signals are scaled by DC link voltage which would give modulation indices
(mqef , mgef , mgef ), this values are fed to the PWM unit®. Utilizing the modulation indices
reference values the duty cycle of the switches are calculated using the equation 4-24, where

5Modulation index M is defined as the ratio of the reference voltage space vector, generated by three
reference phase to the applied DC link voltage [52]
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i makes references to each of the phases.

1+mif
ref - 2T TBPRD for i =1,2,3 (4-24)

d
Duty cycle values for three phases are compared with the triangular carrier signal of amplitude
one, to generate the gate logic signals using the comparator function in the MC devices as
shown in the Fig. 4-18.

Figure 4-18: PWM gate signal.

Switching technique

According to Fig. 4-14, in sector of the vector (HJLNQS) the switching states of the two legs
in dual two level inverter will be same as follows [5] :

o S3=25
051286
e« S5 =054

where, S5 is switching state of inverter leg 1 of VSI1. Sy is switching state of inverter leg 2
of VSI2. 57 is switching state of inverter leg 2 of VSI1. Sg is switching state of inverter leg 3
of VSI2. S5 is switching state of inverter leg 3 of VSI1. Sy is switching state of inverter leg 1
of VSI2.

Using this switching technique, vectors H,J,LL,N,Q and S is obtained from states 13’,24’,35’,46°,51’
and 62’ with VSI1 and VSI2 combination. This combination can be seen in the table 4-3.
There is another alternative switching sequence available, to switch the dual two level inverter
for vectors H,J,[L,N,Q and S using states 64’,15’ 26°,31°,42°,53” with VSI1 and VSI2 combi-
nation. To obtain alternative switching sequence, two different legs switching states in dual
two level inverter are set same compared to the first sequence.
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o Sg = SG
° Sl = 54
o S5 = 82

This is also shown in the table 4-3. In the present motor control algorithm, the first sequence
is followed.

Using the first technique in SVPWM algorithm for the system under consideration for gener-
ating gate logic switching signals for three phase H-bridge. Gate logic signals (1,0) for three
phases is generated based on the comparison of the triangular carrier signal with the reference
signal as shown in the Fig. 4-18. Gate logic signal zero corresponds to lower switch of the
inverter leg is on and gate logic signal one corresponds to upper switch of inverter leg is on.
Combination of the switching states in VSI1 and VSI2 to obtain the voltage vector (HILNQS)
which don’t contribute to common mode voltage in machine phase winding is shown in the
Table 4-3. In the table 4-3 a,b,c represents switching states of VSI1 (a = S3,b = S1,¢ = S5)

Vector ‘ Phasor combination Inverter 1 Inverter 2 ‘ Output Voltage
‘/vector a b C a’ b’ c’ Vl V2 VE%
0OS 13 1 0 0 0 1 0 Vpe —Vpe 0O
64’ 1 0 1 0 1 1 Vbe —Vpe 0
OH 24’ 1 1 0 0 1 1 Vbe 0 —Vbe
15’ 1 0 0 0 0 1 Voo 0 —Vbo
0J 35 0 1 0 0 0 1 0 Vbe —Vbe
26’ 1 1 0 1 0 1 0 Vbe —Vbe
OL 46’ 0 1 1 1 0 1 -Vbe  Vbe 0
31 0 1 0 1 0 0 -Voe  Vpbe 0
ON 51’ 0 0 1 1 0 0 -Vpe 0 Vbe
42’ 0 1 1 1 1 0 -Vbc O Vbe
0Q 62’ 1 0 1 1 1 0 0 -Vbe  Vpe
53’ 0 0 1 0 1 0 0 -Vbe  Vpbe
O e 0 0 0 0 0 0 0 0 0
88’ 1 1 1 1 1 1 0 0 0

Table 4-3: Voltage space vector combination producing zero common mode voltage in the motor
phase winding.

and a’,b’,¢’ represents switching states of VSI2 (a’ = Sy,b' = Ss, = Sg).

In order to know switches conducting in the three-phases when it receives the gate signal
from the ePWM module of MC, for output voltage space vector OS (13') Fig. 4-19 is shown.
This switching state is arbitrarily chosen to show how the combination of VSI1 and VSI2
works for generate voltage space vector OS. In the Fig. 4-19, switches with red color indi-
cates that it is conducting and direction of the current is indicated using the dotted line. For
the vector OS (13'), a =1 (S3=1), a’=0 (S4=0), b=0(S1=0), b’ =1 (S2=1), ¢c =
0 (S5=0) and ¢’ = 0 (S6 =0). For this combination of states output voltage across the
machine phases, Vi = Vpo, Vo = —Vpe and V3 = 0.
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Figure 4-19: Switching states for voltage vector OS (13")for combination VSI1 (a = 1,b =0,
and ¢ = 0) and VSI2 (a'=0 ,b’=1, and c'= 0).

4-6 Data Acquisition and Execution of Control Algorithm

In previous sections 4-4 and 4-5, ADC module and PWM module working principle were
explained individually. In this section, PWM and ADC module synchronization with the
CPU clock for the instaSPIN algorithm is explained.

CPU Clock
-+ - Triangular signal
T —{carrier signal)
TBPRD . - 8
/’/’ H‘“‘"“ ,/’,
Duty cycle (d)— - — . — . — [ _\x‘- _______________ IR S < —r——— <
T : | | : KH R
— - I i
TBCTR _— | 1 - ! | ~_ Reference signal
0 | | | |
! | | | - -
: [ : time
|
| | ] |
I | ] |
| | ] |
PWM gate signal
—_—
time
ADC start of
conversion
—_—
time
ADC end of
conversion
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Sampling and | Sampling and
Controller execution converstion time converstion time
-
Execution time time

Figure 4-20: Data acquisition using ADC module and PWM generation.
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In the motor control application, Up-down count mode is used to generate the PWM signals.
Switching frequency of the triangular signal is set to 20KHz , Sampling period = 0.05ms 7.
For setting this switching frequency value in the ePWM module equation 4-25 is used [31].
This equation is same as equation 3-1.

Ts - CPU CLK
TBPRD = f (4-25)
where, TBPRD is time base period value set in the ePWM for selecting the switching fre-
quency of the triangular signal. CPU CLK is CPU clock of MC (CPU CLK = 90M Hz). Ty

is sampling time.

