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ABSTRACT

Over the past decade research into electric vehicles’ (EVS) safety, reliability and
availability has become a hot topic and has attracted a lot of attention in the literature.
Inevitably these key areas require further study and improvement. One of the challenges EVs
face is speed/position sensor failure due to vibration and harsh environments. Wires connecting
the sensor to the motor controller have a high likelihood of breakage. Loss of signals from the
speed/position sensor will bring the EV to halt mode. Speed sensor failure at a busy roundabout
or on a high speed motorway can have serious consequences and put the lives of drivers and
passengers in great danger.

This thesis aims to tackle the aforementioned issues by proposing several novel sensorless
schemes based on Model Reference Adaptive Systems (MRAS) suitable for limp-home mode
of EV applications. The estimated speed from these schemes is used for the rotor flux position
estimation. The estimated rotor flux position is employed for sensorless torque-controlled drive
(TCD) based on indirect rotor field oriented control (IRFOC).

The capabilities of the proposed schemes have been evaluated and compared to the
conventional back-Electromotive Force MRAS (back-EMF MRAS) scheme using simulation
environment and a test bench setup. The new schemes have also been tested on electric golf
buggies. The results presented for the proposed schemes show that utilising these schemes
provide a reliable and smooth sensorless operation during vehicle test-drive starting from
standstill and over a wide range of speeds, including the field weakening region. Employing
these new schemes for sensorless TCD in limp-home mode of EV applications increases safety,

reliability and availability of EVs.
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Chapter 1. Introduction & scope of the thesis

CHAPTER 1. INTRODUCTION AND
SCOPE OF THE THESIS

1. Introduction

In recent years, the electrification concept in the automotive industry has gained
momentum as it promotes reduction in CO2 emissions and lowers operating costs.
Consequentially, Electric Vehicles (EVs) are becoming a more popular choice over vehicles
equipped with Internal Combustion Engines (ICEs). Popularity of EVs has prompted
researchers to do further investigation into the functional safety of EV applications.

In this chapter a brief history of EVs and a general overview on the different classification
of EVs are included. It also covers the reason why the sensorless concept is being used in EV
applications, followed by an overall scope and novelty of this thesis. Finally the thesis layout

is provided.
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1.1.1 History of Electric Vehicles

The first EV, built by Thomas Davenport in 1834, was a battery-powered tricycle. From
this point EVs began to thrive in the US to the point that, in 1900 they made up 38% of the total
annual sale of automobiles second only to steam-powered vehicles, the best seller at 40% [1].
The high cost of EVs at that time was their main drawback, only affordable by the wealthy elite.
In 1913 Henry Ford came up with the idea of mass-producing of ICE vehicles, using the
integrated moving assembly line, which pushed EVs out of the market [1]. The Ford vehicles
were the first vehicle that many of the middle class Americans could afford and offered a far
greater distance range to that of the EVs. Due to the dominance of ICE vehicles there was a
long period of absence of EVs in the marketplace. However, since 1970 as part of the move
towards renewable and cleaner energy sources, interest and development of EVs has been
reignited [1].

In general, EVs can be divided into three main types; Hybrid EV (HEV), Pure EV (PEV),
and Full-cell EV (FEV) [1]. These vehicles can be classified further, shown in Fig. 1.1, with
respect to their source of energy and propulsion mechanism. HEVs use gasoline/diesel and
electricity for energy with the propulsion mechanism including both the electric motor and
engine. These vehicles can be further divided into the conventional and gridable types [1]. The
conventional HEVs cannot be recharged by electricity and are only refueled with
gasoline/diesel. Depending on the level of hybridisation these vehicle can be further divided
into; micro-, mild- and full-HEVs [1]. However, the gridable HEV can be recharged with
electricity and can be divided into the plug-in HEV (PHEV) and range-extended HEV (RHEV).
PEVs use electricity for energy with the electric motor for its propulsion mechanism. FEVs use
hydrogen (directly or indirectly) for energy with the electric motor for its propulsion mechanism

[1].
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Vehicle type Energy source Propulsion mechanism
Gasoline/Diesel
Mild-HEV
Full- HEV
PHEV
RHEV
PEV Electricity Electric Motor
FEV
Hydrogen

Fig. 1.1. Classification of Electric Vehicles [1].

1.1.2 Why sensorless control for Electric Vehicle applications?

Electric propulsion is the main system in EV applications which consists of three
components: a transmission device, wheels and an electric motor drive [2]. The choice of
electric motor drive is usually based on vehicle limitations, source of energy and driver
expectations [2]. The electric motor drive includes; a motor controller, electric motors, a battery
package with its charging circuitry, and sensors. The motor controller can be described as the
brain in EVs, therefore, the efficiency and safety of EV applications is highly dependent on the
health of the motor controller. Sensors measure properties, e.g. temperature, current, voltage
and speed/position, and provide information to the motor controller. The accuracy and
consistency of these sensors plays an important role in the overall health of the electric motor
drive.

By carrying out the Failure Mode and Effect Analysis (FMEA) for the electric motor
drive used in an EV application, one would note that speed/position sensor failure can have
catastrophic consequences, for instance on a busy roundabout or highway. Although this failure
may not have a high level of exposure classification in the Automotive Safety Integrity Level
(ASIL), the severity and controllability classifications are very high. Therefore it is critically
important and required by the road vehicles-functional safety standards (1SO26262) for the
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drive mechanism, which is employed for EV applications, to be fault tolerant to the
speed/position failure. The fault tolerant drive allows drivers and passengers of EVs to reach
their destinations safely without disruption despite the occurrence of fault or failure [3], which
is known as limp-home mode. It is a common safety practice in the event of any abnormality in
the drive-train, e.g. speed/position sensor failure, for the power-train control module (PCM) to
set the operation mode to limp-home. In this mode, the amount of power available is limited,
reducing the maximum speed of the vehicle. This is a programmed response regardless of the
nature of the failure. These speed and power limitations vary in every company but the essence
of limp-home mode is to prevent the vehicle from further damage. Moreover, the EV driver has
no choice but to take the vehicle to the nearest service centre. In this project, during limp-home
mode of operation, the sensorless drive is expected to be capable of functioning in the following
operation conditions:

e Capable of operating in a wide range of speeds (from standstill to twice the base
speed of the electric motor)

¢ Reliable starting from standstill with the correct direction to that selected by the
driver

e To be robust against parameter variations

e Smooth torque control capabilities during starting from standstill to reduce
oscillations whilst the motor is coupled to the gearbox

e To be capable of operating in forward and reverse mode.

These conditions are expected to be satisfied regardless of distance travelled by the
vehicle. However, using the senseless concept for the limp-home mode of EV applications, the
electric drive’s performance in the hill-hold operation is expected to experience some
degradation. This is a tradeoff to increase safety, reliability and availability of the EV. The limp-
home mode concept consists of a fault detection mechanism, a transition mechanism between
sensored to sensorless control techniques and vice versa, and more importantly, a robust and
accurate speed/position estimator. The latter is of high importance and will only be addressed
in this research. In EV applications high computational effort is already required to implement
various control schemes, this is to achieve the functional safety which is a critical aspect.
Therefore because of the limited computational resources in the motor drive controller, the
sensorless algorithm employed for fault tolerant purposes should not be too complicated. For
EV applications torque-controlled drive (TCD) of induction motor (IM) is normally used [4].
In the absence of a mechanical sensor, TCD based on indirect rotor field oriented control

(IRFOC) requires sensorless speed estimation for rotor flux angle calculation.



Chapter 1. Introduction & scope of the thesis

1.2 Scope and Novelty of the Thesis

The presented research in this thesis investigates sensorless operation in the limp-home
mode of EV applications. Particular attention is given to the reliability of the sensorless
mechanism used during vehicle-starting from standstill, smooth and safe sensorless operation
in a wide range of speeds, including the field weakening region. The important scientific
contributions originating from the research in this thesis are as follows:

1. A novel back-Electromotive Force model reference adaptive system (back-EMF
MRAS) scheme with a compensating mechanism is developed. Unlike the
conventional back-EMF MRAS, the new scheme is robust against motor parameter
variation and errors due to digitisation in high speed regions. The new scheme not only
offers a consistent sensorless vehicle-starting from standstill for consecutive attempts,
but also is reliable over a wide range of speeds, including the field weakening region.
Utilising this scheme also provides a smooth sensorless operation in vehicle hill-
starting.

2. A novel stator voltage MRAS (Vs-MRAS) is proposed which, unlike existing MRAS
schemes, does not require the prerequisite knowledge of stator resistance, stator
inductance and rotor resistance nominal values and is, therefore, robust against motor
parameter variation. The proposed scheme provides a consistent sensorless operation
during vehicle-starting from standstill and smooth vehicle test-drive over a wide range
of speeds, including the field weakening region.

3. Anovel universal hybrid Vs-MRAS (HVs-MRAS) scheme is developed for sensorless
control of IM and surface-mounted permanent magnet synchronous motor (SPMSM)
drives. Utilising the new scheme provides a reliable and consistent sensorless operation
during vehicle-starting from standstill and smooth operation over a wide range of
speeds, including the field weakening region. The scheme is also robust against

parameter variation and errors due to digitisation.

1.3 List of Publications

This thesis is predominantly based on the research findings which have been published
in journals and an international conference. A list of these publications is given below:
e E. Dehghan-Azad, S. Gadoue, D. Atkinson, H. Slater, P. Barrass, and F. Blaabjerg,
"Sensorless Control of IM for Limp-Home Mode EV Applications,” IEEE Transactions
on Power Electronics, vol. 32, pp. 7140-7150, 2017, [5].

5
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E. Dehghan-Azad, S. Gadoue, D. Atkinson, H. Slater, P. Barrass, and F. Blaabjerg,
"Sensorless control of IM based on stator-voltage MRAS for Limp-home EV
applications,” IEEE Transactions on Power Electronics, Published in Early Access
Articles, 2017, [6].

E. Dehghan-Azad, S. Gadoue, D. Atkinson, H. Slater, and P. Barrass, "Sensorless
Torque-Controlled Induction Motor Drive for EV applications,” IEEE Transportation
Electrification Conference and Expo (ITEC), pp. 263 - 268, 2017, [7].

1.4 Layout of the Thesis

This thesis consists of eight chapters, organised as follows:

Chapter 1 gives a brief introduction on the history of EVs and covers the importance of
the sensorless concept in EV applications. It also includes the aims of the project and a
list of scientific contributions and publications produced during the course of this
project.

Chapter 2 provides a comprehensive literature review on the sensorless control concept.
This includes: the fundamental model based schemes, high frequency signal injection
(HFSI) schemes, the hybrid schemes and unified sensorless schemes for different AC
motors. Regarding the review on the fundamental model based schemes, attention has
been focused on the MRAS schemes.

Chapter 3 presents the mathematical principles of the IM and SPMSM. It also includes
mathematical proof of the rotor-field oriented control. The mathematical derivation of
the conventional back-EMF MRAS and the principle of a high frequency signal
injection scheme used in this project are also provided.

Chapter 4 gives a detailed description of the experimental test bench setup and provides
a detailed account of the electric golf buggies used in this project.

Chapter 5 presents a new back-EMF MRAS used for the sensorless control of IMs in
the limp-home mode of EV applications. The performance of the new scheme is
compared against that of the conventional back-EMF MRAS scheme using simulation
environment and experimental test bench setup. The new scheme is also tested
separately on an electric golf buggy.

Chapter 6 describes a new sensorless scheme for IMs based on the Vs-MRAS scheme.
The performance of this scheme is validated and compared with the conventional back-

EMF MRAS using simulation environment and experimental test bench setup. The
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capability and suitability of the new scheme for the limp-home mode of EV applications
is experimentally approved by implementing the scheme on an electric golf buggy.
Chapter 7 gives a full description of a new universal sensorless control based on the
HVs-MRAS scheme. The performance of the new scheme is experimentally verified on
two IMs and SPMSMs using experimental test bench setup and two electric golf
buggies.

Chapter 8 includes the overall conclusions of the thesis and recommendations for future

works.
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CHAPTER 2. SENSORLESS CONTROL
SCHEMES - A LITERATURE REVIEW

2.1 Introduction

The sensorless control concept was initially proposed to reduce the cost and size of a
sensored electric drive and also reduce the complication which arises due to speed/position
sensors’ wiring [8]. Utilising the sensorless control concept promotes less complexity and
maintenance requirements, and enables the drive to become more immune to noise. As a result,
the reliability of the drive increases when operating in hostile environments. Over the past four
decades several solutions for sensorless drives have been proposed in the literature. Therefore,
in this chapter, a comprehensive review of the sensorless control techniques is carried out. This
chapter provides a comprehensive review on sensorless control schemes for EV applications
including fundamental model based methods, mainly focused on MRAS schemes, and HFSI
schemes. A review of hybrid schemes which combine both model-based and HFSI schemes is
included and finally, a review on universal sensorless control schemes for AC motors is

provided.
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2.2 Sensorless control based on fundamental model schemes

Fundamental model-based sensorless techniques are usually based on stator voltage
(reconstructed, from the measured DC link and switching signals, or measured) and stator
current components in the stationary reference frame. These schemes can be divided into two
main groups: open-loop and closed-loop [9]. The closed-loop estimators, also known as
observers, usually benefit from a correction term, which adjusts the estimator [9]. On the other
hand the open-loop schemes do not have a correction term and are normally based on the stator
voltage equation of the machine which make their accuracy greatly dependent on the motor
nominal parameters used [9]. Therefore the performance of the sensorless drive, which utilises
an open-loop estimator, seriously degrades during parameter variation, especially in the low
speed region.

Schemes based on Kalman filters (KF) and Luenberger observers (LO) are common
examples of the closed-loop type estimator. The KF and its extended version (EKF) are both of
stochastic types. However, the KF can only be employed for linear systems, whereas the EKF
can be used for non-linear time-varying systems [9]. Schemes based on EKF are
computationally intensive and their precision is highly dependent on both the machine model
parameters and measurement noises [8-11]. Moreover, at around zero speed, where the
measurement errors are more significant than the stator voltage components, EKF schemes lose
their control abilities [9].

In [12], in order to reduce the computational intensity of EKF and improve its
performance, a sensorless scheme based on a reduced-order EKF was employed using a field
programmable gate array (FPGA). This scheme employs fixed covariance matrices.
Experimental results show that, using this scheme, a good position and speed estimation can be
achieved up to 1000 rpm. However, during transient conditions accurate speed estimation
cannot be guaranteed [13]. Moreover, the performance of the scheme around zero speed was
not studied which is problematic for EKF schemes. In [14], a sensorless speed and flux
estimation method has been proposed based on a multiple-model EKF with Markov chain (MC-
MM-EKF). This scheme was experimentally tested and from comparison results, between
proposed and interacting MM-EKF, one can see that utilising the proposed scheme reduces the
error between the estimated and the measured speeds by almost 50%, however, not complete
eradication. In addition, implementing this scheme adds extra computational efforts to the
existing scheme.

Regarding LO, this scheme is deterministic in nature. This scheme is employable for

linear time-variant systems, whereas nonlinear time-variant systems require using an Extended
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LO (ELO) scheme [9]. The ELO schemes have more merits than conventional EKF. These are
their relatively simple algorithm and easier tuning [9]. In [15], a new position sensorless scheme
based on LO was proposed. In contrast to the conventional LO, this scheme does not require
the speed estimation. Therefore it reduces the complexity related to the speed estimation errors
of the observer. Recorded experimental results show that utilising this scheme provides a good
performance above 10 rpm, regardless of whether a load was applied or not . However, similar
to KF, LO is also not capable of performing well at zero and very low speed regions [9].

Another type of deterministic observer is a sliding mode observer (SMO). In this kind of
observer, the error between measured and estimated stator current components are normally
used with a sign function. The output of the sign function, which is the estimated back-EMF
components, is then used to update the SMO. The back-EMF components in the stationary
reference frame are then filtered using a Low-pass Filter (LPF). The filtered back-EMF
components are used to extract the position and speed of motor. Utilising a sign function in this
scheme is known to introduce chattering on the estimated speed and torque. Therefore, Kim et
al. [16] have proposed a sensorless scheme based on SMO which replaces the sign switching
function with a sigmoid function. This is to reduce the excessive chattering effect of the
conventional scheme. Utilising this scheme eliminates the need for a LPF, this results in a faster
dynamic response. To avoid problems with stator resistance variation an estimator is also
employed, assisting with this parameter variation. However, the chattering issue associated with
the SMO has not been entirely eliminated. The scheme has a bigger overshoot in comparison
to the conventional scheme and also has steady state error between measured and estimated
speeds.

In [17], in order to reduce chattering issues, a fixed-boundary-layer SMO (FBL-SMO)
has been proposed in the synchronous reference frame for the purpose of EV applications.
Experimental validation demonstrated by the author, in [17], show the actual speed and torque
profile using a vehicle-drive simulator. It can be seen that a wide speed range from zero up to
6000 rpm has been achieved when the proposed scheme is used. However, the chattering effect
can be seen on the speed and torque signals, especially on the torque signal. For EV
applications, consideration should be given to sensorless schemes, known for being the most
accepted representative candidate for the high performance, which are those based on MRAS
[18]. Hence, MRAS schemes are discussed next.

10
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2.2.1 Model reference adaptive systems and their shortcomings

Schemes based on MRAS [19, 20] are known for their low computational efforts and
simplicity to implement [21]. The overall block diagram of a MRAS scheme is shown in Fig.
2.1. MRAS schemes usually consist of a reference model, an adjustable model and an
adaptation mechanism, which is often a proportional and integral (PI) controller. The reference
model is normally speed independent and its output components are calculated based on the
voltage model in the stationary reference frame. Whereas the adjustable model is speed
dependent and its output components are calculated using the current model in the stationary
reference frame. The principle is that the difference between output components of the reference
and the adjustable models are used through a PI controller to reduce the error in the estimated
speed [22]. This estimated speed is then used to update the adjustable model accordingly.
Depending on how the error between the reference and the adjustable models is calculated,

MRAS schemes vary from one another, which are depicted as follows.

vS
_ Reference
s Model
@,
Adjustable
Model
@,

Fig. 2.1 Block diagram of MRAS [19].

2.2.2 Different MRAS schemes

Schauder [19] has proposed a MRAS scheme based on rotor flux (RF-MRAS)
components in the stationary reference frame. This scheme was experimentally tested and
results show a satisfactory performance apart from the zero speed region. The author has
indicated that if this scheme is used in the zero speed region, it can result in the instability of
the speed control. Since an open-loop integrator is used in the reference model of this scheme,
it suffers from pure integration problems, such as; DC drift and initial condition [9, 20]. This

scheme also suffers from parameter variation, especially stator resistance variation due to
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temperature rise [9]. This scheme is the most studied scheme among MRAS schemes in
literature. Consequently, several studies have aimed to improve its performance, which are now
described.

In [23], a new scheme has been proposed based on a combined adaptation mechanism,
based on the electromagnetic torque and the rotor flux components. The results in [23]
demonstrated that utilising this scheme helps the RF-MRAS to be more robust in the low speed
region. However, this scheme still suffers from sensitivity to parameter variation. In [24], also
based on combination of the torque and the rotor flux equations a new scheme has been
proposed to improve the RF-MRAS in low speed regions. Utilising this scheme increases
complexity of the classical RF-MRAS. From results, recorded while the scheme was used, one
can see that under 50% load it is highly sensitive to the stator resistance variation. Authors in
[25, 26] have employed a SMO to improve problems associated with the high PI controller
gains in noisy conditions. In [27], the reference model of the RF-MRAS is replaced with a
sliding mode stator voltage model observer. These schemes introduce undesirable chattering on
the torque response and remains sensitive to motor parameter variation.

In another attempt to improve the performance of the RF-MRAS, Peng and Fukao [20]
have proposed two new MRAS schemes. The first scheme is based on the back-EMF-MRAS
and the second one based on the instantaneous reactive power (RP-MRAS). Utilising the first
scheme eliminates the need for integration in the reference model. As a result, the pure
integration problems are solved and are no longer an issue, however, this scheme is still
sensitive to parameter variation. It is worth mentioning that problems due to pure integration
can also be solved using a LPF with a high gain instead of integrator. Nevertheless, this
substitution causes instability in the low speed region [20, 26]. The second scheme is also free
from pure integration problems and does not require the knowledge of stator resistance.
However, this does not mean that the RP-MRAS scheme is robust against parameter variations.
The main shortcoming of RP-MRAS scheme is also reported by [28], as lacking stability in the
regenerating mode.

In order to overcome the shortcomings of the conventional RP-MRAS, [29] has proposed
a new RP-MRAS scheme which is formed in the synchronous reference frame. Although,
utilising this scheme eliminates the differentiating term, problems in the regenerating mode
remained unsolved. In another attempt [30], has introduced a new function, represented by ‘X’,
which aims to tackle the problem in the regenerating mode. The scheme has been
experimentally tested and presented results demonstrate that this scheme is stable during
regenerating mode. However, it is dependent on the knowledge of stator resistance. Authors in
[31, 32] have combined artificial neural networks (ANNs) with RP-MRAS and RF-MRAS,
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respectively. These schemes show a good performance in the low speed region and are stable
in the regenerating mode, providing they are trained properly [28]. These schemes also require
extensive computational efforts.

A MRAS scheme based on mutual inductance (M-MRAS) has been proposed in [33].
Unlike the aforementioned MRAS schemes, where the reference and the adjustable models are
fixed, this scheme takes advantage of both models and employs them interchangeably. The
approach allows simultaneous estimation of the rotor speed and the stator resistance value. This
scheme was experimentally tested and results show a good speed performance for £ 1200 rpm.
However, utilising this scheme in high speed regions requires the PI controllers’ gains in the
speed and current regulation loops to be retuned [33], which is undesirable. Furthermore, fast
transient through zero might not be problematic but when dwelling in zero speed can cause this
scheme to become unstable.

Orlowska-Kowalska and Dybkowski [34] have also proposed a new scheme based on
stator current MRAS (Is-MRAS). In this scheme, in order to form the error tuning signal the
estimated rotor flux components are multiplied to the error between the measured and the
estimated stator current components. Recorded experiment results, when the motor nominal
parameters are used, verify robustness of this scheme over a wide range of speed, including the
field weakening region. Nevertheless, from the results for parameter variation tests, it can be
seen that this scheme is sensitive to motor parameter variation.

The aforementioned MRAS schemes have been initially proposed for sensorless control
of IM. However, these schemes can also be employed for sensorless control of PMSMs [35-
38]. Rashed et al. [38] have proposed a MRAS scheme based on stator current components in
the stationary reference frame for SPMSM. This scheme consists of two separate schemes. In
Scheme 1, the rotor speed and stator resistance values are estimated and in Scheme 2 the rotor
speed and the rotor flux magnitude are estimated. In order to operate in all conditions a
combination of both schemes is required. This scheme benefits from the stator resistance
estimator, hence, is robust against problems associated to its variation. However, the
combination of both schemes requires significant computation processing. In [37], a back-EMF
MRAS scheme is used for sensorless control of an interior permanent magnet synchronous
motor (IPMSM). The reference back-EMF components are calculated using a SMO. The
performance of this scheme in the medium and high speed regions from 3000 rpm to 5000 rpm
is experimentally validated however, the paper has not made any comments on the performance
of the proposed scheme in the low speed region and against parameter variation.

Marwali and Keyhani [21], have carried out a thorough comparative study, using
simulation and experiments, between RF-MRAS and back-EMF MRAS. This study suggests
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that it is extremely difficulty to implement the reference model of RF-MRAS due to the open
loop integration used for calculating the rotor flux. Hence, for experimental implementation of
RF-MRAS, this scheme should undergo some modifications. These modifications include the
addition of LPFs to the output and input of the reference and adjustable models respectively
[19, 22]. The addition of LPFs can lead to phase error and considerable delays in the speed
estimation [39]. To overcome these issues [40] has employed a programmable cascaded LPF
for the rotor flux calculation. Authors in [21], have also concluded that the low speed
performance of the back-EMF MRAS is better than the RF-MRAS. Comparative study in [41]
also concluded that the back-EMF MRAS has better tracking capability and fulfils the
requirement as a versatile estimator.

As a result, the back-EMF MRAS is concluded to be a better candidate among MRAS
schemes. The back-EMF MRAS implementation is relatively simple and can also be employed
for sensorless control of PMSMs [37]. In the next subsection the common shortcomings of this

scheme and their remedies provided in literature are discussed.
2.2.2.1 Common shortcomings of back-EMF MRAS schemes

As mentioned previously the Back-EMF MRAS scheme does not have problems
associated with the pure integration. However, removing the integrator gives rise to the
magnification of any noise in the reference model due to the derivative term. Shortcomings of
this scheme also arise from disturbances in the stator voltage components, which are used as
input variables in the reference model. These disturbances are mainly identified to be due to the
four following reasons;

1) Variation in the stator resistance nominal value due to temperature rise [20, 42].

2) Variation in the magnetising inductance nominal value due to saturation effects, which
in turn causes variation in the stator and rotor self-inductance nominal values [20].

3) Voltage drops due to inverter nonlinearities (e.g. switching dead-time and voltage drop
of power semiconductor devices) [43, 44].

4) Errors due to digitisation in high speed regions [45, 46].

These disturbances can cause steady state error, oscillation and eventually leads to
instability, especially in the low speed region in the cases of stator resistance variation and
inverter nonlinearities. Online adaptation of the stator resistance estimator is the normal
approach to deal with its variation issue [44]. In order to make the conventional back-EMF
MRAS scheme immune to the stator resistance variation, speed and stator resistance estimators
were proposed in [42] to operate simultaneously. The new combined scheme is reported to

improve the stability of the back-EMF MRAS and increase its robustness against the stator
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resistance mismatch. However, during a speed transient and no-load condition this scheme
suffers from drift problems and it increases the complexity compared to the conventional
scheme.

Stator voltage components can be measured by employing a voltage sensor, or a voltage
measuring circuitry [47]. However, it is more common, in industry applications, to reconstruct
the stator voltage components in the stationary reference frame by using the measured DC-link
voltage value and the inverter switching signals. These switching signals are effected by the
inverter nonlinearities. If these nonlinearities are not taken into account, they can cause voltage
errors between the stator reference and actual input voltages of a motor. At very low speeds,
these errors can even become larger than the motor’s stator voltage [43], which can have a
serious effect on the performance of the back-EMF MRAS in low speed regions. In [44], issues
associated with inverter nonlinearities have been dealt with by considering a more accurate
model of an inverter. Authors have experimentally shown that utilising this approach enables
more accurate estimation.

Moreover, digitisation can also cause phase error in the reference model in high speed
regions, especially the field weakening region [45, 46], which can lead to the back-EMF MRAS
instability. In [46], to deal with the phase errors related to digitisation, an angle regulator
feedback using the difference between the amplitude of the reference and the estimated
components has been proposed. From experimental results, demonstrated at a constant speed
of 10000 rpm with a step load change, it can be seen that by utilising this scheme with the
regulator, an improved performance can be achieved. The scheme is more stable, and the

estimated speed closely follows the reference speed without any steady state errors.

2.3 Sensorless control based on high frequency signal injection schemes

The fundamental model based schemes discussed so far are more suitable for medium
and high speed regions. In order to have a reliable sensorless drive in zero and very low speed
regions, schemes based on HFSI have been employed in literature [48-53]. By injecting a high
frequency signal, which is much higher than the fundamental frequency of the machine, HFSI
schemes benefit from specific motor properties. These are not available when a model based
scheme is used. The injected high frequency signal is also referred to as a carrier signal [54].
Depending on the nature of the injected carrier signal and also where it is injected, these
schemes vary from one another. Thus, they can be divided into three main approaches;

1) Injection of a pulsating carrier signal in the synchronous reference frame [48-51]
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2) Injection of a rotating carrier signal in the synchronous reference frame [52]

3) Injection of a rotating carrier signal in the stationary reference frame [53].

It is possible to perform HFSI based on either current or voltage high frequency carrier
signal injections, but the voltage carrier injection methods have been considered more often, in
literature, over the current carrier injection methods. The latter methods provide a higher speed
control bandwidth, but they are more vulnerable to effects of inverter nonlinearities, e.g. dead
time [48]. Utilising the former methods require the feedback current components to be filtered
which reduces the bandwidth of the current control. However, this method is more robust to the
error due to inverter nonlinearities [48]. In order to extract the desired information, the high
frequency carrier signal components are retrieved by different signal demodulation process

techniques.

2.3.1 Different HFSI schemes

Janson and Lorentz [53] have proposed a HFSI sensorless scheme based on a rotating
carrier signal injection in the stationary reference frame. This is to drive IM and salient AC
machines in zero and low speed regions. In order to track rotor magnetic saliencies, a closed
loop position and velocity observer incorporating heterodyning demodulation has been
employed. The scheme is verified experimentally and the results demonstrate that using this
scheme provides a sustained zero and low speed/position operation. However, implementing
this scheme for an IM is only possible if the machine rotor has undergone modification. Authors
also reported that the scheme is sensitive to inverter nonlinearities, e.g. dead time. Moreover,
the saturation-induced anisotropy is not considered, which restricts this approach to unsaturated
machines only [54].

Ha and Sul [48], have proposed a HFSI scheme for IMs which is of the type with a
pulsating carrier injection in the synchronous reference frame. The scheme can be used in both
voltage or current high frequency carrier injection approaches. Considering the voltage carrier
injection method of this scheme, a high frequency pulsating voltage signal is added to the
estimated d-axis stator voltage, after the current controller in the synchronous reference frame.
The principle of this method is that since the injected high frequency voltage carrier is fixed,
the terminal impedance components are dependent on the resulting HF stator current
components [48]. By dividing carrier voltage by the resulting stator current components,
terminal impedances are calculated. Finally, the error between the impedance components is
fed through a PI controller which is equal to the rotor flux position. The authors have
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demonstrated that, by experimental validation, using this scheme a satisfactory operation at zero
stator frequency with 150% load torque can be achieved. This scheme requires a higher carrier
amplitude injection when the machine is fully saturated. This is due to the difference between
the impedance components being very small to detect [54]. Moreover, the performance of this
scheme decays in the presence of high-order saliencies [52].

In [49], based on the pulsating voltage injection in the synchronous reference frame, a
new scheme has been proposed for SPMSMs. This scheme takes advantage of the magnetic
saliency of the motor which contains information about the rotor position. This saliency is as a
result of the saturated stator core around g-axis of the motor due to the permanent magnet [49].
Therefore, the principle is that by injecting a pulsating HF carrier voltage signal the
aforementioned magnetic saliency is detected on the measured resulting HF g-axis stator
current. To extract information from this current, the measured stator currents are first
transformed from stationary to synchronous reference frame. After that the g-axis current is
passed through a high frequency signal demodulation process which in return provides the error
signal. Finally, this error signal is passed through a PI controller, or a bang-bang controller,
whose output is equal to the electrical rotor speed. Integrating this speed provides the rotor flux
position. The authors have demonstrated, using experimental validation, a robust sensorless
control at zero speed with 100% load can be achieved. However, using this scheme the absolute
polarity of the magnet cannot be determined when starting from standstill. This can result in
unpredictable starting direction and is a critical safety hazard for EV applications.

In another attempt [50], has proposed a scheme for PMSMs based on a pulsating voltage
carrier signal injection in the synchronous reference frame which utilises zero-sequence voltage
to extract angle information. Usually schemes based on the zero-sequence carrier voltage
sensing method use rotating signal injection in the stationary reference frame [55], but this
scheme injects a pulsating HF voltage in g-axis. Therefore, the proposed signal demodulation
process is relatively simpler and is less effected by the processing delays. To measure the zero-
sequence voltage, three resistors are required to be added in parallel to the input of the motor
stator windings. The voltage between the neutral point of the stator windings and the three
resistors is used as an input to the signal demodulation process. This scheme has been
experimentally tested and the results show a good performance for various speed and torque
conditions. However, from results shown in figure 13 of this paper, it can be seen that this
scheme cannot provide a reliable initial rotor position estimation as it suffers from angle
ambiguity of m radians when starting from standstill. Moreover, implementing this scheme
requires an extra voltage sensor to measure the voltage of the three resistor networks with
respect to the neutral point of the motor.
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Unlike the aforementioned HFSI schemes where injected carrier signals are sinusoidal,
in [51] a HFSI scheme based on a pulsating square-wave type voltage signal injection in the
synchronous reference frame has been proposed. This scheme does not require LPFs on the
feedback stator current components, hence it has an increased current controller bandwidth. The
scheme has been experimentally tested on an IPMSM. From recorded results it can be seen that
a good speed estimation can be achieved from zero to 1500 rpm. However, the performance of
the scheme when full load is applied at zero speed has not been demonstrated. Moreover, this
scheme requires an additional magnet polarity detection mechanism when a correct direction
for starting from standstill is required [56].

In [52], to reduce the effect of the secondary saliencies a new HFSI scheme based on a
rotating voltage injection in the synchronous reference frame has been proposed for an IM. The
new harmonic elimination method is based on the KF. The proposed scheme has been
experimentally validated. Results show a satisfactory performance when this scheme is used
during load step change from 30% to 80% at 60 rpm and speed step change from 60 rpm to O
for 50% constant torque. However, this scheme is computationally complex and according to
the authors, the scheme does not perform well at zero speed under low load conditions.

Schroedl [57] has proposed a sensorless scheme for AC machines based on exploiting the
response of an anisotropic machine to PWM transients. This approach is known as Indirect Flux
detection by On-line Reactance Measurement (INFORM). The magnetic anisotropy in the IMs
and PMSMs reveals information about the flux axis. This anisotropy can be detected from
complex INFORM reactance. This is calculated from the rate of change of the stator current
over a short interval due to the stator voltage. The scheme has been experimentally validated
and results, including torque reversal £120% for an IM at zero and 100 rpm, confirm
effectiveness of this scheme for sensorless speed and position estimation, at very low speed
regions. The estimated rotor flux angle from INFORM method gets a certain angular
displacement when the torque producing current is applied. Hence, a correction function based
on KF is used, which makes this scheme computationally intense. Moreover, this scheme is

more suitable for IMs with the closed rotor slots [54].
2.3.1.1 Short comings

Utilising HFSI based schemes have their own limitations. These are listed as follows;

1) These schemes are sensitive to the effects of inverter nonlinearities, such as dead time.
Therefore, a complex and time-varying function is required to compensate for each

operating point [54, 58].
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2) Utilising these schemes introduces extra losses and transient disturbances in the medium
and high speed regions, which distorts the performance of the drive [58]. Hence they
are more suitable for zero and low speed regions.

3) These schemes normally require an extra magnet polarity identification mechanism [59-
61]. This is to deal with the angle ambiguity of w radians which occurs while the magnet
polarity is initially being identified. This can cause reverse rotations during start up or
complete failure to start [62].

2.4 Hybrid schemes: combination of fundamental model based and HFSI schemes

In general, the implementation of sensorless control of AC machines using the
fundamental model based methods are less complicated than schemes based on the HFSI
methods. This gives the fundamental model based schemes a distinct advantage making them
a good candidate for most applications [54]. However, using these schemes for long-term
dwelling in zero stator frequency is an issue. This can be solved by employing a HFSI scheme
at zero and very low speed regions as a temporary addition. Therefore, hybrid (or combining)
sensorless schemes based on a combination of both fundamental model based and HFSI
schemes have been investigated in literature [56, 58, 62-65]. Utilising a hybrid scheme enables
the sensorless drive to operate over a wide range of speed. In order to amalgamate both schemes
a combining (or blending) function is also required.

In [56] a hybrid sensorless scheme has been proposed for IPMSM. This scheme employs
the extended back-EMF scheme, proposed by Morimoto et al. [66], for medium and high speed
regions. The HFSI scheme in [51] is used for operations in zero and low speed regions. In order
to combine these schemes a speed dependent combining function is used. Moreover, for the
sensorless drive to start reliably from standstill a magnet polarity detection method is used
which requires 0.22 seconds to detect the polarity. The scheme has been experimentally
evaluated and results show a smooth acceleration from zero to rated speed of 3000 rpm can be
achieved under full load operation.