TBPRD value is set to 2250 in ePWM module from equation 4-25. Using set TBPRD value,
triangular reference signal is generated similar to procedure explained in the section 3-2. Tri-
angular signal is compared with the duty cycle values, to generate the PWM gate signals has
explained in the section 4-5 and indicated in the Fig. 4-20.

Sampling time is set to start at TBPRD value, it is also peak value of the triangular sig-
nal. At the beginning of each sampling period, data acquisition of the stator voltage, current
and DC link voltage starts through ADC module in MC. This is marked by ADC start of
conversion in Fig. 4-20. After the data acquisition is complete, it is sampled by ADC mod-
ule. After data sampling is complete and it’s ready for processing marked by the ADC end of
conversion in the Fig. 4-20. Using this sampled data, FAST observer will give the estimated
values required and InstaSPIN FOC algorithm executes. This part takes places during the
execution time indicated in the Fig. 4-20.

4-7 Current Control Loop Gains

InstaSPIN algorithm employs the model based current control method to implement the PI
current controller in FOC [42]. The main task of the PI current controller is to reduce the
deviation between the feedback and reference current. In the regularly sampled system under
consideration, the control objective driving the error to zero in every sample is represented
by the equation [22].

- —

ik, = 17, (4-26)

where, itkITs is actual current in the next sampling period Tk, zf; is reference current in the
present sampling period of i, Ts is given sampling period.

Aforementioned condition in the equation 4-26 is satisfied by the controller through switching
the modulator to reach the average voltage reference space vector. The average reference
voltage vector is given by equation 4-27 [42].

*_, 1 tr+Ts .
Ut = - [ () (4-27)
s Jty

1
"Sampling period is inverse of the switching frequency <TS >
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where, @(7) is instantaneous voltage applied to the machine. phase. U*(tk) is reference
average voltage per sample.
Voltage applied across the motor phases is represented by

- di,
ﬁS:Rs-z’SJrLS.d—thLe} (4-28)

Transformation of equation into rotor reference frame, as described in the section 4-2, will
result in equation 4-29.

—

g = R - Zd+Ld

L, - di
uq:Rs-zq—}—Lq-d—f

dig -
CTd D W - Ly -y
(4-29)

+p'wm'Ld'Zd+wm'p'wm

Using equation 4-29 in equation 4-27.

RS te+Ts . Ld id(tk+TS) tp+Ts
Uj(ty) = 7., Zd(T)'dT—F? " dd—f / D Wi - Lg - ig(T) - dr
k ia(t tr
" RS tk+Ts . 'Lq tk+Ts 1 tk+Ts .
Uptt) =72 [ i) dr + 2 / . b [ 0 m e Lavialr) - uelr) - dr
K (tx

(4-30)
Since the integrand in the above equation, will be known only in the sampling period of the
controller, using the first order approximation on the equation 4-30, will give us [42].

ij=k—1

Ug () = % Y (ilti) — daltiy) + (;d + ];> (ig(ty) —ia(tr)) +p - wm - Lq - iq - (tg)
5 ij=0
ij=k—1
U0 2 55 Y (iglt) —ialti)) + (2 + 50 ) - 05(000) = ia(ti)) + - om - L dalt) + (1)
ij=0 5

(4-31)
From equation 4-31, propositional and integral controller gain for both the d and q current
controllers as below [22]

L R
Kp == ? + ?S
s R (4-32)

K=
T

L R, L

Since T >> — 5 , So propositional controller gain term reduces to K, = =T

S S

4-8 Three Phase of PMSM Experiment Results

Initially, sensorless FOC control for the three phases of the multiphase machine was imple-
mented using InstaSPIN algorithm with the TMS320F28069x MC device described in the
above section. Later the sensorless FOC was extended to the six phases of the machine,
which is explained in the next chapter. Fig. 4-21 shows the experiment setup in the TU-Delft
Electrical machines laboratory. Number indicated in Fig. 4-21 are as follows.
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Code composer software used to flash the MC.

Power source for MC.

DC power supply for the Inverter.

MC board shown in Fig. 4-7 used for controlling the motor.

Six phase PMSM motor.

Wires connecting from the DC power supply to H-bridge inverters on motor.

Oscilloscope used for measuring voltage and current.

®© N e W e

Wire used to transmit the PWM signal from the MC to H-bridge inverter.

Here, it can be seen that inverter modules are integrated over the surface of the machine.
This type of system integration will increase the power density of the whole system [1]. Due
to the limitation in the facilities available in the lab, experiments were carried out on no load
conditions.

Figure 4-21: Experiment setup in electrical machines lab at TU Delft.

4-8-1 No Load Test

The test was carried out at no load to check whether the machine would reach the reference
speed input given to the controller. Voltage and current were measured across the machine

Master of Science Thesis



4-8 Three Phase of PMSM Experiment Results 57

phases using the differential voltage probe and the current probe. Measured voltage and
current using these devices were viewed using the oscilloscope. Table 4-4 shows the results of
the voltage and current measured during the no load test.

Speed Frequency Voltage Voltage Voltage Current  Current  Current
[rpm] [HZ] ‘/;'msl ‘/;'ms2 ‘/;'ms?) Irmsl IrmsQ IrmsB
V] [V] [V] [mA] [mA] [mA]
200 13.34 8.21 8.33 8.87 72 78 70
300 20 9.56 9.67 9.93 80 88 83
400 26.7 10.65 10.76 10.87 89 95 92
500 33.33 11.41 11.65 11.99 94 102 98
600 40 12.13 12.47 12.79 104 108 102
700 46.67 13.07 13.25 13.58 110 112 113
800 53.34 13.75 13.99 14.15 120 125 126
850 56.67 14.31 14.29 14.66 128 130 131

Table 4-4: No Load Test : Three phases of machine.

Observations from the experiment results:

Equation 4-8, in the steady state form is rewritten as

2_[s = Rs : Zs + gs
o Wy, + Ny - wm (4_33)
€y = ——————
V2

Neglecting the resistive voltage drop, assuming only dominant induced voltage term in
the equation 4-33, which reduces to equation 4-34.