Foo and Rahman [63] have proposed a sensorless scheme for IPMSM based on a
combination of an improved SMO, for medium and high speed regions, and a HFSI scheme,
for zero and low speed regions. The employed HFSI scheme uses a rotating voltage injection
in the synchronous reference frame, similar to [52]. A speed dependent function is also
employed for transition between both schemes. The scheme has been experimentally tested at

standstill under full load condition and speed reversal 1000 rpm (two thirds of the motor based
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speed) without load. However, from results it can be seen that as the speed increases so does
the ripple in the estimated speed, which can become problematic in the field weakening region.

In another attempt, Andreescu et al. [62] have proposed a combined stator flux observer
with a HFSI scheme for sensorless DTC of IPMSM. The flux observer is based on two merged
observers, which are an open loop current model observer and a close loop voltage model
observer. The employed HFSI is based on a rotating HF carrier voltage signal injection in the
synchronous reference frame. In order to make the drive reliable during starting from standstill,
this paper utilises the initial rotor position identification scheme in [59]. The combined scheme
has been experimentally validated in full load operation for speed ranges of 1 rpm to 1750 rpm
(rated speed). However, from the results it can be seen that the measured speed and the
estimated torque signals contain considerable oscillations, which is due to the nature of the
DTC.

In [58] a hybrid sensorless scheme has been proposed for SPMSM. This scheme takes
advantage of the saliency detection method [67] for zero and low speed regions, which is based
on the rotating voltage carrier signal injection in the stationary reference frame. For the medium
and high speed regions a voltage model flux observer is used. In order to combine these schemes
a flux compensating mechanism has been proposed. The compensating mechanism uses the
flux components, which are calculated using the estimated angle from the HFSI scheme, as its
reference. The error between the reference flux and the output flux components of the voltage
model is then forced to zero using a proportional controller. A speed transition function is also
used to switch the compensating mechanism ON/OFF. The voltage injection itself is separately
hard switched using a hysteresis band. The scheme has been experimentally tested and results
show a satisfactory performance during steady state and transient from zero to +1500 rpm (half
the motor base speed) has been achieved. Results also confirm reliability of this scheme during

several attempts for sensorless starting from standstill.

2.5 Universal sensorless control schemes

When a sensorless drive is required to be applied for several AC motor applications,
schemes based on universal sensorless control (USC) are a suitable choice, as these schemes
can reduce computational complexity of the whole drive. Although utilising these schemes
might not be as efficient as individually designed and optimised schemes for IM and PMSM, it
is more applicable for an application engineer or technicians who do not have a vast array of

sensorless drive experience.

20



Chapter 2. Sensorless control schemes - A literature review

In [68], a USC scheme utilising a stator flux linkage estimator has been proposed. This
scheme benefits from a high-precision voltage integrator to deal with pure integration problems.
The scheme was experimentally tested in the speed and torque control modes on three types of
motors; IM, SPMSM, and IPMSM. From the recorded results it can be seen that this scheme,
by considering iron loss, can improve torque control accuracy, especially for the IM control.
Utilising this scheme also extends the load range in low speed regions for the IM. However, as
it is also reported by the authors, this scheme is sensitive to motor parameter variation.
Moreover, the scheme employs an incremental start-up operation, which is not reliable or robust
enough in the case of PMSMs, where absolute magnet polarity is required. Therefore, for
sensorless applications such as EVs, where reliability and safety during starting from standstill
is essential, utilising this scheme can be hazardous.

By exploiting the similarity of AC motors [69] has proposed two sensorless schemes; a
rotor flux estimator and a phase locked loop (PLL). Both schemes can be employed as a
sensorless USC scheme and are derived from the voltage model equation. The PLL estimator
was experimentally tested on an IM and a SPMSM. Results show that the estimated speed from
the IM closely tracks the measured speed right through the field weakening region. Although
tests for the PLL on SPMSM were only carried out in the medium speed region, it demonstrates
a stable estimation. In order to employ this scheme for SPMSM, the d-axis current is required
to be set to a value bigger than zero. As both proposed sensorless schemes are fundamentally
model based in nature, they automatically inherit instability issues in zero and low speed
regions, e.g. sensitivity to parameter variation and state un-observability.

Boldea et al. [70], by generalising schemes presented in [71-73], have also presented a
USC scheme, based on active flux or torque-producing flux concept. The scheme takes
advantage of combining a rotor flux observer, equipped with a compensator, and a PLL
mechanism to estimate the speed and position. The scheme was experimentally tested on an
IPMSM. Tests included; £1 rpm speed reversal followed by full-load transients and 4000 rpm
speed reversal, including the field weakening region. Although utilising this scheme in low and
medium speed regions provides an accurate speed estimation, the error between the estimated
and measured speeds, in high speed regions, becomes very large at a region of 300 rpm. This
can cause instability in high speed regions. In addition, this scheme on its own is not capable
of performing a reliable starting from standstill, especially for PMSMSs. This is because the
exact position of the magnet and its polarity cannot be detected when using this scheme for

starting from standstill.
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2.6  Sensorless control for EV applications

Regarding the sensorless control for EV applications, a sensorless scheme which is
capable of performing reliably from standstill and over a wide range of speeds, whilst remaining
robust against motor parameter variation, is required. In this section sensorless schemes which
have been specifically developed for EV applications are reviewed.

In [74], a sensorless scheme for an 1M, based on the rotor flux vector calculation has been
developed for EV applications. The scheme utilises an online rotor resistance calculation to
reduce the sensitivity of the speed estimator to this parameter. The scheme has been tested using
simulation and experimental setup. From the experimental results, shown for the proposed
scheme, it is clear that the speed estimator closely tracks the measured speed up to the rated
speed of the IM. However, above the rated speed, the estimated speed fluctuates, introducing
ripples on the torque. These torque ripples gets magnified further when the motor is coupled to
a gearbox. This scheme is also dependent on the magnetising inductance value. This value can
vary by 50% which can cause instability, however, this has not been considered by the authors.

In [75], utilising an Is-MRAS, a sensorless control has been developed for an IM based
on direct torque control (DTC) for traction applications. The scheme has been experimentally
tested and results show when nominal parameters of the motor are used, a good speed tracking
approximately twice the base speed (3834 rpm) can be achieved. Moreover, by utilising the
DTC with the space vector modulation a fast torque response to load torque can be achieved.
However, it has not been tested against motor parameter variation which can be the
shortcomings of this scheme. Authors in [76] have also implemented a sensorless control based
on the DTC for EV applications. In order to implement this scheme a rotor flux estimator, in
the stationary reference frame, and a torque estimator are required. The estimated speed is
calculated using the rotor flux components. From the simulation results is clear that the
estimated speed is in good agreement with the measured speed, up to 1900 rpm. However, this
scheme suffers from high torque ripple and current distortion, especially in the steady state
operation. The scheme is also sensitive to the motor parameter variation, which can degrade the
accuracy of the rotor flux estimator.

In another attempt, authors in [77] have developed a sensorless control for an IM, also
based on Is-MRAS, using direct RFOC for EV applications. In order to estimate the stator
current components a deterministic full order observer is used for the rotor flux estimation. The
scheme has been validated using quasi-experimental methodology. Results show that this

scheme provides a reasonable performance in constant torque region, when the nominal motor
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parameters are used. However, authors have not commented on the sensitivity of the scheme to
the motor parameter variation and its performance during the field weakening region.

Farasat and Karaman [78] have proposed a speed sensorless control of an IM for EV
applications using hybrid FOC and DTC. Combining the FOC and DTC allows the electric
motor drive to benefit from the advantages of both methods. However, utilising this scheme
increases the complexity of the drive as the flux, torque and speed of the motor are required to
be estimated. The proposed scheme has been tested using simulation. From results, e.g. shown
in Fig 2-b, it can be seen that in the field weakening region the developed torque of the IM has
considerable amount of ripples, which can cause the sensorless control to become unstable. In
another attempt authors, in [79], have used an EKF for sensorless control of EV applications.
This scheme is also based on the combination of the FOC and DTC. The scheme has only been
verified using simulation. From results it is clear that the developed scheme is sensitive to the
stator resistance variation, especially below 25 rad/sec when the stator resistance value is
increase by 75% of its nominal value.

In [80], a sensorless scheme based on the RF-MRAS has been developed, using IFOC,
for EV applications. The scheme has been tested using simulation. The results show that in
medium speed regions the RF-MRAS demonstrates a good performance. However, as the
author has also concluded in the paper that using the RF-MRAS for EV applications requires
that the scheme undergo a lot of improvements. The main required improvements are;
robustness against sensitivity to motor parameter variations and reliability in zero and low speed
regions which have also been mentioned earlier in this chapter. In [81], also based on the RF-
MRAS, a sensorless scheme has been developed for EV application. In order to overcome
problems associated with the stator resistance variation, a stator resistance estimator is also
implemented. The scheme has been verified using simulation and experimentally. From the
recorded results it is clear that using this scheme resolves issues due to the stator resistance
variation. However, instability in zero and low speed regions and problems due to pure
integration still remained unsolved.

Patel et al. [82] have proposed a hybrid sensorless scheme for an IPM traction drive of
EV applications. The HFSI scheme in this paper is based on the rotating carrier signal injection
in the stationary reference frame. For medium and high speed regions the rotor position has
been estimated using an open-loop stator flux observer. To implement this scheme a magnet
polarity detection is required. This scheme has been experimentally tested and results show that
using this scheme a robust dynamic performance can be achieved at 4000 rpm while 100% load
is applied. However, this scheme uses a hard-switching mechanism for transition between HFSI
and back-EMF schemes, which can cause torque ripple. Moreover, integrating the stator voltage
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components using an open-loop approach can lead to instability, especially in the field
weakening region.

In [83] a sensorless torque control using the sliding mode flux and speed observer has
been developed for EV applications. The scheme has been validated using simulation and
experimentally implemented on an actual EV. Tests included acceleration and deceleration of
the vehicle from 30 rad/sec to 80 rad/sec and back to 30 rad/sec. It is clear that using the
proposed scheme the estimated speed closely tracks the measured speed. However, the
estimated speed is required to be calculated from the derivative of the rotor flux angle, which
can cause speed ripple. To deal with this issue a LPF is required which in return causes delay
on the estimated speed. Moreover, the performance of the vehicle in zero and low speed regions
and sensitivity to the motor parameter variation have not been studied which can be the main
shortcomings of this scheme.

Almost all of the above schemes suffer from motor parameter variation. The schemes
based on DTC suffer from torque and current ripples which are not desirable to be used in EV
applications. In addition, the above sensorless schemes are normally designed for a specific
type of motor and cannot be employed as a universal sensorless scheme. Moreover, none of the
reviewed sensorless schemes for EV application are capable of offering the following
characteristics at once. These are:

e To be computationally easy to implement

e Robustness against motor parameter variation

e Provides a smooth torque control

e Reliable in starting from standstill

e Capable of performing in a wide range of speeds

e Being universally implementable for different types of motors

Therefore, from reviewing the above papers, one can conclude that there is a gap for more

research in the area of sensorless control for EV applications.

2.7 Conclusion

Considering different aspects of the sensorless concept a comprehensive literature review

has been provided and concludes the following:
a) The back-EMF MRAS is the most suitable candidate among MRAS schemes for use in
the limp-home mode operation of EV application, powered by an IM. However, in order

to employ this scheme, it requires some modification to improve its performance,
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specifically against parameter variation, inverter nonlinearities and digitisation in high
speed regions.

HFSI schemes are found to be more suitable for zero and low speed regions.
Regarding sensorless control of PMSMs, hybrid schemes provide a more effective
solution.

The use of universal schemes promote the reduction in computational complexity of the
overall sensorless drive when used on AC motors.

From the reviewed literature, it is clear that there is a gap for further research in the
development of sensorless schemes capable of meeting the requirements of EV
applications. Therefore, the main focus of this thesis is to fill in this gap by designing
sensorless schemes suitable for EV applications.
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CHAPTER 3. SENSORLESS CONTROL
BASED ON INDIRECT ROTOR-FIELD
ORIENTED CONTROL FOR EV
APPLICATIONS - MATHEMATICAL
MODELLING

3.1 Introduction

For high performance applications, such as EV and HEV, TCDs are usually employed
and several TCD approaches have been presented in literature [84-89]. Although these
approaches have different structures, in most cases an estimated torque feedback loop is
employed. This is used for the calculation of the stator current reference on the g-axis. The
accuracy of the estimated feedback signal plays a major role in the stability of vehicle-starting
from standstill and in low speed regions. Without accurate feedback, the torque control becomes
very difficult and results in halt mode or a jerky-start situation. In order to achieve a high
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dynamic operation in torque controlled drives two main techniques are normally employed,
which are; field oriented control and DTC. One of the main disadvantages of the DTC is high
ripple levels in the current and torque [84, 90, 91]. As far as EVs are concerned, these torque
distortions at very low speeds create an undesirable cogging effect, when the vehicle is pulling
away. When the electric motor is coupled to a gearbox, torque ripple can excite gearbox
oscillations which are very hard to dampen out. Therefore, field oriented control can arguably
be more suited control scheme for EV applications.

This chapter includes four parts: the first part presents mathematical modelling of the IM and
SPMSM, the second part presents principles of the indirect rotor field oriented control for the
IM, the third part shows principles of the conventional back-EMF model reference adaptive
system for the IM, and the final part describes the sensorless control of an AC motor using a

high frequency signal injection technique.

3.2 Mathematical modelling of the induction and surface-mounted permanent magnet

synchronous motors

3.2.1 Mathematical modelling of induction motor

The space vector representatives of the stator and rotor voltage equations of an IM, can

be expressed as follows:

5: = Rsis + plps (3.1)
v, = Rely + i, (3.2)

K1)
T

where the subscripts “s “and indicate the stator and rotor quantities, respectively.
Meanwhile, the superscript “s” and “r” indicate that variables are in the stationary and the rotor
reference frames, respectively.

From (3.1) and (3.2) it can be seen that the time derivation of the flux linkages and voltage
drops due to resistances, yield voltage equations. The stator and rotor flux linkages in the

stationary reference frame can be written as:

V. = Lyiy + L, (3.3)
V. = Lyby + Lynls (3.4)
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As it can be seen, (3.3) and (3.4) consist of two components which are as a result of the
stator and rotor current contributions. To express (3.2) with respect to the rotor linkage flux in
the stationary reference frame, (3.2) is transformed into the stationary reference frame:

_ - —s . —s
vy = Reiy + pi, — jorp, (3.5)

As the rotor bars’ circuits are being shorted v, = 0, hence, (3.5) can be rewritten as:

- . —s
pY, = =Ryl +jw, P, (3.6)

By rearranging (3.4) for the rotor current vector (fi), we have:

s 1 —s -=s
Ly = I (l/)r — Liyis) (3.7)
r

and by substituting (3.7) in (3.6), (3.6) becomes:

1—s
— =¥, +jorp, (38)

where T, = % is the rotor time constant.

Similarly by implementing (3.7) into (3.3), we have the stator flux linkage expressed with

respect to the rotor linkage flux, which is as follows:

—s L2\ =s Lpy—s
l/)s =|Lg— L_r g + ler (3.9)

Implementing (3.9) in (3.1), (3.1) can also be expressed with respect to the rotor flux

linkage, which is as follows:

75 = (R, + pL)i. + &, (3.10)

L%,

Where; L; = Ly (1 - ) = Lga. Where; o is the leakage coefficient.

sHT

Note that e,,, = LL—”‘pﬁi is the back-EMF term in the stationary reference frame.

Expressing an IM in a state space model provides a reasonable solution for control
problems using simulation software. Therefore, using (3.8) and (3.10) the IM state space
representation can be expressed with the stator current and the rotor flux linkage components

in the stationary reference frame as state variables. Thus, we have:
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. _ n Wy .
Plsa [=¢ 0 T, nzr] Lsa |Li’ (1)]|
Disp 0 ¢ —nw, T ||isp - [vsa]
= +10 Lg 3.11
plpra L_m ? _Ti _(‘ir l/)ra | 0o 0 | vsﬁ ( )
L Im ro _2
P¥rp lo = W, m Vg lO o

Lm

: Rs Lm
where: { = 74+ —— andn = T
S =r

Lg L’s Ly Ty
The stator voltage equation (3.1) can also be presented in the synchronous reference frame.

The synchronous reference frame rotates at the same speed as the synchronous angular velocity
(we)-
0, = f w, dt = f(a)sl + w,)dt (3.12)

By multiplying both sides of (3.1) and (3.5) with the term e /%, (3.1) and (3.5) can be
transformed from the stationary to the synchronous reference frame respectively, as given

below:

— -e —e . —e
Ve = Rsis + P + jweh, (3.13)
— - —e . —e

Ve = R0, + Py, +jogp, (3.14)

where superscript “e” indicates that variables are in the synchronous reference frame.
Comparing (3.13) with (3.14), it can be seen that wy; = (w, — w,), Which is the slip

angular velocity, has appeared in (3.14) instead of (w,).

The stator and rotor flux linkages (3.3) and (3.4) in the stationary reference frame can also be

expressed in the synchronous reference frame, as given below:

¥, = Llg + Ly (3.15)

B = Lyly + Linls (3.16)

By substituting (3.15) and (3.16) into (3.13) and (3.14), respectively, the IM synchronous model

can be expressed with currents as state variables:
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R + pL —weLy pL.,, —weLy, i

‘Usq s Rs + pLs (‘)eLm me lSeCI (3.17)
_(‘)ler Rr + er _(‘)ler l.fd
(‘)le me wler Rr + er lirqu

Equation (3.13) can be represented with respect to the rotor flux linkage and the stator
current vectors in the synchronous reference frame. This is achieved firstly by transforming

(3.9) from the stationary to the synchronous reference frame:

—e LZ —-e L —e
P, = <LS - L—’”) is + L—’”lpr (3.18)
T T

and then, by substituted (3.18) into (3.13) (3.13) becomes:

Ly, —e
—.) (3.19)

U = (Rs + pLy)is + pl/) +1we(L’ls I
T

The electromagnetic torque for the IM with several pole pairs (PP) can be written as

follows:

3 Lym /€ - =€
Tem = EPPL_r (l’br@ LS). (320)

Where, ® is the cross product sign.