—

Ug = €
i = Wi * Ns - hm, (4-34)
= —

V2

From the equation 4-34 it can be seen that speed of the rotor increases with the applied
voltage across the stator winding, which also holds with the results obtained in the table
4-4.

Fundamental frequency of the voltage and current is same as the rotor speed frequency.
Voltage and current at no load through three stator phases applied across the machine
stator winding is indicated in Fig. 4-22 and 4-23, for the case machine running at 600
rpm speed.

Magnitude of the rms value of the voltage and current through all the stator phases is
same at all motor speeds.

Current waveform is nonsinusoidal because of the no load applied to the rotor shaft,
the effect of the semiconductor device voltage drop, and the effect of dead time. Effect
of the device voltage drop and dead time on the current waveform will be explained in
the section 4-8-3.
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Figure 4-22: Voltage measured across the machine phases. Speed = 600 rpm, frequency = 40

Hz, Vis1 =12.13 V, Vipso =12.47 V, Vipss =12.79 V.

e When the manual load is applied to the rotor shaft, current through the machine phases,
becomes more sinusoidal as shown in the Fig. 4-24.
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Figure 4-23: Current through the machine phases. Speed = 600 rpm, frequency = 40 Hz,
Lrms1 =104 mA, I1pms2 =108 mA, I3 =102 mA .
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Figure 4-24: Current through the machine phases, when manual load was applied. Speed =
600 rpm, frequency = 40 Hz, I,.,,s1 =0.818 A, I,;ps0 = 0.811 A, I,,,,3 = 0.819 A.
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4-8-2 Acceleration Test

To check the motor performance and controller response during acceleration, following tests
are performed.

Case 1 : Acceleration 200 rps

In this experiment, motor reference speed was increased from 200rpm to 800rpm using the
inbuilt ramp generator with the slope of 200rps. Fig. 4-25 and Fig. 4-26 show the voltage and
current through the stator winding phases with respect to the ramp generator to accelerate
shaft speed from the initial reference speed of 200rpm to 800rpm.

Reference Speed
—, 1000 T T
=
=t
e
=N
— 50— -
[+
o]
<N
n 0 | | | | | | | | | |
-8 -6 -4 -2 0 2 4 6 8 10
Time [s]
Voltage-Phase 1
%0 T T T |
9]
%0 o il n L ot mi ‘
>
. I | | |
0 2 4 6 8 10 12 14 16 18
Time 3]
50 T :
=
<
&,
£
> 50 I I I I . I |
0 2 4 6 8 10 12 14 16 18
Time [s]
50 B [ i
=
<
A
£
>
-50 | | |
0 2 4 6 8 10 12 14 16 18
Time [s]

Figure 4-25: Variation of voltage across machine phases during acceleration 200 rpm to 800
rpm, at acceleration of 200 rps.

Observation from acceleration plot

e Due to the difference in reference and the actual speed of the rotor, the motor will
start to accelerate. To accelerate the rotor, the duty cycle of the PWM waveform will
increase, resulting in the increase in the output voltage amplitude as shown in Fig.4-25.
This is anticipated due to increase in the EMF from the rotor.

o For accelerating the machine there will transient current drawn from the stator winding
through the power converter, as shown in the Fig. 4-26.

e Once the machine reaches the reference speed, current will start reducing and it reaches

close to zero when the machine has reached the reference speed. This can be seen in
the Fig. 4-26.

Master of Science Thesis



4-8 Three Phase of PMSM Experiment Results 61
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Figure 4-26: Variation of current through machine phases during acceleration 200 rpm to 800
rpm, at acceleration of 200 rps.

e Time taken by the ramp generator to reach reference speed of 800 rpm from 200rpm
with the slope of 200 rps is 3s. Current through stator winding would follow the same
trend in terms of the time to accelerate the machine shaft to reach reference speed.

Case 2 : Acceleration 100 rps

In this experiment, acceleration of the motor controller was reduced from 200 rps to 100 rps,
to check the motor and controller performance, when the motor reference speed was increased
from 200 rpm to 800 rpm. The variation of the current in three phases of machine obtained
from this experiment is compared with the results obtained in the previous section when the
acceleration was set to 200rps.

Observation from experiment.

e Variation of the current during acceleration is same in both the scenarios, even when
the acceleration is reduced.

e Time taken by the motor to reach reference speed of 800 rpm from 200 rpm is twice
when the acceleration was reduced from 200 rps to 100 rps. This is due to the reduction
in the current drawn by half during acceleration. Increase in time to reach the reference
speed and reduction in the current drawn during acceleration can be seen in the Fig.
4-27, when it is compared with Fig. 4-26.
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Figure 4-27: Variation of current through machine phases during acceleration 200 rpm to 800
rpm, at acceleration of 100 rps.

o Fig. 4-28 shows the variation of the fundamental voltage across the motor phase one,
during both the acceleration values in the controller. Time taken by the motor reach
800 rpm is twice when acceleration is set to 100rps compared to 200rps.

4-8-3 Zero sequence current

It was mentioned in section 4-5-1, zero sequence current was produced due to the common
mode voltage present in the system. Common mode voltages produced due to PWM was
avoided by using selected voltage vector combination from VSI1 and VSI2 as explained in
the section 4-5-1. However, other two effects which will cause the common mode voltage in
the system, are the voltage drop in the semiconductor power device and dead time between
the switches in the leg. Common mode voltage will be of the frequency of three times the
fundamental frequency, this will produce the zero sequence current of frequency three times
the fundamental frequency [51].

Effect of Dead Time

To avoid the short circuit of the switches, deadtime is introduced between the switches in
a leg. During the dead time, common mode voltages across the machine phases depend on
the current direction [5][51]. Common mode voltages across the machine phases during dead
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Figure 4-28: Variation of fundamental voltage through machine phases during acceleration 200

rpm to 800 rpm, at acceleration of 200 rps and 100 rps.

time is given by equation 4-35 [5][51].

Vcom:(

V;:om:_(

2-Ty-V,
ngd> for one positive and two negative current direction
N "
ngd> for two positive and one negative current direction

L

where, Vi, is common mode voltage across machine phase. T, is dead time between the
switches in one leg. V; is DC voltage applied across the inverter. T is switching period.