3.2.2 Mathematical modelling of Surface-mounted PMSM

The SPMSM is a non-salient motor which means that the inductance on the direct and the
quadrature axes are equal (Lg = Ly = Lg). The dynamic equations of the SPMSM in the
synchronous reference frame are derived as follows:

The stator flux linkage of a SPMSM in the stationary reference frame can be written as

below:

P, = Lls + Ppyelte (3.21)

Hence, by considering (3.21), the stator voltage equation of the SPMSM in the stationary

reference frame can be written as:

5: = (Rs + pLs)Ej +ja)el/)PMejee (3'22)
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The stator voltage equation (3.22) can also be expressed in the synchronous reference

frame. This is achieved by multiplying both sides of (3.22) by the term (e ~/%). This yields:

TE = (Ry + pLo)i, + jweLsly + jweWpn. (3.23)

Note that the term (jweLsff) is decoupling term and the term (jw.Ypy) is the back-EMF
in the synchronous reference frame which only appears on the g-axis.
In the normal differential equation form, the SPMSM dynamic equations in the

synchronous reference frame can be expressed as below:

i e [ RS Y <

3.3 Principle of indirect rotor-field oriented control

Depending on the nature of the reference frame alignment, the field oriented control
concept can be divided into three main techniques, which are:

1) Rotor field oriented control (RFOC)
2) Stator field oriented control (SFOC)
3) Airgap field oriented control (airgap-FOC)

RFOC is the most common technique and divides further into two approaches; direct and
indirect. The direct approach requires the rotor flux components to be estimated or measured
by using a flux sensing coil or Hall sensors. The rotor flux can be estimated, from the stator
flux and current components in the stationary reference frame, using (3.9). Utilising the flux
sensor is not a convenient approach due to armature reaction, space limitation, and noise [92].
However, the indirect approach does not require any flux estimation or sensor. The rotor flux
angle can be indirectly calculated, from the measured speed and slip. In the RFOC the rotor
flux is aligned with the d-axis in the synchronous reference frame, which is shown in Fig. 3.1.
Consequently, the rotor flux components can be written as follows:

@i = l/);;’d
Yrg =0, pyPig =

(3.25)
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Fig. 3.1. Vector diagram representation of the Rotor flux in the rotor field
oriented control.

By applying the rotor field orientation conditions in (3.25) into (3.19), the stator voltage

components’ equations in the synchronous reference frame become:

. . L
vsed = (R + pL’s)lse(i - welegq + L—mpllfﬁd (3.26)
r
Véq = (Rs + pLO)igq + weLsiSy + efg (3.27)

where, en,; = w, LL—mt,bﬁd is the back-EMF term in the synchronous reference frame. Note that

this term only appears on the g-axis.

The slip angular velocity can be calculated by employing the rotor field orientation
conditions. This is achieved first by transforming (3.7) from the stationary to the synchronous
reference frame and then applying conditions (3.25) into (3.7). This yields:

. 1 .
Ifg = i (Wiq — Lmisy)
T

e L e (3.28)
qu = — Elsq

By substituting (3.28) for the rotor voltage components in (3.14), (3.14) becomes:

1
0= T (Wiq — Linisq) + 074

" (3.29)
Ly

0=-—
Ty

e e
lsq + wsllprd

Therefore, from the g-axis component of (3.14) the slip angular velocity can be calculated,
which is as follows:
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Lmiseq
Trlpﬁd

Wy

(3.30)

By considering steady state condition, where pi;; = 0, the d-axis component of (3.29)

can be rewritten as follows:
l/’fd =Ly is,e(i (3.31)

by applying (3.31) in (3.30), the slip angular velocity can be rewritten as below:

iq
Wy = 7 (3.32)
sl Trlsd
Hence, the rotor flux angle (6,) can be expressed as:
iq
He = f(—,e'i' a)r)dt (333)
Trigy

Applying the rotor field orientation conditions into the electromagnetic torque equation
of the IM (3.20), we have:

Ton = PPEMye e 3.34
em — ll’rdlq- ( )
2 L,

The block diagram of TCD of the IM based on IRFOC used in EV applications is shown
in Fig. 3.2. The electromagnetic torque is applied using an accelerator pedal by the driver of the
EV. By rearranging (3.34), the reference g-axis current (iz), the torque producing current, is
calculated. Usually, under rated base speed, for the sake of mathematical simplicity, the value
of the reference d-axis current (i), the flux producing current, is kept to a constant value.
However, this approach is not as energy efficient as when a Lookup Table (LUT) is employed.
Utilising a LUT provides maximum torque per ampere (MTPA) with a fast dynamic torque
response [93]. Therefore, in EV applications the value of the reference d-axis current is
extracted using a LUT. The rotor flux angle, (3.33), is calculated from summation of the rotor

speed, measured from an encoder, and the slip angular velocity.
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Fig. 3.2. Block diagram of torque-controlled drive of the IM based on the IRFOC
used in EV applications (with speed sensor).

The electromagnetic torque equation for the SPMSM (Y;; = ¥pu), can be written as

below:

3
Tem =5 PP py i, (3.35)

The block diagram of the TCD of the SPMSM based on IRFOC used in EV applications
is shown in Fig. 3.3. Unlike IRFOC for the IM drive, the SPMSM drive does not require any
slip calculation. Hence, the rotor flux angle is calculated from the measured synchronous speed
from a shaft encoder. The reference g-axis current is calculated by rearranging the

electromagnetic torque equation (3.35). The reference d-axis current is also extracted from a

LUT with ij; kept at zero within the rated speed region.
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Fig. 3.3. Block diagram of the torque-controlled drive of a SPMSM based on
IRFOC used in EV applications (with speed sensor).

3.4 Principles of Model Reference Adaptive System for Induction Motor

The block diagram of the conventional back-EMF MRAS [20] used for the speed
estimation of the IM is shown in Fig. 3.4. It consists of a reference model, which is independent
from the estimated speed, an adjustable model, which gets updated by the estimated speed, and
an adaptation mechanism. The principle of the conventional MRAS is based on driving the

error, which is obtained from the cross product of the reference and estimated vectors (e, and

E,AnA, respectively), to zero. The scheme is stable when the angle between the reference and the
estimated vectors is kept as small as possible between £90 degrees, for forward and reverse
mode of operations, respectively. If the angle increases beyond 90 degrees, e.g. due to sudden
full torque injection in the speed mode operation, this scheme can become unstable. In
regenerative braking, the vectors are suddenly swapped around and the direction of the angle
changes from positive to negative which can also cause instability, especially in the case of the
RP-MRAS schemes [28].
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Fig. 3.4. Block diagram of the conventional back-EMF MRAS [20].

The reference model, based on stator equation (3.10), takes in the reconstructed stator
voltage and current components in the stationary reference frame and in return provides the
back-EMF reference components in the stationary reference frame [20], which are given below:

ema = Vsa — (Rs + pL)isq
(3.36)
emp = Vsp — (Rs + pLY)isp

The adjustable model takes in the stator current and estimated speed and in return
provides the estimated back-EMF components in the stationary reference frame [20]. The
estimated components are calculated based on the rotor equation (3.8), which are written as

below:
n Lm s Lm (Lmisa - lpﬁa - errlpiﬁ)
Cma = L_ PYrq = L_ T
" ' i (3.37)
A Lm s Lm (Lmisﬁ - lpﬁﬁ + errlpﬁa)
emp =7 P¥rp = 7
L, L, T,

In order to design the adaptation mechanism for MRAS hyperstability concept is used
[19, 20]. This concept helps to ensure the overall system will be stable and that the estimated
value will converge to its desired value. Therefore, the aim is first to derive an error state
equation. This is achieved by subtracting the reference and estimated components from each
other, which is as follows [20]:

pe =Ae — W (3.38)
1
— s 3N n e ~ [ émp
where, € = (&;,, — é,,) is the error vector, A = , [and W = (w, — &,) [ n ]
w - — ~Cma
T T,
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Then by letting

&, = y([e]) + f &, ([e])dt (3.39)

and solving by applying Popov’s criterion, a suitable candidate for the adaptation mechanism

can be found. Popov’s criterion requires that

t1
f [€]T.[W]dt = —y? forall t; =0 (3.40)
0

where y§ is a positive constant.
Substituting for € and W from (3.38) into (3.40), and using the definition of &, in(3.39),

we have:

%1
[ {(catms — eptmad@r = 2:0eD - [ @1 Gedan)ar = -3 @an
0

By solving (3.41), using the following well known equation [19, 20]

tlf(t) o f (1) dt = —%fZ(O),k2 > 0. (3.42)
0

The Popov’s integral inequality (3.40) can be satisfied by letting @; and @, in (3.39) be

as follows:
b, =k, (émaer*nﬁ - er*naémﬁ) (3.43)
b, = kl(emaemﬁ - er*naemﬁ)
where k; and k., are gains of the controller.
Hence, the adaptation mechanism (3.39), can be expressed as the following:
K; _
o, = (kp + ?l) ¥ (B ® Ehnap) (3.44)

Where, k,, and K; are proportional and integral gains, respectively.

3.5 Principles of High frequency signal injection

The HFSI scheme employed in this thesis is based on the synchronous injection method,
which was originally proposed by Linke [94] and later reviewed by Holtz (Fig. 38) in [54]. This

scheme requires a high frequency alternating carrier to be injected in the estimated d-axis
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voltage. The principle of this scheme is to derive an error between the estimated (or assumed)
and the actual rotor flux angle and force the error to zero using a PLL control structure, as

shown in Fig. 3.5.

o
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Fig. 3.5. Signal flow diagram of the PLL mechanism used for demodulation of
HFSI carrier [54].

Thus, the objective is to obtain a signal, which directly represents the error angle

(EwEHFsz)' In order to achieve that, an alternating carrier (V) at high frequency (w;;) is injected

in the estimated d-axis [54].

[oee] = [ Ve cosleomt)] (3.45)

Therefore, the error angle is obtained as it is given in [54].
laqe = BPF(laq) (3.46)

€wepps = LtacStgn(lac) (3.47)
The error angle signal is driven to zero by using a PI controller which outputs the
estimated synchronous speed (&g, ,,)- The estimated rotor flux angle is then calculated by
integrating the synchronous speed as shown in Fig. 3.5. The general block diagram of an AC
motor drive based on the sensorless IRFOC using high frequency signal injection technique is
shown in Fig. 3.6. A high frequency signal carrier is added to the estimated d-axis voltage (v;).
A LPF is required to cancel out high frequency signals on the measured d-axis current (i;). The

carrier signal does not appear on the g-axis, hence, it does not need to be low-pass filtered [54].
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Fig. 3.6. General block diagram of an AC motor drive based on the sensorless
IRFOC using high frequency signal injection technique.

3.6 Conclusion

This chapter included the description of the mathematical modelling of the IM and
SPMSM. The principles of the IRFOC for the IM and SPMSM have been provided. Moreover,
the principles of the conventional back-EMF MRAS for IM have also been given. Finally, the
sensorless control of an AC motor using HFSI technique has been presented. This scheme is
employed, in chapter 7, for universal sensorless control in zero and low speed regions.

The presented mathematical models of the electric motors and the concept of IRFOC are
used for developing Matlab/Simulink models. These Simulink models, shown in the Appendix,

have helped with verifying the proof of concepts in the following chapters.
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CHAPTER 4. THE EXPERIMENTAL
SETUP

4.1 Introduction

In order to allow experimental implementation of the developed schemes in this project
a test setup is required. This project has been sponsored by Sevcon Ltd. in Gateshead. Sevcon
offers a wide range of products, such as controllers, DC/DC converters and battery charging
systems, for on/off-road, marine and construction equipment.

The experiments were therefore carried out using the facilities and equipment provided
by Sevcon. For this project, a back to back platform based on a 19 kW IM and a 10 kW SPMSM
was designed and built, as both motors are currently used in the automotive industry for EV
applications. The back to back arrangement includes two 72 V generation 4 Dragon8 controllers
designed by Sevcon. The block diagram of the test bench and a photograph are shown in Fig.
4.1. A detailed description of the main components of the test bench are provided in the
following sections. To further verify the proposed schemes in this project two electric golf

buggies were used, their details are also presented.
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4.2 Dragon8 Controller

Dragon8 is an AC motor controller with 48 V to 96 VV DC nominal battery voltage ranges,
and maximum power of up to 35 kW. A photograph of the Dragon8 controller is shown in Fig.
4.2. This controller is compatible with IM, PMSM, or brushless DC motor. The controller
includes up to 6 digital inputs and 4 analogue inputs. It also includes two dedicated 5 V and 10
V (both 200 mA) outputs. The Dragon8 controller contains a 32-bit floating point pi-processor.
The controller has switching and sampling frequencies of 8 kHz and 16 kHz, respectively. It is

capable of performing four quadrant control in speed and torque modes.

Fig. 4.2. Photograph of the Dragon8 controller.
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4.3 The test bench setup

The test bench consists of a 19 kW star-connected three-phase IM, designed for use in
EV applications, and a 10 kW SPMSM. The test rig also contains a 300 Nm torque transducer,
used for validation, and two Sevcon (72 V) 29 kW Dragon8 controllers. The stator currents
were measured using two Hall sensors which are built in to the controllers. In order to
communicate with the controller on the IM, Device Communicator Tool (DVT) software was
utilised. During the experiments, the rotor speed was varied using a speed throttle box
connected to the controller which was controlling the SPMSM load machine, if the IM was
under test. The D8 controller connected to the IM was set to the torque mode and the torque
commands were applied using the DVT software on the laptop. A DC power supply was used
to provide DC voltage to both controllers. The IM and SPMSM were equipped with an
incremental Hall-Effect encoder (AB) and a Sine/Cos encoder, respectively. These were used
for evaluation of the implemented sensorless approach (measured speed). The sensorless
control algorithm was hand-coded in C-programming language and was compiled using “Keil”
software development environment. Results of all the tests were recorded using the vehicle
interface measurement tool which is built in the DVT software. The nominal parameters of the
tested IM and SPMSM are provided in Table 4.1.

Table 4.1. Nominal motor parameters of the motors on the dynamometer.

Parameter description IM on Dyno. SPMSM on Dyno.
Power [kW] | 19 10
Rated torgue [Nm] 48 51
DC-link Voltage [V] \ 65 65
Rated stator current [A] 450 125
Pole pair \ 2 4
Stator Resistance [mQ] 4.6 65.0
Stator Inductance [uH] | 888.0 50.0
Magnetising induc. [uH] 855.0 -
Rotor Resistance [m€] \ 6.1

Rotor inductance [uH] 888.0 -
Torque constant [Nm/A] | - 0.12

4.4  Electric golf buggies

In order to demonstrate the performance of the proposed schemes presented in this thesis,
two electric golf buggies have been used, which are shown in Fig. 4.3. Both vehicles have a
single traction motor. One of the golf buggies, shown in Fig. 4.3-(a), is powered by 5 kW IM
and is equipped with a Hall-Effect encoder (AB). The other golf buggy, shown in Fig. 4.3-(b),
is powered by 5 kW SPMSM and is equipped with a UVW encoder. The speed from the encoder
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was only used for validation which is labelled as the measured speed in the recorded results.
All of the experimental tests using the golf buggies have been carried out on an indoor test track,
which has an area of 35 m by 5 m. The test track includes a ramp which is used for the vehicle

hill-starting tests.

(b)

Fig. 4.3. Actual photographs of (a) the IM golf buggy, and (b) the SPMSM golf buggy.
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A general block diagram for both golf buggies is shown in Fig. 4.4. During the vehicles’
test-drive, forward, park and reverse operation modes were manually selected using the vehicles’
gear sticks and the torque command was applied using the accelerator pedal. Both buggies are
equipped with the 48 V Dragon8 controller. A laptop was used to communicate with the
controllers by using IXXAT USB-to-CAN interface. Both vehicles drive the rear wheels using
a fixed ratio differential. During the tests using golf buggies, the estimated speed, from
proposed schemes, and measured speed, from encoders, were compared. The nominal motor

parameters of the motors on the golf buggies are shown in Table 4.2.

Battery
F
Accelerator [ |
pedal
P J USB | . Motor _ _ "
Laptop “ " o Controller Motor »  Gearbox |« rear wheels
3
Gear stick [ Speed/
position
T Sensor
Brake pedal
Stearing front wheels
wheel

Fig. 4.4. Block diagram of both golf buggies.

Table 4.2. Nominal motor parameters of the motors on the golf buggies.

Parameter description IM on Golf buggy SPMSM on Golf
buggy
Power [kW] \ 5 5
Rated torque [Nm] 22 38
DC-link Voltage [V] \ 48 48
Rated stator current [A] 138 100
Pole pair \ 2 4
Stator Resistance [mQ] 10.24 13.0
Stator Inductance [uH] 850.3 100.0
Magnetising induc. [uH] 778.0 -
Rotor Resistance [mQ2] \ 4.45
Rotor inductance [uH] 850.3 -
Torque constant [Nm/A] | - 0.13
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45 Conclusion

This chapter has presented the test setup and the electric golf buggies which have been
used in this project. A full description of a dragon8 controller used in this thesis has been
presented. The components of the experimental test setup have been listed and described. The

golf buggies description and their block diagram have also been presented.
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CHAPTER 5. SENSORLESS CONTROL
OF IM BASED ON BACK-EMF MRAS
WITH COMPENSATING MECHANISM

This chapter presents a novel speed estimation scheme for IMs based on back-EMF MRAS.
The scheme is employed for the purpose of sensorless TCD used in the limp-home mode
operation in EV applications. A performance comparison was carried out between the proposed
and conventional back-EMF MRAS schemes for starting from standstill, sensitivity to
parameter variations and constant speed operation with load variations. Utilising the IM golf
buggy, the behaviours of the new scheme was separately investigated for vehicle-starting from
standstill, wide speed range including field weakening region and hill-starting operations. The
proposed scheme is computationally easy to implement, robust against sensitivity to parameter
variations and errors due to digitisation in the field weakening region. This scheme not only is
consistent for vehicle-starting from standstill, it also provides a reliable vehicle-drive in the

field weakening region and during vehicle hill-starting. The dynamometer and vehicle test-
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drive results show the suitability of the proposed scheme for the purpose of EV fault tolerant

limp-home mode operation.
5.1 Introduction

The conventional back-EMF MRAS scheme is computationally easy to implement,
however, this scheme is sensitive to parameters variations. These variations can cause voltage
errors between the stator reference and actual input voltages of IM. At very low speed, these
errors can even become larger than the motor’s stator voltage [43], which can have serious
effect on the performance of the back-EMF MRAS in the low speed region. Moreover,
digitisation effects can cause phase error in the reference model in the field weakening region
[45, 46], which leads to the back-EMF MRAS instability.