Dead Time First  harmonic Second harmonic Third harmonic Fifth  harmonic
[s] order order order order
1.5 1 0.177 0.2624 0.085
2 1 0.1826 0.3315 0.081
3 1 0.1958 0.3846 0.118

Table 4-5: Normalized harmonic order amplitude to fundamental frequency amplitude of 40 Hz.

Fig. 4-29 shows the FFT of the phase one current at different dead time values. In table
4-5, harmonic amplitude values are normalized with fundamental frequency of (40 Hz). Here,
it can be seen that with the increase in the dead time, lower order harmonic components
amplitude values increases. Compared to all the other lower order harmonic, value of the third
harmonic is of higher magnitude and it increases with the dead time between the switches,
due to increase in the common mode voltage as per the equation 4-35. It also indicates the
increase in the amplitude of the zero sequence current with increase in the dead time [51].
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(c) FFT on phase one current, Tq = 3 ps.

Figure 4-29: FFT on phase one current at different dead time values.
Effect of Device Voltage Drops

To know the effect of the semiconductor device voltage drop on common mode voltage across
the machine phases Fig. 4-30 is shown. In the Fig. 4-30 conduction of the semiconductor
device in all three phases is for output voltage vector OS in Fig. 4-14 is indicated in the

dual two-level inverter configuration. The voltage drop across semiconductor device during
conduction is also indicated in the Fig. 4-30.

Pole voltage across three phases is given by equation 4-36.

Vaio =Va—Veg
Veio =0+ Veg
Veio =0—Vrp
Vazo =0+ Veog

Ve2o = Vg — Ver
Ve2o =0+ Veg

(4-36)

where, Vog is the collector emitter on state voltage, Vrp is the diode forward voltage drop.
Values of the Vop = 2.05V and Vpp = 1.5V from the datasheet of the IGBT used [34].
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(a) Phase 1 (Leg 3 and 4). (b) Phase 2 (Leg 1 and 2). (c) Phase 3 (Leg 5 and 6).
Figure 4-30: Voltage drop across semiconductor device in VSI1 and VSI2, for output voltage
vector OS

Using the equation 4-36 in equation 4-19.
Voo Vi —Vrp
coml — f
4-37
Vi+Ver ( )
‘/YCOTTLQ - 5
3
Veom is the common mode voltage across the machine phases [51].
V;:am = Veoml — V;:omQ
(4-38)

% Ve
Vcomz—( FD‘:L‘ C’E)

In [51] it is shown that irrespective of the voltage vector, common mode voltage across the
machine phases is dependent on the current direction in all the phases, given by equation 4-39.

% Ve
Vcom=—< FD—?l)- CE)

\% Vi
Vi = ( FD;: CE)

for two positive and one negative current direction
(4-39)
for one positive and two negative current direction

Acceleration = 1 krps

Acceleration of the machine was changed from the previously set value of 0.2 krps to 1 krps
and machine reference speed was increased from 200 rpm to 800 rpm. Acceleration is set to
value of 1 krps to increase the magnitude of the current drawn by the stator winding. Be-
cause of the increase in the magnitude of the current, the effect of the voltage drop across the
semiconductor device is reduced, with the increase in the applied voltage, due to increasing
back emf of the motor. Variation of the voltage and current across the machine phase one
and two during acceleration in detail can be seen in the Appendix A.

In Fig. 4-31 highlights the portion of maximum amplitude of the current drawn through ma-
chine phase during acceleration from 200rpm to 800rpm at 1krps, this part of the waveform
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tion from 200 rpm to 800 rpm at tion from 200 rpm to 800 rpm at

acceleration 1000rps. acceleration of 1000rps.

was chosen to show the effect of the semiconductor device on common mode voltage. It can
be seen here that current through machine phase is more sinusoidal. It also indicates the
effect of the common mode voltages due to semiconductor device reduced when the machine
draws the high current. FFT on this current waveform shows that lower order harmonic
value is zero except for the third harmonic . Normalized third order harmonic value with the
fundamental harmonic value of 37.5 Hz gives the value 0.3018. When this value is compared
with the normalized third harmonic results obtained at 40 Hz for the same dead time value
of 2us is 0.3315 from table 4-5, it shows the decrease in the third harmonic component when
the machine is loaded and draws high current.

4-9 Discussion

This chapter focussed on the development of the sensorless field oriented control (Vector control)
in the three phases of the six-phase machine. Section 4.2 describes the application of dq the-
ory to PMSM machine.

Section 4.3 discussed the concept of Back-emf method used in the sensorless control in In-
staSPIN algorithm and the drive setup used for the prototype machine.

Section 4.4 describes ADC module conversion principle, the circuit used in the MC board.
Section 4.5 explains the application of SVPWM modulation technique which will avoid the
common mode voltage produced due to the PWM in dual two level inverter configuration.
Section 4.6 explain the process of data sampling and PWM generation for H-bridge inverter
in synchronization with CPU clock.

Section 4.8 shows the experiment results of no-load test, acceleration test for the three phase
machine with sensorless FOC. Further, the effect of the voltage drop across the semiconductor
device during PWM and dead time, which will cause the common mode voltage across the
machine stator windings is shown .
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Chapter 5

Implementation of Sensorless FOC for
Six phase machine

Chapter summary This chapter aims at implementing sensorless field oriented control (FOC)
for the siz phase machine. At first, the concept of extending the FOC from the three phase
machine to six phase is explained. Further, using Serial Peripheral Interfaces (SPI) module
to establish the communication between two microcontrollers is explained. Subsequently, sen-
sorless FOC' is implemented in six phase machine is described. Finally, experiment results of
the sensorless control for six phase machine are shown.

In Fig. 5-1 shows the drive architecture employed in the prototype multiphase machine. Here
two MCs are used to control the six phase machine, with each MC has control over the three
phases of the machine. In this control structure, each MC will have full control over three
phases of the machines, in term of generating the output signals for the machine phases and
processing of the measured data. It should be noted that in this drive architecture, each
MC has its own ADC module and ePWM module. ADC module is used for the measuring
and processing machine real time data stator voltage, current and DC-link voltage. ePWM
module for generating the PWM signals for the gate of the power converters.