In this chapter, in order to deal with the aforementioned problems, a new back-EMF
MRAS scheme is proposed for the purpose of fault tolerant limp-home mode operation in EV
applications. The reference model of this scheme takes advantage of a novel compensating
mechanism, to compensate for errors due to parameter variations and digitisation in high speed
regions. A new approach is used in the adjustable model of this scheme which is also free from
integration problems. This results in an effective sensorless control when starting from standstill
and during high speed operation. A realistic speed/torque profile is used for testing purposes.
Experimental results demonstrate the robustness of this scheme against motor parameter
variations in addition to successful starting from standstill. The vehicle test—drive, utilising the
proposed scheme, confirms control stability and reliability during vehicle hill-starting and field

weakening operation.
5.2 Sensorless TCD based on IRFOC using back-EMF MRAS

The overall block diagram of the sensorless TCD based on IRFOC used in this chapter
for fault tolerant EV application is shown in Fig. 5.1. In EV applications the torque demand is
applied by the driver using the accelerator pedal. In this approach the reference stator current
on the direct-axis (i3) is provided from a LUT and the reference stator current on the quadrature-

axis (iz) is calculated from electromagnetic torque equation of the IM (3.34).
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Fig. 5.1. Block diagram of sensorless TCD based on IRFOC.

5.3 Proposed back-EMF MRAS scheme

The block diagram of the proposed back-EMF MRAS is shown in Fig. 5.2. The signal
flow diagrams of the reference and adjustable models of the proposed scheme are shown in Fig.
5.3-(a) and -(b), respectively. The reference model consists of two PI controllers which utilise
errors between back-EMF components of the adjustable and reference models, to compensate
for the errors due to the motor parameters variation, digitisation. Note that the compensating PI
controllers have a lower bandwidth to the one used for the adaptation mechanism. The PI
controller of the adaptation mechanism is usually designed to have a bandwidth twice the
maximum motor’s operating electrical frequency. This allows the MRAS scheme to continue
its operation to the field weakening region. The adjustable model is based on the back-EMF in
the synchronous reference frame, hence the mutual cross coupling and rotor-flux integration in
(3.37) is no longer required. This approach promotes increase in the stability of the MRAS
schemes, due to being immune from problems related to the offset accumulations caused by
integration. The back-EMF components of the adjustable model are initially calculated in the

synchronous reference frame and then transformed to the stationary reference frame.
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Fig. 5.2. Block diagram of the proposed back-EMF MRAS scheme.
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Fig. 5.3. Signal flow diagrams of the proposed scheme; (a)
reference model and (b) adjustable model.

The back-EMF of 1M can be expressed in the synchronous reference frame as follows:
50



Chapter 5. Sensorless control of IM based on new Back-EMF MRAS

e Lin
€mq = We L Yra- (5.1)
r

emq 1S back-EMF in the synchronous rotor flux reference frame.

Note that it has been assumed that the transformation of the stator current components
from the stationary to the synchronous reference frame are made in the complete rotor flux
reference frame. This allows the back-EMF term, in the synchronous rotor flux reference frame,
to only appear on the g-axis. The back-EMF is proportional to the rotor flux and the
synchronous speed. The estimated back-EMF vector of the adjustable model is calculated by
transforming (5.1) from the synchronous to the stationary reference frame:

{éma = — efy, * sin(6,)

A e A (5.2)
€mp = €mq * c0s(0,)

where, 8, is estimated angular position in the synchronous reference frame.
The back-EMF vector of the reference model in the stationary reference frame is

calculated using the following:

ema

. d .
Usa — (Rslsa + Lso-alsa) + Ycompa

z (5.3)
emp = Vsp — (Rslsp + Ls0 = 1sp) + Veompp

Where, (Veompa and ¥compp) are the back-EMF compensating components. These are

calculated utilising P1 controllers to drive the error between the back-EMF components of the

adjustable and reference models to zero.

k.
WYcomp
Ycomp, = <kacomp + s > ( EYcompa)

=k ki)’comp
kycompﬁ - PYcomp + (EVcompB)

(5.4)

S

A

Where; Yeompa = Ema — €ma and Y compp = Emp — €mp are the back-EMF error

components used in the compensating mechanism.

Fig. 5.4 shows a block diagram of the compensating mechanism. The term emaﬁ[nom]

represents the nominal back-EMF components, calculated when nominal parameters of the IM

are used. The term e, represents the output back-EMF components of the reference model.
51



Chapter 5. Sensorless control of IM based on new Back-EMF MRAS

The term AD represents disturbances in the stationary reference frame due to parameter
variations (AR, and AL¢o) and digitisation which can affect the reference model. Without the
compensator, the output back-EMF components include the nominal back-EMF components
plus some disturbances. These disturbances can cause a steady state error, oscillation and
eventually lead to instability, especially in the low speed region due to stator resistance variation.
However, by closing the loop using the estimated back-EMF components from the adjustable

model, which are free from aforementioned disturbances, the effects of AD can be eliminated.

€map [nom| AD

émaﬁ' & GPI ycompaﬁ ‘% + % emﬂﬁ'
Yeomp - > >
-

Fig. 5.4. Block diagram of the compensating mechanism.

The transfer function of feedback block diagram of the compensating mechanism with
respect to the output back-EMF components and the control loop can be expressed by

superposition of the response to the three inputs individually, as follows:

PIYcomp N + 1
e =—28e e
maBy T 14 Grry map Ty 4 Grtyeym MAB [ om]
(5.5)
1
+ AD .
1 + GP IVcomp

The compensating mechanism is stable if all the poles of (5.5) are on the left half-plane
(LHP). This can be investigated in the s-plane by setting the denominator to zero, which yields:

k:
s=— — (5.6)

1+ kp)’comp

It can be seen that (5.6) is negative, hence, the compensator is stable. For the adaptation
mechanism a PI controller, similar to the one used for the conventional scheme in (3.44), is

employed to minimise the speed error. To guarantee that the estimated rotor speed converges
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to the actual rotor speed, the overall proposed MRAS requires to be asymptotically stable. The
overall stability of the proposed MRAS is investigated by employing a Lyapunov function V,
which is expressed as below [23]:

V=¢ €& >0.

(5.7)
[ema - éma]
emp — €
Where, €, = | Eme _mp | is error vector.
m Xma — Xma
xmﬁ — fmﬁ
In order to derive the state error equations the following assumptions are made:
L .
(xma = We L_mll’rd sin(6,)
T
. L . (5.8)
| Xmp = —We L_ml/)rd COS(@e)
T
L&, =
The state error equations can be expressed as below:
o, = [Al[ 0, ] — W1, (59)
Where;
0 we—1 0
—w, 0 0 -1 A ~
A 0 € 0 o0 -1l W = 8,3 ®(we — @p). (5.10)
0 01 0
Differentiating both side of (5.7), yields:
V=_(e €& )+ (e é )= ér (AT +A)e, = —Iél &, . (5.11)

0 01O

_]10 0 0 1
Where, [ = 100 0
01 00O

The function given in (5.11) is always negative. A system is said to be asymptotically
stable if Lyapunov function satisfies following conditions [23, 95];
53



Chapter 5. Sensorless control of IM based on new Back-EMF MRAS
DV =0forw, =0
2)V > 0 for ||@,|| # 0 (5.12)
3)V <0 V&,

It is clear that (5.7) satisfies conditions 1 and 2 of (5.12), this is regardless of the estimated
speed direction. Moreover, (5.11) also satisfies condition 3 of (5.12). Hence, it can be state that

the proposed scheme is asymptotically stable.
5.4 Results and discussion

In this section, simulation and experimental results and discussion are presented to
evaluate the effectiveness and feasibility of the proposed scheme for different operating
conditions. Using the test bench, the performance of the proposed scheme was compared
against that of the conventional back-EMF MRAS scheme. All of the experiments were
conducted in the sensorless mode. For these tests the measured (encoder) and estimated
(sensorless) speeds were recorded.

In order to tune the estimator PI controller gains of the proposed scheme, the identical
compensator Pl controllers gains, were initially set to zero. To obtain the optimal dynamic
performance, the adaptation PI controller gains were first tuned whilst the encoder signal was
used for the transformation between reference frames. The proportional gain of the adaptation
PI controller was gradually increased, while the integral gain was set to zero, until the estimator
speed could approximately track the actual speed. Then the integral gain was increased to
achieve faster dynamic response. After aforementioned procedure for the proposed scheme,
both gains of the compensator Pl controllers were set to one. This results in a small steady state
error between the actual and estimated speed. By gradually decreasing both gains the error is
reduced to zero. We have found that the dynamic performance of the compensator PI controllers
are more dependent on the proportional gain than the integral gain. Therefore, the integral gain
can be set to any value smaller than one, as long as it is greater than zero.

Utilising the above procedure, for experiments on the dynamometer test bench, the

adaptation PI controller gains of the conventional and proposed schemes were set to (K, =
land K; = 0.1) and (K, = 0.8 and K; = 0.08), respectively. The gains of the compensator Pl
controllers in the reference model of the proposed scheme were set to ( Kpyeomp =

0.1 and kiycomp = 0.001). For experiments on the golf buggy, the adaptation PI controller

gains of the proposed schemes were set to (K, = 0.9 and K; = 0.08). The gains of the

54



Chapter 5. Sensorless control of IM based on new Back-EMF MRAS

compensator Pl controllers in the reference model of the proposed scheme were set to
(k =0.1and kyy,,,., = 0.002).

PYcomp

5.4.1 Simulation results

Initially, the behaviour of the proposed and conventional back-EMF schemes have been
studied in the simulation environment using Matlab/Simulink software. Using the mathematical
model of an IM in the stationary reference frame, as given in (3.11), a motor with nominal
parameters similar to the one provided in Table 4.1 was modelled. To calculate the rotor speed

a mechanical model is used:

1
Wy = jj(Tem — Tipqa — Bwy)dt (5.13)

To apply load on the IM, a load function has been modelled with respect to the motor
speed, which is as follows:
Ti0aa = wgkload (5.14)

where, k;,q4 1S @ positive constant, which is tuned to provide a load torque value as close as

possible to the electromagnetic torque.

To drive the IM, the TCD based on IRFOC, shown in Fig. 5.1, was also developed in

Matlab/Simulink environment.
5.4.1.1 Different torque levels using motor nominal parameters

The following test was carried out to demonstrate the performance of the proposed and
conventional back-EMF schemes for different applied torque levels using motor nominal
parameters. During these tests the applied torque level was varied while the load function was
used to apply similar value of load on the IM. The results for the conventional and the proposed
schemes are shown in Fig. 5.5-(a) and -(b), respectively. From the results of both schemes, it
can be seen that the estimated speed closely tracks the measured speed and that the value of the

measured torque matches the applied torque command level.
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Fig. 5.5. Simulation results for sensorless control at different applied torque levels
with the motor nominal parameters. (a) The conventional scheme, and (b) the proposed

scheme.
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5.4.1.2 Different torque levels with 50% stator resistance variation

This test was carried out to demonstrate the performance of the proposed and the
conventional back-EMF schemes against 50% stator resistance variation. For this test the
nominal value of the stator resistance in the IM model has been increased by 50%. From the
results of the conventional scheme, which is shown in Fig. 5.6-(a), it can be seen that the stator
resistance variation causes a steady-state error between the estimated and measured speeds.
Moreover, in the low speed region the conventional scheme becomes unstable, hence the
measured torque at 1 Nm no longer follows the applied torque command. However, from the
results of the proposed scheme, which is shown in Fig. 5.6-(b), it can be seen that the estimated
speed closely continues to follow the measured speed. The measured torque also tracks the
applied torque command.
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Fig. 5.6. Simulation results for sensorless control at different applied torque levels
with 509%b stator resistance variation. (a) The conventional scheme, and (b) the proposed

scheme.
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5.4.2 Experimental results from dynamometer setup

5.4.2.1 Starting from standstill

The sensorless IM TCD used for the purpose of fault tolerant limp-home mode of EV
applications, must be capable of performing adequately at zero and low speeds. It is also very
important to have consistency in performing vehicle-starting from standstill for consecutive
attempts. Therefore this test was carried out for three consecutive attempts in forward direction
to demonstrate the consistency of the conventional and the proposed back-EMF MRAS
schemes for starting from standstill. During this test the speed is varied using the throttle box
with the applied torque command kept at 15 Nm. Fig. 5.7-(a) shows the result of this test for
the conventional scheme. Since, in the first attempt the conventional scheme had failed to start
from standstill for an applied torque command of 15 Nm, the torque command was increased
to 20 Nm and 25 Nm for the second and third attempts, respectively. From result of the proposed
scheme, which is shown in Fig. 5.7-(b), it is clear that this scheme is consistent in starting from

standstill and shows no steady-state error at zero speed.
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Fig. 5.7. Experimental results for sensorless performance starting from standstill

with nominal parameters at 15 Nm. (a) Conventional Back-EMF MRAS (b) the
proposed scheme.
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5.4.2.2 Sensitivity to stator resistance variation

This test was carried out to demonstrate robustness of the proposed scheme against
sensitivity to the stator resistance variations. During this test the stator resistance was increased
by 50% and 100% from its nominal value and the applied torque command was kept constant
at 15 Nm. Results for the conventional scheme are shown in Fig. 5.8-(a) and Fig. 5.9-(a) for
cases of 50% and 100% increase in the stator resistance value, respectively. It is clear that, in
the case of 50% increase, this scheme suffers from sensitivity to stator resistance variations at
low speeds and it becomes more unstable for the case of 100% increase. Results of the proposed
scheme are shown in Fig. 5.8-(b) and Fig. 5.9-(b) for 50% and 100% increase in the stator
resistance value, respectively. It is obvious that the estimated speed continuous tracking the
measured speed regardless of 50% or 100% increase in the stator resistance value. Hence the

proposed scheme is robust against sensitivity to the stator resistance variations.
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Fig. 5.8. Experimental results for sensorless performance with 50% increase in
the stator resistance at 15 Nm. (a) Conventional Back-EMF MRAS (b) the proposed
scheme.
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Fig. 5.9. Experimental results for sensorless performance with 100% increase in
the stator resistance at 15 Nm. (a) Conventional Back-EMF MRAS (b) the proposed

scheme.
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5.4.2.3 Constant speed operation at different torque levels

This test was carried out to demonstrate the behaviour of the proposed scheme at constant
speed with load torque variations. For this test the shaft speed was kept constant at 300 rpm
with the applied torque command varied in 5 Nm intervals from 15 Nm to 50 Nm. Results of
this test are shown in Fig. 5.10-(a) and -(b) for the conventional and proposed schemes,
respectively. As can be seen, the conventional scheme has significant oscillations and at 50 Nm,
it completely loses stability. Hence the estimated speed no longer tracks the measured speed.
On the contrary, the proposed scheme shows much less oscillations and the estimated speed
continuously tracks the measured speed closely regardless of variations in the torque command

level.
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Fig. 5.10. Experimental results for sensorless performance at constant speed
in region of 300 rpm with the torque command increased in 5 Nm intervals from 15
Nm to 50 Nm. (a) Conventional Back-EMF MRAS (b) the proposed scheme.
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5.4.3 Experimental results from golf buggy

The following tests were carried out only for the proposed scheme. For these tests the
estimated speed, utilising the proposed scheme, was employed in the controller instead of the
signal from the AB encoder, which was mounted on the vehicle’s IM. The speed from the
encoder was only used for validation which is labelled as measured speed in the recorded results.
During these tests, forward, park and reverse operation modes were manually selected using

the vehicle’s gear stick and the torque command was applied using the accelerator pedal.
5.4.3.1 Vehicle test-drive for consecutive vehicle-starting from standstill

This test was carried out to confirm the capability of the proposed scheme during
consecutive attempts for vehicle-starting from standstill in forward and reverse mode directions
using the golf buggy. During this test, the vehicle was first driven forward and suddenly stopped
by applying brake pedal, which was repeated for 5 attempts. After changing to the reverse mode
the same procedure was repeated for the reverse direction for 3 attempts. The result of this test
is shown in Fig. 5.11. It is clear that the estimated speed tracks the measured speed very closely
in both directions and despite sudden changes in the vehicle speed the estimator remains stable
and consistent in vehicle-starting from standstill.
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Fig. 5.11. Experimental result from Golf buggy. Sensorless vehicle-starting from
standstill for consecutive attempts in forward and reverse modes of operation.
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5.4.3.2 Forward and reverse test-drive in wide speed range

It is required that sensorless schemes used for EV applications be capable of performing
in a wide speed range, especially in the field weakening region. Therefore this test was carried
out to demonstrate the capability of the proposed scheme for wide range of speeds. During this
test the vehicle was accelerated forward to around +2860 rpm and then slowed down to zero
and the same procedure was repeated in the reverse direction for the speed around -2860 rpm.
Fig. 5.12 shows the result of this test, which confirms the capability and reliability of the
proposed scheme across the whole speed range. Moreover, utilising the proposed scheme

provides a smooth test-drive in wide speed range.
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Fig. 5.12. Experimental result from Golf buggy. Sensorless vehicle test-drive in
wide speed range for forward and reverse modes drive operation.
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5.4.3.3 Vehicle hill-starting performance

This test was carried out to demonstrate the behaviour of the proposed scheme during
vehicle hill-starting. In order to create a realistic worst case scenario, this test was carried out
after 30 mins of the vehicle test-drive to increase the motor’s temperature, hence increase in the
stator resistance above its nominal value. A 15 degree ramp, which is especially designed for
the vehicle hill-starting test, was used for purpose of this test. In order to prevent the vehicle
from rolling backwards, a torque command of around 5 Nm was initially applied, using the
accelerator pedal. The torque command was gradually increased to cause the vehicle to move
forward and then the accelerator was gradually eased back to reduce the torque command to
around 5 Nm again. The result of this test is shown in Fig. 5.13, which illustrates stability and
reliability of this scheme during the vehicle hill-starting. It is clear that the vehicle did not roll

backward during standstill period while it was on the ramp.
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Fig. 5.13. Experimental result from Golf buggy. Sensorless vehicle test-drive in

hill-starting for forward mode drive operation.
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5.5 Conclusion

A novel back-EMF MRAS speed estimator is described in this chapter for the purpose of
sensorless TCD employed for the fault tolerant limp-home mode EV applications. The proposed
scheme was successfully implemented and tested on two different IMs using the laboratory test
bench and golf buggy, respectively. This scheme is not computationally demanding and is
robust against stator resistance variations of 50% and 100% increase. The proposed scheme is
not only consistent and stable for the vehicle-starting from standstill and low speeds, it also
performs reliably above base speed in the field weakening region. During the tests, the proposed
scheme had shown satisfactory operation throughout forward and backword modes of operation
in addition to the constant speed variable load operation. More importantly the scheme had
demonstrated satisfactory performance for vehicle hill-starting. Therefore the proposed back-
EMF MRAS scheme is suitable for the limp-home mode operation of EV applications by
providing consistent, safe and reliable operation over the whole speed range.