It was initially described in section 2-2-3 that application of modularity to the controllers to
the electrical drive system, will address the fault tolerance in the control circuitry. The ad-
vantage of having the distributed (modularity) controller architecture in critical applications
like the aerospace field. Failure of one MC will have another MC would continue the control
of the three phases of the machine, this will introduce the redundancy in control architecture.
When this happens, even though the full performance of the machine won’t be achieved, at
least half the performance can be attained until the next service.
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Figure 5-1: Six phase drive architecture.

5-1 Field Oriented Control in Six Phase Machine

Field oriented control (FOC) for the six phase machine is built on the same concept as in the
three phase machine of decomposing the stator current into the flux generating component
and torque component. In the distributed electrical drive system architecture discussed,
one method to achieve FOC in six phases, using the master-slave MCs configuration in the
controller structure. In Fig. 5-3 indicates the master-slave controller configuration for the
control of the six phase machine.

Figure 5-2: Space vector diagram for rotor -oriented control for six phase machine.

In this master-slave control architecture the user reference speed given to the master MC,
reference speed is compared with FAST estimator rotor speed feedback as discussed in the
section 4-3-2. Error in the speed is fed to the speed controller which would produce the
current reference. Reference current from master MC is transmitted to the slave MC using
Serial Peripheral Interface (SPI) communication. Reference current obtained in both the MCs
is compared with measured current and error is fed to the PI current controller, which will
produce the voltage reference (V; and V;) based on the model-based current control. Voltage
reference in rotor reference frame is fed to the SVPWM module in both the master and slave
MC. PWM gate signals from the master-slave MCs are generated similar to method explained
in the section 4-5. By using this technique, it would result in torque current component’s
ig1 by the master MC and 4 by slave MC in the same direction, two vectors get added to
produce the resultant current component iq as indicated in the Fig. 5-3.
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Figure 5-3: Master slave control architecture of six phase machine.

In Fig. 5-3, communication using SPI protocol between the two MC’s is represented by
the light blue dashed line. SVPWM gate signals required to trigger the three-phase power
converters are indicated by the purple line and measured signals for the for the MC for
sampling and processing from is indicated by the green line.

5-2 SPI Communication between Two Microcontrollers

Serial Peripheral Interface (SPI) is a built-in feature in the TMS320F28069x device. This
module is synchronous serial input/output port which will shift a serial bit stream of variable
length data into and out of the device at the certain programmed bit transfer rate. Here
"synchronous" means bit transfer is synchronized to a CPU clock (System clock) signal. For
data transfer between two MCs devices using SPI module, the master-slave configuration has
to be used. In this arrangement, the master will control the clock signal required for data
transfer between two devices. Data transfer between both the controllers using SPI module
can be bidirectional or unidirectional.

Fig. 5-4 shows the schematic of single master-slave SPI implementation, the same arrange-
ment is used for establishing motor control using distributed controllers as explained in the
previous section. In this arrangement, five wires have to be connected between two MCs SPI
module. SPICLK (SPI system clock) pin is used to transfer the system CPU clock to slave for
data transfer. SPISOMI (SPI slave output master input) is used to transmit the data from
slave to master using SPI clock. SPISIMO (SPI slave input master output) is used to transmit
the data from master to slave using SPI clock. SPISTE (SPI slave transmission enable pin) is
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Figure 5-4: Single master, single slave SPI implementation.

used for initiating the data transfer between two devices. When SPISTE pin is made low both
master and slave will start transmitting and receiving data using SPISOMI and SPISIMO
pins. The direction of the lines in the Fig. 5-4 indicates the data transmission direction
between two MCs in SPISOMI and SPISIMO pins. Ground connection in SPI modules of
two devices is used to keep both the SPI modules at same potential.

Data transfer rate between two MCs is controlled by baud rate register (SPIBRR) in SPI
module. SPIBRR register is used to set the frequency of the SPICLK using the Low speed
peripheral clock prescale register (LSPCLK) [31]. As name defines LSPCLK is used for gen-
erating the prescaled clock signals to the peripheral in the MC. Recommendation from Texas
Instruments for efficient master-slave communication between two devices using SPI should
have the clock frequency set less than 10MHz [53]. Hence, LSPCLK is set to 7.5MHz. SPI-
BRR is defined by equation 5-1 [31]. SPIBRR in equation 5-1 is set to value 21.

LSPCLK
SPIBRR+1 (5-1)
SPIBRR = 3 to 127

SPI Baud Rate =

SPI Baud Rate = 340909.

. —6 (5'2)

Bit per second = 2.93 - 10 "bps
For transmitting one bit of data from master to slave and vice versa, SPI module would
require 2.93 - 107%s from equation 5-2 from master to slave MC. The current reference value
is 32-bit data size, SPI module would require the total time of 93.86 - 107 %s to transfer data
from the master to slave MC. The sampling period is set to 50us in both master and slave
MC, data acquisition in ADC module and triggering of ePWM module takes every 50 us once
in both MCs. The reason for the delay in the slave MC is due to the hardware issue in SPI
module, which will be described in the next chapter.

5-2-1 Impact of the delay

The impact of the delay in the communication in the FOC of the six phase can be seen using
the Fig. 5-5. Here master MC will generate the current reference every sample, which is 50us
once. Once the current reference is generated it is transferred to the slave MC using the SPI
communication. SPI communication would take 93.86us to the full current reference from
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Figure 5-5: Delay in the communication of current reference.

master to slave MC. Only after the communication is complete the SPI module in the master
MC will take the next current reference data to be transmitted. Due to this delay in the
communication master MC will be able to transmit the alternate current reference to slave
MC. So the slave MC uses same current reference for the present and next sampling time as
shown in the Fig. 5-5. Since the machine is operating at a frequency very low compared to
the switching frequency (Sampling time), the impact of the delay in FOC of the six phase
machine is very low.

5-2-2 EMI Interference on SPlI Communication Lines

While establishing SPI communication between two MCs for current reference data transmis-
sion. It was found that data received on the slave MC was corrupted. Later, it was detected
that magnetic field produced by the permanent magnet on the rotor was producing EMI noise
on communication lines between two MCs. This specific problem was solved by shielding the
SPI communication lines with the household aluminum foil for effectively blocking of EMI
noise [54]. Using this conductive material for shielding provides reflection, absorption, and
transmitting EMI noise to ground [54]. In Fig. 5-6 shows the experimental setup for SPI
communication using aluminum foil for EMI shielding between two MCs.