However, to implement this scheme all the IM nominal parameters are required.
Therefore developing a sensorless scheme which is less dependent on the prerequisite

knowledge of the IM nominal parameters will be the purpose of the next chapter.
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CHAPTER 6. SENSORLESS CONTROL
OF IM BASED ON STATOR VOLTAGE
MRAS

A novel sensorless speed estimation is described for an IM based on a new Vs-MRAS scheme.
The Vs-MRAS scheme uses the error between the reference and estimated stator voltage vectors
and estimates the synchronous speed. Unlike existing MRAS schemes, the proposed sensorless
scheme does not require the measured nominal values of stator resistance, stator inductance,
and rotor resistance. This scheme is insensitive to variations of the aforementioned parameters.
Moreover, using the proposed scheme eliminates the need for slip calculation. The proposed
scheme is implemented and experimentally tested in the lab environment, on the 19 kW 1M,
and also applied on the electric golf buggy, powered by the 5 kW IM. The results show that the
proposed scheme is immune to parameter variations and is consistent in vehicle-starting from
standstill and hill-starting tests. This scheme is also free from drift problems associated with a

pure integration and is stable in the field weakening region. The test-drive results from the golf
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buggy confirm suitability of the proposed Vs-MRAS scheme over a wide range of speeds for

the purpose of TCD in EV applications.

6.1 Introduction

It is essential for the sensorless scheme which is employed, for the purpose of fault
tolerant EV application, to be capable of functioning during vehicle-starting from standstill and
low speeds. More importantly, the sensorless algorithm should be less complicated and require
smaller execution time to make an efficient use of the limited available space in the DSP [5].
Among these approaches, speed estimation based on MRAS schemes are relatively simpler to
implement and often require lower computational effort [22, 25].

In this chapter, a novel Vs-MRAS scheme is proposed for the purpose of fault tolerant
limp-home operation for EV applications. The proposed scheme takes advantage of stator
voltage reference components in the stationary reference frame by setting them as its reference
model. These are compared with the estimated stator voltage components using the measured
stator current components. This scheme is computationally simpler to implement and is
independent from the initially measured nominal motor parameters such as; stator resistance,
stator inductance, and rotor resistance. The proposed scheme is immune to parameter variations
and errors due to digitisation in the field weakening region. Experimental tests are carried out
to investigate the performance of the proposed scheme. Experimental results show robustness
of this scheme against stator resistance variation in addition to successful starting from
standstill. The vehicle test-drive, utilising the proposed scheme, confirms the consistency and
reliability of this scheme in a wide speed range.

The structure of this chapter is as follows; Section 6.2 describes the sensorless TCD based
on IRFOC technique using the proposed scheme. Section 6.3 gives a detailed description of the
new Vs-MRAS scheme. Section 6.4 shows the simulation and experimental results of the

proposed sensorless scheme. Finally the conclusion is provided in Section 6.5.

6.2 Sensorless TCD based on IRFOC technique using proposed Vs-MRAS

The overall block diagram of the sensorless TCD based on IRFOC employing the
proposed scheme is shown in Fig. 6.1. The accelerator pedal is used for applying the torque
demand in EV. A LUT is used to produce the value of the reference d-axis stator current and
the reference g-axis stator current is calculated by rearranging the electromagnetic torque

equation of the IM.
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Fig. 6.1. The overall block diagram of the sensorless TCD of IM based on IRFOC
for the purpose of EV application.

6.3 Proposed stator voltage based MRAS scheme

The block diagram of the proposed Vs-MRAS scheme is shown in Fig. 6.2. The signal
flow diagrams of the reference model, which is shown in the Fig. 6.3, takes in the reconstructed
and estimated (from the adjustable model output) stator voltage components in the stationary
reference frame and in return provides the reference stator voltage components. The reference
model takes advantage of two identical compensating mechanisms, similar to the one presented
in [5]. Utilising these compensators make the proposed scheme immune to errors which are due
to parameter variations and digitisation in the field weakening region. The stator voltage space
vector is calculated in the stationary reference frame using the measured DC-link voltage and
the switching signals [96]:

2V 2T 2T
Vsap = TDC (Sa + SbejT + SCG_J?). (6.1)

Where; Vp is the measured DC-link voltage and S, , . are switching signals.
Note that in order to have a sinusoidal signal, when (6.1) is used, the reconstructed stator
voltage components are required to be LP filtered. In this thesis two LPFs with 3-kHz cutoff

frequency are used. The Simulink implementation of (6.1) is demonstrated in Fig. 10.7 in the
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Appendix. A test also carried out to compare the stator voltage components which were
obtained from the output of the VSI model and reconstructed using the equation (6.1). From
results shown in Fig. 10.8, it is clear that the reconstructed stator voltage components are
identical to the ones measured from the output of the VSI model.

Hence, the reference stator voltage components in the stationary reference frame can be

expressed as:

ﬁ*saﬁ = Vsap — Yap- (6.2)

Where, 7*s,5 = (V*5q +jv"5p) is the reference stator voltage, and y,5 = (vo + jvp) is

the compensating vector, which can be calculated from:

K; ~
Yap = (kpy + TW) * (ﬁsaﬁ - ﬁ*sa[s’)- (6.3)

Where, k,, and K, are proportional and integral gains of the identical compensating

controllers, respectively, and ﬁsaﬁ = (Usq + jUsp) is the estimated stator voltage vector.
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Fig. 6.2. Block diagram of the proposed stator voltage based MRAS scheme.
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Fig. 6.3. Signal flow diagram of the reference model of the proposed Vs-MRAS
scheme.

The signal follow diagram of the adjustable model used in this scheme is shown in Fig.
6.4. It uses the measured stator current components and the estimated electrical synchronous
speed and in return, by mimicking the voltage model equation, calculates the estimated stator
voltage components. This is derived by considering the voltage model equation of IM in the

stationary reference frame as:

ﬁsaﬁ = émaﬁ + (Rs + Lso_p)zsaﬁ- (6.4)

The estimated back-EMF (émaﬁ) is first calculated in the synchronous reference frame and then

transformed into the stationary reference frame:

- . L ,
emap = emq€’% = (@ 7~ ra)e’%. (65)
T

Where; (emq = @eLL—mlprd) is back-EMF in the synchronous reference frame, @, is

synchronous speed and (Y4 = i4Ly,) is d-axis rotor flux.
In order to make the adjustable model independent from the term (Rs + Lsop), (6.4) can

be expressed as the following:
{}saﬁ = (Emaﬁ + (kl)fsaﬁ)kz- (6-6)

Where; first coefficient (k;) can be treated as a known constant by setting its value to a
small positive constant, e.g. in this paper for both IMs (k; = 0.001). Note that the value of the
first coefficient (k,) is selected using trial and error. This was achieved while the measured
speed, from encoder, was used to drive the motor. The second coefficient (k,), which is
unknown, can conveniently be incorporated in the gains of the PI controller (adaptation
mechanism). Hence, for implementing the proposed scheme the initial measured nominal

values of the stator resistance and inductance, and the leakage coefficient are no longer required.
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Fig. 6.4. Signal flow diagram of the adjustable model of the proposed Vs-MRAS
scheme.

The back-EMF estimation in (6.5) requires synchronous speed (@,) which includes the
estimated value of synchronous speed (@.p;), from the output of the adaptation mechanism,

and a speed constant (wconst)-

Wp = Wepy + Weonst- (6.7)
Where;
~ Ki ~ — %
Bypy = (k,, + ?) + (Boap ® Tlag)- 6.8)

The speed constant (w.ons:), Which is dependent on the sign of the reference g-axis

current, helps the sensorless vehicle start from standstill in the correct direction that is requested

by the driver.
Weonst = 1 forig >0
Weonst = | Pconst = 0 fOT' i;; =0 . (69)
Weonst = —1 for ig <0

Hence, utilising the proposed scheme eliminates the requirement for slip calculation,
which is normally required in IRFOC for the synchronous speed calculation and is dependent
on the rotor resistance.

In order to prove the overall stability of the proposed scheme and guaranteeing that the
estimated speed converges to the actual speed, the Lyapunov stability function is employed
[23]. By subtracting the outputs of the reference model from the adaptive model, the error vector

based on the stator voltage components can be constructed as:
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€vsap = Vsap — Dsap- (6.10)

In order to derive the state error equations the following assumptions are made;

Xq = WKy, sin(6,)
Xg = —WeKy, cos(6,). (6.11)
&, =0

Hence, by differentiating both sides of (6.10) and employing (6.11), the state error
equations can be expressed as below;

éup = [All€xp] — W]. (6.12)
€vgq 0 w, —1 0
€ — —
Where; €,5 = 61:: Is the error vector, A = woe OO 8 _11 ,and
€xp 0 0 1 0

W= ésaﬁ®(we — D).

According to the Lyapunov function of the linear part in (6.12), the Lyapunov function
(V) is selected as the following [23];
V = E,p€ap > 0. (6.13)

Differentiating both sides of (6.13), we have;

V = Erp€ap + Enplap = Eup(AT + A)égp = —1E4 3¢5, (6.14)
Where;
0010
_[0 001
I=11 0 0 0 (6.15)
0100

A function is said to be asymptotically stable if the following conditions are satisfied [95]:
DV =0forw, =0
2)V >0 for||@,l| #0 (6.16)
NV <0 VA,
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Considering (6.13), it is clear that conditions one and two of (6.16) are satisfied. Moreover,
(6.14) also satisfies the third condition in (6.16). Hence, it can be stated that the proposed
scheme is asymptotically stable.

6.4 Results and Discussion

In this section, simulation and experimental results and discussion are presented to
evaluate the effectiveness of the proposed scheme for different operating conditions. The
performance of the proposed scheme is compared against that of the conventional back-EMF
MRAS scheme, using dynamometer setup. The recorded behaviour of the proposed scheme

implemented on the electric golf buggy is also presented.

6.4.1 Simulation results

The behaviour of the proposed and conventional back-EMF MRAS schemes were
evaluated, using simulation, for different torque levels with 100% stator resistance variation.
To carry out this test, the nominal value of the stator resistance in the IM model was increased
by 100%. During this test the measured speed was recorded from the output of the IM model
and compared against the estimated speed. The applied torque command value was also
compared with the measured torque value from the output of the IM model. The results of this
test for the conventional and proposed schemes are shown in Fig. 6.5-(a) and -(b), respectively.
From these results, it is clear that the conventional back-EMF MRAS fails to start from
standstill when stator resistance is increased by 100%. However, from the results of the
proposed Vs-MRAS scheme it can be seen that a successful sensorless starting from standstill
can be achieved regardless of 100% stator resistance variation. Note that 100% increase in the
stator resistance can cause oscillations in the estimated speed which can be a disadvantage of

the proposed scheme.

77



Chapter 6. Sensorless control of IM based on Vs-MRAS

15¢

=
o O

Speed (rad/s)
o

(
a1

Torque (Nm)
N

40«

N
o

Speed (rad/s)
o

Y
o

Torque (Nm)
N » [ep) OO

o
o

L L L Measured Speed (rad/s) |
i Estimated Speed (rad/s)
0 5 10 15 20 25 30
Time (s)
; L [— Applied Toque (Nm)
B Measured Torque (Nm)
0 5 10 15 20 25 30
Time (s)
(a)
L L L Measured Speed (rad/s) |

Estimated Speed (rad/s)

15 20 25 30
Time (s)

L

— Applied Torque (Nm)
Measured Torque (Nm)

—

15 20 25 30
Time (s)

(b)

Fig. 6.5. Simulation results for different torque level with 100% stator resistance
variation. (a) The conventional back-EMF MRAS scheme and (b) the proposed Vs-

MRAS scheme.
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6.4.2 Experimental results from dynamometer setup

All of the experiments were conducted in sensorless mode. For the purpose of validation,
the estimated rotor speed has been compared against the measured rotor speed. In these tests
the measured (from encoder) and estimated (from sensorless scheme) speeds were recorded
using the DVT software on a laptop. The tuning procedure of PI controllers described in [5] is
also used for the proposed scheme, which is as follows:

At first, the identical compensator PI controllers’ gains were set to zero. Next, to obtain
the optimal dynamic performance, the adaptation Pl controller gains were tuned whilst the
encoder signal was used for the transformation between reference frames. The proportional gain
was gradually increased, while the integral gain was set to zero, until the speed from estimator
could approximately track the actual speed. Then the integral gain was increased to achieve
faster dynamic response. After the described procedure was carried out, both gains of the
compensator Pl controllers were set to one which results in a small steady state error. The error
is derived to zero by gradually reducing both gains. Using the aforementioned procedure, for
experiments on the dynamometer test bench, the adaptation PI controller gains of the
conventional and proposed schemes were set to (K, =1andK; =0.1) and (K, =
0.5 and K; = 0.05), respectively. The gains of the compensator Pl controllers in the reference
model of the proposed scheme were set to (k,, = 0.8 and k;, = 0.001). For experiments on
the golf buggy, the adaptation PI controller gains of the proposed schemes were set to (K, =
0.6 and K; = 0.04). The gains of the compensator PI controllers in the reference model of the
= 0.9 and k; = 0.002).

WYcomp

proposed scheme were set to (kpy,,,.,

The above procedure for tuning gains of Pl controllers is based on trial and error.
Therefore, a systematic approach such as auto-tuning, e.g. Zieglar-Nichols tuning, can improve

the tuning procedure.
6.4.2.1 Starting from Standstill with Nominal Parameters

Consistency in reliable starting from standstill with correct direction of that requested is
essential in the EV applications. Therefore this test was carried out to demonstrate capability
of the conventional and the proposed schemes for starting from standstill. In this test the IM
was driven without load in the forward and reverse directions while the command torque of +2
Nm and -2 Nm were applied, respectively. This test was carried out in two attempts for each

direction. From the result of the conventional scheme, shown in Fig. 6.6-(a), it is clear that, this
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scheme is inconsistent when starting from standstill. It can be seen that for the applied torque
of -2 Nm, at 47 s, the drive became unstable and accelerated in the opposite direction to which
was requested. However, from the result of the proposed scheme shown in Fig. 6.6-(b) it is
obvious this scheme is capable of performing consistent and reliable starting from standstill in

both directions.
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Fig. 6.6. Experimental results for sensorless performance starting
from standstill with nominal parameters without load. (a)
Conventional Back-EMF MRAS (b) the proposed Vs-MRAS.

80



Chapter 6. Sensorless control of IM based on Vs-MRAS

6.4.2.2 Sensitivity to stator resistance variation for 50% increase

This test was carried out to demonstrate the performance of the conventional Back-EMF
and the proposed Vs-MRAS schemes against the stator resistance variations. In this test, for
both schemes, a voltage value equal to (0.5RIs,p) Was added to the input voltage components
of the reference model. The result of the conventional scheme is shown in Fig. 6.7-(a) which
clearly shows that this scheme is very sensitive to stator resistance variation and become
unstable in the low speed region. Fig. 6.7-(b) shows the result for the proposed scheme which
is clear that the estimated speed closely follows the measured speed. Hence the proposed

scheme is robust to stator resistance variation and performs stably in both directions.
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Fig. 6.7. Experimental results for sensorless performance with
50% increase in the stator resistance without load. (a) Conventional
Back-EMF MRAS (b) the proposed Vs-MRAS.
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6.4.2.3 Sensitivity to magnetising inductance variation for 50% reduction

The magnetising inductance can reduce to half of its nominal value due to the effect of
saturation. Therefore, this test carried out to demonstrate the capability of the conventional and
the proposed scheme while magnetising inductance is reduced by 50% in the estimator model.
During these tests the shaft speed was varied from standstill to 3000 rpm, approximately twice
the rated base speed of the IM, utilising a speed throttle connected to the SPMSM. Using both
conventional and proposed scheme, a 30 Nm torque command applied from start. This test was
also carried out for the proposed scheme when compensator mechanism was not employed. The
speed tracking capability of both schemes and estimated rotor flux from estimator models are
shown in Fig. 6.8-Fig. 6.10. Note that a moderate level of oscillations is expected when 30 Nm
torque command is applied at standstill regardless of scheme used. From results of the
conventional scheme, shown in Fig. 6.8, it can be seen that this scheme starts with excessive
level of oscillations at start and completely loses control at around 2800 rpm. The performance
of the proposed scheme without compensating mechanism, shown in Fig. 6.9, is much better
than the conventional scheme, especially in the field weakening region. However, the proposed
scheme without compensating mechanism has some oscillations and can become unstable
during operations in the field weakening region. Although the proposed scheme with
compensating mechanism, shown in Fig. 6.10, has some oscillations, this scheme remains stable
throughout the field weakening region, twice the base speed, and also low speed regions. Hence,
it can be stated that in spite of 50% magnetising inductance the proposed scheme with
compensating mechanism remains stable over a wide range of speeds, especially in the field

weakening region.
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Fig. 6.8. Experimental result for sensorless performance using conventional
Back-EMF MRAS scheme during 50% reduction in magnetising inductance. From
standstill to 3000 rpm at 30 Nm. (a) Speed tracking performance, and (b) estimated
rotor flux from the estimator model.
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Fig. 6.9. Experimental result for sensorless performance using the proposed Vs-
MRAS scheme without compensating mechanism during 50% reduction in
magnetising inductance. From standstill to 3000 rpm at 30 Nm. (a) Speed tracking
performance, and (b) estimated rotor flux from the estimator model.
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Fig. 6.10. Experimental result for sensorless performance using the proposed Vs-
MRAS scheme, with compensating mechanism, during 50%o reduction in magnetising
inductance. From standstill to 3000 rpm at 30 Nm. (a) Speed tracking performance,
and (b) estimated rotor flux from the estimator model.