In Fig. 5-6 numbering specifies following :

. Master MC Board.
. Slave MC Board.

1
2
3. SPI module external pins in master MC.
4. SPI module external pins in slave MC.

5

. Aluminum foil for EMI shielding over the SPI communication lines.

5-2-3 SPI- Experiment

Fig. 5-7 shows the SPI data transfer between two MCs, using master-slave configuration. SPI
system clock is generated by the master MC. With respect to the master SPI clock (SPICLK),
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Figure 5-6: SPI module connection between master and slave MCs.

data transmission between master-slave takes place. SPI module is configured to transmit a
16-bit message, using SPISOMI, SPIMOSI pins. As explained in the beginning of the section,
data transmission starts when SPISTE pin goes low, as indicated in Fig. 5-7. When the
16-bit data transfer is completed, SPISTE pin state goes high. SPISTE will go low when the
data exchange between two MC starts again. In the present built master-slave, configuration
data transfer from master to slave is set on rising edge of the system clock and vice versa
is set on falling edge of the system clock. Selection of the clock edge for data transfer from
master to slave and another way around can be selected interchangeably.

5-3 Six Phase Motor FOC-Experiment Results

SPI communication was established between the two controllers, to implement the FOC for
six phase machine as discussed in the section 5-1. Using this communication lines, a current
reference from the master was transmitted to slave MC.

5-3-1 No Load Test

No load test was carried out for the six-phase machine to check whether the machine is able
to reach the reference speed applied to the master controller, with the distributed controller
configuration. In this experiment, voltage and current were measured across two, three, five
and six phase of the machine using the differential voltage and current probe. Measurement
obtained from these probe were viewed using oscilloscope. Results obtained through the
experiment are tabulated in the Table 5-1.
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Figure 5-7: Transmission of data between two master and slave MC using SPI communication.

Speed Frequency Voltage Voltage Voltage Voltage Current Current Current Current

[rpm] [HZ] V;"mSQ V;‘ms?) ‘/7‘m55 ‘/7"m56 I’rms? IrmsB Irmsf) I’/‘msG
V] [V] [V] V] mA]  [mA]  [mA] [mA]
200 13.34 8.27 8.20 8.10 8.01 34 35 44 32
300 20 9.34 9.32 9.12 9.10 40 38 46 36
400 26.67 10.37  10.28 10.12 10.20 43 37 50 38
500 33.37 11.37 11.56 11.24 11.34 52 40 58 40
600 40 12.22 1243 12.02 12.19 55 44 65 42
700 46.67 13.04 13.20 1298 13.05 61 49 66 46
800 53.36 13.80 14 13.56 13.63 68 55 71 53
850 56.67 14.19 1441 1398 14.13 71 60 77 58

Table 5-1: No Load Test : Six phase machine.

Number of observation from experiment results :

« RMS value of the voltage applied across the stator machine phases increases with the
speed of the machine. Variation of the voltage across all the stator windings is same as
in the three phase machine shown in previous chapters.

e Fig. 5-8 and 5-9, shows the measured value of the voltage and current at no load for
the machine speed of 600 rpm.

e FFT on the voltage measured across the machine phases shows the amplitude of the
fundamental value of voltage measured across four machine phases is same. Fig. 5-10
and 5-11 shows the FFT plot of the voltage measure across machine phase two and five
at a rotor speed of 600 rpm.
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Figure 5-8: Voltage measured across the four phases of the machine. Speed = 600
rpm,frequency = 40 Hz, V,50 = 12.22 V, Vyps3 = 1243V, Vipes = 12.02 V, V6 = 12.19
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e« FFT plot from the Fig. 5-10 and 5-11 also shows the frequency of the fundamental
component is same as the user speed reference frequency.

e When the manual load is applied to the rotor shaft, current through the machine phases
becomes more sinusoidal as shown in the Fig. 5-12.
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Figure 5-12: Current through through the four phases of the machine. Speed = 600
rpm,frequency = 40 Hz, 1,50 = 0.426 A, 1,153 = 0.419 A, I,,,s5 = 0.408 A, 1,56 = 0.430 A.
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5-3-2 Acceleration Test

Acceleration test was performed for six phases of the machine, similar to the three phase
described in the section 4-8-2.

Case 1 : Acceleration 200 rps

Acceleration was set to 200 rps and the machine reference speed was changed from 200 rpm
to 800 rpm and observations from the test are as follows :

e Due to the deviation in the value of the difference between reference speed and actual
speed, the controller will start to accelerate. To accelerate the rotor, the amplitude of
the output voltage across the stator winding phases starts increasing. This is done by
increasing the duty cycle of PWM gate signal fed to all stator phases as shown in Fig.

T 100 Reference Speed
g T i
2
— 500
é
2 o | | | | I ! ! ! ! !
w0 -8 -6 -4 -2 0 2 4 6 8 10
Time [s]
. Voltage-Phase 2
z 50 T T
[
)
=
S ! ! |
0 2 4 6
T ITARNTINRARRRANATN
)
= JUTTTT T
o | !
-50
> 0 2 4 6
Time [s]
_ Voltage-Phase 5
Z 50 T
[
E)
=
S 5 | | | | .
0 2 4 6 8 10 12 14 16 18 20
Time [s]
AT RN TR
@,
LSR8 AR AR
< s | I I
6 8

0 2 4 10 12 14 16 18 20

Time [s]

Figure 5-13: Variation of the voltage during acceleration from 200 rpm to 800 rpm, at
acceleration of 200 rps.

o For accelerating, the motor will draw initially transient current. When the machine
reaches the reference speed, current drawn for accelerating will start reducing. It will
reduce until the machine has enough current to run the machine at reference speed. In
Fig. 5-14 both the effects of the current transient and current reduction after machine
reaches reference can be seen in all phases.

¢ Magnitude of the transient current drawn during acceleration is reduced by almost half
in the six phase compared to the three phase during acceleration.
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Figure 5-14: Variation of current through machine phases, during acceleration from 200 rpm to
800 rpm, at acceleration of 200 rps.

o Time taken by the ramp generator to reach the reference speed of 800 rpm from 200rpm,
is 3s with acceleration set to 200rps. Current drawn by the stator winding, during this
period will follow the similar trend in terms of time taken to reach reference speed as
shown in the Fig. 5-14.

Case 2 : Acceleration 100 rps

In this experiment, acceleration was reduced to 100 rps in both the master and slave MC
from the previously set value of 200rps. observation from experiment.

o Time taken by the controller to reach 800 rpm is doubled, due to the reduction in the
acceleration by half, resulting in the lower value current drawn. Current through the
stator follows same trend in terms of the variation as shown in the Fig. 5-15.

5-4 Discussion

This chapter focussed on the development of sensorless control of the six phase prototype
machine, using microcontroller based FAST observer. Section 5.1 provides the schematic of
the drive architecture of PMSM prototype system.

Section 5.2 explained the concept of extending the three phase FOC to six phase machine in
the PMSM using distributed controllers.
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Figure 5-15: Variation of current through machine phases, during acceleration from 200 rpm to

800 rpm, at acceleration of 100 rps.

Section 5.3 describes the practical implementation of the using the SPI communication be-
tween two MCs. Further, the method employed to avoid the EMI noise from the permanent
magnet rotor.
Section 5.4 shows the experiment results carried out on the six phase machine for the no-load
test and also for the step change in the reference speed using the internal digital ramp gen-

erator.
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Chapter 6

Hardware Implementation Issues

Chapter summary This chapter aims to give an overview about hardware issues in Micro-
controller board, H-bridge inverter and motor control during the implementation of sensorless
control FOC' in sixz phase.

6-1 Microconrtoller Board

6-1-1 SPI Communication
Problem description

In the SPI module of the MC, there will be five pins as explained in the in the section 5-2.
These five pins are SPICLK (SPI system clock), SPISOMI (SPI slave output master input),
SPISIMO (SPI slave input master output), SPISTE (SPI slave transmission enable pin), Ground
pin. These pins in the two MCs are interconnected using the wires to establish the commu-
nication between them.

MC will be usually equipped following serial communication modules, two serial peripheral
interface (SPI) modules, one inter-Integrated circuit (12C) modules and two Serial communi-
cation interfaces (SCI) modules. In the customized MC board under consideration, only one
SPI module is built for the communication in both master and slave MC. In this presently
MC board, other serial communication protocols (SCI and 12C) are used for other functions.
Reason being each MC pin will be designed to have two to three functionalities, for instance
single pin will have both inbuilt functionalities of PWM and ADC. So while designing the
MC for the control, care has to be taken to design well to use all the functionalities thoroughly.

In this SPI module, SPISTE pin from the MC isn’t connected to the external port of SPI.
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SPITE pin (pin number 77) of SPI module is left unused, this can be seen from the MC
board design in the Appendix BB-1. SPISTE is an important pin in SPI module because it is
primarily used to enable the slave MC to receive/sending the data when the communication
between two MCs starts.

Remedy

To solve the aforementioned problem, the general purpose input/output (GPIO58 - pin number 98)
pin was used, this pin was programmed to act as the SPISTE pin in both the master and
slave MCs. These two GPIO pins in both master and slave were interconnected through the
wire for communication, as other pins in the SPI module.

Hypothesis on delay

Theoretically, SPI module can transmit the 32-bit data from master to slave and vice versa
in 17.06us [31]. Using the equation 5-1, by setting SPIBRR to minimum value of 3. However,
practically data transmission resulted in error when SPIBRR value was set to value less than
21. Setting SPIBRR value to 21 will result in the delay of 43.96 us, as described in the section
5-2. This might be maximum speed possible practically from SPI module, for communication
or GPIO pin programmed to be used as SPISTE pin can also be the reason for this delay.

6-1-2 ADC Module issue
Problem description

During testing of the FOC for three phases of the machine using both MCs individually. It
was found that motor reference speed given to MC was not equal to the actual speed. Motor
speed was always lagging by almost 200 to 300 rpm compared to the reference speed given to
the controller.

Remedy

To solve this problem, MC external modules present in the MC board was tested. After
verifying all the modules, it was found that ADC module voltage scale down digital output
results wasn’t matching with analog input. The reference voltage of 3V required for the
conversion in the ADC module wasn’t function properly. Due to this measured voltage across
the stator phases weren’t accurate, so it was resulting in the speed difference between the
reference and actual speed of the motor. Later the defect chip was replaced with the new
chip, motor FOC was functioning properly.

Note
It must be noted that this is not the only issue if the motor control isn’t functioning properly.
There can be other possible problems too, but this is one of the potential areas to be checked

if the motor speed is lagging reference speed by a large value.

Master of Science Thesis



6-2 Power Converter 81

6-2 Power Converter
6-2-1 H-bridge inverter

During the testing of H-bridge inverter modules, the output voltage across inverter wasn’t
square wave for single pulse width modulation technique used in the controller. Bipolar
voltage switching technique is used, so switches diagonally opposite in H-bridge will conduct
in a pair. Output voltage and current waveforms observed is as shown in the Fig. 6-1.

In the Fig. 6-1 it can be seen that voltage and current waveforms are completing only the

Output Voltage
T

Voltage [V]

Current [A]

Figure 6-1: Inverter output voltage and current.

half cycle. It shows that one switch pairs aren’t functioning properly. Later when both the
legs were checked individually, it was found that IGBT switch S was not turning on, even
with driver circuit feeding the gate signals properly.

6-3 In Motor Control

6-3-1 Driver Circuit

Problem Description

In the FOC of the motor, current through motor phase one was in low magnitude compared

other two phases of the machine and it was not conducting in the negative cycle fully, as
shown in the Fig. 6-2.

Remedy

Initially, H-bridge inverter connected across each phase of the machine was tested for its
operation. In testing, it was found that driver circuit in the machine phase one wasn’t
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functioning properly for the duty cycle value less than 0.25, when the results obtained were
compared with the other phase inverter. The driver circuit is used to step up the gate voltage
signal obtained from the MC to IGBT switches in the inverter. Later the driver circuit was
replaced with the new one and FOC was tested again. It was observed that the current
through machine phase one was same as the other phases and it was conducting fully in both
positive and negative cycle.