6.4.2.4 Constant speed operation with different torque levels

This test was carried out to demonstrate the behaviour of the proposed scheme at constant
speed with load torque variations. For this test the shaft speed was kept constant at 400 rpm
with the applied torque command varied in 5 Nm intervals from 5 Nm to 60 Nm. For this test

the speed tracking capability of both schemes, and stator current components in the synchronous
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reference frame were recorded. Results of this test are shown in Fig. 6.11 and Fig. 6.12 for the
conventional and proposed schemes, respectively. From results of the conventional scheme it
is clear that this scheme has significant oscillations, and at 55 Nm it completely loses stability.
Hence, the estimated speed no longer tracks the measured speed. On the contrary, from results
of the proposed scheme is clear that the estimated speed continuously tracks the measured speed

closely regardless of variations in the torque command level.
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Fig. 6.11. Experimental result for sensorless performance using conventional
Back-EMF MRAS scheme at constant speed in region of 400 rpm with the torque
command increased in 5 Nm intervals from 5 Nm to 60 Nm. (a) Speed tracking
performance (b) stator current components.
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Measured Speed (rpm) —— Estimated Speed (rpm) —— Applied Torque (Nm)

500 70
450
400

L¥5]

Ln

]
Ln
=]

(3]
Ln
]

Speed (rpm)
(3]
S

L¥%)

(=]

(=]

=y

(=]
Torque (Nm)

—
Ln
]
[
=]

100

L
o o
(=]

0 20 40 60 80 100
Time (s)

(@)

Reference Id (A) Measured Id (A)
Reference Iq (A) Measured Iq (A)

300
250

Current (A)
— — ]
n = L [e=]
[a=] [a=] [a=] [a=]

o

0 20 40 60 80 100
Time (s)

(b)

Fig. 6.12. Experimental result for sensorless performance using the proposed Vs-
MRAS scheme at constant speed in region of 400 rpm with the torque command
increased in 5 Nm intervals from 5 Nm to 60 Nm. (a) Speed tracking performance (b)
stator current components.
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6.4.3 Experimental results from golf buggy

The proposed scheme was implemented and tested on a golf buggy. For these tests the
estimated synchronous speed, utilising the proposed scheme, was employed in the controller.
The measured speed, from encoder, was only used for validation which is labelled as “Measured
Speed” in the recorded results. Results were recorded by a laptop using DVT software. During
these tests forward, park and reverse operation modes were manually selected using the

vehicle’s gear stick and torque command applied using accelerator pedal.
6.4.3.1 Consistent vehicle-starting from standstill

Consistency and reliability of the vehicle starting from standstill in the direction requested
by the driver is critical when a sensorless drive employed for an EV application. Thus this test
carried out to illustrate the performance of the proposed scheme for consecutive vehicle-starting
in the forward and reverse operation modes. During this test the vehicle was driven in forward
mode and then slowed down back to zero for three consecutive attempts. The same procedure
also was repeated in the reverse direction. Vehicle test-drive result of this test is shown in Fig.
6.13. From the recorded result it is clear that utilising the proposed scheme provides a consistent

vehicle-starting from standstill in both forward and reverse operation modes.
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Fig. 6.13. Experimental results using the Golf buggy. Sensorless
vehicle test-drive for 3 attempts starting from standstill in forward and
reverse drive modes.

89



Chapter 6. Sensorless control of IM based on Vs-MRAS

6.4.3.2 Smooth Forward and Reverse Test-Drive of golf buggy in wide speed range

A sensorless drive which is employed for an EV application is required to be capable of
performing in wide range of speeds, including the field weakening region. Therefore this test
was carried out to demonstrate behavior of the proposed scheme for the sensorless drive in
forward, park and reverse operation modes in a wide range of speeds including the field
weakening region. During this test the vehicle was accelerated forward to around +2950 rpm
and then slowed down to zero and the same procedure was repeated for the reverse direction
for the speed around -2950 rpm. The result of this test is shown in Fig. 6.14, which confirms
the capability and reliability of the proposed scheme across the whole speed range. The test-
drive movement of the vehicle was smooth and without any cogging feelings at the vehicle-

starting from standstill.
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Fig. 6.14. Experimental results using the Golf buggy. Sensorless
vehicle test-drive in forward and reverse drive modes from standstill
over a wide range of speeds.

6.4.3.3 Vehicle hill-starting performance

This test was carried out to demonstrate the robustness of the proposed scheme during
vehicle hill-starting test. This experiment was carried out using a 15 degree ramp, which is
especially designed for hill-starting tests. This test was carried out while the vehicle was at
standstill on the ramp. The result of this test is shown in Fig. 6.15. In order to prevent the vehicle

from rolling backwards a torque command of around 4 Nm was applied, using an accelerator
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pedal. Then the vehicle was slowly driven forward, by gradually increasing the torque
command, and slowed back to standstill by gradually easing the accelerator pedal to reduce the
torque command back to around 4 Nm again. From the result it is clear that the vehicle did not
roll backward while it was on the ramp and a reliable vehicle hill-starting can be achieved

utilising the proposed scheme.
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Fig. 6.15. Experimental results using the Golf buggy. Sensorless
vehicle test-drive for hill-starting from standstill in forward mode.

6.5 Conclusion

The proposed novel Vs-MRAS for sensorless TCD of IM for the purpose of limp-home
mode of EV applications was successfully implemented in the lab environment and on the golf
buggy. The proposed scheme is relatively easy to implement and is independent from the
prerequisite measured nominal values of stator resistance and inductance, and rotor resistance.
Results of the proposed scheme confirm that this scheme is robust against parameter variations
and is stable in the low speed regions. Results recorded while the proposed scheme was applied
on the golf buggy confirm that a safe and consistent vehicle-starting and hill-starting from
standstill can be achieved, with correct direction to that requested. More importantly, it provides
a smooth and stable drive in a wide speed range, including the field weakening region.
Therefore the proposed Vs-MRAS has proven to be a suitable scheme to be employed for limp-
home mode operation in the EV/HEV applications by providing a reliable and smooth drive in

a wide speed range.
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The proposed scheme has the potential of being employed as a universal senseless scheme
for IM and SPMSM. However, to employ this scheme for sensorless control of SPMSM, it is
required to be hybridised using a HFSI scheme at zero and low speed regions. Developing a

universal hybrid scheme will be the purpose of the next chapter.
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CHAPTER 7. UNIVERSAL
SENSORLESS CONTROL OF AC
MOTORS BASED ON HYBRID VsS-
MRAS

A novel universal sensorless scheme is described for AC motor drives based on a new
HVs-MRAS. The presented sensorless scheme is employed for the purpose of limp-home mode
in EV applications based on IRFOC technique. The scheme benefits from simplicity and
robustness of the new Vs-MRAS, in the medium and high speed regions, and combined with
the HFSI, for the low speed region, which provides a consistent and reliable sensorless drive
over a wide range of speed, including the field weakening region. Unlike other sensorless
schemes in the literature, the proposed HVs-MRAS is robust against motor parameter variations.
The proposed scheme has been experimentally verified using the test setup, with the 19 kW IM
and the 10 kw SPMSM. The scheme has also been implemented on two electric golf buggies.

Results confirm the suitability of the scheme for EV applications.
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7.1 Introduction

The HFSI based schemes are more suitable for the zero and low speed regions as the
techniques used are independent of motor parameters. However, utilising these techniques in
medium and high speed regions can incur additional losses and a reduction in control bandwidth
[64]. In contrast, the fundamental model based schemes rely on calculation of the induced back-
EMF to estimate rotor speed or position. These schemes are well suited for medium and high
speed operations [62]. In the low speed region as the back-EMF is reduced, the influence of
parameter variations and measurement noise become more important [53, 62]. These effects
can cause the performance of the model based schemes to degrade and at zero speed even
become completely instable [44, 62].

In order to design a robust sensorless algorithm with the capability of operating over a
wide speed range, schemes based on a combination of the HFSI and the fundamental model
have been widely employed in literature [56, 58, 62, 63, 65]. Although these approaches have
different structures, they all follow the same principle the HFSI scheme is used for the zero and
low speed regions, and a model based scheme is used for the medium and high speed regions.
These schemes are normally amalgamated using a combining (or blending) function. A
limitation of the aforementioned schemes is that they are designed and work with only a specific
type of motor.

In this chapter a universal combined sensorless TCD using IRFOC based on a new
universal HVs-MRAS is proposed. Unlike the other combined sensorless approaches, the
proposed scheme can be employed for an IM or a SPMSM. Moreover the proposed scheme is
robust against; parameter variations and errors due to digitisation in the high speed regions.
The performance is first demonstrated with dynamometer testing, based on the 19 kW IM and
the 10 kW SPMSM. Further tests are carried out with two electric golf buggy vehicles powered
by 5 kW IM and 5 kW SPMSM, respectively. Experimental results for IM demonstrate the
advantages of the proposed scheme over the conventional back-EMF MRAS [20] scheme, in
tests including; sensorless starting from standstill and sensitivity to motor parameter variations.
Both vehicles test—drives, utilising the proposed scheme, confirm the stability and reliability in
the sensorless vehicle starting from standstill plus a wide speed range drive, including operation
in the field weakening region.

The structure of this chapter is as follows; Section 7.2 describes universal sensorless TCD
of AC motors using IRFOC. Section 7.3 gives a detailed description of the proposed scheme.
Section 7.4 shows the experimental results of the proposed sensorless scheme. Finally,

conclusions provided in Section 7.5.
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7.2 Universal Sensorless TCD of AC motors based on IRFOC using HVs-MRAS

The overall block diagram of the universal sensorless TCD for AC motors based on
IRFOC used in this chapter is shown in Fig. 7.1. In the absence of a speed/position sensor, a
sensorless scheme is required for rotor flux angle estimation. Regarding TCD for the 1M, the
slip is normally required to be calculated from reference d-q current components in the
synchronous reference frame, which is then added to the estimated electrical rotor speed.
However, slip calculation is no longer required when the proposed scheme is employed as it
estimates the synchronous speed directly. The reference d-axis current value is provided using
a LUT and the value of the reference g-axis current is calculated from torque equation using
the applied torque from accelerator pedal. A LPF is required to cancel out high frequency
signals on the measured d-axis current (i;). The carrier signal does not appear on the g-axis and

hence, it does not need to be low-pass filtered [54].
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Fig. 7.1. Overall block diagram of the universal hybrid sensorless torque
controlled-drive based on IRFOC.
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7.3 Proposed universal hybrid stator voltage MRAS scheme

A block diagram of the proposed universal HVs -MRAS scheme is shown in Fig. 7.2. The
reference model, is similar to Fig. 6.3, takes in the reconstructed stator voltage, from the
measured DC-link voltage and the switching signals, and the estimated stator voltage
components in the stationary reference frame. In return it provides reference stator voltage
components in the stationary reference frame. The reference model benefits from two identical
compensators, similar to the one presented in [5]. This approach is taken to deal with parameter

variations and errors in the high speed regions due to digitisation.
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Fig. 7.2. Block diagram of proposed universal hybrid stator voltage MRAS.

The estimated stator voltage components are calculated from an adjustable model, which
its signal flow diagram is shown in Fig. 7.3. It consists of a PLL mechanism for demodulation
of the HFSI carrier, similar to Fig. 7.4 which is utilised in the zero and low speed regions, an
adjustable stator voltage model, which is utilized for medium and high speed regions. A simple
transition function is also employed, which is designed for soft switching between both
estimated synchronous speeds. Hence, during transition the estimated synchronous speed is
smooth and free from ripple. The adjustable model of the MRAS schemes, previously presented
for IM [19, 20, 34], are usually designed to be dependent on the estimated rotor speed (&,.).
Hence, for the rotor flux angle (8,) estimation, the slip (wy;) is required to be calculated.
However, in the proposed scheme the adjustable model is designed to be directly dependent on
the estimated synchronous speed. Therefore, the output of the PI controller is the estimated
synchronous speed (@, ), hence, there is no requirement for the slip calculation. More
importantly, it renders this scheme to be a more suitable candidate for a universal sensorless
drive for both IM and SPMSM.
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Fig. 7.4. Signal flow diagram of the PLL mechanism used for demodulation of
HFSI carrier.

The detailed description of the proposed universal scheme is provided as follows;
considering the stator voltage equations for the IM and SPMSM in the stationary reference

frame, which can be expressed as given below:

Esocﬁ = (Rs + pL’s)Zsa,B + Emaﬁ (7.1)

where, Ly = Lgo and Ly = L, for IM and SPMSM, respectively.
In order to design an adjustable model, which is dependent on the synchronous speed, the
back-EMF components e,z in (7.1) can be firstly calculated in the synchronous frame and

then transformed into the stationary reference frame:

Cmap = €maqe’% = (0 + jweky )el% (7.2)
where;
12 ]
ky = T-la forIM (7.3)

r
Ypy ,for SPMSM

In order to design an adaptation mechanism for the proposed MRAS the state error
equations are expressed as follows:
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éaﬁ = [A] [E_afﬁ] — [W]. (7.4)

(vs*a - ﬁsot)

where; [€as] = |z, - 9,p)

. 0o -
is error vector, A = [ a)e]’ and W = (w, — ©,)® —
W, 0

Dsap-
To design an adaptation mechanism Popov’s integral inequality [97] is employed, which

is expressed as follows:

f 1[E]T. [W]dt = —y§ forall t; =0 (7.5)
0

where; y2 is a positive real constant.
It is valid for the purpose of deriving an adaptation mechanism to assume that the
synchronous reference speed is constant. Therefore by defining the estimated synchronous

speed (@,) to be:
t

B0 = &y ([€]) + fo &, ([e])dt (7.6)

and substituting for [W] and [E_ag] from (7.4) in the integral inequality (7.5) and using the

definition of @, in (7.6), (7.5) becomes:

f ews] Wdt
0
= f 1(6aﬁsﬁ - Eﬁﬁsa) Iwe - ¢1([6]) (77)
0

—ftqbz([e])dtl dt = —y¢.
0

To solve the inequality in (7.7), the equation can be split into two separate inequalities,

I, and I,. Thus, we have:

ty
I; = (Eﬁﬁsa - Eaﬁsﬂ)cpl([f])dt = _)/12 (7.8)
0

I, = f tl(eﬁﬁm — €qUsp) [ f tdbz([e])dt - wel dt > —y? (7.9)
0 0

if both of these inequalities, (7.8) and (7.9), are satisfied, it indicates that inequality (7.7) is
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equally satisfied [97]. Regarding inequality (7.8), if the left side of the integral is positive, the
inequality will be satisfied. To achieve this, a solution is to have:
o, ([e]) = (eﬁﬁsa—eaﬁsﬁ)kl, ki =0 forallt = 0. (7.10)

Regarding inequality (7.9), the following well-known expression is used [19, 97],

21
f(t) . kyf(t) dt = —%fZ(O),kZ >0 (7.11)
0

selecting for £ (t) and k,f(t) in inequality (7.9) to be:
f@®) = (ep0sq — €aPsp) (7.12)

and

ko f (8) = [ D2 ([eDdt — w, (7.13)

By differentiating both sides of (7.13) with respect to time and using (7.12), we have:
(pz([ED = sz(t) = kz(eﬁﬁsa - Eaﬁsﬁ)- (7-14)

Hence, Popov’s integral inequality (7.5) can be satisfied by selecting (7.6) to be as follows:

t
é)\eMRAS = (Eﬁﬁsa_eaﬁsﬁ)kl +J0 (eﬁﬁsa_eaﬁsﬁ)kzdt- (7-15)

In order to combine both HFSI and Vs-MRAS a combining function is required, which

has been designed as follows:
@e == aeMRASkSW + @eHFSI(l - ksw) (716)
where, kg, is a positive soft switching constant.

The soft switching constant is calculated from:

_ Sign(@epe-17) Depe—1]
SwW — k’\ )
We

Where; kg, is a positive constant, which represents the speed switch over between both

schemes, which is set to be 5 rad/s in this chapter.
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7.4 Results and discussion

In this section, experimental and simulation results and discussions are presented to

evaluate the effectiveness of the proposed scheme for different operating conditions.

7.4.1 Simulation results

The behaviours of the proposed scheme for IM and SPMSM were evaluated, using
simulation, for different torque levels with nominal parameters. During this test the measured
speed was recorded from the IM and SPMSM models and compared against the estimated speed.
The applied torque command value was also compared with the measured torque value from
the output of the IM, and SPMSM model. The results of this test for the IM and SPMSM are
shown in Fig. 7.5-(a) and (b), respectively. From these results, it is clear that the proposed
universal sensorless control can be applied on both IM and SPMSM with the estimated speed
closely tracking the measured speed for different applied torque demands. Note that simulating
the effect of HFSI in Matlab/Simulink software is a difficult task and it requires a combination
of both Matlab/Simulink and Magnet software. Therefore, for simulation results, instead of
using the HFSI scheme at zero and low speed regions below 5 (rad/s), the measured speed, from

motor models, is used.
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Fig. 7.5. Simulation results for universal sensorless control using proposed scheme
at different torque levels. (a) IM, and (b) SPMSM.
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7.4.2 Experimental results from dynamometer setup

The performance of the proposed scheme is compared against that of the conventional
back-EMF MRAS scheme, using the 19-kW IM on a dynamometer setup. The scheme was also
tested using the 10-kW SPMSM on dynamometer setup. The recorded behaviour of the
proposed scheme implemented on both electric golf buggies is also presented. All of the
experiments were conducted in sensorless mode. For these tests the measured (from encoder)
and estimated (from sensorless scheme) speeds were recorded using the DVT software on a
laptop. Regarding the injected voltage carrier, its amplitude was set to 2.5 V with frequency of
750 Hz. The injected voltage carrier was switched ON/OFF using a hysteresis band at 10 rad/s.
The PI controller gains were initially tuned, whilst the speed from encoder was used for
transformation between the reference frames. The gain values of all Pl controllers used in this
paper are provided in Table 7.1.