6-3-2 Current Measurement

Problem Description

The magnitude of the current through phase four of the machine was two times higher com-
pared to the phase five and phase six, as shown in the Fig. 6-3.

Remedy

While checking all the driver and power converter circuit of phase four, it was found that wire
connecting from the current sensor to the MC board wasn’t functioning in phase four, which
resulted in the higher magnitude of the current the phase four. Later wire was repaired than
the current through machine phases were of equal magnitude.
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Chapter 7

Conclusion and Recommendations

7-1 Conclusion

This master thesis project aims at implementing the sensorless field oriented control on the
prototype modular design six phase permanent magnet synchronous machine with the dis-
tributed control architecture. The main conclusions drawn from the thesis are presented as
follows.

At first, modular design of the PMSM and power converter under consideration is explained
using literature. Further, application of the modularity to the whole electrical drive system
including the control circuit is presented. Integration of modularity will make system suitable
for the safety critical application, which is very important for the system to be considered for
the "More Electric Aircraft" application in future.

Subsequently, thesis focussed on the measurement of machine parameters such as stator
resistance, rotor flux, stator self and mutual inductance through experiments. Measured
machine parameters are used for estimating the rotor position information in sensorless FOC.
H-bridge inverter required for powering the machine phase is built and tested, using the
(enhanced Pulse Width Modulation) ePWM module in the microcontroller.

At first sensorless FOC (Direct FOC or Vector Control), was implemented in the three phases
of the machine using the inbuilt InstaSPIN FOC algorithm in microcontroller (MC)
TMS320F28069x device. In this algorithm, the microcontroller will act has software position
encoder, InstaSPIN estimates the back emf of the machine, using the machine parameters
(Rs, L, Lg, \m) and also the real-time measured voltage, current. From the machine back
emf, rotor position information is estimated. Using this rotor position information speed of
the rotor is also estimated and used for the control for the motor. FOC has two controllers
for controlling speed and torque. The outer control loop is used for speed control and inner
control loop is used for the current control (Torque control).
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In the modular design, PMSM phases are fed through H-bridge inverter, so this type of
power converter configuration can be considered as the dual two-level inverter. This type of
power converter configuration can be made to produce the voltage space vector identical to
the three level inverter. By selecting appropriate voltage vector through switching combina-
tion in the dual two level inverter configuration common mode voltage produced due to PWM
in the machine windings is avoided.

After the implementation of the FOC using the microcontroller based observer. To vali-
date the sensorless control in the three phase machine two tests were performed. The first
test was no load test, here the reference speed was applied to the controller and the machine
rotor speed was measured through tachometer and verified by the frequency of the measured
voltage/current. It was observed that measurements were in good agreement. The second
test was to check the performance of the controller, here the machine was accelerated from
200 rpm to 800 rpm using the internal ramp function generator in the microcontroller. It
was observed that machine was able to reach the 800 rpm almost at the same time as the
controller ramp generator.

The sensorless control from the three phase is extended to six phases of the machine us-
ing master-slave controller configuration. In this setup, two microcontrollers are used, here
master MC will control the three phases of the machine and slave MC will control the remain-
ing three phases of the machine. In this way, modularity is introduced in the control circuitry.
Further using Serial Peripheral Interface (SPI) module communication is established between
the two controllers. With this architecture, rotor position information available from both
the master and slave MC for the implementation of the FOC. Using the SPI communication
protocol current reference from the master MC is sent to the slave MC. Current reference
obtained in both the master and slave MC are compared with the actual current measured
from the current sensor. Further, current controller in both the MCs will produce the refer-
ence space vector PWM in both the master controlled three phases and slave controlled three
phases in PMSM. No load and acceleration test was also performed for the six phase machine
and it was observed that performance of six phase machine remains the same as compared to
the three phase machine at no load.

In conclusion, apart from adding the redundancy in to the control circuit with master slave
control architecture, six phase machine will behave has two three phase machine.
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7-2 Recommendations

The following recommendations are suggested for future research.

1. Sensorless FOC has to be practically validated for the load condition, to check the
performance of the motor.

2. Microcontroller board has to be redesigned for the following reasons :

o Fixing the existing SPI communication module might reduce the delay in the
communication of the signal from master to slave MC.

¢ Adding the extra communication protocol hardware, if the currently working one
fails. It will also help for implementing the fault tolerant operation since in existing
setup master MC will control the FOC of six phases.

3. A modulation technique can be employed to avoid the zero sequence current due to
dead time as in the [5].

4. A three phase common mode choke can be designed to avoid the zero sequence currents
in the system [51].

5. A pulse based dead time compensation can be applied to the dual two level inverter to
avoid the common mode voltage due to dead time [51].
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Appendix A

Appendix -A

A-1 Variation of the effect of the semiconductor voltage drop.

As it was described in the section 4-8-3 to check the effect of the semiconductor voltage drop
on the current waveform, PMSM was accelerated from reference speed of 200 rpm to 800 rpm

with the acceleration set in the controller to 1 krps.
Fig. A-1 indicates legends of all the waveforms in the screenshot from CRO, it also shows
boundane for enirged

waveforms shown in the
lower screen

Dotted reference line

500ms/div

Upper
screen

20ms/div

Lower screen
(Enlarged waveform
of upper screen)

Legend

Phase one current

Phase two current

Phase one voltage

Phase two voltage

Figure A-1: Reference

the division of the screen into two screens as upper and lower screen. The upper screen
indicates the variation of voltage, current during acceleration in two phases of the machine
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and lower screen indicates the enlarged view of the upper screen waveform. In the upper
screen there two vertical white lines, this is used to enlarge particular section of the wave-
form, enlarged view can be seen in the lower screen. The dashed vertical line in the upper
screen is used as the reference for varying the two vertical lines. Subsequently, subfigures in
Fig. A-2 depict the same information in terms of legends and screen indications as in Fig. A-1.

Fig.A-2 shows the variation of the current and voltage in two phases of the machine at
each instance during the motor acceleration from 200 rpm to 800 rpm at the set acceleration
of 1 krps. In the Fig. A-2) subfigures are numbered in the ascending order starting from
speed of 200rpm till machine accelerate 800 rpm.
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