Table 7.1. Gains of PI controllers.

Description of Pl Type of scheme k, k;
Controllers
Convectional back- MRAS 0.8 0.08
EMF scheme
Proposed scheme, IM Vs-MRAS 0.5 0.05
on dynamometer adaptation mechanism
Vs-MRAS 0.9 0.0001
identical compensators
HFSI 0.3 0.2
Proposed scheme, Vs-MRAS 0.001 0.02
SPMSM on dynamometer adaptation mechanism
Vs-MRAS 0.9 0.0001
identical compensators
HFSI 0.4 0.1
Proposed scheme, IM Vs-MRAS 0.5 0.03
on golf buggy adaptation mechanism
Vs-MRAS 0.9 0.0001
identical compensators
HFSI 0.3 0.2
Proposed scheme, Vs-MRAS 0.005 0.05
SPMSM on golf buggy adaptation mechanism
Vs-MRAS 0.9 0.0001
identical compensators
HFSI 0.4 0.1
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7.4.2.1 Starting from standstill using motor nominal parameters

One of the critical requirements for a sensorless drive; employed for EV applications, is
that it must be capable of performing sensorless starting from standstill in a correct direction to
which it is requested by the driver of EV. Therefore, the following experiments were carried
out, using the nominal motor parameters, to compare the conventional back-EMF [20] with the
proposed hybrid scheme to demonstrate the capability of the proposed scheme for sensorless
starting from standstill. Results for the conventional and proposed schemes are shown in Fig.
7.6-(a) and -(b), respectively. From the results for the conventional scheme it is clear that in the
low speed region, the estimated speed does not follow the measured speed. It was also found
that at zero speed the scheme becomes unstable and does not converge to zero. It can also be
seen that when a -2 Nm applied torque demand was requested, for reverse direction, the IM
accelerated in the opposite direction (forward direction) which is undesirable and unsafe to be
used in EV applications. However, using the proposed scheme the estimated speed follows the
measured speed and more importantly the IM accelerates in the correct direction, which
matches the applied torque demand.
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Fig. 7.6. Experimental result of sensorless IM using nominal parameters at no
load condition with +2 Nm applied torque. (a) Conventional Back-EMF, and (b)
proposed HVs-MRAS scheme.

A test is also carried out to show the performance of the proposed scheme, when utilized
on a SPMSM. The results are shown in Fig. 7.7-(a). This test includes three attempts in forward
and reverse directions, respectively, for sensorless starting from standstill. It can be noted that
not only does the estimated speed closely follow the measured speed but also the SPMSM has
accelerated in the correct direction to that requested by the applied torque demand. Therefore,
it can be stated that using the proposed scheme, provides a reliable and a stable sensorless drive,
especially during starting from standstill. Note that the measured speed in the results for the

SPMSM on the dynamometer setup are expected to be slightly noisy. This is due to the nature
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of the Sine/Cos encoder. This test was also carried out for the IM and the results are shown in

Fig. 7.7-(b).
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Fig. 7.7. Experimental results using proposed sensorless HVs-MRAS at no load
condition with three attempts in forward and reverse directions have been done,
respectively. (a) SPMSM, and (b) IM.
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7.4.2.2 Sensitivity to parameter variation test for 100% stator resistance variation

It is important for a sensorless drive, which is employed for EV application to be robust
against parameter variations. Hence, the following test was executed to demonstrate the

behaviour of the proposed and conventional schemes for 100% variation in the stator resistance.
During this test, for both schemes, an extra term (Rsfsaﬁ) was added to the input stator voltage

components of the reference model. The proposed scheme benefits from the advantages of the
HFSI at zero and low speed region and it is also equipped with two identical compensators in
its reference model. Thus it is expected to be robust against motor parameter variation. The
results of this test are shown in Fig. 7.8-(a), -(b), and -(c) for the conventional scheme on the
IM, the proposed scheme and on the IM and SPMSM, respectively. From the result for the
conventional scheme it can be seen that the estimated speed fails to follow the measured speed
at zero and in the low speed region. Moreover, in comparison to the results taken when nominal
parameters were used, the steady state error is considerably larger as shown in Fig. 7.7-(a). This
scheme becomes unstable and causes the 1M to accelerate in opposite direction when a -2 Nm
torque command applied. However, from the results of the proposed scheme applied on the IM
and SPMSM, it is clear that this scheme is robust to parameter variation and it continuous to

perform reliably during starting from standstill.
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Fig. 7.8. Sensorless experimental results for 100% stator resistance variation at
no load condition. (a) Conventional back-EMF scheme on IM, (b) proposed HVs-
MRAS scheme on IM, and (c) proposed HVs-MRAS scheme on SPMSM.

7.4.2.3 Constant Speed operation at different torque levels

This test was carried out to demonstrate the behaviour of the proposed scheme at constant
speed with load torque variations. For this test, the shaft speed was kept constant at 500 rpm
with the applied torque command varied in 5 Nm intervals from 10 Nm to 55 Nm. Results of
this test are shown in Fig. 7.9-(a) and (b) for the IM and SPMSM, respectively. From the results
taken for both motors it is clear that the estimated speed continuously tracks the measured speed

closely. This is regardless of the variations in the torque command level.
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Fig. 7.9. Sensorless experimental results using proposed HVs-MRAS at constant
speed in the region of 500 rpm with torque command increased in 5 Nm intervals from
10 Nm to 55 Nm. (a) IM, and (b) SPMSM.
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7.4.3 Experimental results from golf buggies

The following tests were only carried out using the proposed scheme. This is to verify the
capability of the proposed sensorless scheme, in the limp-home mode operation, regardless of
being powered by either an IM or a SPMSM. During these tests the torque command applied
using the vehicles’ acceleration pedals. Also the torque direction (forward, park and reverse)
was manually selected using the vehicles’ gear sticks. All the results were recorded using a
laptop with the measured speed from the encoder only used for verification purposes. Note that
all the tests, using the vehicles, were carried out on an indoor test-track. This limits the

maximum speed which can be achieved during high speed vehicle test-drive.
7.4.3.1 Sensorless vehicle test-drive for several attempts starting from standstill

In order to demonstrate reliability of the proposed scheme during vehicle sensorless
operation starting from standstill, the following tests were carried out using electric golf buggies,
powered by the IM and SPMSM. During these tests, vehicles were first driven forward and
stopped for three consecutive times and then the same procedure was repeated in reverse
direction. The results of these tests are shown in Fig. 7.10-(a) and -(b) for the golf buggy
powered by the IM and SPMSM, respectively. It can be seen that using the proposed scheme,
both vehicles perform reliably during several attempts starting from standstill. Moreover, the

estimated speed follows the measured speed closely.
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Fig. 7.10. Sensorless vehicle test-drive using the proposed scheme for three
consecutive attempts in forward and reverse direction, respectively. (a) Golf buggy
powered by IM, and (b) golf buggy powered by SPMSM.

7.4.3.2 Sensorless vehicle test-drive during a wide speed range

It is essential that a sensorless scheme, which is employed for EV applications, be capable
of performing stably in a wide speed range, especially in the field weakening region. Therefore
these tests were carried out to demonstrate the behaviour of the proposed scheme in a wide
speed range. For these tests, both vehicles were first accelerated forward from standstill to the
field weakening region and then slowed back down to standstill. The same procedure is then

repeated in the reverse direction. Results of these teste are shown in Fig. 7.11-(a) and -(b) for
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the golf buggy powered by the IM and SPMSM, respectively. It is clear that the proposed
scheme, regardless of motor type, is stable in a wide speed range, including the field weakening
region. Moreover, using this scheme provides a smooth sensorless vehicle test-drive without
any cogging-effect. Therefore it can be stated that the proposed scheme is suitable as a universal

sensorless control for EV applications.
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Fig. 7.11. Sensorless vehicle test-drive using the proposed scheme in a wide speed
range in forward and reverse direction, respectively. (a) Golf buggy powered by IM,
and (b) golf buggy powered by SPMSM.
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7.5 Conclusion

The proposed universal sensorless HVs-MRAS scheme for IM and SPMSM has been
successfully implemented and tested in a laboratory environment and with two electric golf
buggies. The proposed scheme inherits the advantages of the HFSI at zero and low speed, hence,
it is robust against motor parameter variations. The combining function provides a seamless
transition between the HFSI and the Vs-MRAS schemes. Experimental results from the test
setup and golf buggies confirm that using this scheme provides a safe and consistent vehicle-
starting from standstill. More importantly, experimental results from golf buggies also verify
the robustness and reliability of this scheme for EV application over a wide range of speeds,
including the field weakening region. Hence, this scheme is suitable for limp-home of EV
applications.

However, utilising this scheme in the hill-holding operation requires further improvement
and the performance of the Vs-MRAS in chapter 6 for the IM is similar to that obtained from
the hybrid scheme with one less PI controller to tune.
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CHAPTER 8. CONCLUSIONS AND
FUTURE WORKS

8.1 Introduction

During the course of this research, several sensorless schemes based on MRAS were
successfully developed for use in limp-home mode of EV applications. The behaviour of the
developed schemes were experimentally investigated using test bench setup and electric
vehicles. During tests particular attention was given to the critical sensorless vehicle starting
from standstill and smooth vehicle test-drive in a wide range of speed, including the field
weakening region. The aim of this chapter is to provide an overall conclusion of the findings in

this research and recommendation for future studies.

8.2 Discussion and conclusion

As discussed in chapter 1, the efficiency and safety of EV applications are directly
dependent on the accuracy and health of the motor controller. Speed/position sensor failure can
paralyse the motor controller and as a result bring the EV to halt mode. Consequently, this can
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result in a life-threatening event if it takes place on a highway or busy roundabout. Therefore,
to improve the safety, reliability and availability of EV applications, a robust sensorless scheme
IS required for operation in the limp-home mode.

After a comprehensive literature review, which was carried out in chapter 2, the back-
EMF MRAS scheme, originally developed by Peng and Fukao [20], was concluded to be the
most suitable candidate among MRAS schemes. However, in order to employ this scheme in
limp-home mode of EV applications, the scheme require some modifications to improve its
performance. The main shortcomings of the conventional back-EMF MRAS scheme were
found to be associated with the errors due to the sensitivity to the motor parameter variation, in
zero and low speed regions, and digitisation in high speed regions. It was also found that the
use of universal schemes promote the reduction in computational complexity of the overall
sensorless drive when employed on AC motors.

The description of the mathematical modelling of the IM and SPMSM was provided in
chapter 3. The principles of the IRFOC for the IM and SPMSM was also presented. Moreover,
the principles of the conventional back-EMF MRAS and sensorless control using HFSI
technique used in this project, originally developed by Linke [94], were presented. In chapter 4
the test bench setup and the electric golf buggies which have been used in this project were
presented. Moreover, a full description of the components of the experimental test setup was
listed and the dragon8 controller used in this thesis was described. The golf buggies description
and their block diagram were also provided.

A new scheme was proposed in chapter 5 to deal with the shortcomings of the
conventional back-EMF MRAS. The reference model of this scheme employs a novel
compensating mechanism, to compensate for errors due to parameter variations, inverter non-
linearity and digitisation in high speed regions. A new approach was used in the adjustable
model of this scheme which is free from integration problems. This results in an effective
sensorless control when starting from standstill and during high speed operation. The proposed
scheme was successfully implemented and tested on two different IMs using the test bench
setup and the IM golf buggy, respectively. This scheme is not computationally demanding and
showed to be robust against stator resistance variations of 50% and 100% increase. The
proposed scheme was found to be consistent and stable for the vehicle-starting from standstill
and low speeds. It also performed reliably above base speed in the field weakening region.
During the tests, the proposed scheme was shown satisfactory operation throughout forward
and backword modes of operation in addition to the constant speed variable load operation.
More importantly the scheme had demonstrated satisfactory performance for vehicle hill-
starting. Therefore the proposed back-EMF MRAS scheme was shown to be suitable for the
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limp-home mode operation of EV applications by providing consistent, safe and reliable
operation over the whole speed range. However, to implement this scheme all the IM nominal
parameters are required. Therefore, a sensorless scheme which is less dependent on the
prerequisite knowledge of the IM nominal parameters was developed.

In chapter 6 a novel Vs-MRAS for sensorless TCD of IM for the purpose of limp-home
mode of EV applications was presented. The Vs-MRAS scheme uses the error between the
reference and estimated stator voltage vectors and estimates the synchronous speed. Unlike
existing MRAS schemes, the proposed sensorless scheme does not require the measured
nominal values of stator resistance, stator inductance, and rotor resistance. Moreover, using the
proposed scheme eliminates the need for slip calculation. The scheme was successfully
implemented in the lab environment and on the IM golf buggy. Results of the proposed scheme
confirmed that this scheme is robust against parameter variations and is stable in the low speed
regions. Results recorded while the proposed scheme was applied on the golf buggy confirm
that a safe and consistent vehicle-starting and hill-starting from standstill can be achieved, with
correct direction to that requested. More importantly, it was found that the scheme provides a
smooth and stable drive in a wide speed range, including the field weakening region. Therefore
the proposed Vs-MRAS was proven to be a suitable scheme to be employed for limp-home
mode operation in the EV/HEV applications by providing a reliable and smooth drive in a wide
speed range. However, to employ this scheme for sensorless control of SPMSM, it is required
to be hybridised using a HFSI scheme at zero and low speed regions.

In chapter 7 a proposed universal sensorless HVs-MRAS scheme for IM and SPMSM
was presented. Unlike the other combined sensorless approaches, the proposed scheme can be
employed for an IM or a SPMSM. The scheme was successfully implemented and tested in the
laboratory environment and with two electric golf buggies. The proposed scheme inherits the
advantages of the HFSI at zero and low speed, hence, it was found to be robust against motor
parameter variations. The combining function provides a seamless transition between the HFSI
and the Vs-MRAS schemes. Experimental results from the test setup and golf buggies
confirmed that using this scheme provides a safe and consistent vehicle-starting from standstill.
More importantly, experimental results from golf buggies also verified the robustness and
reliability of this scheme for EV application over a wide range of speeds, including the field
weakening region. Hence, this scheme had shown to be suitable for limp-home of EV

applications.
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8.3 Future works

e Further research is required to improve the sensorless vehicle hill-hold operation for IM
as the vehicle experiences roll-back during sensorless operation, which is not safe.

e This research has investigated sensorless schemes suitable for limp-home mode in EV
application. However, further research is required to explore different possibilities of
speed/position sensor failures and schemes to detect these failures.

e Inorder to have a smooth transition between both sensored and sensorless drives, further
research is also required to design a smooth and reliable switching mechanism.

e Inthis research a universal sensorless drive is applied for IM and SPMSM. This scheme
is a compelling approach for multiple industry applications, hence, further study is
required to extend the compatibility range of this scheme to other types of motors.

e Additional work is also required to investigate the capability of the proposed

compensating mechanism, in chapter 5, against the effects of inverter non-linearity.
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Appendix

APPENDIX

Fig. 10.1 and Fig. 10.2 show overall Simulink implementation of the IM and PMSM
models, respectively. Both models take in the 3-phase stator voltage from voltage source
inverter output and in return calculate; the stator current components in the stationary reference

frame, electromagnetic torque and mechanical speed in (rad/s).
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Fig. 10.1. Simulink implementation of the IM model.
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Fig. 10.2. Simulink implementation of the PMSM model.
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Fig. 10.3 shows Simulink implementation of the voltage source inverter model. This

model includes 2 ps deadtime delay on the rising edges of the switching signals. The block

takes in the switching signals (S1, S2 and S3) from sinusoidal PWM block and in return

provides 3-phase stator voltage inputs for electric motor models.
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Fig. 10.3. Simulink implementation of the voltage source inverter model.

Fig. 10.4 shows Simulink implementation of the sinusoidal PWM with 8 kHz carrier.
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Fig. 10.4. Simulink implementation of the sinusoidal PWM.

Fig. 10.5 shows Simulink implementation of the IRFOC for the IM. This block takes in
the applied torque reference, measured stator current components in the stationary reference
frame and measured speed from the output of the IM block, and in return provides stator
voltages to the input of the sinusoidal PWM block.
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Fig. 10.5. Simulink implementation of the IRFOC.

Fig. 10.6 shows overall Simulink implementation of the torque-controlled drive for the
voltage source inverter fed IM based on vector control using IRFOC.
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Fig. 10.6. Simulink implementation of the TCD for the VSI fed IM based on vector
control using IRFOC.

Fig. 10.7 shows Simulink implementation of the equation (6.1). This is used for
reconstruction of the stator voltage components in the stationary reference frame using DC-link

voltage and switching signals. The equation is also shown below for convenience.
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Fig. 10.7. Simulink implementation of the equation (10.1).

In order to demonstrate the validity of the equation (10.1), using Simulink, following test
was carried out. The test contains comparison between the measured stator voltage from output
of the VSI and reconstructed stator voltage components in the stationary reference frame. Fig.

10.8 (a) and -(b) show the stator voltage components in the stationary reference frame recorded
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from the output of the VVSI and reconstructed using equation (10.1), respectively. From results

it is clear that both stator voltage components are similar in the frequency and amplitude.
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Fig. 10.8. Simulation results for the stator voltage components in the stationary
reference frame. (a) From output of the VSI and (b) reconstructed voltage from DC-link
and switching signals equation (10.1).
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